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Abstract 

Background: Photon-based radiation therapy is important in the treatment of head-

and-neck cancer (HNC). However, potential post-radiogenic complications may have 
a long-lasting negative impact on the patient's quality of life. The current study 

focused on the presence of laryngeal edema 6 months after irradiation of HNC and 
had three main objectives: (I) external validation of the normal tissue complication 

probability (NTCP)-model published by Rancati based on the equivalent uniform dose 
(EUD), (II) development of new NTCP-models using a large training cohort, (III) 

external validation of the new models with an independent validation data set. 
Methods: The training cohort consisted of n=750 and the validation cohort of n=395 

patients. For both cohorts, a sub-cohort including patients with non-laryngeal HNC 
was formed (n=416 and n=227 participants, respectively). Multiple imputation was 

executed to compensate for missing values. Rancati’s model performance was 

assessed with both the training and the validation cohort, determining the 
discrimination (area-under-the-curve, AUC) and calibration parameters (calibration 

intercept and slope). Following, candidate predictors for new models were selected, 
their correlation and multicollinearity was checked and the required sample size was 

calculated. New models were set up with stepwise regression (p<0.20), considering 
different (sub-)cohorts and candidate predictors to comprehensively answer the 

research question. The performance of the new models was analyzed and cross-
validation (cv) was executed to account for optimism. Finally, external validation of 

the new models was performed. 
Results: External validation of Rancati’s model revealed a poor calibration and 

moderate model performance with the training data set (AUC=0.66; 95%-confidence 
interval (CI): 0.60-0.71). Analysis of 11 different NTCP-models showed that the model 
consisting of dose values (= mean dose to the glottic and supraglottic area = GLOTTIC 

DMEAN and SUPRAGLOTTIC DMEAN), the treatment regimen (SEQUENCE), and 

clinical parameters (SMOKING and AGE) yielded the best result in estimating laryngeal 
edema in non-laryngeal HNC patients (cvAUC: 0.86 (0.74-0.97), calibration intercept: 

0.06 (0.04-0.08), slope: 1.01 (1.0-1.01)). In contrast, only the dose values (GLOTTIC 
DMEAN and SUPRAGLOTTIC DMEAN) turned out to be relevant in the sub-cohort of 
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laryngeal HNC patients (cvAUC: 0.66 (0.58-0.74), intercept: 0.24 (-0.19-0.46), slope: 
1.17 (1.02-1.27)) and the total cohort (cvAUC: 0.75 (0.74-0.77), intercept: 0.04 (0.03-

0.05), slope: 1.02 (1.02-1.02)), which could be attributed to differences in the clinical 
characteristics of the respective patients. Regardless of the patient cohort, the 

combination of GLOTTIC DMEAN and SUPRAGLOTTIC DMEAN was superior to 
GLOTTIC DMAX and SUPRAGLOTTIC DMAX (= maximum dose to the glottic and 

supraglottic area) and the laryngeal EUD. Moderate to high correlation between the 
dose values was evident (range of correlation coefficients=0.69-0.92) but without 

significant multicollinearity as indicated by variance-inflation-factors of 1.01-2.16. 
Comparison of the external validation of Rancati’s and the new NTCP-models with the 

validation data set revealed better performance parameters of the new models (e.g., 
AUC: 0.69-0.97 versus 0.51 for Rancati). 

Conclusions: New NTCP-models relying on dosimetric and non-dosimetric variables 
achieve a better prediction of the risk of post-radiogenic laryngeal edema in HNC 

patients compared to recent models based entirely on dose data. This is an essential 
step towards individualized patient treatment.  
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Laymen’s summary 

Head-and-neck cancers (HNCs) are relatively common and are usually treated with 

radiation therapy. However, as a result of the treatment, side effects can arise that 
affect the patient in his daily life. These complications include edema of the larynx, 

i.e., an increased accumulation of fluid, which, for example, impedes speech. For some 
time now, statistical models have been able to estimate how high the risk is of having 

a complication after radiation. In the first step of the present work, existing models 
for the prediction of laryngeal edema after irradiation of HNC were searched for. Two 

models were found, and one model was examined in detail with the participants of 
the current study as to how well the model can predict laryngeal edema. The model's 

performance was mediocre. In a second step, new models to predict the presence of 
laryngeal edema 6 months after the end of radiation were developed. Various 

characteristics of the 750 study patients and their tumors were considered as 

predictive factors. Several sub-cohorts were formed, e.g., a sub-cohort that included 
only participants with an HNC that did not directly affect the larynx (416 patients). A 

total of 11 different models were set up and examined in detail. While the pre-existing 
model only included predictive factors related to dose exposure levels, the new models 

also involved factors not directly related to dose. The best model was the one in which, 
in addition to the average dose with which the larynx was irradiated, the age of the 

patient, the smoking behavior, and any additional treatments (e.g., chemotherapy) 
carried out were listed, too. This model, which was developed in the sub-group of 

patients with a tumor outside the larynx, hence included non-dose data that are 
specific to a patient in addition to dose data. In contrast, in the sub-group with the 

laryngeal tumor patients and also in the total cohort, the model that contained only 
dose data was the best. It was thus shown that the optimal prediction model also 

depends on the subgroup in which it is applied, which is probably due to clinical 
characteristics of the respective patients. All new models were tested for their ability 

to predict the presence of laryngeal edema. Finally, the third step was to examine how 
good the new models are if they are used with unknown patients. This is because the 

models tend to work better with the patients they were developed with. For that 
purpose, the new models were assessed with other patients who were treated later 
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and partly at other hospitals. The same patients were also used to assess the 
performance of the currently existing models and the comparison with the new models 

showed that they allow for better prediction of laryngeal edema in HNC patients than 
the currently existing models. The results of the study are crucial and can help that 

the treatment of HNCs is further improved and increasingly tailored to the individual 
patient. 

 
Word count: 487 
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1.) Introduction 
1.1) Motivation of the study 

Head-and-neck cancers (HNCs) account for about 2.8% of all cancers and are 
responsible for 1.8% of cancer deaths (1). A central part of the treatment of HNC is 

radiation therapy (RT), which can be carried out either alone or in combination with 
other therapies. Depending on the location of the primary tumor and the size of the 

radiation field, healthy tissue may also be damaged, which can lead to lasting 
functional impairments. Since this might negatively affect the patient's quality of life, 

radiation plans are drawn up before the start of therapy, in which the dose, the various 
radiation areas receive, can be read off. To further optimize and individually adapt 

patient’s therapy, normal tissue complication probability (NTCP)-models have been 
developed and continuously improved. NTCP-models may be viewed as special type 

of prediction models that are used in RT. They can take on multiple tasks: (I) NTCP-

models assist medical doctors to estimate a patient’s prognosis for an outcome based 
on prediction factors, (II) they enable the identification of risk groups, (III) they guide 

clinical decision management (e.g., with regard to the choice of therapy or patient 
instructions), and (IV) they strengthen the knowledge about the development of a 

disease (2). Of notice, in the context of RT, NTCP-models predict the risk of post-
therapeutic diseases but without drawing causal conclusions between the applied dose 

and the occurrence and strength of a potential complication (3,4). 
During RT planning, NTCP-models allow for estimating the risk with which an organ-

at-risk (OAR) located close to the radiation target might be damaged. This information 
is essential for the determination of the radiation dose that should be given. For some 

time now, NTCP-models have also been used for so-called counterfactual questions. 
They include, for example, considerations whether a patient could benefit from 

treatment with protons instead of photons (5,6). Before the introduction of NTCP-
models, the decision for either photons or protons was primarily based on evidence 

from randomized controlled trials (RCTs). However, RCTs may be ethically problematic 
in some cases, are costly, and time-consuming and therefore may not be the optimal 

way to identify patients who are likely to benefit from another therapeutic option. 
Because of that, NTCP-models are increasingly being used as an alternative to answer 
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this question. The acceptance of NTCP-models is also reflected by the fact that in 
some European countries health insurance companies have accepted the predictions 

of the NTCP-models as basis for reimbursing the costs of proton therapy (7). 
 

1.2) Aim of the study 

The occurrence of laryngeal edema is a relatively common complication after RT of 

HNCs and was chosen as outcome of interest based on literature research and clinical 
aspects. The approach to determine the outcome of interest and to define the research 

question is explained in detail in the appendix (A1). 

Given that the larynx fulfills multiple tasks in speaking, securing oxygenation, and 

nutrition, laryngeal edema can have devastating effects on the patient's quality of life 
and participation in social activities. The main objective of the present study was to 

develop NTCP-models to predict the presence of laryngeal edema 6 months after the 
end of RT for the treatment of HNCs. To comprehensively answer the research 

question, the following 3 steps were conducted: 

- Step I: The NTCP-model by Rancati et al. (8), which is based on the equivalent 

uniform dose (EUD), served as starting point of the current study. As first step, 

Rancati’s logit model applying the EUD was externally validated with both the 
training and the independently acquired validation data set of the current study.  

- Step II: While Rancati’s model relied solely on dose data, extensive non-dosimetric 
data of the participants (e.g., age, smoking behavior, other therapy options) was 

additionally available in the current study. Considering this add-on data, new NTCP-
models were developed with the large training cohort in a second step. At this, 

several models were set up in different (sub-) cohorts taking into account different 
predictors to comprehensively answer the research question. 

- Step III: External validation of the NTCP-models developed in step II was 
performed, using an independent validation cohort. These results were eventually 

compared with the findings of the external validation of Rancati's model executed 
with the same data set. 
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1.3) Background information 

1.3.1) Statistics of head-and-neck cancers  

The term HNC encompasses etiologically and histologically very different malignant 
neoplasms of the lip, oral cavity, nasal and paranasal sinuses, nasopharynx, 

oropharynx, larynx, and hypopharynx as well as tumors of the salivary glands. In most 
cases, however, HNC refers to tumors of the oro-/hypopharynx, the oral cavity, and 

the larynx, which hold the International Classification of Diseases (ICD)-10 code C00-
C14 and C30-31. These tumors have a comparable etiology, arise from the mucosa of 

the upper aerodigestive tract, and predominate in the head-and-neck area. According 
to the Global Cancer Statistics 2020 published by the International Agency for 

Research on Cancer, n=931,931 new cases of HNCs were diagnosed in 2020, namely:  

- lip, oral cavity:  n=377,713 

- larynx:  n=184,615 

- nasopharynx:  n=133,354 

- oropharynx:  n=98,412 

- hypopharynx:  n=84,254 

- salivary glands:  n=53,583. 

In the same time, n=467,125 new deaths due to HNCs were recorded (9). The 
incidence and mortality ratio of men compared to women lies between 2 and 3 for 

almost all HNC. Women have a cumulative incidence risk of 0.26 to suffer from tumors 
of the lip and oral cavity until age 74 with a cumulative mortality risk of 0.12. 

Compared to this, men hold a cumulative incidence risk of 0.68 and a cumulative 
mortality risk of 0.32, respectively, indicating that men incorporate a 2.7-fold higher 

cumulative risk. These gender-specific differences are also reflected in the age-
standardized incidence rate per 100,000 inhabitants, which amounts to 3.1 for women 

and 6.0 for men in Northern Europe (9). Statistics depict that the incidence and 
prevalence of tumors of the lip and oral cavity varies considerably between countries 

and continents, but men are always significantly more often affected than women.  
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1.3.2) Risk factors of head-and-neck cancers  

One underlying reason for the gender disparity in the occurrence of HNCs is that men 

still smoke tobacco and consume alcohol more frequently and in larger quantities than 
women, even if women have caught up in this regard in recent years. Moreover, men 

are more commonly affected by an infection with the oral human papilloma virus 
(HPV), which is another established risk factor for HNCs (10,11). Studies have proven 

an association of the presence of HPV and/or its surrogate marker p16 (cyclin-
dependent kinase inhibitor 2A/multiple tumor suppressor 1) with the occurrence of 

squamous cell carcinoma (SCC) of the head-and-neck, particularly oropharyngeal 
cancer (12). The exact mechanism of HPV-mediated tumorigenesis has not yet been 

elucidated but appears to be different from that of tobacco. 
In general, the incidence of HNCs raises with age and most patients are between 50 

and 70 years old at the time of diagnosis. Lately, however, there was a trend towards 
HNC detection in younger patients, which likely is attributable to the increase of HPV-

infections. The significant incline in the presence of HPV-associated cancer has led to 
an overall growth of the incidence of oropharyngeal cancer. This holds also true for 

the Netherlands with a gain of one third between 1990 and 2020 (n=2,075 and 

n=3,070, respectively) (13). In fact, a decline would have been expected for 
oropharyngeal cancer, as the number of smokers has shrunken in Western countries 

over the past two decades.  
In addition to smoking and HPV-infection, excessive alcohol consumption is an 

important risk factor for HNCs. Almost all patients (>85%) have a medical history of 
long-standing, excessive consumption of tobacco and/or alcohol and both noxious 

substances show an almost linear association with HNC development (14,15). The 
joint abuse of the two substances even causes a significant synergistic/multiplicative 

reinforcement on the occurrence of HNCs, as highlighted in a recent study (10). The 
negative effect was most pronounced in tobacco abuse (odds ratio (OR)=11.6, 95% 

confidence interval (CI)=6.7-20.1), and to a lesser degree in consumption of five or 
more glasses alcohol per day (OR=2.7, 95% CI =1.2-4.7) as well as in case of an oral 

HPV-infections (OR=2.4, 95% CI=1.1-5.0) (10).  
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1.3.3) Staging of HNC 

HNCs are usually diagnosed by biopsy and over 85% of HNCs are histologically SCCs, 

characterized by a rapid tumor proliferation with very short tumor doubling times (16). 
The tumors are characterized by often large volumes and early spread to regional 

lymph nodes, while hematogenic metastasis to the lungs, liver, and bones are usually 
confined to the advanced tumor stages.    

Staging of HNCs follows the TNM classification system of malignant tumors (TNM-
system) and depends on the size and location of the primary tumor (T), the number 

and size of cervical lymph node metastases (N), and the presence of distant 
metastases (M).  

The T-stage is subdivided as follows:  
- TiS= Carcinoma in situ; superficial tumor disease that grows only in the top cell 

layer of the skin or mucosa,  
- T1-4= grading according to increasing size and extent of the tumor, classification 

differs depending on the location of the primary tumor.  
Involvement of the lymph nodes is assigned as follows:  

- N0= no lymph node infiltration,  

- N1= 1 lymph node with malignant cells, which measures ≤3 cm at its greatest 
extent,  

- N2= 1 or more lymph nodes with tumor infiltration of 3–6 cm in greatest diameter; 
a distinction is made as to whether the affected lymph nodes are on the same or 

on the contralateral side in relation to the primary tumor, 
- N3= pathologic lymph nodes >6 cm in greatest extent.  

With respect to distant metastases, a differentiation in M0 (no distant metastases 
present) and M1 (existence of at least one distant metastasis) is executed.  

The TNM-system provides the basis for the HNC-staging of the Union for International 
Cancer Control’s (UICC), which is given in Table 1 (17).  
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Stage T N M 

0 TiS (Carcinoma in situ) 

I T1 N0 M0 

II T2 N0 M0 

III T1-3 N1 M0 

T3 N0 M0 

IVa T1-3 N2 M0 

T4a N0-2 M0 

IVb T1-4a N3 M0 

T4b N1-3 M0 

IVc T1-4 N0-3 M1 

Table 1. HNC-staging based on the UICC-classification, which considers the TNM-system (17).  

 

After biopsy confirmation of the tumor diagnosis, staging usually relies on imaging 

modalities such as computed tomography (CT), and magnetic resonance imaging 
(MRI) as well as a supplementary positron emission tomography (PET)-CT. 

 
1.3.4)  Therapeutic options for the treatment of HNC 

Various therapy options and combinations are available for the treatment of HNCs, 
encompassing surgery, radiotherapy (RT), and chemotherapy (CTx). The choice of 

therapy is grounded on the UICC stages (17). Commonly, surgical treatment is shorter 

and better tolerated, and hence may be preferred in the most comorbid patients. Yet, 
on the contrary, an operation is often associated with poorer vocal outcome (18). For 

tumors of the early stages I and II, primary RT constitutes an alternative to surgery, 
given its potential to preserve the organ and its functions. The total irradiation dose 

is mostly divided into small daily doses of 1.8–2.5 Gray (Gy), known as fractionation. 
This takes advantage of the fact that tumor cells normally have a lower ability to repair 

deoxyribonucleic acid (DNA)-damages than healthy tissue. Fractionation allows for a 
better protection and an increase in the maximum tolerated total dose of non-tumor 

tissue, enabling total doses of up to 80 Gy.  
In more advanced stages, radiochemotherapy (RCTx), the combination of primary RT 

and CTx, or primary surgery followed by RT or RCTx could be options but may be 
accompanied by more severe side effects. Chemotherapeutic agents such as 5-
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fluorouracil and cisplatin inherit a growth-inhibiting effect and intensify the radiation 
sensitivity of tumor cells, potentially improving the effect of irradiation.  

Progress has not only been made in terms of the temporal application of the RT, but 
also of the type of radiation used. For several years now, some centers are able to 

execute not only standard photon therapy but also proton radiation. This exploits the 
fact that protons have another energy distribution curve compared to photons, which 

might be advantageous in some tumors.  
 

1.3.5) RT in HNC treatment: technical aspects 

Due to the close proximity of many critical structures, RT planning in HNCs is a major 

challenge to avoid lasting side effects and structural damages (19,20). Nowadays, 
planning is mostly accomplished using imaging data from CTs, sometimes after image 

fusion with MRI or PET data. Grounded on the image data, a 3D-model of the radiation 
field is created, which forms the basis for the precise RT outlining. However, RT-

planning becomes more problematic if the tumor partially or even completely encloses 
an OAR. Particularly in these cases, the technical developments of recent years have 

paid off. While previously only 3D-conformal RT (3D-CRT) was deployable, nowadays 

with the introduction of intensity-modulated RT (IMRT) and volumetric modulated arc 
therapy (VMAT) more targeted and therefore gentler procedures for the adjacent OAR 

are applicable. 
IMRT facilitates the modulation of the incident dose by setting up many small, 

irregularly shaped fields from many different directions of irradiation. This creates a 
sharp dose gradient between the target tissue and the surrounding non-tumor tissue. 

Through this, the radiation dose can be adapted even to complex HNCs adjacent to 
OARs.  

VMAT can be regarded as an advanced option of IMRT and carries out 2 simultaneous 
processes: it radiates and rotates around the patient at the same time, which enables 

an even better dose distribution in shorter time (21). Particularly patients in severe 
pain benefit from VMAT given that for them, it is often impossible to lie still during a 

longer-lasting radiation. Yet, compared to IMRT, VMAT inherits a considerable higher 
planning automation, limiting the amount of manual changes and adaptations, which 

might have a negative impact on the protection of adjacent OARs. However, recent 
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studies unveiled that despite these limited adjustment options, an adequate protection 
of nearby OARs is warranted with the deployment of VMAT in HNC treatment (22,23). 

 
1.3.6) RT in HNC treatment: physical aspects 

Photons trigger various processes in the irradiated tissue. On the one hand, direct hits 
of photons in the tumor tissue arise, inhibiting the cell growth of essential 

biomolecules. On the other hand, photons trigger scattering processes in the radiation 
field through energy transfer, which takes place via the ionization of water molecules. 

This creates highly toxic free radicals that interact with cell components and damage 
the genetic material of tumor cells. If the resulting damage exceeds the ability of the 

tumor cells to repair themselves, they can no longer multiply because their mitosis is 
suppressed. The damage may even be so great that the cells die (apoptosis). To 

produce this devastating effect, the radiation-based harm must occur in close spatial 
and temporal proximity. The dose-effect relationship always exhibits a sigmoid form 

with first a slow, then faster increase and finally saturation. Since healthy tissue mostly 
divides at a slower rate than tumor cells, their dose-effect curve lies predominantly in 

the higher dose range. 

 
1.3.7) Anatomy of the larynx 

The larynx is a cartilaginous structure in the middle of the throat that functions as a 
connector between the throat (pharynx) and the windpipe (trachea). It separates the 

trachea from the esophagus and takes on three important functions: (I) separation of 
air and food passages, (II) regulation of the swallowing act, and (III) voice formation 

(phonation). Due to the densely packed anatomical conditions, the larynx stays in 
close contact with the hypopharynx (dorsal), the thyroid gland (ventral), and the 

vascular-nerve-sheath (lateral; common carotid artery, internal jugular vein, and 
vagus nerve).  
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Figure 1. Schematic posterior view of the larynx. Adapted from (24). 

 

The larynx is divided into an upper, middle, and lower third (figure 1): the upper level 

is the supraglottic area and extends from the entrance of the larynx to the pocket 
folds. The glottic area lies in the middle level of the larynx and contains the vocal 

cords, whose mobility is essential for sound formation. The space below the vocal 
cords up to the connection with the first tracheal clasp is the subglottic area and forms 

the lower end of the larynx. 
 

1.3.8) Laryngeal edema 

Increased accumulation of fluid in the lining of the larynx is denoted laryngeal edema. 

In the acute setting, it is oftentimes provoked by an external stimulus (e.g., 
inflammation, drug, foreign body) that induces a hypersecretion of the mucous 

membranes. Eventually, the excess amount of fluid produced is stored in the larynx 
tissue. In contrast, major structural changes are mostly evident in chronic laryngeal 
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edema. Damages to the walls of the small vessels of the mucous membrane result in 
the breakdown of the barrier that normally prevents the flow of fluids and solutes in 

the endothelial wall. As a consequence, the hydraulic conductivity and the osmotic 
reflection coefficient for plasma proteins as well as the lymphatic drainage system are 

disturbed (25). Thus, molecular changes in the vascular and the lymphatic systems 
play a role in the etiology of chronic edema.  

The implications of laryngeal edema directly influence the patient's quality of life. The 
edema may lead to (chronic) hoarseness or aspiration of food that could be deposited 

in the lungs, ultimately leading to pneumonia. Moreover, a life-threatening edema with 
respiratory distress due to narrowing or blockage of the airways could appear. Finally, 

in severe cases, a tracheotomy may be required.  
 

 
 



 

2.) Methods 

2.1) Study design  

The present study was conducted using data of a large prospective cohort study that 

took place in 3 medical centers in the Netherlands (Clinical trials NCT02435576). 
Among its objectives was the development of comprehensive individual toxicity risk 

(CITOR) profiles for HNC patients with definitive RT. Patients of the 3 medical centers 
were consecutively included in a data registration program as part of clinical routine. 

In addition to that, a prospective assessment of patient, tumor, and treatment 
characteristics as well as radiation-induced toxicity was performed in all participants.  

Study results were reported as suggested by the TRIPOD (Transparent Reporting of a 
Multivariable Prediction Model for Individual Prognosis or Diagnosis) guidance (26,27). 

As of today, the Dutch Medical Research Involving Human Subjects Act is not 
applicable to data collection in the context of routine clinical practice. For this reason, 

the responsible ethics committee waived the requirement for informed consent. 
 
2.2) Study population  

Patients who were treated at the University Medical Center Groningen (UMCG) 

between January 2007 and June 2016 formed the training cohort that was used (I) 
for the external validation of Rancati's model and (II) for the development of the new 

NTCP-models. A second group of patients formed the validation cohort and consisted 
of HNC patients from the Maastro Clinic (treated from May 2012 to June 2016), the 

Radiotherapy Institute Friesland (May 2014 to December 2016), and the UMCG (July 

2016 to December 2017). The validation cohort was used for the external validation 
both of Rancati’s model as well as of the new NTCP-models. 

To account for missing values in the data sets, including missing data due to death 
(4), multiple imputation with the Multivariate Imputation by Chained Equations 

(MICE)-technique was carried out and repeated 10 times (28). Yet, imputation was 
only done with variables, in which at least 10 input data values existed as otherwise 

the risk of unreliable approximations would have been too high.  
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2.3) Eligibility criteria  

To be eligible for the study, patients had to meet the following criteria: (I) biopsy-

proven SCC of the head-and-neck (oral cavity, oropharynx, nasopharynx, 
hypopharynx, or larynx), (II) stage I-IV cancer without distant metastases (T1-4 N0-2 

M0), (III) primary therapy with RT, with or without concomitant CTx or cetuximab, 
(IV) no induction CTx, (V) no fraction dose higher than 2.4 Gy, (VI) no previous neck 

dissection, (VII) no previous therapeutic interventions for HNC (excluding laser 
resection of small glottic lesions), (VIII) no other malignancy in the last five years 

(excluding basal cell cancer or cervical carcinoma in situ), and (IX) no current co-
existing tumors outside the head-and-neck region. 

 
2.4) Patient treatment 

Patients were treated in accordance with the Dutch guidelines for HNC (29). Until the 
end of 2007, most patients received 3D-CRT, which was progressively replaced by 

IMRT since 2008. Six-megavolt linear accelerators were applied to generate the 
radiation. Before the initiation of the RT, a contrast-enhanced planning CT scan was 

acquired in the supine position in all patients. In agreement with international 

consensus guidelines, 28 OARs were recontoured in all CT planning data sets (30). As 
additional preparatory measure before the start of the RT, all patients underwent a 

dental examination and, if necessary, a dental restoration was carried out. 
Furthermore, all participants received training on standardized oral care and mucositis 

prophylaxis.  
The exact radiation protocol (e.g., fractionation plan, simultaneous CTx) depended on 

the primary tumor and the tumor stage. In general, younger patients (<70 years) with 
early-stage disease (stage I-II) received accelerated RT or fractionated RT. In patients 

with locally advanced disease (stage III-IV), platinum-based CTx (e.g., cisplatin) was 
administered concurrently with radiation to inhibit cell division. Contraindications for 

the administration of cisplatin comprised a status after apoplexy or myocardial 
infarction, intermittent claudication, neuropathy, loss of kidney function, or pre-

existing severe hearing loss. In patients older than 70 years, conventional fractionation 
was adopted even in locally advanced stages, unless the patient’s general state of 
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health permitted accelerated RT with weekly cetuximab. This therapy concept was 
also conducted in patients under the age of 70 when contraindications for CTx were 

depicted. Accelerated RT was given in 6 fractions per week, with a break of at least 6 
hours between fractions.  

In almost all patients, the regional cervical lymph nodes were also irradiated in 
addition to the primary tumour, even if a tumorous infiltration of the lymph nodes was 

not definitively proven. In these cases, the lymph nodes were treated in fractions of 
1.55 Gy and received a total dose of 54.25 Gy. If the lymph nodes contained tumor 

cells, lymph node irradiation was carried out in fractions of 2 Gy together with the 
primary tumor up to a total dose of 70 Gy. 

CTx was given concomitantly with conventional fractionated RT according to the 
following scheme: cisplatin 100 mg/m2 on day 1, 22 and 43 or carboplatin on day 1 

(300-350 mg/m2 for 30 min intravenously) and 5-fluorouracil from day 1 to 4 as a 
continuous infusion (600 mg/m2/24 h). In total, 3 cycles were undertaken at intervals 

of 3 weeks.  
 

2.5) Measurement of predictors 

Dose-volume-histograms (DVHs) are a fundamental part of RT planning given that 
they summarize 3D-dose distributions in a graphical 2D-format, facilitating the 

comparison of doses from different plans. In the context of DVHs, the term “volume” 
refers to all structures and targets of interest in the RT plan (e.g., primary tumor, 

adjacent OARs). To generate DVHs in the primary irradiation area and in the respective 
OAR, data of the contours and dose distributions in the current study were transferred 

to a suitable software program (VODCA Company: Viewer Version 4.2.2. and Database 
Version 4.1.1). Based on the software, calculation of the volume that received more 

than 5 Gy, 10 Gy up to a maximum of 75 Gy (V5, V10 up to a maximum of V75) was 
feasible. Furthermore, DVHs for the minimum dose (DMIN), maximum dose (DMAX), 

and mean dose (DMEAN) were computed and all DVH data was transferred to the 
database. This information was then combined with other patient-related variables, 

which may have an impact on the patient’s prognosis. 
After RT, participants were followed up for a maximum of 5 years and during this 

period, they were regularly called to the clinic for monitoring at specific times. During 
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these visits predefined questions related to the patient’s quality of life, the health 
status, and the well-being were asked and relevant clinical examinations were 

executed.  
 

2.6) Laryngeal edema 

As already stated, post-radiogenic laryngeal edema was chosen as outcome of interest 

based on a comprehensive literature review and under consideration of clinical aspects 
(Appendix A1). Usually, the diagnosis of laryngeal edema was established by fiber-

optic examinations and diagnostic findings were graded visually based on the Late 
Effects Normal Tissue Task Force-Subjective, Objective, Management, and Analytic 

(LENT SOMA)-table (table 2) (31).  
 
Grade  1 2                    3 4 

Objective EDEMA Arytenoids only Arytenoids and 
aryepiglottic folds 

Diffuse edema of 
supraglottis; 
airway adequate 

Diffuse edema 
with significant 
narrowing of the 
airway (50% of 
normal) 

Table 2. Overview of the LENT SOMA-table used for grading of laryngeal edema in fiberoptic 
examinations (31). 
 

Thereafter, gradings from the LENT SOMA-table were transferred to the Common 

Terminology Criteria for Adverse Events (CTCAE) v5.0 (32): 
- Grade 0: no edema 

- Grade 1: asymptomatic edema                    
- Grade 2: symptomatic edema                       

- Grade 3: severe edema with respiratory distress 
- Grade 4: life threatening edema. 

Following the approach used in other studies (8,33–35), the presence of laryngeal 
edema of at least grade 2 was set as outcome of the present study during specification 

of the research question (Appendix A1).  
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2.7) NTCP-models by Rancati et al. 

The literature research has revealed that up to now 2 NTCP-models for the prediction 

of post-radiogenic laryngeal edema have been published. Both models were developed 
by Rancati et al. and are based on the dose applied to the larynx.  

- Model I: a Lyman model in which DVHs are reduced to the equivalent uniform 
dose (EUD) (LEUD model), and  

- Model II: a logit model applying the EUD (LOGEUD model) (8). 

The LOGEUD model was used almost exclusively in the studies on laryngeal edema 
published to date and therefore was chosen as basis for the current study (8,34,35). 

As first step of the external validation of Rancati’s model with the training data set, 
the laryngeal EUD was calculated. 

Due to the non-uniform dose distributions of DVHs, a straightforward comparison 
between RT plans is hampered. For that purpose, DVHs can be reduced to the EUD, 

which serves as an evaluation standard. The EUD corresponds to the absorbed dose 
which, when applied homogeneously to a tumor, has the same biological effect on the 

tumor as an inhomogeneous dose distribution (36). To determine the EUD, all existing 
dose data and the biological effects of fractionation are considered. Since this accounts 

for the overall effect on the tumor, the EUD can be viewed as a biologically weighted 
average of the dose (in voxels) across the tumor. 

A more detailed explanation on the approximation of the EUD based on the DVHs as 
carried out in the present study is provided in the Appendix (A2). 

 

Rancati et al. have performed the EUD transformation as follows (8):  

  
Di and vi each represent a point of the differential DVH, where Di stands for the dose 
from the DVH data and vi indicates the fraction of the organ volume receiving a dose 

Di. The sum is then performed over the entire DVH. The non-negative parameter n 
reflects the volumetric dependence of the dose-response relationship in every organ 

and influences the EUD as follows: the EUD tends toward the mean dose when n is 
close to 1 and dose non-uniformity is small. With large inhomogeneity, the EUD is in 
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the range of the minimum dose and with a very low n of ~0, the EUD reaches the 
maximum dose.  

 
The EUD algorithm can be coupled with the logit formula to form the Logit-EUD (8): 

 
 

 

 

The dose-response relationship for healthy tissues is mirrored in the logit formula by 

D50 and k with D50 being the dose that comes along with 50% probability of damage if 
a certain fraction of the organ volume receives uniform irradiation. k can be calculated 

as 𝑘 = !.'
(

 with m representing the steepest part of the slope of the response curve at 

D50. The given values for the constants from the best-fit model from Rancati et al. (8) 
were taken over in EUD approximation in the current study (n=1.41, k=7.2, 

D50=46.7).  

After accomplishment of the EUD calculations, the performance of Rancati’s LOGEUD 
model was assessed using both the 10 imputed data sets of the training cohort as well 

as the validation data set. For that purpose, the discrimination and calibration 
parameters were evaluated. 

 
2.8) Performance measures 

Several methods exist to evaluate the performance of a prediction model. In the 
current study, Nagelkerke's R2, the discrimination, and the calibration parameters (and 

their corresponding CIs) were calculated as part of (I) the performance assessment 
of the newly developed NTCP-models and (II) during the external validation of 

Rancati's model and the new NTCP-models.  
The general performance of a model is usually reflected by Nagelkerke's R2, the so-

called explained variation, which includes aspects of calibration and discrimination 
(38). More precisely, R2 indicates the extent to which a predictor can explain the 

change in the response variable.  
Discrimination is understood as how well the predictions can differentiate between 

patients with and without the outcome. In case of logistic regression models, the 

NTCP (EUD) 
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concordance (c)-statistic is the most frequently used measure of performance (38). 
The discrimination can be represented graphically by means of the Receiver Operating 

Characteristic (ROC)-curve, in which the sensitivity (true positive rate) is plotted 
against 1-(false positive rate). From the plot the Area Under the ROC Curve (AUC) can 

be derived, which provides important information: the higher the AUC, the higher the 
model’s discrimination ability (ideally 1.0). If a model has a binary outcome, the AUC 

and the c-statistic are identical (38).  
Calibration refers to the correspondence between observed outcomes and predictions 

and can be illustrated graphically. In a calibration plot, the predictions are represented 
on the x-axis and the observed values are found on the y-axis, respectively. In case 

of binary outcomes, the y-axis ranges between 0 and 1. If the predictions are perfect, 
they should lie exactly on the 45°-line. Calibration performance can be quantitatively 

evaluated by the intercept and the slope of the calibration curve. The intercept states 
whether the predictions are systematically too low or too high (calibration-in-the-

large) and should ideally be 0. The slope should ideally be 1, with values below 1 
indicating an overfitting of the model (38). Overfitting refers to an over-adaptation of 

the model to the training data. When overfitting is present, model performance is poor 

if the model is confronted with other, so far unseen data, which is a common risk in 
iterative model development (38).  

 
2.9) Sample size calculation 

Determination of the sample size constitutes an important step in study planning and 
setting up a predictive model. It is crucial in reducing the risk of model overfitting and 

optimism, which may arise due to repeated testing in a small sample size (39). Riley 
et al. (40) have proposed approaches for binary, time-to-event, and continuous 

outcomes, respectively, that are available as pmsampsize package for R (41). The 
sample size calculation in the present study followed the four suggested criterions (B1-

B4) and involved the parameters anticipated prevalence, number of predictors, and 
anticipated R2. Furthermore, the shrinkage factor S was considered in the calculations, 

which should be ≥0.9 (40). To achieve this, targeting a shrinkage of ≤10% is 
recommended. 
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Even though publications have reported a prevalence of post-radiogenic laryngeal 
edema of up to 61% (8,42), a significantly lower prevalence of 5-10% was estimated 

in the present study, which was due to a different composition of the cohort as well 
as the more extensive eligibility criteria. The anticipated R2 was expected as 0.1 or 

0.15, respectively.  
Table 3 provides a summary of the sample size calculations, when performed with the 

different variations of the parameters. Calculations were performed for n=12 
candidate predictors, as this was the initial number of variables in the model 

development process. In the course of the development approach, the variables 
SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN were added; therefore, sample size 

calculations were repeated with n=14 candidate predictors.  
 

   Criterion 

Anticipated 
Candidate 
predictors B1 B2 B3 B4 

Prevalence R2 n n n n Events EPP n 
0.05 0.1 14 73 269 1,189 60 4.2 799 
0.1 0.1 14 139 374 1,189 119 8.5 547 
0.05 0.15 14 73 269 768 39 2.7 776 
0.1 0.15 14 139 374 768 77 5.5 531 
0.05 0.1 12 73 233 1,020 51 4.3 685 
0.1 0.1 12 139 324 1,020 102 8.5 469 
0.05 0.15 12 73 233 659 33 2.7 666 
0.1 0.15 12 139 324 659 66 5.5 456 

Table 3. Overview of the sample size calculations following criterion B1-B4 as recommended by Riley 

et al. (40). Calculations were performed for n=12 and 14 candidate predictors, respectively, with an 
anticipated prevalence of 0.05 and 0.1, respectively, and an anticipated R2 of 0.1 and 0.15, 
respectively.  
EPP = Events-per-predictor 

 

When calculating the sample size, the criterion that results in the highest necessary 
sample size is decisive. According to table 3, n=768 or n=1,189 participants were 

required if 14 candidate predictors were used in model development (with 12 
predictors: n=659 and n=1,020, respectively). Due to the low prevalence of the 

outcome in the study population, the highest sample size could only be partially 
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achieved, but the lower criteria were met in all cases, so that overall, the study size 
can be assumed to be sufficient. 
 

2.10) Correlation analysis and multicollinearity 

The candidate predictors of the present study were selected based on literature 
research (Appendix A2 and A3) and availability in the data set. 

In model development, it is important to consider potential implications of the 
interrelationships between the independent predictors, which is influenced by the size 

of the effect, the variance of the variable itself, the amount of data, the number of 
other variables in the model, and the size of the error variance. As a quantitative value, 

the correlation coefficient r shows the strength of the linear relationship between the 
variables.  

In multicollinearity, two or more predictors are highly linearly associated with each 
other. The problems of multicollinearity are manifold (4). On the one hand, there is 

redundancy, i.e., two predictors could provide the same information about the 
outcome. This would ultimately lead to unreliable coefficients of the predictors and 

large standard errors of the coefficients, raising the risk of a type II error and reducing 
the prediction quality of the model (both in terms of reliability and accuracy). On the 

other hand, multicollinearity might cause that actually crucial predictors become 

unimportant because they have a collinear relationship to other predictors. This 
instability in predictor selection may lead to difficulties of applicability, especially for 

clinical prediction models. As a general rule, an absolute correlation coefficient of >0.8 
between two or more predictors warrants a more detailed assessment of 

multicollinearity and eventually, variables might be excluded to correct for overfitting 
(4,43,61).  

There are several ways to evaluate whether multicollinearity hampers model 
performance or not. It can first be checked whether there are significant changes in 

the estimated regression coefficients by adding or removing a predictor. Another 
indication of multicollinearity would be if a predictor behaves differently in univariable 

compared to multivariable regression, i.e., when the predictor has a coefficient 
significantly different from 0 in univariable regression but becomes insignificant in 

multivariable regression. Furthermore, the variance-inflation-factor (VIF) provides 
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important information, with a VIF of 5 or higher clearly pointing to multicollinearity. 
At this, the VIF can be interpreted as follows: a VIF of 5 indicates that the variance of 

the predictor's coefficient is 5 times higher than it would be without collinearity. It can 
easily be derived from Nagelkerke's R2: VIF = 1/(1-R2).  

To account for potential correlation of the predictors and for multicollinearity, 
correlation coefficients and VIFs were computed for the predictors used in the new 

NTCP-models developed in the current study.  
 

2.11) Development of new NTCP-models  

At the beginning of the development process of the NTCP-models, a univariable logistic 

regression analysis of the candidate predictors was performed to examine the 
coefficients with their standard errors, the Akaike Information Criterion (AIC) as well 

as the concomitant statistical significance of the candidate predictors. This was 
followed by multivariable logistic regression procedures with the candidate variables, 

applying stepwise selection with rank order based on p-value. This approach has 
proven benefits for incorporating non-dosimetric factors into NTCP-models in the 

context of binary toxicity outcomes (44,45). The variables were selected using nested 

likelihood ratio test models, with a significance level of p<0.2. Thereafter, to adjust 
for overfitting and enhance calibration, especially if EPP is small, uniform shrinkage of 

the model regression coefficients was performed applying ridge regression (47). 
Several NTCP-models encompassing changes in the candidate predictors, the outcome 

definition as well as the (sub-)cohort were developed to address research questions 
that arose in the course of the model evaluations. The rationale and background for 

the different models are explained in detail in the results section. 
 

2.12) Internal validation of the new NTCP-models 

According to the specifications of the TRIPOD-statement (46) and recommendations 

by Steyerberg et al. (38), the new NTCP-models were internally validated by 10-fold 
cross-validation. Cross-validation is a resampling method that uses different subsets 

of the data to train a model in different iterations (training set). The analysis is then 
validated on another subset (test set) and the process can be repeated several times 



 
 

 

21  

(commonly 10-times) to enhance stability of the cross-validation. The goal is to 
determine how good the model's ability is to predict new data that was not used in 

the estimation.  
 

2.13) Evaluation performance measures of the new NTCP-models 

The R2 as well as the calibration and discrimination parameters were independently 

assessed in the 10 imputed data sets and results were averaged. During this process, 
it had to be considered that the data was not actually observed, but rather estimated 

as part of the imputation procedure, which had an inflating effect on precision. To 
correct for this, the regression coefficients and standard errors of the predictors were 

pooled using Rubin's rule (48).  
 

2.14) External validation of the new NTCP-models 

To get an idea on the generalizability of the new NTCP-models, their calibration and 

discrimination abilities were evaluated using the validation data set that was acquired 
independently of the training data set. Since Rancati's model was validated externally 

with both the training data set and the validation data set, a direct comparison of the 

performance of the new NTCP-models and Rancati's model was possible. 
 

2.15) Data analyses  

All analyses were performed using the software R, version 4.1.1. The following R-

packages were applied:  
boot, bravo, CalibrationCurves, car, caret, dplyr, Ecdat, GGally, ggplot2, gplots, 

glmnet, GmAMisc, kimisc, lattice, lmtest, Metrics, mice, pmsamplesize, pROC, 
randomForest, readxl, riskRegression, rmda, rms, ROCit, ROCR, stats, tidyverse.  

 



 

3.) Results 

3.1) Training data set 

The training data set encompassed n=750 patients. The sex ratio of men versus 

women was 3, being in line with the known sex disparities in HNCs. Moreover, almost 
all patients (88%) had a history of or were still smoking. More advanced tumor stages 

(stage III or higher) were evident in more than two-third of the patients, and all of 
these participants had at least one proven lymph node metastasis. Being an exclusion 

criterion for study participation, no organ metastases were present in any patient. HPV 
was merely detected in 34 participants; however, HPV assessment was solely executed 

in a total of n=42 patients. Taking the evaluation rate into account, HPV was 
detectable in 34/42 (81%) of the patients.  

As previously mentioned, it is virtually impossible to clinically distinguish whether a 
laryngeal edema occurred as an immediate complication of the laryngeal tumor or as 

sequela of irradiation. For this reason, a sub-cohort was formed, which only included 
patients with non-laryngeal HNCs and consisted of n=416 patients. The juxtaposition 

of the sub-cohort with the total cohort showed that more participants in the sub-cohort 

suffered from an advanced tumor disease (stage IVa and IVb; 76% in sub-cohort 
versus 51.2% in total cohort) and that the men-women-ratio was somewhat smaller 

(2:1 in the sub-cohort versus 3:1 in the total cohort). The other clinical parameters 
were proportionate in the sub-cohort and total cohort of the training data set. 

Different treatment regimens were conducted depending on the tumor stage as well 
as the patient’s age and general condition. As a consequence of relatively more 

participants with advanced tumor disease in the sub-cohort, differences in the 
treatment modalities became obvious. Significantly more patients received RTCx or 

the combined administration of RT with cetuximab, while RT alone was executed less 
frequently in the sub-cohort of non-laryngeal patients. 
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Factor 
 

Level 
  

Total training cohort Sub-cohort 
No. of 
patients  

% No. of 
patients 

% 

Sex Man 560 74.7 279 67.1 

  Woman 190 25.3 137 32.9 

Age Mean 63  61.5  

  Range 30-92   30-92  

Smoking Yes (previously) 254 33.9 125 30.0 

  Yes (still smoking) 402 53.6 232 55.8 

  No 94 12.5 59 14.2 

Tumor 
location 
  
  
  

Oral cavity 44 5.9 44 10.6 
Oropharynx 271 36.1 271 65.1 
Nasopharynx 30 4.0 30 7.2 
Hypopharynx 71 9.5 71 17.1 
Larynx 334 44.5 0 0 

N-stage N0 333 44.4 75 18.0 

 N1-3 417 55.6 341 82.0 

Tumor stage Stage I 85 11.3 12 2.9 

  Stage II 148 19.7 37 8.9 

  Stage III 133 17.7 51 12.3 

  Stage IVa 322 42.9 259 62.3 

  Stage IVb 62 8.3 57 13.7 
Histology SCC 709 94.5 386 92.8 

Nasopharyngeal carcinoma 30 4.0 30 7.2  
Tis 1 0.1 0 0 
Not specified 10 1.3 0 0 

HPV Negative 8 1.1 4 13.3 
Positive 34 4.5  26 86.7 
Not assessed 708 94.4 386 92.8 

RT technique 3D-CRT 86 11.5 19 4.6 
IMRT 546 72.8 341 82.0 
VMAT 118 15.7 56 13.4 

Treatment 
modality 

CRT 149 19.9 42 10.1 
Accelerated RT 294 39.2 101 24.3 
RCTx 242 32.3 213 51.2 
Accelerated RT with 
cetuximab 

65 8.7 60 14.4 

Neck 
irradiation 

No 147 19.6 45 10.8 
Unilateral 18 2.4 4 0.9 
Both sides 585 78 367 88.3 
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Table 4. Descriptive statistics of the total training cohort and the sub-cohort of non-laryngeal HNC 
participants: basic characteristics of the patients and the tumors as well as therapeutic options.  

 

3.2) Validation data set 

The validation cohort comprised n=395 patients. Comparison of the training and 
validation data set revealed no significant differences regarding age, sex, tumor 

location, tumor stage, histology, and neck irradiation. However, considerable 
discrepancies in the treatment were evident due to technical advancements. VMAT 

was almost exclusively applied in the validation cohort, while participants of the 
training data set mainly underwent IMRT. Regarding the treatment modality, in 

relation more CRT and fewer accelerated RT was performed in the validation cohort 
than in the training cohort. The juxtaposition of HPV detection (or its surrogate p16) 

in the two cohorts was hampered by a high number of missings in the training cohort, 
in which only in 6% an HPV test was executed. In contrast to that, HPV was examined 

in more than 86% of the patients in the validation cohort. 
To ensure the same basic setting in the training and validation cohort, respectively, 

patients, in whom the primary tumor was in the larynx, were excluded from the 
validation cohort and a sub-cohort was built. This reduced the number of patients in 

the sub-cohort of the validation data set to n=227. Table 5 summarizes the 
characteristics of the patients and their therapeutic interventions in the total validation 

data set and the sub-cohort.  
Compared to the non-laryngeal sub-cohort of the training data set, some differences 

became evident, e.g., regarding age with older patients in the validation sub-cohort 

(p<0.05) or nicotine abuse with more smokers among the patients in the training sub-
cohort. Furthermore, overall patients in the validation group suffered from a less 

advanced tumor stage and almost all of them were treated with VMAT.   
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Factor 
 

Level 
  

Total validation cohort Sub-cohort 

No. of  
patients  

% No. of  
patients 

% 

Sex Man 290 73.4 163 71.8 
 Women 105 26.6 64 28.2 
Age Mean 63.3  63.5  
 Range 44-88  40-93  
Smoking Yes (previously) 88 22.2  50 22.0  
  Yes (still smoking) 82 20.8  94 41.4  
  No 92 23.3  59 26.0  

Not assessed 133 33.7 24 10.6 
Tumor 
location 
  
  
  

Oral cavity 22 5.6 22 9.7 
Oropharynx 140 35.4 140 61.7 
Nasopharynx 15 3.8 15 6.6 
Hypopharynx 50 12.7 50 22.0 
Larynx 168 42.5 0 0 

N-stage N0 190 48.1 56 24.7 
N1-3 205 51.9 171 75.3 

Tumor stage Stage 0 1 0.3 1 0.4 
Stage I 55 13.9 30 13.2 
Stage II 58 14.7 17 7.5 
Stage III 90 22.8 60 26.4 
Stage IVa 177 44.8 111 48.9 
Stage IVb 14 3.5 8 3.5 

Histology SCC 383 97.0 219 96.5 
Follicular carcinoma 2 0.5 1 0.4 
Non-specified 1 0.3 2 0.9 
Missing data 9 2.3 5 2.2 

HPV Negative 285 72.2  78 34.3 
 Positive 56 14.2  53 23.3 
RT technique 3D-CRT 6 1.5 2 0.9 

IMRT 7 1.8 4 1.8 
VMAT 382 96.7 221 97.4 

Treatment 
modality 

CRT 126 31.9 63 27.8 
Accelerated RT 110 27.8 39 17.2 
RTCx 134 33.9 108 47.6 
Accelerated RT with 
cetuximab 

25 6.3 17 7.5 

Neck 
irradiation 

No 66 16.7 1 0.4 
Unilateral 18 4.6 15 6.6 
Both sides 311 78.7 211 93.0 

Table 5. Available data on smoking behavior, tumor location, histology, and treatment characteristics 
of the patients of the total validation cohort and the sub-cohort of non-laryngeal HNC participants.  
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3.3) Laryngeal edema 

In the training sub-cohort, a clinically relevant laryngeal edema was present in 7 of 

the 416 (1.7%) patients at baseline and in 29 of the 416 (7.0%) participants 6 months 
after RT; thus, a significant increase was evident (p<0.05).  

Data analysis in the validation data set was hampered by a high number of missing 
values particularly regarding laryngeal edema, which may have been due to several 

reasons (e.g., not assessed as the patients had no complaints or because the patient’s 
general health condition did not allow an invasive endoscopic examination). At 

baseline, information on laryngeal edema was available from n=130/227 (57.3%) 
patients, of whom 4 (3.1%) had an edema grade 2 or higher, while 5 (3.8%) suffered 

from an asymptomatic edema, and 121 (80.1%) had no signs of disease. Six months 
later, n=152/227 (67.0%) patients have been examined, of whom 2 (1.3%) 

demonstrated a laryngeal edema grade 2 or more, while 26 (17.1%) had an 
asymptomatic edema, and in 124 (81.6%) participants the laryngeal mucous 

membrane showed no lesion. Hence, in the validation data set considerably more 
patients suffered from an asymptomatic edema 6 months after RT than at baseline, 

but fewer participants had a symptomatic post-radiogenic edema at the index date. 

 
3.4) External validation of Rancati’s LOGEUD-model 

Due to disparities in data availability, the EUD calculation was executed in two different 
variants during the external validation of Rancati's LOGEUD model. In the first variant, 

laryngeal EUD was calculated, including all dose data of the training set (V05, V10, 
V15, V20, V25, V30, V35, V40, V45, V50, V55, V60, V65, V70, V75, V80, V85). This 

resulted in a moderate discrimination performance of Rancati’s model, with an AUC of 
0.66 (95% CI: 0.60-0.71) and a low R2 of 0.05 (95% CI: 0.04-0.05).  

Compared to the training cohort, dose data was recorded in a less elaborate manner 
in the validation data set (registered dose data: V05, V10, V20, V30, V40, V50, V60, 

V70). To ground EUD calculation on the same dose data in the training and validation 
data set, a second variant for laryngeal EUD approximation was set up, which relied 

solely on the dose data provided in the validation cohort. Applying the second variant 
for the evaluation of the discrimination performance of Rancati’s model with the 
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training data set resulted in a small decrease of the AUC (0.64) with slightly wider CIs 
(0.56-0.73) and an unchanged R2 of 0.05 (95% CI: 0.04-0.05).  

Calibration assessment with the training data set showed a poor calibration of 
Rancati’s LOGEUD model (regardless of whether the first or second variant of EUD 

approximation was considered). Quantification of the model’s calibration revealed an 
intercept of -0.84 (95% CI: -10.73-9.05), an R2 of 0.06 (95% CI: 0.05-0.06), and a 

slope of 1.21 (95% CI: -0.77-3.19).  
Using the validation data set for the external validation of Rancati's model resulted in 

an AUC of 0.51 (95% CI: 0.39-0.62), an R2 of 0.21 (95% CI: 0.2-0.22), a calibration 
intercept of -0.47 (95% CI: -0.52-(-0.3)), and a calibration slope of 0.99 (95% CI: 

0.97-1.0). 
 

3.5) Development of new NTCP-models 

3.5.1) Selection of candidate predictors 

The candidate predictors chosen are summarized in table 6. Bae et al. (49) examined 
possible risk factors using a univariate analysis and were able to identify tumor 

localization, T- and N-classifications, overall stage, pathological differentiation, and 
CTx as significant predictors, but only T-stage was found to be an independent 

predictive factor in a subsequent multivariable analysis. Because of that the variable 
T-stage (T-STAGE) was picked as candidate predictor in the present study.  

In addition, tumor location (LOCATION), histology (HISTOLOGY), and CTx were 
selected as candidate predictors. For the variable CTx the temporal sequence between 

the application of CTx and RT was taken into account, too (e.g., induction CTx, 
concomitant RTCx) and this variable was denoted SEQUENCE. Furthermore, the RT 

technique (TECHNIQUE) was chosen as candidate predictor since improvements in the 
hardware also may have an impact on the presence of post-radiogenic diseases.  

Machay et al. had detected a link between age and the occurrence of laryngeal edema 

in their study (50) and similar findings were seen after the RT of other entities, in 
which age always boosted the development of post-radiogenic side effects (= the 

higher the age, the higher the change of post-radiogenic complications) (51). Because 
of that and due to clinical considerations, AGE was added as candidate variable in 



 
 

 

28  

model development. Along with alcohol consumption, cigarette smoking has been 
identified as the most common risk factor for the development of HNC (52,53) and 

leads to permanent changes in the mucous membranes, especially in the mouth and 
throat area. Two studies have shown that smoking likewise promotes the development 

of post-radiogenic edema (54,55), which might be due to the wide-ranging alterations 
of immunological functions caused by nicotine and other substances contained in 

cigarettes, i.e., alternation of innate and adaptive immune responses (56). 
Furthermore, cigarettes have a negative impact on tissue oxygenation and induce 

hypoxia, thereby leading to the activation of several transcription factors such as 
vascular endothelial growth factor that supports the formation of tumor vessels. 

Moreover, hypoxia may alter the oxygen-dependent effects of RT and change drug 
delivery to tumor cells during CTx (57,58). As implication of a decreased response to 

RT, higher local doses need to be applied to destroy the tumor cells, which is linked 
with an increased risk for the adjacent OARs. Accordingly, SMOKING was added as 

candidate predictor, but for simplification, the two factor levels "current smoking" and 
"smoking in the past" were combined to one level (SMOKING: “Yes”).  

Assuming that a patient would have a growing risk of being diagnosed with laryngeal 

edema 6 months after RT, if already at baseline a laryngeal edema was present, the 
variable BASELINE EDEMA was included as a candidate predictor. Moreover, HPV was 

added as candidate variable as recently a causal relationship between HPV-infection 
and various types of HNC has been demonstrated (11,59,60). Furthermore, Jeans et 

al. verified a significant effect of HPV-infection not only on the occurrence of HNC but 
on the prediction of laryngeal edema, too (42). 

In addition to the laryngeal EUD, which was adopted from Rancati’s model, the 
maximum dose applied to the supraglottic (SUPRAGLOTTIC DMAX) and glottic area 

(GLOTTIC DMAX) were selected as candidate predictors. In the further course of the 
analysis, the 2 variables SUPRAGLOTTIC DMEAN and GLOTTIC MEAN, the mean dose 

to the supraglottic and glottic area, respectively, were added. At the beginning, these 
2 factors were not chosen as it was guessed that they inherit roughly the same 

information as the EUD, but this assumption was later revised. Ultimately, a total of 
14 parameters were involved in the model development process (table 6).  
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Abbreviation Explanation Factor levels 

EUD EUD of the glottic and 
supraglottic area together  

numerical 

BASELINE EDEMA laryngeal edema at 
baseline 

grade 0 (no edema); grade 1 (asymptomatic); 
grade 2 (symptomatic); grade 3 (severe); grade 
4 (life threatening); not assessed 

SMOKING smoking status no; yes; not known  

HPV presence of HPV negative; positive; not assessed 

SEQUENCE sequence of CTx or 
cetuximab with RT  

only RT; concomitant RCTx; accelerated RT 
with cetuximab, concomitant RTCx + adjuvant 
CTx; induction CTx; induction + concomitant 
CTx 

LOCATION localisation of primary 
tumor  

oral cavity; oropharynx; nasopharynx; 
hypopharynx; larynx; paranasal sinus/ nasal 
cavity; salivary glands; ear; unknown primary; 
thyroid gland; skin; miscellaneous                                                 

T-STAGE final T-stage of primary 
tumor  

Tis; T0; Tis; T1; T2; T3; T4; T4a; T4b 

AGE age at time of diagnosis numerical 

HISTOLOGY   SCC; nasopharynx carcinoma; verrucous 
carcinoma; sarcoma; carcinoma-in-situ; 
medullary carcinoma; follicular carcinoma; 
other histology             

SUPRAGLOTTIC DMAX Maximum dose to the 
supraglottic area 

numerical 

GLOTTIC DMAX Maximum dose to the 
glottic area 

numerical 

SUPRAGLOTTIC DMEAN Mean dose to the supra-
glottic area  

numerical 

GLOTTIC DMEAN Mean dose to the glottic 
area 

numerical 

TECHNIQUE   3D-CRT; IMRT; VMAT; IMRT+VMAT 

Table 6. Overview of the 14 candidate predictors and their levels involved in the model development 
process.  
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3.5.2) Correlation and multicollinearity of variables 

A total of 6 numerical parameters were selected as candidate variables, namely EUD, 

AGE, SUPRAGLOTTIC DMAX, GLOTTIC DMAX, SUPRAGLOTTIC DMEAN, and GLOTTIC 
DMEAN. To analyze their correlation, the correlation coefficients and correlation matrix 

were calculated using the data set of the sub-cohort containing the n=416 patients 
with non-laryngeal HNCs (figure 2). 

 

Figure 2. The correlation matrix illustrates the strong correlation of the dose-related parameters, 
particularly of GLOTTIC DMAX and GLOTTIC DMEAN.  

 

As expected, the dose-related variables exhibited a high correlation, which was most 

pronounced between GLOTTIC DMEAN and GLOTTIC DMAX (r=0.92, p<0.001), 
followed by GLOTTIC DMEAN and SUPRAGLOTTIC DMEAN (r=0.86, p<0.001). In 
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comparison, correlation of GLOTTIC DMAX and SUPRAGLOTTIC DMAX was 
significantly lower and only of moderate strength (r=0.6, p<0.001). Interestingly, the 

EUD correlated only weakly to moderately with the other dose-related values (r=0.32-
0.55). AGE showed a feeble correlation with the EUD (r=0.11, p=0.03) and displayed 

no correlation whatsoever with the other dose-related values. 
As visible in table 7, the VIF varied between 1.01 and 2.16 and was throughout far 

less than 5, which is regarded as threshold for the risk of multicollinearity. Hence, 
overall, no signs of multicollinearity were evident, which was underlined by rather low 

standard errors of the predictor coefficients (with exception to the factor level 
“concomittant+ adjuvant CTx” of the variable SEQUENCE).  

 
    Variable 
Model 

SMOKING AGE SEQUENCE EUD SUPRAGLOTTIC 
DMAX 

GLOTTIC 
DMAX 

SUPRAGLOTTIC 
DMEAN 

GLOTTIC 
DMEAN 

NL2a 1.06 1.31 1.53   1.23 1.29     

NL2b 1.02 1.02     1.19 1.2     

NL2c 1.01 1.02   1.01       

NL2d      1.19 1.19     

NL2e  1.10 1.10         2.11 2.1 

NL2f  1.12 1.5 1.44       2.16 2.16 

NL2g              2.08 2.08 

NL1a  1.06 1.05     1.19 1.21     

ALL2a 1.16 1.27 1.3       1.27 1.21 

ALL2b             1.05 1.05 

L2a             1.02 1.02 

 
Table 7. To assess whether multicollinearity of the variables included in the different models might be 
an issue, the VIF was calculated. Given that the VIF was less than 5 in all cases, no difficulties with 
multicollinearity were noticeable



 

3.5.3) Model development process  

Model development was carried out with the training cohort data and started with a 
univariable regression analysis of the candidate predictors. Based on the results, the 

5 variables BASELINE EDEMA, HPV, T-STAGE, HISTOLOGY, and TECHNIQUE were 
excluded from multivariable analysis given that they had a p-value >0.2. Detailed 

results from the univariable analysis are summarized in the appendix (A3).  
Since new questions arose in the course of model development, a total of 11 models 

were set up and analyzed in detail. Table 8 provides an overview of the models and 
their components. To facilitate understanding, the models were given names reflecting 

the components of the respective model. The names were created according to the 
following scheme: 

• NL = non-laryngeal sub-cohort 
• L = laryngeal sub-cohort 

• ALL = total cohort 

• 1 = outcome laryngeal edema 1 or higher 

• 2 = outcome laryngeal edema 2 or higher 

• a = 1st model 
• b = 2nd model etc. 

For example, the model NL2a was developed in the non-laryngeal sub-cohort (NL), 

had the outcome “laryngeal edema 2 or higher” (2) and was the 1st model (a) that 
was set up (a). The following models were named according to this scheme. The 

rationale, background, and details of the different models are explained in detail in 
the following sections. 
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Model Predictors Cohort/Sub-cohort  Outcome 

NL2a SMOKING, AGE, SEQUENCE, 
SUPRAGLOTTIC DMAX, GLOTTIC 
DMAX 

Non-laryngeal HNC 
patients 

laryngeal edema 2 
or higher 

NL2b SMOKING, AGE, SUPRAGLOTTIC 
DMAX, GLOTTIC DMAX 

Non-laryngeal HNC 
patients  

laryngeal edema 2 
or higher 

NL2c SMOKING, AGE, EUD Non-laryngeal HNC 
patients  

laryngeal edema 2 
or higher 

NL2d SUPRAGLOTTIC DMAX, GLOTTIC 
DMAX 

Non-laryngeal HNC 
patients 

laryngeal edema 2 
or higher 

NL2e SMOKING, AGE, SUPRAGLOTTIC 
DMEAN, GLOTTIC DMEAN 

Non-laryngeal HNC 
patients  

laryngeal edema 2 
or higher 

NL2f SMOKING, AGE, SEQUENCE, 
SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

Non-laryngeal HNC 
patients  

laryngeal edema 2 
or higher 

NL2g SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

Non-laryngeal HNC 
patients  

laryngeal edema 2 
or higher 

NL1a SMOKING, AGE, SUPRAGLOTTIC 
DMEAN, GLOTTIC DMEAN 

Non-laryngeal HNC 
patients  

laryngeal edema 1 
or higher 

ALL2a SMOKING, AGE, SEQUENCE, 
SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

All HNC patients  laryngeal edema 2 
or higher 

ALL2b SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

All HNC patients laryngeal edema 2 
or higher 

L2a SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

Laryngeal HNC patients  laryngeal edema 2 
or higher 

Table 8. Overview of the 11 models with their different predictors, cohorts/sub-cohorts, and outcome 
definitions.  

 

Model NL2a 
The first model development was rendered without the candidate predictors GLOTTIC 

DMEAN and SUPRAGLOTTIC DMEAN to avoid redundancy, since it was assumed that 
they are already represented by the laryngeal EUD. Therefore, the following 7 

predictors were used in the model development process: EUD, SMOKING, SEQUENCE, 
LOCATION, AGE, SUPRAGLOTTIC DMAX, and GLOTTIC DMAX. 
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Like in Rancati’s publications, model development was executed with the training sub-
cohort consisting only of patients with HNCs outside the larynx. Analysis of the 

candidate predictors revealed that GLOTTIC DMAX and SUPRAGLOTTIC DMAX 
required transformation to approximate the normal distribution. For this purpose, a 

quadratic transformation of GLOTTIC DMAX and a cubic transformation of 
SUPRAGLOTTIC DMAX was executed. Laryngeal EUD calculation was carried out with 

all dose data available in the training data set. Stepwise regression led to an NTCP-
model encompassing the 5 predictors SMOKING, AGE, SEQUENCE, SUPRAGLOTTIC 

DMAX, and GLOTTIC DMAX, with the coefficients as given in table 9 (for reasons of 
clarity, the coefficients of the other models are shown here in advance). 

 

         
  Variable Variable levels Estimate Std. Error Pr(>|z|) 
Model 
NL2a (Intercept)   -45.58 22.26 0.04 

  SMOKING Yes 1.81 1.13 0.11 
  SEQUENCE concomittant CTx 1.46 0.72 0.04 
    accelerated RT with cetuximab 2.09 0.7 0.00 
    concomittant+ adjuvant CTx -12.73 1381.64 0.99 
  AGE   0.08 0.03 0.00 
  SUPRAGLOTTIC DMAX   8.72 5.28 0.1 
  GLOTTIC DMAX   -1.21  0.64  0.06  
Model 
NL2b (Intercept)   -42.5 21.41 0.05 

  SMOKING Yes 1.83 1.12 0.1  
  AGE  0.05 0.02 0.02 
  SUPRAGLOTTIC DMAX   8.86 5.11 0.08 
  GLOTTIC DMAX    -1.62  0.61  0.01  
Model 
NL2c (Intercept)   -9.09 1.97 0.00 

  EUD   0.39 0.17 0.02 
  SMOKING Yes 1.84 1.05 0.08 

  AGE 
   0.05 

 
0.02 
 

0.02 
 

Model 
NL2d (Intercept)  -41.78 21.81 0.06 

  SUPRAGLOTTIC DMAX   9.88 5.2 0.06 

 
GLOTTIC DMAX 
 
 

 
-1.66 
 
 
 

0.6 
 
 
 

0.01 
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Model 
NL2e (Intercept)  -16.72 3.21 0.00 

  SMOKING Yes 2.0 1.12 0.07 
  AGE  0.06 0.02 0.01 

  SUPRAGLOTTIC 
DMEAN   0.01 0.03 0.67 

  GLOTTIC DMEAN  0.13 0.05 0.01 
Model NL2f (Intercept)   -17.9 3.49 0.00 
  SMOKING Yes 1.99 1.16 0.08 
  SEQUENCE concomittant CTx 1.31 0.72 0.07 
    accelerated RT with cetuximab 1.84 0.69 0.01 
    concomittant+ adjuvant CTx -12.69 1364.2 0.99 
  AGE   0.09 0.03 0.00 

  SUPRAGLOTTIC 
DMEAN   0.11 0.05 0.03 

  GLOTTIC DMEAN   0.01 0.03 0.78 
Model 
NL2g (Intercept)  -10.88 2.24 0.00 

  SUPRAGLOTTIC 
DMEAN 

 0.12 0.05 0.01 

  GLOTTIC DMEAN  0.02 0.03 0.49 
Model 
NL1a (Intercept)   -8.45 7.96 0.288 

  SMOKING Yes -0.05 0.42 0.91 
  AGE  -0.00 0.01 0.97 

  SUPRAGLOTTIC 
DMEAN   2.28 1.88 0.23 

  GLOTTIC DMEAN   -2.18 0.42 0.00 
Model 
ALL2a (Intercept)   -9.16 1.63 0.00 

  SMOKING Yes 0.11 0.44 0.81 
  SEQUENCE concomittant CTx 0.1 0.34 0.78 
    accelerated RT with cetuximab 0.62 0.39 0.12 
    concomittant+ adjuvant CTx -12.88 545.44 0.98 
  AGE  0.01 0.01 0.51 

  SUPRAGLOTTIC 
DMEAN   0.03 0.01 0.01 

  GLOTTIC DMEAN   0.07 0.02 0.00 
Model 
ALL2b (Intercept)  -8.63 1.21 0.00 

  SUPRAGLOTTIC 
DMEAN   0.04 0.01 0.00 

  GLOTTIC DMEAN  0.07 0.02 0.00 
Model L2a (Intercept)   -12.43 5.02 0.01 

  SUPRAGLOTTIC 
DMEAN   0.03 0.01 0.03 

  GLOTTIC DMEAN   0.13 0.07 0.08 
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Table 9. Overview of the 11 NTCP-models with their coefficients, the parameter estimates, and the 
associated standard errors and p-values. 

 

After adjustment for optimism, the model NL2a had an AUC of 0.84 (95% CI: 0.81-
0.86) and an R2 of 0.19 (95% CI: 0.19-0.19). The corrected values for the calibration 

intercept and slope with their 95% confidence intervals were 0.05 (0.01-0.09) and 
1.01 (1.0-1.02), respectively (table 10; to ensure clarity, the table also covers the 

values of the other models of the non-laryngeal cohort). Since the variable SEQUENCE 

was not present in the validation data set, no external validation of the model was 
accomplishable.



 

 
Model Predictors cvAUC  

(CI .025-CI .975) 
Intercept  
(CI .025-CI .975) 

Slope  
(CI .025-CI .975) 

R2  

(CI .025-CI .975) 
External 
Validation AUC 
(CI .025-CI .975) 

NL2a SMOKING, AGE, SEQUENCE, 
SUPRAGLOTTIC DMAX, GLOTTIC DMAX 

0.84 (0.81-0.86) 0.05 (0.01-0.09) 1.01 (1.0-1.02) 0.19 (0.19-0.19) NA 

NL2b SMOKING, AGE, SUPRAGLOTTIC 
DMAX, GLOTTIC DMAX 

0.8 (0.78-0.83) 0.11 (0.07-0.15) 1.01 (1.0-1.01) 0.14 (0.14-0.14) 0.84 (0.71-0.97) 

NL2c  SMOKING, AGE, EUD 0.69 (0.64-0.74) 0.08 (0.04-0.11) 1.01 (1.0-1.02) 0.14 (0.14-0.14) 0.69 (0.38-1.0) 

NL2d  SUPRAGLOTTIC DMAX, GLOTTIC 
DMAX 

0.79 (0.76-0.82) 0.07 (0.02-0.13) 1.01 (1.0-1.02) 0.14 (0.14-0.14) 0.76 (0.51-1.0) 

NL2e SMOKING, AGE, SUPRAGLOTTIC 
DMEAN, GLOTTIC DMEAN 

0.84 (0.77-0.91) 0.05 (0.04-0.09) 1.01 (0.99-1.03) 0.22 (0.22-0.22) 0.97 (0.95-0.99) 

NL2f  SMOKING, AGE, SEQUENCE, 
SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

0.86 (0.74-0.97) 0.06 (0.04-0.08) 1.01 (1.0-1.01) 0.26 (0.26-0.26) NA 

NL2g  SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

0.82 (0.80-0.85) 0.05 (0.01-0.08) 1.01 (1.0-1.01) 0.20 (0.20-0.20) 0.92 (0.88-0.96) 

Table 10. Overview of adjusted performance measures (AUC, calibration intercept, calibration slope, R2) with their confidence intervals for model NL2a-g, 
developed in the sub-cohort of non-laryngeal HNC patients. The outcome was defined as “laryngeal edema 2 or higher”.  



 

Model NL2b 

To ascertain complete independence of the data sets, the validation cohort was not 
analyzed before the first model had been developed with the training data set. 

However, when attempting to externally validate model NL2a it became evident that 
the predictor SEQUENCE was not covered in the validation cohort. Hence, a new model 

(NL2b) was developed, in which SEQUENCE was omitted from the list of candidate 
predictors (in addition to GLOTTIC DMEAN and SUPRAGLOTTIC DMEAN). Therefore, 

6 predictors were available, and the stepwise regression resulted in a model 
encompassing the predictors SMOKING, AGE, SUPRAGLOTTIC DMAX, and GLOTTIC 

DMAX with the coefficients given in table 9. After adjustment for optimism, model 
NL2b had an AUC of 0.80 (95% CI: 0.78-0.83), an R2 of 0.14 (95% CI: 0.14-0.14), a 

calibration intercept of 0.11 (0.07-0.15), and a calibration slope of 1.01 (1.0-1.01) 
(table 10).  

The external validation of model NL2b resulted in an AUC of 0.84 (95% CI: 0.71-0.97) 
and an R2 of 0.02 (95% CI: 0.01-0.02). The calibration intercept was -0.52 (95% CI:             

-0.82-(-0.03)) and the slope 0.88 (95% CI: 0.82-0.99).  
 
Model NL2c 
In the stepwise regression of model NL2b, the parameters SUPRAGLOTTIC DMAX and 

GLOTTIC DMAX were chosen as dose-related predictors, while the EUD was deleted 

during model development and hence was not represented in the final model. 
However, to assess the impact of the non-dose variables in direct comparison to 

Rancati's model (only EUD), model NL2c was set up manually, i.e., there was no 
stepwise regression, but the parameters SMOKING, AGE, and EUD were specifically 

selected. Thus, model NL2c differed from Rancati's model only in the non-dose-
dependent variables SMOKING and AGE.  

The EUD was calculated with all dose information contained in the training data set 
and a squared transformation of the EUD was executed to approximate the normal 

distribution. After cross-validation, model NL2c had an AUC of 0.69 (95% CI: 0.64-
0.74) and an R2 of 0.14 (95% CI: 0.14-0.14), which represented a considerable worse 

performance with wider CIs than model NL2b (table 10). The calibration was 
quantified with an intercept of 0.08 (0.04-0.11) and a slope of 1.01 (1.0-1.02). 
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External validation of model NL2c resulted in a cross-validated AUC of 0.69 (95% CI: 
0.38-1.0) and an R2 of 0.01 (95% CI: 0.01-0.01) with wide CIs due to the limited 

number of the outcome in the validation data set. The calibration intercept was 
calculated as -0.64 (95% CI: -0.87-(-0.36)) and the calibration slope as 0.92 (95% 

CI: 0.88-0.98). 
 

Model NL2d 
The juxtaposition of model NL2b and NL2c had shown that SUPRAGLOTTIC DMAX and 

GLOTTIC DMAX in combination with the non-dosimetric variables SMOKING and AGE 
led to a better model performance than EUD with SMOKING and AGE. Therefore, it 

was hypothesized that SUPRAGLOTTIC DMAX and GLOTTIC DMAX are more precise 
predictors than EUD when it comes to predicting post-radiogenic laryngeal edema. To 

test this hypothesis, model NL2d was manually built that contained only the predictors 
SUPRAGLOTTIC DMAX and GLOTTIC DMAX. 

Model analysis showed an AUC of 0.79 (95% CI: 0.76-0.82) and an R2 of 0.14 (95% 
CI: 0.14-0.14) (table 10). Hence, performance levels were superior to the ones 

estimated with Rancati’s model, indicating that SUPRAGLOTTIC DMAX and GLOTTIC 

DMAX were indeed better suited representatives of the dose than the variable EUD. 
Quantification of the calibration gave an intercept of 0.07 (0.02-0.13) and a slope of 

1.01 (1.0-1.02), respectively.  
External validation of model NL2d resulted in an AUC of 0.76 (95% CI: 0.51-1.0), an 

R2 of 0.01 (95% CI: 0.01-0.01), a calibration intercept of 1.81 (96% CI: -2.17-5.57) 
and a slope of 1.35 (95% CI: 0.44-1.86).  

 
Model NL2e 

From a clinical point of view, it was unexpected that representatives of the maximum 
dose applied (SUPRAGLOTTIC DMAX and GLOTTIC DMAX) contributed more to the 

model's predictive quality than the EUD, which incorporates both the irradiated volume 
and the average dose. To pursue this question further and examine the influence of 

the mean dose on model estimations, the parameters SUPRAGLOTTIC DMEAN and 
GLOTTIC DMEAN were included in model NL2e as candidate predictors and a new 

NTCP model was developed. The variable SEQUENCE was removed from the list of 
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possible predictors to allow for external validation. Therefore, model development was 
exhibited with the candidate predictors EUD, SMOKING, LOCATION, AGE, 

SUPRAGLOTTIC DMAX, GLOTTIC DMAX, SUPRAGLOTTIC DMEAN, and GLOTTIC 
DMEAN. 

Stepwise regression resulted in a model with the non-dosimetric predictors AGE and 
SMOKING, hence the same as included in model NL2b. Of notice, with respect to the 

dosimetric variables the combination of SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN 
were chosen for the final model instead of SUPRAGLOTTIC DMAX and GLOTTIC DMAX 

(table 9).  
Evaluation of model NL2e demonstrated a corrected AUC of 0.84 (95% CI: 0.77-0.91) 

and an R2 of 0.22 (95% CI: 0.22-0.22) as well as a calibration intercept of 0.05 (0.04-
0.09) and a slope of 1.01 (0.99-1.03) (table 10). The external validation showed a 

cross-validated AUC of 0.97 (95% CI: 0.95-0.99), an R2 of 0.01 (95% CI: 0.01-0.01), 
a calibration intercept of 0.07 (95% CI: -0.24-0.36), and a calibration slope of 1.02 

(95% CI: 0.95-1.06). 
Since the performance results were higher than those of the comparable model NL2b, 

the representatives of the mean dose, SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN, 

seemed to improve the precision of the model estimation when compared to 
SUPRAGLOTTIC DMAX and GLOTTIC DMAX.  

 
Model NL2f 

The juxtaposition of model NL2a and model NL2b had indicated the positive 
contribution of the variable SEQUENCE. Despite knowing that the parameter 

SEQUENCE was not recorded in the validation data set and hence, no external 
validation was possible, the predictor SEQUENCE was added to the list of candidate 

predictors and stepwise regression was applied with a total of 9 variables. The final 
model NL2f included the parameters SEQUENCE, SMOKING, AGE, GLOTTIC DMEAN, 

and SUPRAGLOTTIC DMEAN (table 9), which is equivalent to model NL2e with the 
addition of the predictor SEQUENCE. Assessment of model NL2f revealed a cross-

validated AUC of 0.86 (95% CI: 0.74-0.97) and an R2 of 0.26 (95% CI: 0.26-0.26), 
i.e., slightly better performance parameters than model NL2e (table 10). The 
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calibration parameters were quantified as an intercept of 0.06 (0.04-0.08) and a slope 
of 1.01 (1.0-1.01), respectively.  

 
Model NL2g 

The interim conclusion of the evaluation of model NL2a-f was that model NL2f 
containing the predictors SEQUENCE, SMOKING, AGE, GLOTTIC DMEAN, and 

SUPRAGLOTTIC DMEAN executed the best model performance so far with respect to 
estimating the risk of post-radiogenic laryngeal edema in non-laryngeal HNC patients. 

Moreover, the comparison of model NL2b and model NL2c indicated that 
SUPRAGLOTTIC DMAX and GLOTTIC DMAX were more suitable dose-related 

predictors than the laryngeal EUD. Additionally, the juxtaposition of model NL2f and 
model NL2a suggested that the combination of SUPRAGLOTTIC DMEAN and GLOTTIC 

DMEAN outperformed SUPRAGLOTTIC DMAX and GLOTTIC DMAX. Thus, regarding 
the dose-related predictors the following ranking, starting from the best, was 

assumed: GLOTTIC DMEAN and SUPRAGLOTTIC DMEAN > SUPRAGLOTTIC DMAX and 
GLOTTIC DMAX > EUD. To prove this hypothesis, model NL2g was manually built, 

which solely contained the dose-relevant parameters SUPRAGLOTTIC DMEAN and 

GLOTTIC DMEAN (table 9). This model should be set against model NL2d, which 
included only the parameters SUPRAGLOTTIC DMAX and GLOTTIC DMAX, to verify 

the proposed hypothesis. 
Model NL2g had a corrected AUC of 0.82 (95% CI: 0.80-0.85) with an R2 of 0.20 (95% 

CI: 0.2-0.2) and hence surpassed model NL2d (AUC=0.79; 95% CI: 0.76-0.82), but 
performed worse than model NL2e and NL2f (table 10). Quantification of the 

calibration resulted in an intercept of 0.05 (0.01-0.08) and a slope of 1.01 (1.0-1.01).  
External validation of model NL2g revealed a corrected AUC of 0.92 (95% CI: 0.88-

0.96), an R2 of 0.02 (95% CI: 0.01-0.02), a calibration intercept of -0.37 (95%:-0.66-
(-0.09)), and a calibration slope of 0.93 (95% CI: 0.86-0.97).  

Based on these results, it was concluded that the clinical predictors SMOKING and 
AGE significantly enhanced model performance, which was even better when 

supplemented with the variable SEQUENCE. With regard to the dose-dependent 
variables, it was confirmed that the combination of SUPRAGLOTTIC DMEAN and 

GLOTTIC DMEAN increased the precision of the model estimation best, while the EUD 
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showed the lowest contribution in this regard. Since the EUD was calculated from the 
DVH and thus the irradiated volume, it followed that the influence of the irradiation 

volume was apparently less decisive for the presence of post-radiogenic diseases than 
previously thought. 

 
Model NL1a 

To ground the external validation on a higher number of patients with the disease of 
interest, the outcome was redefined to “laryngeal edema grade 1 or higher”, even 

though grade 1 denotes an asymptomatic edema with assumingly limited clinical 
consequence. Due to the redefinition, the number of patients with the outcome rose 

in the training data set from 26 to 76 (on average) and in the validation data set from 
2 to 28, respectively, thereby enhancing the stability of the calculations.  

Similar to the other models, an external validation of Rancati’s model with the newly 
defined outcome was first carried out. Computation revealed an AUC of 0.56 (95% CI: 

0.53-0.60), an R2 of 0.05 and calibration parameters with an intercept of -1.1 (95% 
CI: -5.2-(-0.02)) and a slope of 1.34 (95% CI: -1.2-4.2).  

If models including the variable SEQUENCE were left out, model NL2e with the 

parameters SMOKING, AGE, SUPRAGLOTTIC DMEAM, and GLOTTIC DMEAN showed 
the best estimation performance so far. Equivalent to this, the new model NL1a was 

created manually and the model performance was analyzed taking into account the 
new outcome. Assessment of model NL1a displayed a corrected AUC of 0.76 (95% CI: 

0.75-0.76), a cross-validated R2 of 0.19 (95% CI: 0.19-0.19), a calibration intercept 
of 0.04 (0.03-0.04), and a slope of 1.01 (1.01-1.01) (Table 11). Obviously, the 

significantly larger number of outcomes had led to a stabilization of the predictions, 
as mirrored by small CIs. External validation of model NL1a yielded a corrected AUC 

of 0.72 (95% CI: 0.63-0.82), an R2 of 0.11 (95% CI: 0.11-0.13), a calibration intercept 
of -0.08 (95% CI: -0.41-0.1) and a calibration slope of 0.97 (95% CI: 0.91-1.01) 



 

 
Model Predictors cvAUC  

(CI .025-CI .975) 
Intercept  
(CI .025-CI .975) 

Slope  
(CI .025-CI .975) 

R2  
(CI .025-CI .975) 

External 
Validation AUC 
(CI .025-CI .975) 

NL1a SMOKING, AGE, SUPRAGLOTTIC 
DMEAN, GLOTTIC DMEAN 

0.76 (0.75-0.76) 0.04 (0.03-0.04) 1.01 (1.01-1.01) 0.19 (0.19-0.19) 0.83 (0.63-0.82) 

Table 11. Summary of the adjusted performance measures (AUC, calibration intercept, calibration slope, R2) with their confidence intervals of model NL1a, 
which was analyzed in the non-laryngeal subcohort. As indicated by the abbreviation, in this model the definition of the outcome was different (“laryngeal 
edema 1 or higher”), when compared to model NL2a-g. 

 

Model ALL2a  
To explore to what extent model estimation was altered by modifications of the cohort, namely when all HNC patients were included 

in model analysis, model ALL2a was set up, which contained the so far best-suited predictors SMOKING, AGE, SEQUENCE, 
SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN without performing a stepwise regression beforehand. For the calculations, the 

definition of the outcome was reset to the original (“laryngeal edema 2 or higher”). Of the 750 patients of the total cohort, n=74 
participants were diagnosed with the outcome at the index date.  

The external validation of Rancati’s LOGEUD model with the total cohort yielded an AUC of 0.61 (95% CI: 0.59-0.62), an R2 of 0.02 
(95% CI: 0.01-0.03), a calibration intercept of -0.48 (95% CI: -10.3-9,34), and a calibration slope of 1.3 (95% CI: -2.34-3.15).  

The examination of model ALL2a resulted in a corrected AUC of 0.71 (95% CI: 0.70-0.72), an R2 of 0.11 (95% CI: 0.11-0.11), a 

calibration intercept of 0.05 (0.04-0.06), and a slope of 1.02 (1.02-1.02) (table 12). Given that the variable SEQUENCE was not 
included in model ALL2a, it could not be externally validated with the validation cohort.  

Nevertheless, analysis demonstrated that, as expected, the modification of the cohort has altered model performance. 



 

Model ALL2b 

The rather moderate estimation performance of model ALL2a led to efforts to develop 
a new, possibly more suitable model in the total cohort. Stepwise regression 

considering all 9 candidate predictors resulted in a model consisting solely of the 
variables SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN. Analysis showed a corrected 

AUC of 0.75 (95% CI: 0.74-0.77) and a cross-validated R2 of 0.14 (95% CI: 0.14-
0.14). The calibration intercept was 0.04 (95% CI: 0.03-0.05), and the slope 1.02 

(95% CI: 1.02-1.02) (table 12). Of notice, model ALL2b exhibited an improved model 
performance in contrast to model ALL2a, which additionally involved the non-

dosimetric parameters AGE, SMOKING, and SEQUENCE.  
External validation of the model revealed an AUC of 0.78 (95% CI: 0.67–0.89), an R2 

of 0.12 (95% CI: 0.11-0.13), a calibration intercept of 0.28 (95% CI: -0.11-0.77), and 
a calibration slope of 1.07 (95% CI: 0.31-1.69).



 

  
 
Model Predictors cvAUC  

(CI .025-CI .975) 
Intercept  
(CI .025-CI .975) 

Slope  
(CI .025-CI .975) 

R2  

(CI .025-CI .975) 
External 
Validation AUC 
(CI .025-CI .975) 

ALL2a SMOKING, AGE, SEQUENCE, 
SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

0.71 (0.7-0.72) 0.05 (0.04-0.06) 1.02 (1.02-1.02) 0.11 (0.11-0.11) NA 

ALL2b SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

0.75 (0.74-0.77) 0.04 (0.03-0.05) 1.02 (1.02-1.02) 0.14 (0.14-0.14) 0.78 (0.67–0.89) 

Table 12. Performance measures of model ALL2a and ALL2b, which have been estimated in the total training cohort with the original outcome (“laryngeal 
edema 2 or higher”). Model ALL2b with solely dosimetric variables outperformed model ALL2a, which contained non-dosimetric factors, too.  

 
Model L2a 

To cover all variants in the composition of the study cohort, a model development was finally carried out in the sub-cohort that only 
contained patients with a primary tumor located in the larynx. This laryngeal sub-cohort of the training data set encompassed n=334 

patients, with n=49 (14.7%) displaying laryngeal edema grade 2 or more at the index date. External validation of Rancati's model 
with the laryngeal sub-cohort demonstrated an AUC of 0.51 (95% CI: 0.42-0.60), an R2 of 0.04 (95% CI: 0.03-0.04) and the 

calibration was quantified with an intercept of -0.8 (95% CI: -4.1-1.83) and a slope of 1.53 (95% CI: -0.83-2.92). Stepwise regression 
yielded a new model that contained only the dosimetric values SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN. Hence, similar to 

model ALL2b, no non-dosimetric variables were part of the final model. Examination of model L2a displayed a corrected AUC of 0.66 
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(95% CI: 0.58-0.74), a cross-validated R2 of 0.06 (0.05-0.06), a calibration intercept of 0.24 (-0.19-0.46), and a slope of 1.17 (1.02-
1.27) (table 13).  

The external validation of model L2a revealed an AUC of 0.74 (95% CI: 0.61-0.86), an R2 of 0.03 (95% CI: 0.03-0.04), a calibration 
intercept of 0.7 (95% CI: -2.25-2.3), and a calibration slope of 1.39 (95% CI: 0.14-2.07). 

 
Model Predictors cvAUC  

(CI .025-CI .975) 
Intercept  
(CI .025-CI .975) 

Slope  
(CI .025-CI .975) 

R2  

(CI .025-CI .975) 
External 
Validation AUC 
(CI .025-CI .975) 

L2a SUPRAGLOTTIC DMEAN, GLOTTIC 
DMEAN 

0.66 (0.58-0.74) 0.24 (-0.19-0.46) 1.17 (1.02-1.27) 0.06 (0.05-0.06) 0.74 (0.61-0.86) 

Table 13. Model L2a was the only model that was analyzed in the sub-cohort of laryngeal HNC patients, applying the original outcome definition of “laryngeal 
edema 2 or higher”.  



 

3.5.4) Overview of the performance of the 11 NTCP-models 

In summary, the evaluations of the 11 models resulted in the following findings:  
I.) Of the dose-related variables, the combination of SUPRAGLOTTIC DMEAN and 

GLOTTIC DMEAN improved model performance the most, followed by SUPRAGLOTTIC 
DMAX and GLOTTIC DMAX. As opposed to this, laryngeal EUD provided the least 

positive input to the model estimates. 
II.) In the sub-cohort of non-laryngeal HNC patients, the best model estimate was 

achieved with a combination of dosimetric and non-dosimetric predictors. The variable 
SEQUENCE strengthened model performance. 

III.) In the total cohort and the sub-cohort of laryngeal HNC patients, the model that 
was based solely on dosimetric variables accomplished the best estimates and non-

dosimetric parameters did not significantly contribute to model performance.  
 

3.5.5) Comparison of external validation  

Rancati’s LOGEUD model and all new NTCP-models without the parameter SEQUENCE 

were externally validated with the same independent validation data set. The 
comparison of the results from the external validation of model NL2b, NL2c, NL2d, 

and NL2g, respectively, as opposed to Rancati’s model, showed that the performance 
of the new NTCP-models was significantly better. While the discrimination power, 

quantified by the AUC, was only 0.51 in the external validation of Rancati’s model, the 

AUC lay between 0.69-0.97 for the NTCP-models. The highest AUC as well as a good 
calibration was found in model NL2e, which contained the variables SMOKING, AGE, 

SUPRAGLOTTIC DMEAN, and GLOTTIC DMEAN. These findings underlined the 
advantages of models relying on both dosimetric and non-dosimetric variables when 

compared to models based on the EUD alone.  

 



 

4.) Discussion 

Principal findings 
Laryngeal edema is a potential long-term complication of RT of HNC and may have 

significant consequences for the patient’s quality of life. NTCP-models can help to 
strike a balance between optimized protection of the OARs without compromising 

tumor control. The main aim of the present study was the development of new NTCP-
models to predict post-radiogenic laryngeal edema in HNC patients and the principal 

findings were:  
(I) The external validation of Rancati's LOGEUD model (8,62), which relies solely on 

dosimetric variables, yielded a moderate discriminative power. Probably, this is at least 
partly explained by differences in the patient cohorts with a prevalence of the outcome 

in non-laryngeal HNC patients of 52% in Rancati’s cohort (8) compared to only 7% in 
the current study patients.  

(II) During model development in the non-laryngeal HNC cohort, model NL2f including 
non-dosimetric (AGE, SMOKING, SEQUENCE) and dosimetric predictors 

(SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN) was best and displayed good 

calibration and discrimination performance with narrow confidence intervals.   
(III) The benefit of the combination of dosimetric and non-dosimetric variables was 

demonstrated using the independent validation cohort with a significantly higher AUC 
of the models composed of dosimetric and non-dosimetric variables compared to 

Rancati's LOGEUD model.  
(IV) Within the dosimetric variables, the combination of SUPRAGLOTTIC DMEAN and 

GLOTTIC DMEAN achieved better results than SUPRAGLOTTIC DMAX and GLOTTIC 
DMAX, which in turn outperformed the EUD.  

(V) Modifications in the composition of the cohort or the outcome definition required 
adjustments of the relevant predictors. 

(VI) Despite high correlation between the dose-related variables, multicollinearity was 
not evident in the present study as underlined by a VIF of 1.01-2.16.  

 
Study strengths 

The greatest strength of the present study was the very large study population as well 
as the additional, independent patient cohort for external validation, in which time-



 
 

 

49  

shifted data collection was executed. In addition to the large number of patients, the 
high quantity of variables that were acquired from all study participants at different 

times, provided very useful supplementary information. Furthermore, the present 
study impresses with comprehensive model developments and updates to illuminate 

the scientific question from all sides, e.g., the impact of modifications of the outcome 
or the (sub-)cohort on model performance.  

  
Study weaknesses 

The following caveats in relation to the presents study results need to be considered. 
First, the outcome was at least partly subjective and influenced by interobserver 

variability, which may have hampered the quality and performance of the NTCP-
models (63). Even if the assessment of the presence of laryngeal edema was carried 

out in a standardized manner employing a fiber-optic examination and using defined 
criteria of the LENT-SOMA classification, the judgment lay ultimately in the 

responsibility of the examiner and was not tied to hard facts. In addition, the patient’s 
subjective assessment probably also played a role in determining whether an edema 

was classified as symptomatic or asymptomatic. Second, the extensive evaluations 

and comparisons did not involve an independent model development process in each 
of the 11 new NTCP-models. However, it was carried out in the majority of models, 

namely, in model NL2a, NL2b, NL2e, NL2f, ALL2b, and L2a, respectively. Therefore, 
in each of the three (sub-)cohorts (non-laryngeal subcohort, laryngeal subcohort, total 

cohort) an independent model development was conducted at least once. Third, 
despite the great endeavor and effort involved in the study, the data sets included 

missing values. To compensate for this shortcoming, multiple imputations were made, 
as recommended in the literature for such a situation. Forth, despite the large number 

of study participants, the 4 criteria proposed by Riley could not be fully met (40).  This 
is partly due to the rarity of the outcome, which is a frequently encountered drawback 

in the development process of prediction models in radio-oncology. The rare 
occurrence of the outcome is largely attributable to medical progress regarding early 

disease detection as well as technological advancements, providing less invasive 
therapeutic options. 
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Comparison with other studies 
Compared to previously published studies on NTCP-prediction models of post-

radiogenic laryngeal edema in HNC patients, model developments were carried out 
with by far the largest number of patients, even after almost halving of the training 

cohort when the laryngeal carcinoma patients were excluded. The main evaluations 
were accomplished with a total of n=416 patients, which considerably surpasses 

Rancati’s (n=48) (8) and Jakobi’s study (n=45) (34,35).  
The low occurrence of the outcome was predominantly encountered in the external 

validation of the new NTCP-models. Given that performance estimates in the validation 
cohort were grounded on only 2 outcomes in the sub-cohort of non-laryngeal HNC 

patients, interpretation of the results was only possible to a limited extent. Because of 
this, the definition of the outcome in model NL1a was changed, although a grade 1, 

i.e., asymptomatic edema, probably owns only little clinical relevance. Due to this 
alteration, the prevalence of the outcome increased to 19% in the training data set 

and to 16% in the validation data set. This enabled a more stable and reliable 
estimation of model performance during the external validation, which is important to 

ensure generalizability and clinical use of the validated NTCP-models (46,63–66).  

Not only Bahn and Alber but also some other authors generally question the suitability 
of the ROC curve analysis for NTCP-models (67–69). They argue that NTCP-models 

are continuous, and the AUC has been formulated for binary classifiers. However, the 
outcome in the present study was binary and relied on the judgment according to 

LENT-SOMA. Because of this, the ROC curve analysis deemed suitable in the current 
study. 

The 5 variables HPV, T-STAGE, HISTOLOGY, BASELINE EDEMA, and TECHNIQUE were 
excluded from model development after univariable analysis. Regarding HPV, the 

reason for this likely is the small amount of HPV data in the training data set (6%), 
since routine testing for HPV only began a few years ago, as mirrored in the higher 

HPV data availability in the validation data set (86%), which was acquired later in 
time. Therefore, examination of HPV in the context of NTCP-models should be 

repeated in future studies. T-STAGE was assumably not significant in model 
development as 76% of patients experienced an advanced tumor stage (Stage IVa or 

IVb) and therefore rather little variation within the cohort was present. The variable 
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HISTOLOGY was chosen as surrogate for pathological differentiation, which had been 
used as predictor by Bae et al. (49). However, as expected in HNCs, SCC was by far 

the most common tumor cell type, so there was almost no variation within the training 
cohort and the predictor was removed, consequently. Putative differences in 

pathophysiology are likely the rationale why the variable BASELINE LARYNGEAL 
EDEMA did not strengthen the predictive model for chronic edema. A potential reason 

for the removal of TECHNIQUE might be that the majority of patients in the training 
data set underwent IMRT therapy without much deviation within the cohort. Until 

about 2008, IMRT was the dominant RT technique in clinical use and thereafter has 
been increasingly replaced by VMAT. The trend towards growing employment of VMAT 

was mirrored in the juxtaposition of the training and the validation cohort. While 
almost three quarters of the patients in the training data set were treated with IMRT 

and only 16% got VMAT therapy, the latter was almost exclusively applied in the 
validation cohort. Despite the higher prevalence of laryngeal edema of 14.7% in the 

laryngeal sub-cohort compared to the other sub-cohorts, no distinct effect of the 
parameter LOCATION was visible and therefore the variable was excluded.  

As opposed to the aforementioned variables, SEQUENCE was capable to significantly 

enhance the model estimates, which confirmed the importance of the multiple effects 
of CTx on tumor growth. Induction CTx can reduce the volume of the primary tumor 

before the start of RT, potentially enabling that both the total dose as well as the 
irradiation field may be confined. Concomitant CTx or treatment with paclitaxel 

elevates the radiation sensitivity of the tumor, presumably allowing a reduction of the 
radiation dose, too. Regarding the occurrence of post-radiogenic laryngeal edema, 

however, it needs to be considered that CTx always has an effect on the whole-body 
and is not limited to a certain part of the body. Hence, not only tumor cells but also 

healthy tissue becomes more radio-sensitive and thus might easier be harmed. As a 
result, patients with concomitant CTx inherit a greater risk of damage to adjacent 

OARs even at lower doses. This is underlined by the variable SEQUENCE: if the 
parameter is present in the model, the model estimate is better, i.e., SEQUENCE has 

an impact on the presence of the post-radiogenic complication.  
A potential rationale, why AGE only stayed in the model of the non-laryngeal HNC 

cohort, might be that the laryngeal HNC patients made up 45% of the total cohort, 
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which is why characteristics typical of them had a distinct impact on the effect of this 
variable in the total cohort. As known from literature, laryngeal carcinoma patients are 

mostly diagnosed in the sixth or seventh decades of life (18). This was reflected in the 
laryngeal HNC sub-cohort, in which the mean age at the time of diagnosis was 65.1 

years. No significant discrepancy in age between patients with and without post-
radiogenic laryngeal edema was evident (p=0.13) and the variable AGE was removed 

from the prediction model in laryngeal carcinoma patients. In comparison, the group 
of non-laryngeal HNC patients was slightly younger, with a mean age of 61.5. 

Evaluation of their age distribution revealed that patients with laryngeal edema were 
significantly older than patients without edema (65.5 versus 61.2; p=0.02). This is 

also the rationale why the variable AGE led to a model improvement only in the sub-
cohort of non-laryngeal HNC patients, while it was removed from the model in the 

laryngeal HNC patients and the total cohort. Since the age of non-laryngeal patients 
with edema corresponded approximately to the mean age of the laryngeal HNC 

patients with and without edema, the effect of the parameter AGE was reduced due 
to the mingling of the sub-cohorts. 

Closer examination of the non-laryngeal HNC patients displayed that the ratio of 

smokers to non-smokers with and without laryngeal edema was significantly different 
(p<0.01). In participants without confirmed laryngeal edema, the smoker- vs. non-

smoker-ratio was 5.7, while it reached 28.0 in patients suffering from edema. As 
opposed to that, no relevant discrepancies were found in the laryngeal HNC sub-cohort 

with a ratio of 8.8 in patients without edema and a comparable ratio of 7.2 in 
participants diagnosed with laryngeal edema, respectively. Even though, slight 

differences in the smoker-to-non-smoker ratio in patients with (6.7) vs. without 
laryngeal edema (10.1) were seen in the total cohort, obviously, this did not have a 

significant impact on the model estimates. Hence, the variable SMOKING was deleted 
from the list of predictors in the total as well as the laryngeal sub-cohort but was 

retained in the non-laryngeal cohort. 
Apparently, the predictors SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN, i.e., the 

average dose hitting the larynx, had a greater impact on the presence of post-
radiogenic laryngeal edema than the EUD which additionally incorporated the 

irradiated volume. However, in discussions conducted prior to the begin of the study, 
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it was hypothesized that the irradiated volume would play a distinct role when it comes 
to the development of a laryngeal edema: a larger irradiation field often requires a 

higher total dose and at the same time there is an increased chance that the larynx 
will also be affected during the irradiation. Yet, the review of the literature showed 

that similar results have already been described in NTCP-models for the prediction of 
radiation-induced hypothyroidism (70), in which the irradiated volume neither had a 

relevant influence on the occurrence of the post-radiogenic disease. It can be 
speculated whether an explanation might be that the information on the 3D-dose 

distribution is lost in DVH tools that condense the spatial expansion of the dose into a 
one-dimensional function (71). This could reduce the information content and thus 

the influence on an NTCP-model. 
Even though, it is currently unknown to what extent prediction models for RT with 

photons are generalizable and transferable to proton-based RT, model NL2f 
constitutes a good starting point for setting up NTCP-models in proton therapy. Some 

authors have already made a commitment in this regard and are of the opinion that 
the NTCP-models developed for photon therapy are also valid for proton-based RT 

(72). Before clinical use, however, these assumptions should be checked in separate 

studies. 
 

 
 

 
 



 

5.) Conclusion 

In summary, the present study was able to demonstrate in a large cohort of non-
laryngeal HNC patients that an NTCP-model including the predictors AGE, SMOKING, 

SEQUENCE, SUPRAGLOTTIC DMEAN and GLOTTIC DMEAN was most suitable for 
predicting post-radiogenic laryngeal edema. Thus, besides dose variables, non-

dosimetric parameters played a distinct role, representing an important step towards 
individualized patient treatment. Probably related to the rare occurrence of the 

outcome, rather small changes in the composition of the cohort required adaptations 
of the relevant predictors. Hence, it will be the task of future studies to develop various 

NTCP-models to estimate the risk of the most critical post-radiogenic complications in 
different patient settings. The next step then would be to further externally validate 

and improve these models, so that in the long term they can enable a comparison of 
possible advantages of proton versus photon therapy regarding the risk of post-

radiogenic complications (73). This would be another crucial step to optimize 
treatment of HNC patients in terms of reducing post-radiogenic complications without 

loss of tumor control. 
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Appendix 
A1) Arriving at the outcome of interest and defining the research question 

Phase I 

A comprehensive search was conducted on MEDLINE and was split in 2 phases. In 
phase I, different search strategies were applied using Boolean and proximity 

operators to look for relevant post-radiogenic diseases. Various medical subject 
headings (MeSH)-terms were employed, namely: radiation neck cancer, radiotherapy 

neck cancer, post-radiogenic disease neck, post-radiogenic disease pharynx, 
nasopharyngeal carcinoma radiotherapy, oral cavity radiotherapy. Grounded on the 

results of the search, criteria were adjusted, and new queries were started. In parallel, 
the data set of the training cohort was scrutinized given that it was mandatory to find 

a potential outcome with sufficient amount of data (number of patients responses in 
total) and enough outcomes (patients suffering from the disease of interested) 6 

months after the end of the RT. The index date was deliberately selected to have a 
clear demarcation between chronic and acute processes, with the latter having their 

onset within the first 3 months. Chronic disease was chosen because it was considered 

to be of greater clinical importance than an acute disease, which often possesses only 
short-term effects. 

The MEDLINE search yielded n=20 different complications after RT for the treatment 
of HNCs. A closer inspection of these 20 post-radiogenic sequelae disclosed 3 disease 

complexes that frequently crop up after RT, namely: (I) xerostomia and/or dry mouth, 
(II) dysphagia, swallowing disorder, aspiration, and/or dependence on a feeding tube, 

and (III) hypothyroidism. Given that already a couple of NTCP-models had been set 
up and updated for these 3 complexes, they were omitted from the search list of 

potential outcomes of interest. Consequently, the next step focused on the 17 
remaining complications after RT and grounded on data availability in the training data 

set, the search was narrowed to 6 diseases. Following, the clinical relevance of these 
6 sequelae was discussed and complications without a distinct clinical relevance were 

sorted out. Ultimately, 2 diseases were shortlisted, namely: (I) trismus and/or reduced 
mouth opening and (II) laryngeal edema. Due to the lack of clear reference values of 

mouth opening, laryngeal edema was eventually selected as target disease and 
outcome for detailed analysis. 
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Phase II 
After having chosen post-radiogenic laryngeal edema as disease of interest, the 

research question was clarified and specified in phase II. For this purpose, another 
MEDLINE search was executed, aiming to identify already existing NTCP-models as 

well as relevant factors for the prediction of post-radiogenic edema. This approach of 
first finding existing models, then validating them externally and eventually updating 

the models was in line with the recommendations of the Prognosis Research Strategy 
(PROGRESS) (2,74). Different Boolean and proximity operators were applied in the 

search and the following MeSH terms were used: laryngeal edema radiation, post-
radiogenic laryngeal edema, and laryngeal edema radiotherapy. The publications 

detected were first looked through based on their headings and date of publication, 
and then initially scanned based on their abstracts. Eventually, the publications 

considered of being relevant to the research question were fully evaluated. Figure 3 
gives an overview of the search tract.  

 

 
Figure 3. Chart of the search strategy applied to derive information for NTCP-model development in 
laryngeal edema. 
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Literature search yielded 4 studies that incorporated NTCP-models for the prediction 

of post-radiogenic laryngeal edema (8,33–35). Rancati et al. had been the first to 
introduce 2 NTCP-models dealing with this complication (13,16,32,33) and these 

models have been applied without any update in the other publications (33–35). Thus, 
until today only the 2 models published by Rancati et al. were identified in the 

literature (8,62). 
Information on clinical risk factors for the occurrence of post-radiogenic laryngeal 

edema was provided in the remaining 14 of the selected 18 publications and formed 
the basis for the choice of the candidate predictors.  

 



 

A2) Approximation of the EUD 

In the present data set, the irradiation data of the larynx was separated into a 
supraglottic area and a glottic area, which were given as DVHs. This data was taken 

to approximate the EUD for each patient, inferring the di and vi from the DVHs. The 
following irradiation data was available for each area: Volume, DMEAN (= mean dose), 

DMIN (= minimum dose), DMAX (= maximum dose), V01, V05, V10, V15, V20, V25. 
V30, V35, V40, V45, V50, V55, V60, V65, V70, V75, V80, V85. The combination of V 

and a number reflects the volume, which has received at least the respective dose, 
e.g., V50=23% of the glottic area means, that 23% of the glottic volume has been 

given a dose of at least 50 Gy. Considering this information, the volume parameters 
(vi in the Rancati model) were approximated based on the following assumptions 

(example data): 
- V20=42% 

- V10=50% 
- V5=100% 

It can be inferred that a volume of 100-50%=50% received a dose between 5 and 10 
Gy (using V5 and V10); thus, D=7.5 and v=0.5 are the first “pair”; a volume of 50-

42%=8% were irradiated with a dose between 10 and 20 Gy (using V10 and V20); 
therefore, D=15 and v=0.08 are the next “pair”. The same procedure can be carried 

out for all existing dose values in a specific area, so that in the end all pairs of vi and 

di necessary for calculating the EUD become available. The present dose data did not 
include a patient who received a single dose of 85 Gy (V85). Thus, the current 

approximation is limited between 0 Gy and 85 Gy, thereby reducing the risk of 
inaccuracy in calculating the upper limit. 

The given values for the constants from the best-fit model from Rancati et al. (8) were 
taken over, meaning n=1.41, k=7.2 and D50=46.7 were used in the EUD calculation. 



 

A3) Univariable analysis for each candidate variable 

At the beginning of the model development process, a univariable analysis of the 
candidate predictors was performed, the results are summarized in Table 14 below. 

For non-numeric variables ranges of the estimate, standard error, and p-values are 
given to reflect the different levels of the predictor. 
 
Variable Estimate  Standard error AIC p-value 
EUD 0.44 0.17 207.6 < 0.01 
BASELINE EDEMA -14.03 - 6.08 1073.11 - 1678.46 211.13 1 
SMOKING 1.6 1.03 210.43 0.12 
HPV 13.07 - 14.05 979.61 214.34  0.99 
SEQUENCE -14.02 - 2.16 0.58 - 932.48 200.07 < 0.01-0.99 
LOCATION -15.52 - 1.24 0.77 - 1190.87 209.05  0.12-0.99 
T-STAGE -9.75 - 10.25 614.27 - 1300.69 200.92 0.99-1 
AGE 0.04 0.02 209.31 0.03 
HISTOLOGY -16.06 1190.87 209.9 0.99 
SUPRAGLOTTIC DMAX 0.3 0.09 194.94 < 0.01 
GLOTTIC DMAX 0.11 0.03 190.17 < 0.01 
SUPRAGLOTTIC DMEAN 0.14 0.03 181.19 < 0.01 
GLOTTIC DMEAN 0.09 0.2 187.48 < 0.01 
TECHNIQUE -13.68 - 0.35 1.05 - 848.37 217.05 0.74-0.99 

Table 14. Summary of the univariable analysis of the 14 candidate predictors. 
AIC= Akaike Information Criterion 

 
The variables BASELINE EDEMA, HPV, T-STAGE, HISTOLOGY, and TECHNIQUE were 

subsequently excluded from further analysis as none of their factor levels revealed a 
p-value <0.2. 
 


