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Abstract

There has recently been an increasing interest in model-based evaluation and comparison of
different treatment options in radiation oncology studies. This is partly driven by the considerable
technical advancements in radiation therapy of the last decade, leaving radiation oncologists with a
multitude of options to consider. In lieu of randomized trials comparing all of these different
treatment options for varying indications, which is unfeasible, treatment evaluations based on
normal-tissue complication probability (NTCP) models offer a practical alternative.

The Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) effort culminating
in a number of reports published in 2010 provided a basis for many of the since implemented
dose-response models and dose-volume constraints, and was a key component for model-based
treatment evaluations. Given that seven years have past since the QUANTEC publications and that
patient-reported outcomes has emerged as an important consideration in recent years, an updated
summary of the published radiation dose-response literature, that includes a focus on patient-
reported quality of life outcomes, is warranted.

“Corresponding author: Wolfgang A. Tomé, PhD, FAAPM, Professor and Director of Medical Physics, Institute for Onco-Physics,
Albert Einstein College of Medicine, 1300 Morris Park Ave, Bronx, NY 10461, USA, Block Building Room 106, Tel.:
+1-718-430-3188, wolfgang.tome@einstein.yu.edu.

Author responsible for statistical analyses: N. Patrik Brodin, PhD, Institute for Onco-Physics, Albert Einstein College of Medicine,
1300 Morris Park Ave, Bronx, NY 10461, USA, Block Building Room 104, Tel.: +1-718-430-8842, patrik.brodin@einstein.yu.edu

Conflicts of interest
None

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brodin et al. Page 2

Here, we provide a systematic review of quantitative dose-response models published after
January 15t 2010 for endpoints relevant to radiation therapy for head and neck cancer, as these
patients are typically at risk for a variety of treatment-induced normal tissue complications.

Keywords
Dose-response models; radiation therapy; head and neck; patient-reported outcomes

Introduction

Patients treated with radiation therapy (RT) for head and neck cancer are at risk for a variety
of normal tissue complications and as technological advancements have made intensity-
modulated radiation therapy (IMRT) and multi-modality imaging readily available, risk-
adaptive treatment strategies are being increasingly utilized.1=3 These improvements, and the
increase in the number of HPV p16 positive tumors in recent years, have led to loco-regional
control at the level of close to 80% for patients receiving definitive RT.24:5 This means that
organ at risk (OAR) determination as well as identifying important normal tissue
complication probability (NTCP) dose-effect relationships and thresholds are key to
facilitate further reduction of adverse effects and improvements of quality of life, since these
are now considered critical factors in head and neck RT.5

The laudable effort by the Quantitative Analyses of Normal Tissue Effects in the Clinic
(QUANTEC) group reported in 2010 provided a thorough review of the published clinical
evidence for normal tissue dose-effect relationships.8 Especially relevant to head and neck
RT were the reports on salivary glands, esophagus, brainstem, hearing loss, larynx and
pharynx.9-13

Given the rising interest in patient-reported outcomes as key components in normal tissue
toxicity evaluation and treatment tailoring#1°, as well as the emergence of new evidence
since the QUANTEC reports, there is a need for an updated review of NTCP dose-response
models for head and neck RT. This is especially relevant as model-based comparisons
involving new RT treatment modalities such as proton therapy are becoming increasingly
common and should always be based on the latest and most reliable evidence.16-18

To this end we performed a systematic review of studies presenting quantitative NTCP dose-
response models for endpoints relevant to head and neck RT that were published after the
reports from the QUANTEC group.

Methods and Materials

Search strategies and inclusion criteria

Potentially relevant records published after the QUANTEC reports, which became available
in early 2010, were identified through a Pubmed search using various combinations of
“Radiation therapy” or “Radiation-induced” and “Dose-volume” or “Dose-response” for
each of the following endpoints; dysphagia, esophagitis, laryngeal edema, xerostomia,
hypothyroidism, brainstem injury, optic neuropathy, oral mucositis, hearing loss, fatigue and
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secondary cancer. Records were filtered by publication date (between 01/01/2010 and
12/31/2016), language (English) and age (Adults = 19 years), focusing on linear accelerator
based fractionated RT for this review. Details of the selection process for records with
quantitative dose-response models are provided in Figure 1. The specific search terms
applied for each endpoint can be found as supplementary material.

All of the included records were reviewed with respect to dose-volume parameters and
NTCP models for the corresponding OARSs, including 95% confidence intervals, as well as
for any clinical risk factors affecting the dose-response models, and whether the endpoints
were scored by the physician or self-reported by the patients.

Mathematical expressions for relevant dose-response models

The following section provides the mathematical relationship and variable explanation for
the different quantitative dose-response models encountered in this review.

Logistic regression

1
NTCP = T where S(X) = Sy + f1x) + fox, + ... + fx; (1)

Bpis a constant and S; represents the regression coefficient for the /-7 covariate x;.

Logit model

Dspis the dose leading to a 50% complication rate, Dis the dose to the organ and &
represents the slope of the dose-response curve.

Lyman equivalent model using generalized equivalent uniform dose (QEUD)

2
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Ds is the dose leading to a 50% complication rate, mrepresents the slope of the dose-
response curve, v;is the ~thvolume fraction of the organ, D;is the dose to the ~#/volume
fraction and n describes the volume effect of the organ dose-response. For a mean dose
model 7 =1. Note, that in this expression for geUD the usual parameter ais replaced by a=1
n, i.e. ais identified with the inverse of the volume effect parameter.

Logistic model

Dspis the dose leading to a 50% complication rate, Dis the dose to the organ and y5pis the
relative change in complication rate per unit change in dose at the 50% level.

Log-logistic model using geUD

Plateau excess absolute risk (EAR) model based on organ-equivalent dose
(OED)

EAR(D, age,, agea) =pf- OED(Dl.) . u(agee, agea) (6)
—aDt.

OED = Z,-Vil_eT

age,,
ye<agee - 30) + yaln T)]

,u(agee, agea) =e

Critically evaluating various dose-response models for a given endpoint

It is not straightforward to compare dose-response models from different studies due to
varying choice of mathematical model, adjustment for multiple factors and variation in
patient material and treatment. Therefore, we adopted the previously published concept of
computing a relevance score for each report with a quantitative dose-response model, as a
measure of how relevant the model is for estimating NTCP for the patient population in
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question.1” The flow chart in Figure 2 depicts our adaptation of how to calculate the
relevance score for head and neck cancer patients undergoing RT or chemo-RT in the
modern IMRT era. The categories and scores were derived based on clinical and analytical
judgment, as well as by adhering to the critical points brought to light in the QUANTEC
reports related to head and neck patients.

Although the relevance score addresses the overall relevance of various models for the
patient population in question, it does not provide much granularity in regards to the
appropriateness of the applied statistical methodology. Therefore, we further included a
checklist depicting whether key items from the transparent reporting of a multivariable
prediction model for individual prognosis or diagnosis (TRIPOD) consensus statement on
model development and validation were addressed in the reviewed studies.1®

To determine the consistency between various dose-response models we calculated the
corresponding NTCP for each model based on the dose distribution from a randomly
selected head and neck patient who received comprehensive nodal irradiation at our
institution with static field IMRT. We further added a 10% variation in the relevant OAR
dose metric to each calculation to illustrate whether models were consistent across some
variation in dose.

Results

We identified a total of 59 eligible full-text records that after further review resulted in 21
records with quantitative dose-response models for either dysphagia, esophagitis,
hypothyroidism, xerostomia, oral mucositis, hearing loss or secondary cancers, as depicted
in Figure 1. We did not find any post-QUANTEC studies presenting data on brainstem injury

after standard fraction RT, and hence refer to the QUANTEC report for the most recent data.
1

The following sections provide a detailed overview based on the records reviewed for each
of the endpoints included in this review. For endpoints covered in the QUANTEC reports,
comparisons are made between the suggested QUANTEC dose-volume constraints and the
results presented by the papers included in this review.

The identified quantitative dose-response models are presented in Table 1 for patient-
reported quality of life (QoL) endpoints, in Table 2 for endpoints scored by physical
examination or laboratory tests and in Table 3 for secondary cancer endpoints. It is worth
mentioning that model parameters cannot be directly compared between studies since
parameters in multivariable models depend on the other covariates.

Graphical illustrations of all listed dose-response models are provided as supplementary
material along with a “.txt” file with Matlab code to generate a data file containing all model
parameters presented in Tables 1 — 3. Furthermore, the calculated NTCP estimates
comparing the various different models are provided as supplementary material.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brodin et al.

Dysphagia

Page 6

Several reports identified the pharyngeal constrictor muscles (PCMs) as a critical OAR for
treatment-induced dysphagia29-22 along with the supraglottic larynx2%:23, whereas some
separated the constrictor muscles into the superior, middle and inferior parts. Table 1 shows
that age, tumor site and radiation technique can be important predictors for patient-reported
dysphagia, whilst Otter et al. identified concurrent chemotherapy as an important predictor
for grade =3 physician-scored dysphagia.2* The timeline for dysphagia scoring ranged from
within 8 weeks to 6 months following treatment, which should be taken into account when
comparing various models since acute dysphagia may not necessarily have the same dose-
response characteristics as late dysphagia.

Mean doses in the range of 50 to 60 Gy to the PCMs were found to be indicative of an
increased risk of dysphagia in several studies?1:22, whereas a mean dose higher than 40 or 50
Gy to the larynx was associated with increased risk.22:25 The QUANTEC report on larynx
and pharynx recommends keeping the dose to the larynx and pharyngeal constrictors to
below 60 Gy when possible, and to limit the volume receiving more than 50 Gy.12 These
recommendations are well in line with what was found in the updated reports included in
this review, even with the considerable variability in endpoint definitions among the studies
included in the QUANTEC review.

Although the reports included here were all studies of head and neck cancer patients treated
with reasonably homogeneous radiation therapy regimens, some variability in the results
obtained from the different studies is expected due to the use of different measurement tools
and dysphagia definitions. It also appears that patient-reported outcomes are becoming an
increasingly common tool for measuring dysphagia in a QoL-setting2%-22:23, and as such it
would be pertinent to consider how subjectively scored dysphagia compares to for example
Common Terminology Criteria for Adverse Events (CTCAE) grading.

Esophagitis

We identified four studies with quantitative dose-response models for esophagitis, defined as
grade =2 acute esophageal toxicity, presented in Table 2. These models are based on data
from cohorts of non-small cell lung cancer (NSCLC) patients treated with radiation and
chemotherapy26-28 as well as one study of central lung tumors treated with SBRT that was
included for comparison with standard fractionation studies.2? Two studies identified
concurrent chemotherapy as an independent predictor of acute esophagitis with an OR of 4.5
(95% Cl: 3.3, 6.1) in Huang et al.26 and 14.1 (95% Cl: 4.7, 42.2) in Wijsman et al.28,
whereas all patients in Kwint et al.2’ received concurrent chemotherapy so this was not
assessable as an independent risk factor.

Esophageal toxicity was scored within a few weeks or months from the start of radiation
therapy and esophageal mean dose or Vg were identified as the independent dosimetric
predictors for the studies employing standard fractionation. In the study of SBRT the dose to
the hottest 5 cm3 of the esophagus (Ds) and the maximum dose, both converted to BED1,
were significant predictors. The recommendations from the reports utilizing standard
fractionation are to limit the esophageal mean dose or the Vs, without specifying any
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specific cutoff points for dose constraints. The QUANTEC report on acute esophagitis
summarized that the volume of esophagus receiving >40-50 Gy was indicative of increased
esophagitis risk, but could also not determine any specific dose limits13, essentially
concluding that the mean esophageal dose should be limited to the extent that is reasonable
in terms of still adequately treating the tumor target.

Since all dose-response models for esophagitis identified in this review are based on patients
treated for lung cancer, the limitations of translating the models to treatment of head and
neck cancer should be considered. For the models based on standard fractionation the dose
per fraction would be similar to that in head and neck RT, although more likely including the
inferior esophagus for lung cancer patients and the superior part for head and neck cancer
patients. The potential difference in chemotherapy regimens should also be considered, with
concurrent regimens consisting of cisplatin? or etoposide and cisplatin.28 There is also a
likely interplay between acute esophageal toxicity and later appearing dysphagia after head
and neck cancer treatment that may not be portrayed in studies of lung cancer patients.

For xerostomia the parotid glands are usually considered the critical OARs for stimulated
salivary flow and the QUANTEC recommendations that are now widely implemented
clinically for head and neck IMRT suggest limiting the mean dose to both parotid glands to
<25 Gy, or at least one parotid gland to <20 Gy.10 This was based on the endpoint definition
of <25% of baseline salivary flow, while some of the updated reports included in this review
used alternative definitions such as patient-reported QoL for dry mouth or sticky saliva3?,
and scintigraphy of salivary excretion function.3! While most of the dose-response models in
the included reports were based on parotid gland dose, the model for patient-reported sticky
saliva found dose to the contralateral submandibular gland, sublingual glands and soft palate
to be significant predictors.30 The protective effect of increasing mean dose to the sublingual
glands in relation to the risk of sticky saliva could be biologically plausible as mentioned by
the authors, since the sublingual glands are mainly responsible for mucous saliva secretion.

The study by Moiseenko and colleagues tested the validity of the QUANTEC xerostomia
recommendations on an independent prospectively acquired dataset, and found that the
suggested constraints performed well with a negative predictive value of 94%.32 A
subsequent study by Beetz and colleagues, aimed at testing the validity of the QUANTEC
constraints in an independent dataset of patient-reported xerostomia, showed that whether or
not the QUANTEC criteria were met was a significant risk factor at 6, 12, 18 and 24 months
post treatment.33 Some level of Xerostomia at baseline prior to RT was also found to be an
important risk factor and should be considered when this information is available.30:33

Although the mean dose to the parotid glands, or at least the contralateral gland, has been
shown to be strongly associated with xerostomia recent evidence suggests that there are stem
cell regions within the parotid glands that are critical to the maintenance of the functionality
of the gland, and hence may warrant targeted partial-gland sparing.34
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Oral mucositis

Several reports with quantitative dose-response models for acute oral mucositis were
identified, all based on head and neck cancer patient cohorts, with some variation in the
anatomical OAR definition. The volume encompassing the oral cavity and in some cases
parts of the pharynx was most commonly used?4:35-37 although some studies used a
mucosal surface OAR definition.38-40 In a comparative analysis Dean et al. concluded that
models based on an oral cavity definition and mucosal surface definition performed
similarly for estimating acute mucositis and they recommend using the simpler oral cavity
OAR contour.3° The mucositis endpoint was homogeneously defined as CTCAE grade >3
acute oral mucositis, occurring during RT or up to 8 weeks post treatment.

The mean dose to the oral cavity was found to be an independent predictor of oral
mucositis?*35, as well as the volume of oral cavity receiving high doses per fraction3® and
the dose to the hottest 21 cm3-37 One report identified concurrent chemotherapy as an
independent predictor along with oral cavity dose3?, whereas for the model presented by
Bhide et al. all patients were treated with concurrent chemo-RT.3°

Strigari et al. performed a meta-analysis of previously published studies to compare the
ability of various NTCP models to identify tolerable vs. intolerable treatment schedules in
relation to acute oral mucositis.** By comparing varying schedules of total dose in 2-Gy
fractions (EQD;) and overall treatment time they showed how well the different models
could distinguish tolerable from intolerable treatments, with a general trend that treatment
times longer than 38 days were considered tolerable. While most studies focused on the risk
of developing oral mucositis, one study of 66 oropharyngeal cancer patients investigated
whether the duration of grade 3 acute mucositis was related to the dose received by the oral
mucosa, but failed to find a significant association.*2

Although there was no QUANTEC report focused directly on oral mucositis, it has been
recognized that dysphagia occurring at a later onset can be a consequence of preceding acute
mucositis, and NTCP models for oral mucositis may be relevant to consider in relation to the
risk of late dysphagia as well.12

Hypothyroidism

Hypothyroidism as determined through elevated TSH, or reduced T3 and T4 levels, typically
appearing 1-2 years after treatment remains a fairly common normal tissue complication
after head and neck RT. The mean thyroid dose?3-4 has been shown as important
independent predictors of radiation-induced hypothyroidism (RIHT). Also, several studies
have identified the thyroid volume receiving more than 30 to 35 Gy (V30-V35) as an
important dose-volume constraint associated with the risk of RIHT.46-48

Importantly, the thyroid volume prior to treatment was found to be an important risk factor
as well, with increasing pre-treatment thyroid volume showing a decreased risk of RIHT.
44,4549 This further supports the consideration of the thyroid as a parallel structure organ,
suggesting that limiting the irradiated volume would be key to reducing the complication
risk.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brodin et al.

Page 9

As RIHT is an endocrine complication it is not sufficient to consider only the thyroid gland
as an OAR, since irradiation of the pituitary gland is also associated with an increased risk
of RIHT. Thus, several of the studies included in this analysis excluded patients with
nasopharyngeal cancer or limited the inclusion to patients with doses to the pituitary gland
<40 Gy, as this is considered an important cutoff point.43-4°

A meta-analysis of 33 published studies performed by Vogelius et al. in 2011 identified
female gender, partial or hemi-thyroidectomy, Caucasian descent and lymphangiography as
significant risk factors for hypothyroidism, whereas age and chemotherapy were not.5% They
also found a significant dose-response effect but highlighted the considerable uncertainty in
the NTCP model parameters when comparing the results from different studies.

There was no QUANTEC report that covered RIHT.

Hearing loss

Several post-QUANTEC studies of radiation-induced hearing loss were identified but only
one that reported quantitative dose-response models.>> Some studies reported on hearing
loss for patients treated with Gamma Knife radiosurgery and are not discussed further in this
review, but referred to here for the interested reader.52:53

De Marzi et al. reported dose-response models separately based on considering the inner ear,
cochlea or internal auditory canal as the critical OAR for 140 patients treated to the skull
base with a mixture of photon and proton RT.> We only include the models based on inner
ear and cochlea in Table 2 since these performed considerably better than the model based
on the internal auditory canal, with areas under the receiver operating characteristics curve
of 0.86 and 0.81 compared to 0.72, respectively. The mean cochlear dose for patients with
grade 1-2 hearing loss was 54.6 + 16 Gyrge (with a relative biological effectiveness (RBE)
of 1.1 used for protons) and 36.8 = 14 Gyrgg for those without.

Another study of 17 patients treated with post-parotidectomy RT showed no evidence of
ipsilateral or contralateral hearing loss during 2 years of follow-up, with all patients
receiving a mean cochlear dose <45 Gy.>* Furthermore, Champ et al. presented audiometric
evaluation data from 154 patients treated for acoustic neuromas with RT in 1.8 Gy fractions.
55 These authors found that separating patients into groups receiving either <40 Gy or >40
Gy to be a significant predictor of hearing impairment.

Although there was no clear threshold dose determined in the QUANTEC report on
radiation-induced hearing loss it recommends that the mean cochlear dose be kept <45 Gy,
or <35 Gy if possible?, which seems to agree well with the results from the studies included
in this updated review.

Optic neuropathy/vision impairment

We identified only a limited number of studies reporting on radiation-induced optic
neuropathy (RION) or visual impairment after standard fractionation RT and neither
presented a quantitative dose-response model. In a study by Farzin et al. in 2016 only two
out of 213 patients treated for meningioma had visual problems attributed to RT, both with
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maximum doses to the optic nerve and chiasm close or just above 54 Gy.56 Another study
found that IMRT resulted in lower doses to the optic nerves and chiasm, although not

significantly affecting the risk of RION in patients with meningioma and pituitary adenoma.
57

In a small study of 10 meningioma patients higher mean eye dose appeared to be related to
deteriorated vision, although with such limited patient numbers this should be considered
anecdotal.®®

The QUANTEC report on optic nerves and chiasm concluded that RION was rare if
maximum doses to these structures were <55 Gy with standard fractionation, with a marked
increase in risk >60 Gy.5° The limited number of reports on RION post QUANTEC could
reasonably be explained as a result of the widespread implementation of these
recommendations and few patients receiving doses to the optic nerves and chiasm above the
recommended 55 Gy constraint.

Fatigue has long been a known serious consequence of RT, especially in combination with
concurrent chemotherapy. However, addressing this complication as dose-dependent
phenomenon and attempting to identify the responsible OARs has only recently been
undertaken and as such this was not addressed specifically in the QUANTEC reports. The
definition typically involves the feeling of fatigue not relieved by rest, or how much fatigue
impacts ones QoL on a daily basis, and can be scored using the CTCAE scale or using
validated patient questionnaire instruments.50.61

In a retrospective analysis of the data from the PARSPORT trial, investigators found a
significant association between mean dose to the brainstem, cerebellum and posterior fossa
and risk of grade >2 fatigue, translating into an increased risk for patients receiving IMRT.62
In a multivariate analysis of patients from the same trial, the mean dose to the cerebellum,
basal ganglia and pituitary gland were significantly associated with increased risk of fatigue
when adjusting for multiple clinical factors, albeit in a limited sample of only 40 patients.53
Although this study found no association between chemotherapy and fatigue, a prospective
study based on patient-reported questionnaires found significantly worse fatigue scores in
patients receiving concurrent chemotherapy, compared to RT alone.5!

Before quantitative dose-response models can be derived, the challenge remains to identify
the pertinent OAR for radiation-induced fatigue and validation studies of the potential
central nervous system OARs identified in the aforementioned studies should be undertaken,
as well as further exploratory analyses and small-animal investigations.54

Secondary cancer

Studies of secondary cancer following RT require large cohorts with long follow-up, mainly
due to the fact that they are rare events often associated with very long latency. We did,
however, identify a few reports analyzing the risk of radiation-induced secondary cancers in
the head and neck area, with dose-response models detailed in Table 3.
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The study by Morton et al. found an excess odds ratio per Gy of 0.09 (95% CI: 0.04, 0.16)
for secondary esophageal cancer in a cohort of breast cancer survivors, along with a
protective effect of hormonal therapy and a multiplicative effect of smoking and radiation.%°
Several studies have identified the importance of secondary thyroid cancer in childhood
cancer patients treated with RT, but this does not appear to translate to adult patients.5¢

The study by Schneider et al. combined cohort data from atomic bomb survivors and long-
term survivors of Hodgkin’s lymphoma treated with RT to estimate dose-response
parameters for several different anatomical sites, including mouth and pharynx and salivary
glands.8” Importantly, any models estimating the risk of secondary cancer induction are
subject to considerable uncertainty not only because of sparse data but also due to the
inherent assumption that the limited radiation exposure information from long-term follow-
up studies can be translated to modern RT treatment settings.

Comparing various NTCP models for multiple endpoints

When rating different RT options for head and neck cancer patients a variety of endpoints
need to be considered, as demonstrated by the multitude of normal tissue complications
included in this review. While hard endpoints such as brainstem necrosis or spinal cord
myelopathy should always be prioritized it is less clear whether dysphagia, xerostomia,
mucositis or esophagitis should be considered more important for treatment comparisons. In
addition several NTCP models may exist for the same endpoint and while previous efforts
have attempted to compare models based on the quality of input data and appropriateness in
relation to the patients being studied!’, this remains a pertinent issue. Here, we applied the
computation of a relevance score to compare various NTCP models with regards to their
relevance in estimating the risk of radiation-induced toxicities after head and neck RT. The
checklist of items from the TRIPOD consensus statement highlights the variation in
statistical methodology and reporting in the various modeling studies and can be found as
supplementary table S1.

For comparing proton therapy to photon therapy options Blanchard et al. decided to test
various NTCP models derived from photon treatments on a patient cohort treated with
proton therapy.16 They found that the photon-derived models performed well for estimating
the risk of dysphagia, xerostomia and hypothyroidism, but less well for acute mucositis.
When comparing NTCP estimates between photon and proton therapy another validation of
the results would be concordance of results between different models evaluating the same
endpoints, whereas discordant results would suggest that one treatment option might not be
clearly preferable.

When it comes to simultaneously evaluating multiple different endpoints one approach could
be to estimate the relative impact on quality of life from the various endpoints for example
as quality-adjusted life years.%8 This would potentially allow for a single measure common
scale assessment of all different endpoints, and would go along the lines of implementing
patient-reported outcomes as key components in radiation oncology decision making.89.70
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Alternative strategies to overcome NTCP modeling limitations

As noted in the QUANTEC reports and many of the papers included in this review, classical
NTCP modeling is subject to several limitations such as dealing with highly correlated
dosimetric parameters, or the lack of spatial information in dose-volume histograms.

To overcome the limitation of correlated data, a functional data analysis approach was
implemented by Dean et al. to model the risk of grade =3 dysphagia and oral mucositis.”?
This approach models dose-volume data as a continuous function, with components
determined using unsupervised (principal components analysis), or supervised (partial least
squares regression) analysis, as well as including clinical covariates in the model. Reducing
the dimensionality of the dose data in this manner should provide more robust estimates of
dose-response parameters and improve generalizability of the model, but does add more
complexity to the interpretation of the model parameters.

Another intriguing alternative approach is presented by Buettner et al. in which they
demonstrate a novel morphological model that includes regional dose variations throughout
the parotid gland to predict patient-reported xerostomia.”2 Their results show that including
the spatial information of the dose distribution revealed areas of the parotid gland with
apparently increased radiation sensitivity, and performed significantly better than a model
based on mean parotid dose. These results are in agreement with the recent evidence of stem
cell regions within the parotid gland that may be chiefly responsible for the salivary function
and post-RT recovery.34 In contrast, the study by Dean et al. showed similar performance
between models based on dose-volume data and those incorporating spatial dose information
to predict grade =3 oral mucositis.36

Recent efforts have also been focused on moving away from OAR-based dose-response
modeling, in favor of voxel-based analyses correlating risk of toxicity with three-
dimensional dose maps. Monti et al. performed such an analysis for acute grade >3
dysphagia and found significantly higher doses in voxels corresponding to the anatomical
location of the cricopharyngeus muscle and cervical esophagus.’3

Conclusions

Given the variety of available dose-response models published since the QUANTEC reports
and the increased awareness of the importance of model validation, dealing with correlated
dosimetric data, spatial variation in radiation sensitivity and the importance of patient-
reported outcomes, data-driven decision making is becoming a reality in modern day
radiation oncology. The NTCP estimates provided in the supplementary material illustrate
that models for hypothyroidism, oral mucositis, and xerostomia (depending on time point
and definition) are generally consistent, whereas the estimates for dysphagia and esophagitis
vary considerably between models. When models disagree the corresponding relevance
score should provide an indication as to which models are more reliable in the setting of
modern day head and neck RT.

Despite this, it remains vital to encourage data sharing to allow sufficiently powered
validation studies, and to implement prospective model testing in trials comparing different

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2019 February 01.
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treatment approaches, so that the models’ ability to truly distinguish between optimal and
sub-optimal treatment options can be evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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330 records identified in Pubmed

13 additional records identified by hand

343 records screened

\4

275 excluded after screening of abstracts and
titles when not related to the association of
radiation therapy and the endpoint in question

68 full text articles assessed for eligibility

A 4

47 records included in critical review but did not provide

| directly comparable quantitative dose-response models

or included data only from SBRT or SRS

21 records providing comparable quantitative dose-response models

A 4 Y

LN

Dysphagia: 3 Esophagitis: 4

Hypothyroidism: 5 Xerostomia: 3 Oral mucositis: 3 Hearing loss: 1

Secondary cancer: 2

Figure 1.

Flow chart illustrating the selection process for identifying studies with quantitative dose-
response models included for detailed review.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2019 February 01.
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Categories for calculating relevance score

Points deducted

Head and neck cancer?

Yes: 0
No: 40

Patient material
Maximum: 95 points

No. of patients

Less than 50 patients: 40
50 - 100 patients: 30

101 - 200 patients: 20

201 - 300 patients: 10
More than 300 patients: 0

Treatment period

Before 2005: 15
After 2005 (IMRT standard): 0

Data collection

Study design
Maximum: 85 points

Prospective: 0
Meta-analysis: 15
Retrospective: 25

Model validation

External: 0
Internal: 20
None: 40

Endpoint definition

N R R S N

Clear and accepted standard: 0
Clear but non-standard: 10
Unclear: 20

Dosimetry details

Radiation therapy
Maximum: 60 points

Dose accumulation to OAR: 0
Individual 3D planning data: 10
Individual dose reconstruction: 20
Phantom dose reconstruction: 25
Prescribed dose: 30

Treatment technique

IMRT (incl. VMAT): 0
Mixed IMRT and 3D CRT: 10
3D CRT: 15

Modeling approach
Maximum: 60 points

N e R B

Figure 2.

Dl B Ul e Dl T T

Fractionation reported? Yest0
No: 15
Chemotherapy assessed? Yes: 0
No: 15
Effect of age assessed? Yes: 0
No: 10
Multivariate analysis including Yes: 0
non-dosimetric risk factors? > No: 20
Pre-RT toxicity assessed? }—b Yes: 0
No: 15

Page 20

Schema illustrating the relevance score computation and the weights assigned to the various
categories. The highest relevance score a report can be assigned is 300 and the lowest score
is zero. The number of points deducted in each category represents the weight assigned to

deviation from the ideal scenario.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2019 February 01.
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