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Abstract

Purpose: Radiation therapy of the head and neck (HNC RT) is often a; ith xerostomia and dysphagia,
making it extremely important to predict these toxicities. This revi evaluate the Lyman-Kutcher-
Burman (LKB) model against alternatives such as relative seriality (B imating normal tissue complication

cls for xerostomia and dysphagia induced
were extracted, and comparative analyses were
1 and dosimetric data.

QBaddressing xerostomia, 6 focusing on esophagitis with
essment using JBI criteria showed that 21 studies were of high

exercises. The prediction of radi@
LKB prediction accuracy is at 70-

iological models is around 75-85% for xerostomia and 70-80% for dysphagia.
%; RS achieves 75-80%. Machine learning models show 85-90% accuracy.

Conclusion: Advanced radiation therapy techniques, in combination with validated toxicity prediction models,
can improve treatment personalization and reduce the incidence of radiation-induced complications in HNC
patients. Future research should focus on refining predictive models, investigating long-term treatment outcomes,
and developing novel strategies to protect normal tissues.
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1. Introduction

Head and Neck Cancers (HNC) refer to a category
of malignancies that are quite prevalent, with 890,000
new diagnoses and around 450,000 fatalities annually.
HNC encompasses a group of malignancies that
originate from various epithelial tissues within regions
such as the oral cavity, pharynx, larynx, and other
structures of the head and neck [1]. Typical symptoms
of HNC include persistent throat pain with difficulty
swallowing, neck lumps, etc. [2]. Similar to many
other cancer types, radiation therapy serves as the
primary treatment approach for head and neck
malignancies [3]. Particularly in situations where
tumors cannot be surgically resected, this approach
becomes highly useful and is also frequently
combined with chemotherapy to promote therapeutic
success [4].

This is despite new advances in the development
and optimization of radiation therapy strategies aimed
at minimizing damage while controlling disease [5].
There will still be some resulting side effects
treatment on the healthy Organs At Risk (OARs
The commonest side effects that may be encounteted
by patients with HNC undergoing radiati hera

are xerostomia, dysphagia, and mucosi
conditions require additional medica
result in compromised quality @
or radiation-induced dry mo,
high doses of radiation are ged to the salivary

glands.

Saliva has multiple functions in"the oral cavity,
including facilitating immune responses through
antibodies, providing a means for pH changes,
remineralizing demineralized tooth structure with
minerals, moistening food to be swallowed, and aiding
in taste perception. Patients with functionally reduced
salivary glands or xerostomia due to HNC radiation
therapy are at risk for fungal infections and dysphagia,
altered taste perception, and a sticky oral mucosa.
These complications affect swallowing, speech, and
taste, which ultimately reduce the quality of life for
these patients [7].

Decreased swallowing capability due to difficulty
or abnormality is one of the common problems
following HNC radiation therapy. Among those
patients, dysphagia or difficulty swallowing is most

XX

often  brought about by radiation-induced
inflammation of the esophagus, or esophagitis [8].
Radiation therapy used for tumors of the nasopharynx,
oral cavity, Hodgkin's lymphoma, lung, or metastatic
sites often exposes the esophagus as an organ at risk,
especially when using three-dimensional conformal
radiation therapy(3D-CRT) or intensity-modulated
radiation therapy (IMRT), leading to side effects such
as esophagitis and dysphagia [4]. Dysphagia may
further complicate dietary changes, malnutrition, tube
feeding dependency, and impact on health-related
quality of life [9]. Depending on radiation dose and
volume, acute and chronic esophagitis may occur in
fewer than 3 months and after 6 months of radiation
therapy, respectively [4].

els of Normal Tissue
ability (NTCP), which correlate
he likelihood of complications in

athematically characterize the probability of a
normal tissue complication at a given dose [11]. They
transform physical dose distributions into biological
dose responses and thereby elucidate tissue-specific
radiation sensitivity. Ultimately, accurate modeling of
NTCP remains critical to aiding clinicians in making
treatment decisions that maximize efficacy and
minimize side effects [12].

The model extensively used in predicting the
toxicity of radiation treatment is none other than the
Lyman-Kutcher-Burman or LKB model [3]. It uses
Dose-Volume Histograms (DVH) to analyze dose
distributions in OARs and assumes homogeneous
responses within the irradiated tissues. The LKB
model captures three basic parameters: TD50 (the
a 50%
probability), m (the slope or standard deviation around
TD50), and n (the volume effect, which indicates the
dependence of tissue response on dose volume) [13].
While the LKB model has been widely used due to its
simplicity and historical validation, alternative NTCP

uniform dose that gives complication

models, such as the Relative Seriality (RS) model and
modern machine learning-based approaches, have
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been developed to potentially improve individualized
toxicity prediction. Accurate NTCP modeling is
crucial in clinical decision-making, as it guides dose
constraints, balances tumor control with normal tissue
sparing, and ultimately impacts patient outcomes,
including quality of life and treatment-related
morbidity [12]. By critically assessing both classical
and emerging NTCP models, clinicians can better
tailor radiotherapy plans to minimize complications
such as xerostomia, dysphagia, and esophagitis.

While several systematic reviews and modeling
studies have addressed individual complications of
head and neck radiotherapy, there is a lack of
comprehensive evaluation specifically focusing on the
performance and limitations of the Lyman-Kutcher-
Burman (LKB) model across multiple radiation-
induced toxicities. Most previous publications have
either investigated xerostomia or dysphagia in
isolation, without integrating esophagitis as a
clinically relevant toxicity in this context. The present
review provides a systematic synthesis of evidence
regarding the predictive ability of the LKB model fos
xerostomia, dysphagia, and esophagitis, highlig
dose—volume relationships and parameter varia
across studies. By stratifying the literature_a

distinguishes our study fromje@rlier reviews and

head and neck cancer.
provides a framework for impr@wing personalized
radiotherapy strategies.

2. Materials and Methods

2.1. Study Selection Criteria

This systematic review examined the complications
of radiation therapy for HNC that result in xerostomia,
dysphagia, and esophagitis. Studies were included if
they were case-control, cross-sectional, or cohort
studies providing quantitative data on these
complications. The exclusion criteria encompassed
case reports, case series, reviews, abstracts, and
articles that did not address radiation therapy
complications. Studies involving treatments other than

radiation therapy, such as chemotherapy alone or
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surgery, were also excluded. Understanding the side
effects associated with radiation therapy is critical for
effective patient management and supportive care, as
head and neck radiation therapy significantly affects
salivary function, swallowing ability, and mucosal
health.

2.2. Search Strategy and Data Sources

A systematic literature review was conducted
following PRISMA guidelines to ensure transparency
and reproducibility. Studies published from 1991 to
2025 were identified through comprehensive searches
of major databases, including PubMed, Embase, Web
of Science, Scopus, Google Scholar, and the Cochrane
Collaboration. anced Boolean operators (AND,

pert recommendations, using
"radiotherapy OR radiation
neck cancer," "xerostomia,"
dysfunction,"  and

as

Data extraction was independently performed by
two reviewers using a standardized PRISMA form,
and disagreements were resolved through discussion
and consensus. Study quality was assessed using the
JBI critical appraisal checklist, with inter-rater
reliability confirmed by Cohen’s kappa (kx = 0.82),
indicating strong agreement.

Ultimately, 27 studies met the inclusion criteria,
comprising 20 addressing xerostomia, 6 focused on
esophagitis with dysphagia, and 1 investigating
dysphagia Comparative analyses were
subsequently conducted across classical NTCP
models (LKB and RS) and advanced machine
integrating quantitative

alone.

learning-based models,
parameters (TDS50, m, n), clinical endpoints, and
dosimetric data. This structured synthesis ensures that
variations in study quality are accounted for and
allows a robust evaluation of predictive performance
and applicability in clinical decision-making.

2.3. Screening and Eligibility Assessment

Two independent reviewers applied strict inclusion
and exclusion criteria to maintain impartiality and
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reduce selection bias. The criteria limited the search to
publications between 1991 and 2025 to capture the
most current and pertinent evidence. Each study was
appraised using a methodological quality checklist
adapted from the Joanna Briggs Institute (JBI) critical
appraisal instruments. This checklist evaluates key
elements, including study design, data collection
methods, analysis, participant selection, result clarity,
bias, eligibility criteria, and reproducibility,
comprising 11 essential items. Studies had to satisfy at
least four of these items to qualify for inclusion. To
further reduce bias, two researchers not involved in the
study conducted a blinded assessment using the
checklist [14]. Excluded articles were literature
reviews, conference abstracts, doctoral dissertations,
technical reports, Monte Carlo simulations, phantom
studies, and studies irrelevant to the subject. After
duplicates were removed, studies were initially
screened by title and abstract, followed by full-text
review based on the predefined criteria and quality
assessment.

2.3. Data Extraction

Data extraction was independently conducte
two reviewers using a standardized and

disagreements. The collected data encom
information (including authg

radiation therapy (such as rad
fractionation schedule, biological
alpha/beta ratio), specifics
technique, treatment planning

on type, total dose,
ffective dose, and
treatment (including
system, radiation
energy, and percentage dose difference in planning
target volume (PTV) with and without contrast), as
well as modeling parameters ( LKB model variables
like TD50, m, and n), along with documented
complications like xerostomia, dysphagia, and

esophagitis.
2.4. Screening and Eligibility Assessment

All retrieved articles underwent a thorough multi-
stage screening process. Initially, two independent
reviewers (M.S. and A.B.) screened the titles and
abstracts for relevance. Studies deemed relevant were
then examined in full text. Any disagreements were
first resolved through discussion, and if consensus was

XX

not reached, a third reviewer (A.A.) was involved to
maintain consistency. This eligibility evaluation was
guided by a predefined checklist emphasizing
methodological rigor to reduce selection bias. To
qualify for final inclusion, studies needed to
demonstrate evidence of dose-response relationships
related to radiation-induced xerostomia, dysphagia, or
esophagitis. Articles scoring below 50% on at least
four key quality criteria, such as study design, data
collection, analysis, and participant selection, were
classified as low quality and excluded from the final

review.
3. Results

Initially, tal of 370 records were identified.
Preliminar ased on titles and abstracts had

for full-text evaluation. Of those,
r different reasons, mostly being
acts‘or duplicate datasets. Ultimately,
illed eligibility criteria and were
systematic review (Figure 1). Of these,
tudies specifically evaluated radiation-induced
stomia. Regarding dysphagia, 7 studies were
gntified; among them, one directly focused on
dysphagia, while the remaining six investigated
radiation-induced esophagitis, which is a common
precursor leading to dysphagia. Since our primary
endpoint was dysphagia, exclusively
addressing esophagitis were also considered relevant

studies

to this complication.

According to the review table, there have been
studies on NTCP models about
radiotherapy-induced dry mouth in HNCs. The
reviewed studies varied greatly in patient population

numerous

characteristics; the age range of participants ranged
from 2 to 72 years, and the number of samples ranged
from 10 to over 500 patients. Most of these studies
focused on patients with HNC who underwent
radiotherapy with IMRT or 3DCRT techniques. In
terms of NTCP model parameters, the LKB method
has been most widely used. The TD50 value (dose at
which there is a 50% probability of complication) has
been reported in various studies between 28 Gy and
about 114 Gy, usually observed in the range of 30 Gy
to 40 Gy for salivary glands, especially the parotid.
Also, the parameters m (slope of the dose-response
curve) and n (dose-volume sensitivity measure) were
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Radiotherapy, radiation therapy, head
and neck cancer, xerostomia, dysphagia,
swallowing dysfonction, and esophagitis

Search string

Reason to excluded:

Records excluded
with reason (N=224)

-Literature review research,
doctoral theses or technical report, and
research in the form of conference

-Research that worked on Monte Carlo
simulation and phantom

based on quality issues 4

-Research that is not related to

Studies were eliminate
the subject

N=224)

[ Identification of studies via databases and registers
)
c
2
§ Records identified from:
= Databases research
'é (N=370) —
3
N’
I !
m
=
=
i Records screened (N=257) [———»
a
}
)
g Full text evaluated for efigibility | 5
a N-33)
o
o
- }
ey
E Studies included in review (N=27)
=
[
=
—

Most studies considered o/ to be 3 GY
biologically effective dose (BE
function was significantly afif

%0 probability of a
han 25% of the
pre-treatment level [15]. The decrease in salivary

glands was associated with a
decrease in salivary function to les

gland function and salivary flow rate often remained
persistent over time, although a partial improvement
trend after radiotherapy was also reported in some
studies. Also, IMRT was more effective than 3DCRT
in reducing NTCP and the severity of xerostomia
complications, which was confirmed in the studies of
Eisbruch [16], Mesbahi [17], and others.

The prevalence and severity of xerostomia in the
studied patients varied and were reported in the grades
1 to 3 range. For example, Marzi et al. [18] showed
that 66% of patients experienced grade 3
complications in the first 3 months after treatment,
which decreased to 27% by 12 months. Gabry$ et al.
[19] showed that 67% of patients experienced mild to

severe (Gl+) xerostomia and about 15-20%
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experienced moderate to severe (G2+) xerostomia.
Kanehira [20] also reported a prevalence of moderate
to severe xerostomia of 33.2%. NTCP models have
been able to provide a reasonable prediction of the
likelihood of xerostomia, and this can be useful in the
optimal design of radiotherapy programs to reduce
side effects. Changes in treatment scheduling,
including intervals and fractional doses, as well as the
use of more advanced techniques such as IMRT,
VMAT, and Tomotherapy, are effective in reducing
side effects. Some studies have reported
improvements in salivary gland function and quality
of life in patients in the months following treatment,
suggesting the possibility of improved salivary
function. Follow-up periods in these studies have
varied and ranged from 3 months to 5 years, indicating
that radiotherapy-induced complications can be
observed in the short and long term. Studies with
longer follow-up periods, such as Braam [21], have
examined changes in salivary gland function and
severity of complications over time and have shown
the possibility of relative improvement in function

(Table 1, 2).
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Table 1. Review of studies evaluating NTCP model parameters for radiation-induced xerostomia in head and neck cancer radiotherapy

Author  Mean  Dose ];‘;sre TDso o . @b BED F"l:‘[:’W Radiation
age GY)  fraction (Gy) (Gy) (Gy) (month) Modality

Complication

Xerostomia

Result:---

C. BURMAN

(1991) 46 0.18 0.7 3 Xerostomia

Results: ---

AVRAHAM
EISBRUCH 55 64 1.82 28.4 0.18 1 3 102.4 12 3D CRT & Xerostomia
(1999) IMRT

Result: Total patients: 88

1.for 96 glands with saliva output data available at 12 months, 37 had stimulated output at or below 25% of the baseline pre-RT output, which were considered to
represent "severe complications"

2. The NTCP values generally appeared as either 100% or 0%, with merely 12 glands exhibiting NTCP values ranging from 5% to 95%

A% " Salivar_y _Gland
JUDITH M. B* 31(6 week)  0.54(6 week) B 6 weeks toxicity
ROESINK 57 C* 2 Gy 35(6 mth) 0.46(6 mth) 1 3 O 6 mth Change in
(2001) D* 39(12 mth)  0.45(12 mth) D 12 mth Parotid Gland
Function
A*: 46-50: for clinically negative, undissected necks that were susceptible to microscopic metastatic disease *#BED (A): 76.6-83.3
B*: 50-70: for postoperative tumor beds or dissected neck sites ** BED (B): 83.3-116.6
C*: 66-70: for tumors treated primarily with radiation ** BED (C): 110-116.6
D*: 40: for Six patients with Hodgkin’s disease or non-Hodgkin’s lymphoma ** BED (D): 66.6
Result: Total patients: 108
A parotid flow ratio of 25% post-treatment was indicative of complications such as xerostomia
xerostomia,
C. impeded oral
SCHILSTRA 46-70 2 Gy 38 3D CRT functioning, oral
(2001) infections, and

dental caries

Result: Total patients: 15

34(6 week)  0.37, Xerostomia or

PETRA M. ;
BRAAM 56 66 40(6 mth) 0.3 110 57 3D CRT Change in
42(12 mth) Parotid Gland
(2005) Function
Result: Total patients: 52
VA
Semenenko 3 Xerostomia
(2008)
Result:---
ANTONETT .
AC. if3 3D CRT & é:irl‘l’csttﬁ)“;‘;
HOUWELIN if 10 IMRT salivary flow
G (2009) Y
Result: Total patients: 347
Xerostomia or
Tim Dijkema % o sk A + + 3 FH 3D CRT & Change in
(2009) IMRT Parotid Gland

Function

*In Michigan: 54, In Utrecht: 58 ** In Michigan: 60-75, In Utrecht: CRT:50-70 to GTV, IMRT:69-70 *** In Michigan: 60-75, In Utrecht: CRT:50-70 to GTV,
IMRT:69-70 **** Michigan: 40.5, Utrecht: 39.7, combined analysis: 39.9 ,39.4  t Michigan:0.36, Utrecht:0.44, combined analysis: 0.40, 0.42 11 Michigan:1,
Utrecht: 1, combined analysis:, if 1, if 1.13 111 In Michigan: 96-120, In Utrecht: CRT:83.3-116.6, IMRT:115-116.6

Result: Total patients: 222
At a mean dose of 39.9 Gy, there is a 50% probability of parotid gland flow reduction to <25% of the pre radiotherapy outflow.

21.4(3mth)

SIMONA 0.57(3mth) .
MARZIetal. 575 2 Gy 171%((61?33 0.49(6mth) 1 3 12.8 IMRT toﬁtﬁar{eggsggs)
(2009) £ 0.45(12mth) B

Result: Total patients: 59

in 3 mnth (total 59 patient): 5 patient grade 1/ 15 patient grade 2 /39 patient grade 3 in 6 mnth (total 51 patient): 1 patient grade 0 / 8 patient grade 1/ 17 patient grade
2 /25 patient grade 3 in 12 mnth (total 37 patient): 2 patient grade 0 / 8 patient grade 1 / 17 patient grade 2 / 10 patient grade 3 in 18 mnth (total 24 patient): 2 patient
grade 0/ 5 patient grade 1 / 12 patient grade 2 / 5 patient grade 3 in 24 mnth (total 21 patient): 3 patient grade 0 / 5 patient grade 1 / 8 patient grade 2 / 5 patient grade 3

uality of .
Hfe: 44,1 quality of
. Lo life: 0.11 .
Tsair-Fwu 53 52708 182 Salivary Salivary 1 3 46.8 IMRT Salivary gland
Lee (2012) ’ ’ excretion . ' toxicity
factors: excretion
5.6 ' factors: 0.18

Result: Total patients: 31
Grade 3 toxicity incidence decreased from 66% at 3 month to 27% at 12 month after RT
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Mean Dose Dose per BED Follow up Radiation s
Author age (Gy) fraction TDsy (Gy) m n a/ (Gy) (Gy) (month) Modality Complication
37.8
Tsair-Fwu Lee « . s (3mth) 0.59 (3mth) 3 3&12 IMRT (SIB & Grade +3
(2013) 43.9 0.48 (12mth) SQM) Xerostomia
(12mth)

* 54:HN squamous cell carcinoma, 49: nasopharyngeal carcinoma
** HN squamous cell carcinoma: PTV1: 54-77.4 Gy, PTV2: 48-72 Gy, PTV3: 41.4 Gy «nasopharyngeal carcinoma: PTV1: 65-77.4 Gy, PTV2: 48-72 Gy, PTV3: 41.4
Gy
*** simultaneous integrated boost (SIB):1.6-2.12, sequential mode (SQM):1.8-2.0

Result: Total patients: 237
Grade 3+ xerostomia incidence at 1 year was only ~1% or ~2%

Asghar 3D
Mesbahi CRT:70 2 28.4 0.18 1 3 86.4 3D CRT & Xerostomia
IMRT: IMRT
(2017) 7

Result: Total patients: 10
The NTCPs for the parotid glands, thyroid gland, spinal cord, TMJ, and mandible were significantly reduced in the IMRT plans, in contrast to the levels observed in the

3DCRT plans

Hubert

Szymon 60 * s *okk 1 3 6+3 IMRT, s
Gabrys (2017) 1243 Tomotherapy

* Ipsilateral parotid: 25.4, contralateral parotid: 18.7

** xerostomia G1+ (mild to severe): 10.7 -13.6, xerostomia G2+ (moderate to severe): 42.8 - 64.8

**%* xerostomia G1+ (mild to severe): 10.7 -13.6, xerostomia G2+ (moderate to severe): 42.8 - 64.8
**** (1) moderate to severe xerostomia quantified by grades 2 and higher (G2)), (2) mild to severe xert

ed by grades 1 and higher (G1p)

Result: Total patients: 153
Mild to severe (G1+) xerostomia prevalence at both 6 and 12 months was 67%. Moderate to severe
respectively

ia prevalence at 6 and 12 months was 20% and 15%,

Panayiotis
Mavroidis 60 ®
(2017)

Xerostomia

VMAT (12mth)

Result: Total patients: 43
Just 24% of patients experienced moderate to severe xerostomia at six monghs i , according to the EORTC QLQ-H&N35. ROTG/EORTC G2+
xerostomia in only two patients (3%).

P. Mavroidis 60 .

(2019) 3 IMRT Xerostomia

*1) contralateral parotid: 67, 2) contralateral, glands (parotid afid i a ombined) :56
**1) contralateral parotid:0.58, 2) contralateral, glands (p
*%*1) contralateral parotid: 0.01, 2) contralateral, glands (pa

Result: Total patients: 120

Toxicity was 21/35 patients in 6 month after RT, patients in 12 month after RT
Ming Chao . e .
2019) 66 3 114.4 Xerostomia
* Mean dose model: 39.47, 39.90, Full LKB M
** Mean dose model: 0.408, 0.400, Full LKB Mo 7-0.57
*** Mean dose model: if 1, if 0.908, Full LKB Model*
Result: Total patients: 75
Panayiotis i
Mavrodits 61 2540 23 A.234 A-08 Al 3 13,6 3D-CRT A-Xerostomia
@o21) B.61.2 B.0.77 B. 1 B.Dry eye

Result: Total patients: 55
19 (35%) had>20 point increase in xerostomia score, 11 (20%) had>2 point increase in xerostomia bother score, 13 (24%) had>2 point increase in SESoD (e Subjective
Evaluation of Symptom of Dryness) score

Takahira xerostomia -

kanehira * - s sk " H Ht — VN(I:‘EEVT"“}] dysphagia - oral
(2021) mucositis

*54.25 in 35 frac for SIB plan., 46 Gy in 23 frac for sequential plan. **1.55 for SIB plan, 2. for sequential plan *** 1.55 for SIB plan, 2 for sequential plan
A% AL 1.129,B. 0.452, C. 0.475,D. 0.368, E. 1.124, F. 0.834, G. 0.394 1 A.1,B.1,C.0.166,D. 0.202, E. 0.001,F. 1,G.1  1t10 for OC, 3 for CPG
t11 82.27 for SIB plan, 75 for sequential plan 11113 monthly for first year, 4 monthly for second year, 6 monthly for following years

Result: Total patients: 322
Xerostomia E. 107 (33.2%), F. 61 (18.9 %), Dysphagia, A. 211(65.5%), B. 93(28.9%), G. 50 (15.5%), oral mucositis, C. 198 (61.5%), D. 80 (24.8%)

Pratik

Samant (2023) 47 0.55 1 3 6 Xerostomia

Result: Total patients: Training set patients:194, Test patients: 76

radiation induced
Derek K. IMRT or .
Smith (2023) 59.8 39.2 1.1 1 3 VMAT salivary glgnd
hypofunction

Result: Total patients: 510
mean post-treatment salivary flow rate of 0.57 g/min after one year (compared to 1.47 g/min before treatment)

Abbreviations: BED — biologically effective dose; Gy — Gray; RT — radiotherapy; IMRT — intensity-modulated radiotherapy; 3D CRT — three-dimensional conformal
radiotherapy; LKB — Lyman-Kutcher-Burman; RS — relative seriality; TDs, — dose at 50% complication probability; NTCP — normal tissue complication probability
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Table 2. Review of studies evaluating NTCP model parameters for radiation-induced dysphagia and esophagitis in head and neck
cancer radiotherapy

Author Mean Dose ]:)(;sre TDso m n a/f} BED Fol:l[:)w Radiation Complication
age GY)  fraction (Gy) (Gy) (Gy) (month) Modality
Esophagitis
Result:---
C. Burman Clinical
: (1;91) 68 0.11 0.06 stricture/perforati
on of Esophagus
Result:---
Jose Acute esophagitis
Belderbos-1 69  49.5:945 225275 47 0.36 0.69 o o 2mihatler 3 cry & Dysphagia
(2005) ’ catme Grade +2

Result: Total patients: 156
Acute esophageal toxicity of grade 2 or higher was observed in 27% (n=42) of the patients, with nine individuals experiencing grade 3 toxicity and one individual grade
4. All 10 patients experiencing grade R3 esophageal toxicity underwent concurrent CRT.

for Dysphagia Grade
Jose dose 2,3 & Late
Belderbos - 2 60.8-94.5 2.25 80 0.06 0.34 10 ) 12 3D CRT g
2005) 80Gy: Eso_phagus
toxicity +2
Result: Total patients: 88
Olivier 65.1- Acute esophagitis
Chapet (2005) 102.9 21 3l 0.32 044 10 3 CRT & Dysphagia
Result: Total patients: 101
Sixteen of the 101 patients developed a grade 2—3 acute, esophagitis (13 G2, 3 G3, no G4 or 5)
. every 3 Acute
Jian Zhu 61 2 * ok ok mth Iz;}llcter 3D CRT Esophagitis in
(2010) RT lun
g cancer
* RT without concomitant CT: 46, RT with concomitant CT: 36  ** RT without conco : 0. with concomitant CT: 0.42
*** RT without concomitant CT:0.29, RT with concomitant CT: 0.09
Result: Total patients: 157
35 (22%): grade 2 AE, 20(13%): grade 3 AE, 0: grade 4 & 5 AE, 24% of grofipl (RT alo: ential CRT): grade 2 or 3 AE, 52% of group2 (RT combined with
concomitant chemotherapy): grade 2 or 3 AE
W. Uijterlinde 3 mth after late esophagus
(2014) 63 66 273 761 10 84.15 treatment IMRT toxicity

Result: Total patients: 171
Out of 171 patients, 11 (6%) experienced severe late esophag
time of 24 months (95% CI 16~32).

ollow-up period of 33 months (95% CI 29-37), with a median overall survival

ISRT
) employing
Juh(;r(lnl;())ers 59 * + 3 +t the IMRT Tt
method or
PBT

* RT with Chemo:24-54 (mean:40.3), only Rt:
**%* ]1)Esophagitis with Dysphasia:0.47, 2)only Dy
40.23 11t Esophagitis/with Dysphagia/only Dysp

ean:34.1)  ** 1) Esophagitis with Dysphasia:58.0, 2)only Dysphasia:77.5
ia:0.95 t1)Esophagitis with Dysphasia:0.06, 2)only Dysphasia:0.06 11 RT with Chemo:47.55, only Rt:
ausea/Pneumonitis/Pericarditis/Myelitis

Result: Total patients: 114
Lowering radiation doses from 40 Gy to 30 Gy resulted in a reduction in the incidence of three acute side effects, particularly grade 1 esophagitis. (NTCP40Gy = 17.4%
+9.1% vs. NTCP30Gy = 12.3% + 5.8%), esophagitis grade 2+ (NTCP40Gy = 5.4% = 3.3% vs. NTCP30Gy = 3.3% = 1.8%), and nausea grade 1 (NTCP40Gy = 5.5% +
3.2% vs. NTCP30Gy = 3.5% =+ 1.8%), respectively

Abbreviations: BED — biologically effective dose; Gy — Gray; RT — radiotherapy; IMRT — intensity-modulated radiotherapy; 3D CRT — three-dimensional conformal
radiotherapy; LKB — Lyman-Kutcher-Burman; RS — relative seriality; TDso — dose at 50% complication probability; NTCP — normal tissue complication probability

In conclusion, NTCP models based on LKB Also, longer follow-up periods indicate the
parameters, combined with average doses of possibility of partial return of salivary gland function
approximately 35 to 40 Gy to the salivary glands, are and improvement of xerostomia symptoms over time.
capable of reasonably and reliably predicting Thus, NTCP models can be used as a valuable adjunct

xerostomia in patients with HNC. The prevalence and tool in radiotherapy treatment planning to reduce
severity of this complication strongly depend on the xerostomia complications.

type of treatment technique, the total dose delivered,

and the average dose imposed on the salivary glands.

The use of advanced radiotherapy techniques such as

IMRT and VMAT is more effective in reducing

complications than traditional 3DCRT techniques.
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4. Discussion

Several clinical studies have shown that head and
neck radiation therapy induces xerostomia in 60-90%
of patients, with the incidence rising to nearly 100%
when the treatment fields include the major salivary
glands. This high prevalence occurs because radiation
doses disrupt the delicate acinar cells responsible for
saliva production, particularly in the parotid glands,
which are highly radiosensitive. Severity typically
correlates with the average dose to the parotid glands,
with most patients experiencing significant dryness if
the glands receive more than 26 Gy [15].

In addition to xerostomia, approximately 50-70% of
patients develop radiation-induced dysphagia due to
fibrotic changes in the swallowing muscles and neural
structures. When radiation is combined with
chemotherapy, as is often the case in advanced cases,
the swallowing complication rate increases to 90%
because chemotherapy potentiates radiation damage to
mucosal tissues. The critical dose thresholds are well
established: doses above 40 Gy to salivary tiss
reliably cause xerostomia, while doses above 60 G
the pharyngeal constrictors and laryngeal elev
typically result in persistent dysphagia [2 |

around critical structures.
proactive swallowing exerg
pathologists, these advanced ifriques can reduce
complication rates by up to 50%%Bhe exercises work
by maintaining muscle tone and ¥ange of motion
during treatment, while IMRT spares key anatomical

structures through precise dose modulation [26, 27].

Radiobiological modeling has become increasingly
sophisticated in predicting these complications.
Current models, such as the LKB and RS models, can
predict the development of xerostomia with 75-85%
accuracy by analyzing salivary gland dose-volume
histograms. For dysphagia prediction, models achieve
70-80% accuracy by evaluating dose distributions to
swallowing structures. The traditional LKB model
shows a respectable 70-75% accuracy, but is being
replaced by the Relative Seriality model (75-80%
accuracy), which Dbetter accounts for
organization. Most promising are machine learning

tissue

algorithms that integrate dosimetric, clinical, and
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radiomic data to achieve 85-90% predictive accuracy
by identifying subtle patterns that humans may miss
[28, 29].

These predictive models are becoming clinically
indispensable for several reasons. First, they allow
radiation oncologists to personalize treatment plans
based on individual risk profiles. Second, they
facilitate early intervention for high-risk patients.
Third, they provide quantitative benchmarks for
comparing treatment techniques. However, challenges
remain in accounting for anatomical changes during
treatment and in incorporating emerging biomarkers
of radiosensitivity. Ongoing research focuses on
dynamic models that adapt to treatment response and
incorporate gengtic susceptibility data for truly
personalized gk prediction [30, 31].

¢ effective in tumor control, can
nt healthy tissues, leading to acute
te effects, occurring within 90
mucositis, dermatitis, dysphagia,
and taste loss, whereas late

may involve xerostomia,
fibrosis, thyroid dysfunction,

us, and pharyngoesophageal stenosis [32].

pradionecrosis,

Among these, xerostomia and dysphagia are the
most prevalent and clinically significant, as they
impair swallowing, increase the risk of oral infections,
and markedly reduce patients’ quality of life.

Research indicates that effective management of
radiation-induced complications through various
strategies can significantly enhance patient outcomes.
Quantitative models, such as the LKB model, along
with more advanced frameworks like the Relative
Seriality (RS) and clustering-based models, are
essential tools for predicting the likelihood of toxicity.
Models such as LKB, RS, and clustering approaches
contribute significantly to radiotherapy planning by
toxicity, supporting individualized
improving risk stratification, and

predicting
treatment,
facilitating clinical decision-making. As technology
advances, these models continue to evolve, offering
increasing potential for treatment optimization [33,
34].

In contrast, the RS model incorporates the structural
organization of tissues and predicts complications
based on the volume of tissue irradiated at specific
dose thresholds [35]. Personalized treatment planning
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and further improved quality of life after treatment are
made feasible through the integration of patient- and
tumor-specific characteristics, including
radiosensitivity of surrounding healthy tissues, into
models [33, 36]. Studies have shown that the LKB
model provides equivalent or better results than more

complex machine learning models [34].

Comparative analysis of various studies indicates
that the LKB model is the most commonly applied
approach for predicting dysphagia-related
complications in radiation therapy. However, the
performance of the model varies between studies. For
example, a patient study by Hubert Szymon Gabrys
[19] and Tsair-Fwu Lee [37], the latter being a
QUANTEC guideline—based validation using quality-
of-life questionnaire datasets for parotid gland dose
constraints, showed that the LKB model had a high
capacity to predict mild xerostomia (Gl+), as
evidenced by a high area under the curve (AUC =
0.69-0.76), but the model's performance in predicting
more severe complications (G2+) was comparatively
low.

The RS model, as studied in the researc
Panayiotis Mavroidis [38], had a better agree
with clinical data compared to the

especially in the sensitivity analysis o ne o
irradiated tissue. The model was bett i
small volumes of low-dose ch
research by Ming Chao [394
achieved very accurate pred
patterns within the salivary
strong correlation with NTCP (r ='0¥95), emphasizing
the importance of dose patterns in reducing

complications.

A comparison of these models indicates that the
LKB model is a basic tool suitable for predicting
RS and other
clustering models may be more appropriate for in-
depth  analysis and prediction of
complications.

minor complications. However,

serious

Which model to choose to accurately predict
common complications in radiation therapy patients
will depend on the type of complication and the tissue
structure being analyzed. This, in turn, would help
radiation oncologists and medical physicists to
provide more accurate input for treatment planning.

XX

Therefore, the current study reviews studies that
have used the LKB model to predict xerostomia and
dysphagia complications.

Xerostomia is one of the most
complications in  HNC  patients receiving
radiotherapy, primarily caused by radiation exposure
to the salivary glands, especially the parotid and
sublingual glands [40]. Salivary gland dysfunction can
begin within the first week of treatment, with flow
decreasing by 50—60% initially and to about 20% of
baseline by the end of seven weeks, often persisting
long-term, though partial recovery may occur within
two years [24, 41]. Xerostomia leads to taste
alterations, dysphagia, oral infections, and impaired
speech and chewing, thereby reducing quality of life
[41,42].

common

oxicity is radiation-induced
may present acutely (within 90
(after two months). This
often manifesting as dysphagia or
gnificantly compromises nutritional

d infections, and psychosocial distress [43-45].
dhagia typically appears within four weeks of
atment initiation and may persist for up to two years
44].

Radiation-induced toxicities, including xerostomia
and dysphagia, significantly compromise quality of
life in patients with head and neck cancer. Accurate
prediction of these complications is crucial for
personalized treatment planning, enabling clinicians
to minimize adverse effects while ensuring tumor
control. By systematically reviewing NTCP models,
we aim to highlight their potential to guide clinical
decision-making and optimize patient outcomes.

Next, we consider a number of important factors
that affect the prediction of these complications.

4.1. Number of Patients

One of the most important parameters in assessing
the accuracy and generalizability of NTCP models is
the number of patients in the study. A larger sample
size increases statistical power, model reliability, and
generalizability, and allows for more specific analysis,
ultimately leading to a better understanding and
management of these common complications in
clinical practice. Studies with larger sample sizes
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provide more stable estimates of complication rates.
Greater statistical power allows for better detection of
effects and associations between outcomes, such as the
presence of xerostomia and dysphagia [46].

A larger number of patients covers a greater variety
of patient demographics, tumor sites, treatment
modalities, and comorbidities. This heterogeneity
facilitates an understanding of the contribution of
various  factors to  post-radiation  therapy
complications. For example, the incidence of
xerostomia is highly variable depending on treatment
factors and patient history, suggesting that larger
studies can elucidate these determinants [46, 47].

In addition, with more data, researchers can develop
and validate more robust predictive models for
complications such as xerostomia and dysphagia.
Models such as NTCP benefit from larger datasets,
allowing for better differentiation between patients
who will and will not experience complications [48,
49]. This is critical for optimizing treatment plans and
improving patient outcomes.

Results from larger study groups are more likel
be relevant to larger patient populations. T
particularly important in HNC, where trea
success can vary widely depending
factors [50, 51].

Pratik
divided into
, Hubert Szymon

Samant [52] included 2
training and test groups. Si
Gabry$ [19] conducted a studyWwith 153 patients,
while Tsair-Fwu Lee [37] analyzed data from 237
patients. Studies with smaller numbers of patients,
such as Asghar Mesbabhi's [17] 10 patients, were more
limited in statistical analysis and applicability of the
results. Julian Roers [53] studied 114 patients with
non-Hodgkin's lymphoma. W. Uijterlinde [54] also
analyzed 171 patients with advanced-stage NSCLC,
which provided an adequate sample size for statistical
analysis. Although this study primarily focused on
thoracic esophageal radiosensitivity in lung cancer
patients, its findings offer general insights into
radiation-induced esophageal toxicity. Nevertheless,
anatomical and biological differences between the
cervical esophagus (relevant to HNC) and the thoracic
esophagus should be considered when extrapolating

these results. In comparison, the study by Elahe
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Fathipour [8], which included only 50 head and neck
cancer (HNC) patients, may limit the generalizability
of findings due to the relatively small study
population.

The analysis of patient numbers suggests that
studies with larger sample sizes, such as W.
Uijterlinde [54], are more likely to provide accurate
data and contribute to the validity of the model results.
The variation in sample size may partially explain the
observed differences in LKB model parameters
between studies. A review of these studies highlights
that increasing the number of patients reduces
statistical error and improves the predictive power of
the models. Notably, in the study by Derek K. Smith
[42], which included 510 patients, the neural network

ieved AUC values ranging from
the LKB models reported lower

larger
prediction
albations more precise.

datasets in improving
and making model

¥2. Age and Sex of Patients

The association between age and the risk of
xerostomia and dysphagia following radiation therapy
is complex and influenced by multiple factors. In
general, advancing age correlates with a higher risk of
both complications. Studies indicate that individuals
aged 61 and above are particularly vulnerable, likely
due to reduced salivary gland function and overall
physiological decline [55]. As patients age, factors
such as health problems, medications, and other
treatments can increase the severity of radiation-
related side effects. Age-related decline in tissue
elasticity contributes to increased vulnerability in
older patients, making them more prone to
complications like xerostomia and dysphagia [50, 56].
Therefore, older patients are more affected by these
side effects and require careful consideration in
treatment planning and follow-up care to improve
their quality of life.

The research by Julian Roers [53] did not indicate
the effect of age on xerostomia, although it was
observed that the age factor could lead to xerostomia
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due to decreased salivary gland function. Elahe
Fathipour’s study [8] also reported a higher incidence
of xerostomia among older individuals. The findings
revealed that elderly patients received a greater mean
dose to the salivary glands, which may partly explain
the increased risk of xerostomia in this group. The
moderate dose to the cervical esophagus and
pharyngeal constrictor muscles (V40-V55) was
another cause of dysphagia in the elderly. There was
no apparent difference in prevalence between the
sexes. The study by Olivier Chapet [57] emphasized
the effects of dose-volume parameters rather than a
direct relationship between xerostomia and age or sex.
It was found that dysphagia was more pronounced in
those who received high dose volumes of over 20% in
the esophageal region. Literature suggests that
xerostomia may be more pronounced in older patients
due to increased susceptibility of salivary glands to
radiation injury. However, the influence of sex
remains unclear, with radiation dose being the primary
determinant of this complication. The results of W.
Uijterlinde [54] also confirmed that older patients
were more often affected by both acute and chroz
dysphagia. They also mentioned that radiation d
greater than 75 Gy and fractional doses greater
2.75 Gy resulted in severe dysphagia in theéSepati
However, they did not mention any g€X ar
their survey.
In general, age is consideredfan importa

of xerostomia and dyspha @ ally in“elderly
patients due to their impaired e repair capacity.
However, the influence of sex i

ese complications
is not as pronounced as the influence’of age, and dose-
related and volumetric parameters of radiation therapy
are more decisive in their development.

4.3. Total Dose & Dose per Fraction

The total radiation dose and the dose delivered per
fraction are key predictors of xerostomia and
dysphagia after head and neck radiation therapy.
Evidence suggests a dose-dependent effect, with the
risk of dysphagia rising by approximately 19% for
every additional 10 Gy administered [16]. Limiting
radiation exposure to swallowing-related structures,
especially the pharyngeal constrictor muscles, is
considered crucial. Studies indicate that maintaining
the mean dose to these muscles below 50 Gy can help
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preserve better swallowing function [16, 50]. The dose
per fraction also influences the severity of side effects.

Larger fractions increase the risk of acute toxicity
and may inhibit the process of healthy tissue recovery
between fractions. The overall duration of treatment,
which depends on the number of fractions, plays a role
in both patient recovery and symptom control. A
longer treatment course with a lower daily dose may
result in tissue healing with fewer serious

complications than would occur with shorter courses
and higher daily doses. High-precision modalities
such as IMRT enable accurate tumor targeting while
minimizing radiation to swallowing-related structures,
thereby reducing the risk of xerostomia and dysphagia
[50].

or size, location, histopathology,
tent. In standard fractionation
tients typically receive 2 Gy per
inistered five times weekly, until
ulative dose of 60 to 70 Gy [32].

oth the total dose and the amount delivered per
on. For instance, in the study conducted by Tsair-
Lee [37], high-risk regions received a cumulative
dose of 70 Gy, with each fraction measuring 2.12 Gy.
The findings demonstrated that keeping the average
dose to the opposite-side salivary glands below 20 Gy
markedly decreased the risk of developing xerostomia.

On the other hand, the research of Asghar Mesbahi
[17] used a total dose of 72 Gy with 2 Gy per fraction
and showed that IMRT can reduce NTCP from 100%
(in 3DCRT) to 0.2%. Evidence indicates that
increasing the dose per fraction above 2 Gy is
associated with a higher risk of both acute and late
complications. This was further confirmed in the
studies by Ming Chao [39] and Pratik Samant [52],
where fractional doses of 2.2 Gy and 2 Gy,
respectively, were associated with a higher incidence
of xerostomia. The reason for this is that higher doses
result in more severe damage to the salivary glands,
reducing their functionality. In the study by Pratik
Samant [52], reducing the mean dose to the parotid
glands significantly lowered the risk of xerostomia.
This highlights the importance of dose-volume
constraints in treatment planning. The study also
showed that, according to Derek K. Smith [42], high
doses (>60 Gy) cause irreversible damage to the
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salivary glands due to the destruction of the stem cells
in the glands and their low regenerative capacity.
Mean dose (Dmean) and V15Gy were found to be the
best predictors of xerostomia in the study by
Panayiotis Mavroidis [58], with AUC values between
0.68 and 0.70.

For dysphagia, Julian Roers [53] reported a total
dose of 24-54 Gy with fractional doses of 1.8-3 Gy in
patients with lymphoma. Similarly, W. Uijterlinde
[54] used a total dose of 66 Gy with a fractional dose
of 2.75 Gy for NSCLC patients. Elahe Fathipour [§]
also used a total dose of 66 Gy with a fractional dose
of approximately 2 Gy for CE. In the study by Jian Zhu
[50], doses of 30 to 60 Gy with a fraction size of 2 Gy
were used for HNC patients. In another work by Jose
Belderbos [59], the comparison of higher doses
exceeding 70 Gy delivered by hypofractionated and
conventional regimens is presented, showing the
higher incidence of dysphagia with higher doses.
Comparing the above studies, it can be stated that the
increase in fractional dose above 2.75 Gy, as in W.
Uijterlinde [54], increases the possibility
dysphagia. This is in agreement with Julian Rg
[41], where lower doses were associated with red
NTCP for dysphagia. In addition, Jose Beldg

fraction) significantly increased the g€
dysphagia.

4.4. LKB model parame

In the LKB model, the key pagameters influencing
NTCP include TD50, which represefits the tolerance
dose for a 50% complication rate, m, which describes
the slope of the dose-response curve, and n, which
characterizes the volume effect. TD50 is the total dose
to the organ that is expected to cause complications in
50% of the cases. It is this slope of the dose-response
curve that defines the standard deviation around
TD50. The parameter n reflects the volume effect [60].
It has been stated that the volume effect is the
relationship between radiation-induced damage in
healthy tissue and the volume of the irradiated tissue
[61].

Morphologically, a tissue can be expressed as either
a series-parallel structure or a combination of the two
[62]. Here, the FSUs (Functional Subunit) of the
normal organ function relatively independently,
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meaning that damage to a small area does not affect
the entire organ. For severe functional damage to
occur, a critical proportion of Functional Subunits
(FSUs) must be inactivated [50]. In parallel organs,
such as the lungs and parotid glands, damage to a
small volume can often be tolerated, whereas high-
dose exposure to larger volumes leads to significant
functional loss. Parallel organs, such as the lungs and
parotid glands, generally have an n value close to 1
[60].

They can also be organized as a chain, with FSUs
connected in series to form functional units. In
contrast, in such structures, any loss of even a minimal
number of vital cells in an FSU leads directly to loss
of function of thg entire organ. The volume effect is

value of n approaches zero,
sensitivity to damage in small
t, parallel organs such as the
ave an n value close to 1, and their
sitivity makes them particularly
¢ to irreversible damage when mean doses
ed 20 Gy.

lowever, this can be avoided by preserving at least
one parotid gland that receives less than the average
dose of 20 Gy or both glands that receive less than 25
Gy during irradiation. Evidence, although sparse
compared with that for the parotid glands, suggests
that maintaining mean doses of no more than 35 Gy to
the submandibular glands may reduce xerostomia
symptoms [24]. Radiation-induced damage to salivary
gland stem cells results in fibrosis, decreased saliva
production, and changes in salivary composition [64,
65].

The study by Hubert Szymon Gabry$ [19] presented
TDS50 values of 10.7-13.6 Gy and m = 0.61 for grade
1+ xerostomia at 3 months (short-term). The
significance of the TD50 value is that 50% of the
population studied would experience xerostomia at
this level at an average dose in this range,
demonstrating that even at low doses, the salivary
glands are extremely sensitive. This means that low
doses of radiation strongly affected salivary gland
function. The reason for such a low TD50 is the
primary and severe damage to the salivary cells. They
do not have an immediate regenerative capacity. In
such cases, a higher slope (m close to 1) would mean
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that the tissue is more sensitive to dose differences,
and small differences in dose will give different
responses. This heightened sensitivity highlights the
necessity of maintaining a continuous effort to combat
this side effect, employing methods like IMRT to
lessen the radiation exposure to the salivary glands and
subsequently reduce the complication. Furthermore,
TD50 = 43.9 Gy and m = 0.48 for 12 months after
treatment were reported by Tsair-Fwu Lee [37].

The increasing value of TD50 compared to short-
term (3 months) values implies that salivary cells
regenerate and regain function after exposure to
radiation therapy. This restoration occurs due to cell
regrowth, local increase in blood perfusion, and
decrease in fibrosis. These results show that this
enhancement of salivary gland damage caused by
radiation therapy decreases over time and eventually
allows for partial functional recovery. The value
m=0.48 indicates a lower slope than the Gabry$ study
[19], which means that the examined tissue is
relatively less sensitive to dose variation. Thus, the
lower the value of m, the smaller is the effect of a sma
dose variation on the tissue response. According tQ
study by Ming Chao [39], the full LKB model
reported TD50of 27 Gy, which is lower

more accurate fit to dose—response

variations in dose distribution

complication risk with greate om

simpler statistical models. @

model predicted lower sensit pecause it depends
on the mean radiation dose to whole gland and
ignores dose distributions from regions within the
gland. The comparison between the Full LKB model
and the Mean Dose results is intended to show that
although the LKB considers distributed

throughout the salivary gland volume, it is more

doses

accurate in predicting structural sensitivity and is more
important at lower doses, where the probability of
complications is higher. For example, Ming Chao [39]
validated that the full LKB model yielded a lower
TD50 (27 Gy) compared to the mean dose, which
predicted greater sensitivity.

Among the dysphagia studies, Julian Roers [53]
reported the highest TD50 value (77.5 Gy) for
dysphagia alone, suggesting that esophageal tissue is
quite tolerant to high doses. The steep slope of the
response curve (m = 0.95) in this study reflects higher
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dose sensitivity. By contrast, Uijterlinde [54] reported
much lower sensitivity (m = 0.03) in esophageal
tissue, which may be explained by anatomical
differences between cervical and thoracic esophagus
as well as patient cohort heterogeneity. In her research,
Elahe Fathipour [8] presents the estimate of TD50
concerning the induction of swallowing difficulties by
radiation therapy in HNC as 47 Gy, indicating that
cervical esophageal tissue is much more sensitive than
thoracic esophageal tissue. Jian Zhu [66] reported the
respective values of TD50 and m for predicting acute
dysphagia as 60 Gy and 0.4, suggesting that there is a
relatively moderate sensitivity of esophageal tissue to
radiation doses and effects. The work of Olivier
Chapet [57] used the RS method, which has a higher
y than the LKB model. The
the esophagus in this study

volume sensiti
parameters

ID50and m values vary according to
pes of radiation therapy techniques,
treatment conditions such as the
¢ 0f chemotherapy. The study by Julian Roers
which reported a higher value for both TD50 and
arameters, highlighted the importance of modern
fechniques such as IMRT to reduce dose exposure to
the esophagus, while Elahe Fathipour [8] showed that
cervical esophageal tissue has a higher sensitivity to
radiation dose. Jian Zhu [66] particularly emphasized
the tissue sensitivity at intermediate doses, which
played an
dysphagia.

important role in predicting acute

Across included studies, LKB models reported
TDS50 values ranging from 27 to 44 Gy for salivary
glands, indicating a high sensitivity of these tissues to
relatively low doses. For instance, a TD50 of 27 Gy
(Full LKB model) implies that a larger proportion of
patients may experience complications even at lower
dose levels. The m values, ranging from 0.48 to 0.61,
reflect the slope of the dose-response curve, with
lower m values (e.g., 0.48 in Lee ef al. [37]) indicating
a flatter slope, meaning small dose variations produce
less differential tissue response. The n values were
generally near 1, consistent with the parallel structure
of salivary glands.

Comparatively, RS models showed greater
sensitivity to volume effects, especially for smaller

irradiated  volumes, while machine learning
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approaches integrating dosimetric and clinical features
achieved AUCs up to 0.90, demonstrating superior
predictive performance. This quantitative synthesis
emphasizes not only the predictive capacity of
classical NTCP models but also the potential for
advanced Al-driven models to enhance individualized
toxicity prediction.

4.5. Radiation Modality

The method and technique of radiation therapy
influence the dose distribution and the incidence of
complications. Studies by Pratik Samant [52] and
Hubert Szymon Gabrys$ [19] indicate that IMRT has a
high degree of ability to modulate the intensity of the
beam, resulting in uniform dose distribution to the
tumor with minimal damage to adjacent healthy
tissues. 3DCRT 1is an improvement over earlier
methods, but it does not have the same level of
sophistication as IMRT in the limited irradiation of
radiosensitive tissues (such as the salivary glands).
Tomotherapy combines imaging and delivery of
radiation therapy, but it is less capable of precise dos
distribution than IMRT. Both Pratik Samant [52
Hubert Szymon Gabry$ [19] state that IMRT ach
greater precision in dose distribution than
tomotherapy, thereby reducing
complications. On the other hand,
[17] mentions the major shortcommi
terms of minimizing the dog
and notes an increased risk 0
ineffectiveness of this method®in sparing normal
tissues from radiation.

Nevertheless, Mesbahi [17] found that IMRT
reduces NTCP overall, mainly due to better adaptation
of the dose distribution to normal tissues and lower
radiation exposure. The decrease in NTCP with IMRT
is accompanied by an increase in patients' quality of
life after treatment.

This study by Takahiro Kanehira [20] also
evaluated more advanced techniques such as VMAT
(Volumetric Modulated Arc Therapy), which has been
shown to align the delivered dose with the planned
dose, thus minimizing the difference between the two.
The planned dose is determined by specialized
software based on the characteristics of the tumor and
the patient, while during treatment delivery, it will
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vary to some extent due to physical factors such as the
patient's movement.

4.6. Follow-up

Patients receiving head and neck radiation therapy
may experience xerostomia, which may be acute or
chronic and may vary in onset and duration from
patient to patient. Acute xerostomia usually begins
during or shortly after the initiation of radiation
therapy. Studies have shown that almost all patients
experience some degree of xerostomia within six
months after radiation therapy, often graded in terms
of severity (from mild to severe) using established
[67, 68]. In contrast, chronic
s long after the completion of

scoring systems
xerostomia pe

d, resulting in a dry mouth
sists for many years [57]. This chronic
ten due to irreversible damage to the

ause problems with swallowing, speaking, and
ygiene for a long time [69].

erostomia may present acutely during
radiotherapy or persist as a chronic condition requiring
long-term management. The follow-up periods in
xerostomia studies vary. For example, in the study by
Hubert Szymon Gabrys [19], patients were followed
for up to 12 months, and a gradual decrease in the
of G2+ xerostomia was observed;
Tsair-FwulLee [37] showed that
complications decreased within 12 months after
treatment, with longer follow-up needed to detect late

incidence
furthermore,

effects. According to a long-term evaluation by Tim
Dijkema [15], recovery of salivary gland function may
continue for approximately 24 months, although it is
not complete. A study by Pratik Samant [52] found
that a six-month follow-up was sufficient to observe
the early appearance of late complications such as
xerostomia. Longer follow-up may provide a clearer
picture of the recovery path of salivary gland function;
therefore, studies with longer follow-up will provide
comprehensive data on their recovery. In contrast,
Panayiotis Mavroidis [38] studied the one-month
follow-up because of the early onset of acute
complications, while the three-month and six-month
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follow-ups were performed to provide insight into the
recovery of glandular function.

4.7. Persistence of Xerostomia and Dysphagia

4.7.1. Xerostomia

Radiation-induced xerostomia may be temporary or
permanent depending on the extent of salivary gland
damage, leading to complications such as impaired
swallowing, speech difficulties, dental problems, and
oral infections [70, 71]. Supportive management
includes hydration, dietary modification,
substitutes, and humidification [70].

saliva

4.7.2. Dysphagia

Chronic dysphagia, resulting from fibrosis and
neuropathy of swallowing muscles, can severely affect
nutrition and quality of life. In some cases, patients
require long-term dietary adjustments or gastrostomy
feeding [45, 70, 72]. Speech therapy and continuous
follow-up are essential to improve functio

outcomes [45, 50].

particularly when accounting f@

definitions,

and patient-specific facto
studies, including differen
fractionation, and limits
generalizability and underscore
standardized protocols. Integrating NTCP modeling

into clinical practice supports optimized treatment

the need for

planning, balancing tumor control with minimization
of normal tissue toxicity, ultimately improving patient
outcomes.

4.7.3. Strengths and Limitations

This literature review addresses the gaps in
radiobiological modeling for xerostomia, dysphagia,
and esophagitis complications during head-and-neck
radiotherapy. One of the main strengths is the
methodical search and review of studies, focusing on
the LKB model and NTCP prediction studies. The
review’s clinical applicability is widespread since
multiple complications are considered, unlike other

XX

reviews that center on a single endpoint. On the other
hand, some limitations need to be highlighted. The
diversity in the studies used, especially in terms of
patients, treatment methods (such as IMRT, VMAT),
and the endpoints reported, creates difficulties in
directly comparing the findings. Also, the modeling
for esophagitis lacked sufficient data, weakening the
arguments in that section. While these limitations do
not invalidate the results, they indeed affect their
weight, and there is a need for further research with
uniform methods.

5. Conclusion

diation therapy for head and neck
affects normal tissues, leading to

s such as xerostomia and
ignificantly impair quality of life.
and the choice of radiation

ment planning. Evidence indicates that careful
anagement of dose-volume parameters, particularly
to salivary glands and pharyngeal constrictors, can
reduce the incidence and severity of these
complications.

Future research should focus on integrating
advanced computational methods, such as Al-driven
and radiomics-based models, along with patient-
specific biomarkers, to enhance precision in toxicity
prediction. Such hybrid approaches can facilitate
adaptive radiotherapy, optimize therapeutic outcomes,
and ultimately improve the long-term quality of life of

patients surviving head and neck cancer.
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