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Summary

Head and neck cancer (HNC) presents complex treatment challenges due to the proximity of tumours
to critical organs, increasing the risk of radiation-induced complications. This study showed how
demographic, anatomical, and clinical factors are influenced by radiation dose delivery and the
associated risk of secondary cancers. The analysis indicated that HNC incidence was highest among
men aged 6069, with the oral cavity and oropharynx being the most affected sites. Statistical analysis
showed that depending on the patient's age, the irradiation doses of organs such as the oesophagus
and parotid glands differ, while gender had the least impact on the change in irradiation dose of critical
organs. The assessment of Excess Absolute Risk (EAR) revealed a consistent trend that patients with
more advanced disease stages particularly those classified as Stage IV (T4 _N1 MO0) faced
significantly higher long-term risks.

To assess the accuracy of treatment planning system (TPS) dose estimations, out-of-field doses were
measured using a cylindrical ionization chamber (PTW 30013) positioned within the SHANE
anthropomorphic phantom. These measured values were compared with TPS-calculated doses using
two algorithms: the Anisotropic Analytical Algorithm (AAA) and Acuros XB. Both algorithms
exhibited consistent underestimation of out-of-field doses, with the most significant discrepancy 57.1
% observed in Channel 4 (spinal cord region) at 0 cm using the Acuros XB algorithm. Moreover, at
distances beyond 10 cm from the treatment field edge, underestimations remained notable,
particularly in Channels 3 and 4. These findings highlight the limitations of TPS algorithms in
accurately predicting peripheral dose, reinforcing the importance of incorporating phantom-based
dose measurements into routine radiotherapy planning to ensure reliable dose assessment for organs
at risk (OARs), ultimately contributing to improved long-term patient outcomes.
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Santrauka

Galvos ir kaklo vézio gydymas ir jo planavimas yra sudétingas procesas, dél Salia naviko esanciy
kritiniy organy, kuriy apsvita atitinkamai gali padidinti jonizuojanciosios spinduliuotés sukelty
komplikacijy rizika. Sis tyrimas parodé, kaip galvos ir kaklo véZiu serganéio paciento demografiniai,
anatominiai ir klinikiniai veiksniai yra susij¢ su ap$vita jonizuojancigja spinduliuota ir jos sukelta
antrine vézio rizika. Pastebéta, kad sergamumas galvos ir kaklo vézio buvo didziausias tarp 60—69
mety vyry, o dazniausiai pazeidziamos burnos ertmés ir burnaryklés sritys. Statistin¢ analizé parode¢,
kad priklausomai nuo paciento amziaus, gali keistis tokiy organy kaip stemplé ir paausinés liaukos
apSvita, kai tuo tarpu lytis kritiniy organy apS$vitos kitimui Zymios jtakos neturéjo. Be to, antrinés
vézio rizikos vertinimas parodé, kad IV stadijos pacientams (T4 N1 MO) ilgalaiké rizika buvo
zymiai didesné, lyginant jg su kity stadijy pacientais.

Siekiant jvertinti gydymo planavimo sistemos (TPS) doziy skai¢iavimo tiksluma, uz laukelio riby
gautos dozés buvo iSmatuotos naudojant cilindring jonizacing kamerg (PTW 30013), istatyta i
antropomorfinj fantoma SHANE. Sios i§matuotos vertés buvo palygintos su TPS apskaiGiuotomis
dozémis, naudojant du skirtingus algoritmus: anisotropinj analitinj algoritma (AAA) ir Acuros XB.
Abu algoritmai parodé tendencijg nuvertinti dozes uZz apSvitinimo laukelio riby, o didZiausias
neatitikimas — 57,1 % — buvo uzfiksuotas 4 kanale (nugaros smegeny srityje), esant 0 cm atstumui,
naudojant Acuros XB algoritma. Be to, esant didesniam nei 10 cm atstumui nuo apSvitinimo lauko
krasto, nuvertinimai isliko reik§mingi, ypa¢ 3 ir 4 kanaluose. Sie rezultatai parodo TPS algoritmy
ribotumus tiksliai prognozuojant periferines dozes, todél rekomenduojama integruoti fantomu
pagritus doziy matavimus j kasdien¢ radioterapijos planavimo praktika, siekiant uztikrinti patikima
rizikingy organy (OAR) doziy jvertinima ir pagerinti ilgalaikius pacienty gydymo rezultatus.
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List of abbreviations and terms
Abbreviations:
HNC — Head and neck cancer;
HNSCC — Head and neck squamous cell carcinoma;
IMRT — Intensity-modulated radiation therapy;
VMAT — Volumetric modulated arc therapy;
OARs — Organs at risk;
CBCT — Cone-beam computed tomography;
SPC — second primary cancer;
Gy — Gray (unit of radiation dose);
HPV — Human papilloma virus;
p — p-value (in statistical tests);
EAR — Excess absolute risk;
TNM — Tumour-Node-Metastasis (classification system);
DNA — Deoxyribonucleic acid;
AAA — Anisotropic analytical algorithm;
AC — Acuros XB algorithm.

Terms:

Out-of-Field Doses — Unintended radiation exposure to tissues and organs outside the primary
treatment area during radiation therapy.

Phantom — A model used in radiation therapy to simulate human tissue and evaluate dose
distributions accurately.

Anthropomorphic phantoms — Used in medical imaging and radiation treatment to imitate tissue
interactions with radiation for enhanced dosimetry and treatment planning, anthropomorphic
phantoms are models that mimic human body form and features.

Excess absolute risk (EAR) — The increase in the absolute risk of a secondary effect, expressed as
the additional number of cases per unit of population.
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Introduction

Head and neck cancer (HNC) represents a significant public health challenge, accounting for
approximately 550,000 new cases and 300,000 deaths annually worldwide these malignancies
originate from various anatomical sites, including the oral cavity, pharynx, larynx, and salivary
glands, and are associated with substantial morbidity and mortality. The challenges of treating HNC
come from the complicated structure of the head and neck area, where the tumour’s position is often
near important organs and parts that are crucial for essential body functions [1]. External beam
radiation therapy is a cornerstone of HNC management, effectively employed in both curative and
palliative contexts. However, the precision of dose calculation and delivery issues remain a problem
and critical concern [2]. It is known that treatment planning systems (TPS) may exhibit discrepancies
(from 30 % to 60 %) in the accurate calculation of radiation doses to organs at risk (OAR) or so-
called out-of-field doses, which may be harmful through overexposure to healthy tissues [3]. In
particular, exposure to out-of-field doses affecting organs and tissues outside the treatment area has
become increasingly concerning, as it may result in unintended long-term effects [4]. Due to this
reason, evaluation of secondary cancer risks based on patient-specific factors induced by irradiation
of healthy tissues is an essential and important step in external beam radiotherapy for the treatment
plan optimization adapting dose limitation constraints [5]. Therefore, addressing mentioned
challenges requires careful consideration of the patient-specific factors to ensure the overall safety
and effectiveness of radiation therapy.

The aim of this study is to evaluate and analyse the impact of patient-specific factors on secondary
cancer risk for head and neck cancer cases based on comparison of 3D treatment planning system
Eclipse calculated irradiation doses to organs at risk and dosimetry measurements, preparing
strategies for the clinically used dose limitations.

The tasks:

e To analyse the main dosimetry data for the cohort of head and neck cancer patients, including an
evaluation of patient-specific factors, like gender, age and stage-based differences related to
radiation doses to organs at risk (OARS).

e To estimate the risk of secondary cancer and calculate the excess absolute risk (EAR) based on
3D treatment planning system (TPS) Eclipse dosimetry data.

e To measure and analyse anthropomorphic phantom SHANE based out-of-field doses of 1D
cylindrical ionisation chamber, comparing with the doses calculated by TPS, employing different
algorithms.

e Torecommend potential modifications to clinically used dose limitation constraints based on out-
of-field doses measurements and secondary cancer risk evaluation.

11



1.Literature review
1.1. Head and neck cancer

Head and neck cancers (HNCs) represent a significant global health challenge, ranking as the sixth
most prevalent cancer type worldwide, with approximately 550,000 new cases diagnosed annually
and an estimated 300,000 deaths [6]. Most head and neck cancers are a type called squamous cell
carcinoma (HNSCC) [7], arising from various anatomical sites (Fig. 1), including the pharynx, larynx,
paranasal sinuses, nasal cavity, oral cavity, and salivary glands [3], the ethology and epidemiology
of these cancers are becoming increasingly complex. Traditionally, tobacco use, and chronic alcohol
consumption have been recognized as the main risk factors for HNSCC [4], while the increasing
incidence of oropharyngeal cancers, particularly among younger individuals, has highlighted the
increasing importance of human papillomavirus (HPV) infection. Moreover, studies have shown that
HPV, especially type 16, is associated with a significant proportion (60-70 %) of newly diagnosed
oropharyngeal cancers in the United States and certain regions of the European Union [8]. Although
HPV-16 is the most well-established causal agent, other types of HPV, including 18, 31, and 33, also
contribute to the development of these malignancies [7].

Paranasal sinuses

Hard palate \
+— Soft palate

Nasal cavity

Nasopharynx
Oral cavity

—<——————— Oropharynx Pharynx

Lingual tonsil

\ \ l ¥ — Larynx
\ 2\

Fig. 1. Anatomical view of the head and neck [9]

Tongue

Given the heterogeneity of HNC and the varying impact of risk factors, accurate staging is crucial to
guide treatment decisions and predict survival prognosis. The TNM staging system, managed by the
American Joint Committee on Cancer (AJCC), offers a standardized structure for categorizing the
anatomical scope of the disease. This system assesses the size and local reach of the primary tumour
(T), the presence and extent of regional lymph node spread (N), and the existence of distant metastases
(M) [10]. Subsequently, TNM classifications are amalgamated to determine an overall stage, ranging
from stage | (early stage, localized disease) to stage IV (advanced disease with widespread
dissemination) [11]. Many research studies have shown a significant relationship between the TNM
stage and survival rates for head and neck cancer (HNC), where higher stages generally correspond
to poorer outcomes. Consequently, the stage plays a crucial role in deciding the most suitable
treatment strategy, varying from single-modality interventions (e.g., surgery or radiation) for early-
stage tumours to aggressive multimodal treatments (e.g., chemoradiation followed by surgery) for
advanced disease [12].
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1.2. Radiation therapy

In head and neck cancer (HNC), complex anatomy and close proximity of organs at risk (OARS)
make radiation therapy (RT) a critical component that is frequently used in combination with surgery,
chemotherapy, and novel systemic agents as a multidisciplinary strategy [13]. RT contributes to
about 40% of cancer cures, which destroy cancer cells using high energy particles or X-ray photons
irradiating the cells to damage deoxyribonucleic acid (DNA) damage and consequently, death.
However, in spite of these advances in RT, local recurrence, which occurs in about half of HNC
patients within 3 years of treatment, remains one of the greatest limitations [14]. Furthermore, RT is
associated with a variety of both acute and late toxicity, further stressing the need for additional
optimization of treatment approaches. RT can be delivered by various methods including
brachytherapy (intracavity irradiation) and external beam radiation therapy (EBRT); EBRT is the
most common method used, with a cumulative dose usually of 60 — 70 cGy for 180-200 cGy/day
daily fractions [2].

1.3.  External beam radiation therapy techniques

External beam radiation therapy (EBRT) is a fundamental modality in the treatment of neoplasms of
all types, which utilizes ionizing radiation to disassemble the cellular structure of malignant tissues.
The main aim of EBRT is to irradiate the tumour with a known vibration dose and to preserve the
surrounding healthy tissue and hence to limit the possible occurrence of side effects. The biology of
radiation is primarily mediated by DNA damage, which initiates cellular processes culminating in
either apoptosis, senescence, or mitotic catastrophe [15]. Recent advances in EBRT focus on
precision, tailored treatment and effectiveness [16]. For instance, stereotactic body radiation therapy
(SBRT) is a state-of-the-art radiation oncology technique that concentrates on the delivery of
extremely high radiation doses directly to tumours and has gained a lot of attention lately. Advanced
imaging, such as cone-beam computed tomography or planning CT simulation, enables SBRT with
appreciable accuracy in tumour localization, and it is especially active in cases of small distinct
tumours in the complex body locations [17]. Treatment usually consists of heterogeneous doses of
ionizing radiation during a relatively few sessions, usually one to five fractions.

This model suggests that it may be possible to improve tumour control by applying large doses in a
smaller number of sessions. On-clinical trials support the strong clinical benefits of SBRT in
particular in the treatment of early-stage non-small cell lung cancer (NSCLC) (Fig. 2) [18]. For
example, local control rates are reported to be over 90 %, which means that SBRT can be considered
an alternative to surgery. In addition, SBRT has favourable toxicity, with reduced rates of
complications such as respiratory complaint and pain, compared to standard fractionated (1.8 or 2.0
Gy/f) radiation therapies [19].

13
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Fig. 2. Stereotactic body radiation therapy [18]

However, the appropriate implementation of SBRT requires a multidisciplinary team of radiation
oncologists, medical physicists, and imaging experts to pay meticulous attention to every detail of
SBRT delivery. In addition, the long-term effects, such as the risk of radiation-induced injury to the
adjacent healthy tissues and the risk of second cancers, remain to be investigated to establish the
safety and efficacy of the treatment [19].

The second more sophisticated personalized patient treatment method in addition to gating in which
radiation plans are altered during therapy in response to real-time changes in the patient anatomy and
response to the tumour, is referred to as adaptive radiation therapy (ART) [20]. Unlike conventional
methods such as stereotactic body radiation therapy (SBRT) or stereotactic radiosurgery (SRS), which
utilize a fixed treatment plan throughout the entire course. ART offers a higher degree of flexibility,
assuring accuracy of the treatment, for example, due to the moving tumours [21]. The process begins
(Fig. 3) with an initial planning session, where baseline imaging such as CT, magnetic resonance
imaging (MRI), or positron emission tomography (PET) is used to delineate the target volumes and
adjacent organs at risk.

Fig. 3. Overview of the adaptive radiation therapy process [21]

Throughout treatment, continuous imaging modalities like cone-beam computed tomography
(CBCT), Magnetic resonance imaging (MRI), or ultrasound are employed to monitor any changes in
tumour size, shape, or position, as well as variations in the surrounding healthy tissues [22]. This
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ongoing assessment allows clinicians to detect deviations from the original plan promptly. Based on
the latest imaging data, an adaptive plan is generated either in real-time (online ART) or between
treatment sessions (offline ART) to adjust dose distributions and ensure accurate delivery tailored to
the patient’s current anatomy. In online ART, modifications are made immediately during the
treatment session, providing a highly personalized approach, especially beneficial in cases with
significant tumour movement, such as lung tumours affected by respiratory motion or post-surgical
breast cancer. This workflow involves re-optimizing the treatment plan based on the current imaging,
verifying the modifications, and implementing the updated plan for subsequent treatment fractions.
The entire process aims to maximize tumour control while minimizing exposure to healthy tissues,
thereby improving treatment efficacy and reducing toxicity [21].

Even though SBRT and ART are complicated, they are built on 3D radiotherapy, which came from
three-dimensional conformal radiation therapy (3D-CRT) in the 1990s and was a major step forward
in radiotherapy, mainly because of the use of computed tomography (CT) imaging in planning
treatments [23].

1.3.1. Three-dimensional conformal radiation therapy

Three-dimensional conformal radiation therapy (3D CRT) technology helps clearly define the areas
to be treated and the nearby organs that could be affected, allowing for treatment plans that better
match the shape of tumour with the radiation dose. The addition of multi-leaf collimators (MLCs)
improved how well the radiation dose fits the tumour and protects nearby healthy tissues, leading to
more focused treatment methods. The introduction of multi-leaf collimators (MLCs) further enhanced
dose conformity and sparing of adjacent normal tissues, allowing for more targeted irradiation
strategies [24]. Even with these advancements, 3D-CRT struggled to protect nearby organs at risk
(OARs) effectively, particularly when dealing with complicated or oddly shaped target areas, which
made planning the treatment difficult. Consequently, although 3D-CRT marked a significant step
toward personalized radiotherapy, its constraints underscored the need for further technological
evolution in treatment planning toward more sophisticated techniques such as intensity-modulated
radiation therapy (IMRT) or volumetric- modulated arc therapy (VMAT) [25].

1.3.2. Intensity-modulated radiation therapy

In 1982, Brahme et al. [27] of the Karolinska institute in Stockholm published the basic concept for
intensity modulated radiation therapy (IMRT). They developed the strategy of beam-intensity
modulation in rotational therapy for uniform distribution to a toroidal target [26]. Unlike traditional
forward dose planning technique where intensities of the beams are prescribed before computing
doses, they treated the problem as an inverse one. That is, instead of designing the dose distribution
based on a given beam pattern, the beam pattern itself is designed from a desired dose distribution,
commonly called “inverse planning”, wherein the desired dose distribution is introduced as an initial
condition and the relevant beam intensity is calculated from the solution of an integral equation.
IMRT has proven to be a game changer in radiation treatment, which is capable of modulating the
intensity of the beam and thus giving rise to a steep dose gradient and highly conformal dose
distribution that 3D-CRT cannot offer [27]. This innovative capacity allows clinicians to optimize
coverage of irregular tumour shapes, enhancing the likelihood of tumour control and preserving
critical organs at risk (OARs). By utilizing multiple beam angles, IMRT contours the radiation dose
around the target, thus significantly improving tumour coverage while minimizing radiation exposure
to surrounding healthy tissues, shown in (Fig. 4) [26].
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Fig. 4. 3D conformal radiation therapy (3D-CRT) (A) and intensity-modulated radiation therapy (IMRT)
(B), featuring diagrams of forward planning versus inverse planning [26]

The potential heightened risk of radiation-induced secondary malignancies presents a concern
regarding intensity-modulated radiation therapy (IMRT). IMRT typically necessitates 2 to 5 times
more monitor units, thereby augmenting total body exposure to stray radiation. These factors are
believed to elevate the likelihood of future cancer development. In comparison to conventional
radiotherapy, IMRT may nearly double the likelihood of subsequent malignancies, thereby elevating
the estimated risk for patients surviving a decade from approximately 1 % to nearly 1.75 % [24, 28].
A recent study [29] utilising Surveillance, Epidemiology, and End Results (SEER) data concerning
head-and-neck cancer patients treated from 1992 to 2012 revealed that the annual incidence of
secondary malignancies during the IMRT period (2010-2012) was consistently lower than that of
patients who did not receive radiation therapy. This indicates that, relative to previous 3D-CRT
methods (1992-2009), there is insufficient evidence to support an escalation in secondary
malignancies associated with IMRT [30].

1.3.3. Volumetric Modulated Arc Therapy

Volumetric modulated arc therapy (VMAT) is an advanced rotational radiotherapy technique
(VMAT). This technique is becoming more well-known since it can precisely target tumours while
maintaining nearby healthy tissue and performs this much faster than more traditional treatments.
Unlike conventional radiation treatment planning techniques using fixed beams targeted at a tumour
[31]. VMAT makes use of a radiation device rotating around the patient in a continuous arc at the
same time modulating intensity of the beam (Fig. 5). Several factors are changed in real time over
this rotation: it updates configuration of the beam using multi-leaf collimators (MLCs), changes the
dose rate, and controls the gantry's movement speed [32].

Fig. 5. Volumetric modulated arc therapy [33]
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Even in cases with uneven outlines, this dynamic technique enables the exact modification of the
radiation dosage, closely conformingly to the form of the tumour. Modern algorithms used in the
design process enhance parameters to increase tumour coverage while protecting nearby organs [33].

Studies [31, 34] have shown how well the doses distribution is calculated using VMAT for different
types of cancer. It was observed that greatly reducing the radiation dosage to vital tissues like salivary
glands and the spinal cord, VMAT shows similar or better tumour coverage compared to static-field
IMRT in head and neck malignancies [35]. This suggests that depending on clinical situation despite
receiving effective treatment, patients could experience reduced side effects like xerostomia. Also, it
is known that in comparison with IMRT treatment planning technique the continual rotation and
radiation delivery of the unit (linear accelerator) shorten treatment times by half, especially irradiating
tumour located in a pelvis region. This improves patient comfort and assures accuracy of the treatment
by minimizing the possible internal organs changes and movements per time [16]. The dosimetry
comparison shows [36] that VMAT consistently may result in lower doses to organs at risk, such as
the femoral head, compared to IMRT. The dose-volume histograms DVH curves indicate that VMAT
plans spare these structures more effectively, with smaller volume percentages receiving high doses
as shown in (Fig. 6) [36]. This improved organ sparing and enabled more precise dose modulation.
Several studies have reported that VMAT can effectively reduce the risk of late toxicities, such as
osteonecrosis, without lowering target coverage. However, it is important to note that this is not
always the case; in some treatment plans and localizations, IMRT can be equally optimized to achieve
comparable or even superior sparing of organs at risk through careful planning and dose optimization
[37]. Therefore, while many studies highlight the benefits of VMAT in minimizing normal tissue
exposure, the actual dosimetry advantage can vary depending on the specific case and planning
strategy [34].

Mean Left Femoral Head & Neck DVH

\ Modality

IMRT_Plan

. \ == VMAT_Pian

Volume (%)
”

Dose (Gy)
Fig. 6. Comparison of dose-volume histograms (DVH) for the left femoral head and neck in IMRT and
VMAT plans [36]
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Table 1. Comparison of IMRT and VMAT techniques in radiation therapy [31, 37]

Aspect

IMRT

VMAT

Beam modulation technique

Utilizes sliding window (dynamic) or
step-and-shoot (static) methods with
multi-leaf collimators (MLC) to
modulate beam intensity.

Involves dynamic adjustment of
gantry speed, dose rate, and MLC
positions during arc rotation.

Dose distribution

Highly conformal, allows modulation
of beam intensities to cover irregular
tumour shapes.

Highly conformal, adjusts beam
continuously in an arc pattern for
precise targeting.

Treatment time

Generally, it is longer due to multiple
beam angles and step & shoot
technique, with an exception for bore

On the unit Halcyon, treatment time
for IMRT and VMAT can be similar,
dependent on unit used.

type linear accelerator Halcyon
(treatment time for IMRT and VMAT
can be similar).

Utilizes multiple static angles.

Uses dynamic arcs, covering multiple
angles within a single rotation.
Generally, it requires more MUs than | Typically, fewer MUs, reducing
VMAT, leading to longer treatment | overall radiation exposure.

times.
Potential increase due to higher MUs | Comparative studies suggest similar
and larger volume of irradiated tissue. | or lower risks than IMRT.

Number of beam angles

Monitor units (MUs)

Secondary malignancy risk

Intensity-modulated radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT)
treatment planning techniques even mean an enhancement of the target conformity and led to
minimization of the doses to organs at risk, however, studies [32] indicate that these techniques may
result in elevated out-of-field doses.

1.4. Out-of-field Doses in Radiation Therapy

Out-of-field doses, which refer to unintended radiation exposure to tissues and organs outside the
primary target/tumour volume, are an unavoidable consequence of external beam radiation therapy,
which can be resulted by radiation scatter, leakage, and secondary particle production [38]. Although
these doses are typically low compared to the prescribed tumour dose, their cumulative effect and the
potential for long-term health consequences, such as risk of secondary cancer, raise significant
concerns, especially when survival rate due to innovative treatment planning and delivery techniques
increases [3]. Accurate determination of these doses is crucial for assessing and mitigating potential
risks, using dose constraint for the organs at risk [39]. Radiotherapy treatment planning systems
(TPSs) are not designed to perform calculations for doses outside the treatment field, and it is known
that there are concerns regarding the precision of dose estimations provided by calculation algorithms
of TPSs [38].

1.4.1. Evaluation of the Out-of-field Doses

Accurate determination of out-of-field doses is crucial step assessing the potential risks of secondary
cancer induction and other side-effects [40]. Several methods are employed to estimate these doses,
each with its own strengths and limitations Table 2.
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Table 2. Comparison of methods for measuring out-of-field doses in radiation therapy [3, 41, 42]

Method Description Strengths Limitations

Physical dosimetry Radio-photoluminescent High precision for specific | Limited measurement
glass dosimeters | measurements. points; potential
(RPLGDs), perturbation of radiation
thermoluminescent field.

dosimeters (TLDs), diodes,
and ionization chambers
measure radiation exposure
outside the treatment field.

Treatment planning | TPSs, such as Eclipse using | Widely used and integrated | Inaccurate out-of-field

systems anisotropic analytical | into treatment workflows. | estimates, as seen in studies
algorithm (AAA)* and showing up to 55 %
Acuros XB** algorithms, underestimation.

estimate dose distributions
but may underestimate out-
of-field doses due to
simplified models.

Monte Carlo Considered  the gold | Highaccuracy in predicting | Require detailed
(MC) simulations standard for calculating | out-of-field doses. knowledge of treatment
out-of-field doses, MC geometry and machine.
simulations accurately
model radiation

interactions but are
computationally intensive.
* The anisotropic analytical algorithm (AAA) is among the widely used algorithms in the Eclipse treatment planning
system (Varian Medical Systems, Palo Alto, CA). By using several dose kernels to evaluate the dose contributions from
different radiation sources inside a therapeutic beam, the AAA enhances upon conventional pencil beam techniques as a
convolution/superposition-based technique. Although the AAA greatly improves dosage accuracy in modelling
penumbra, low-dose zones, and field profiles (both symmetric and asymmetric), it has limits especially in places far from
lung tissue interfaces, where systematic under-dosing may develop [43].

** Acuros XB dosage computation method for external beam therapy planning uses the linear Boltzmann transport
equation (LBTE). This new method precisely determines the macroscopic behaviour of radiation particles, including
electrons and neutrons, as they interact with materials. This approach enables exact dosage descriptions inside specified
volumes, thereby improving the capacity of treatment planning systems such as VMAT and IMRT in providing efficient
radiation therapy and so reducing the risk of problems [44].

Meta-analysis [45], demonstrated an association between out-of-field doses and subsequent cancer
risk in childhood cancer survivors treated with radiotherapy. This demonstrates the significance of
precise evaluation of unintended radiation outside the primary treatment volume, because even low
doses to healthy tissues surrounding the tumour could contribute to long-term cancer risk. This
implies that off-target radiation doses may increase the secondary cancer risk. In line with this [46]
has suggested that intensity-modulated radiation therapy (IMRT), while improving target conformity,
may also increase the risk of such radiation-induced secondary malignancies. This increased risk is
because of the greater quantity of normal tissue that is irradiated to a low dose of radiation and a
greater number of monitor units (MUs) used to deliver the treatment. They calculated that IMRT
might raise the risk of secondary cancers 1.5 to 2 times the level in 3D plans, depending on the dose
to nontarget tissues. Moreover, the ratio of average measured to prescribed doses across the TPS for
an individual TPS (Fig. 7) demonstrates a systematic underestimation of out-of-field doses by TPS
algorithm that points the necessity of dosimetry measurement in both therapeutic and risk assessment
practices. These results underline the clinical relevance of the necessity of such dose verification,
especially in paediatric and AYA patients, to allow long-term safety to be better estimated, and to
drive evidence-based optimization of the RT planning [38].
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Fig. 7. Average absorbed doses measured and calculated at different depths in the phantom [38]

Notably, this underestimation was more pronounced at shallower depths compared to deeper situated
tissues, potentially impacting the assessment of out-of-field doses induced risks and secondary cancer
development [38].

1.4.2. Factors influencing out-of-field doses

The magnitude and spatial distribution of out-of-field radiation doses are influenced by several
interrelated factors, including beam energy and modality, treatment field parameters, patient anatomy,
and the dose calculation algorithm employed.

Energy and modality. Higher photon energies, particularly those above 10 MV, tend to produce
increased out-of-field doses due to enhanced photon penetration and the generation of secondary
neutrons. Studies have shown that the use of 9 MV photon beams results in significantly higher
peripheral doses compared to 6 MV beams at various tissue depths (1, 2, 3, and 5 cm) [47] (Fig.
8). While proton therapy offers superior dose conformity and lower integral dose compared to
conventional photon therapy, it is not exempt from generating out-of-field doses. These arise
primarily from nuclear interactions within patient tissues and beamline components, resulting in
the production of secondary particles, including neutrons, which can deposit dose far from the
treatment fields [48].

Field size and shape. Larger field sizes and irregular or highly modulated field shapes are
associated with increased scatter radiation, thereby raising out-of-field dose levels. Complex
treatment techniques, such as IMRT and VMAT, often utilize multiple fields and dynamic beam
modulation, which inherently increases the total monitor units (MUs) and contributes to greater
peripheral dose deposition [49].

Anatomy and composition of the patient. Individual anatomical variation, including patient
size, body contour, and internal tissue composition also plays a significant role in the distribution
of out-of-field doses. Larger patients tend to receive higher scattered doses due to greater internal
scattering volumes, while tissue density differences (e.g., bone vs. soft tissue) can influence local
dose deposition patterns [50].

Radiotherapy delivery system and dose calculation algorithm. The type of linear accelerator
and the algorithm used in the treatment planning system (TPS) critically influence the accuracy
of out-of-field dose prediction. For instance, patients treated using 3D conformal radiotherapy
(3D-CRT) with modern platforms like the VVarian Halcyon system which employs flattening filter-
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free (FFF) beams and an enclosed bore design have demonstrated improved sparing of tissues
outside the primary field, particularly beyond 20 cm from the treatment edge in the cranial
direction (Fig. 9) [48].
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Fig. 8. Comparison of out-of-field doses at various electron beam energies (6 MeV and 9 MeV) [47]

Additionally, the accuracy of TPS dose prediction varies by algorithm. Studies have shown that both
Acuros XB and the Anisotropic Analytical Algorithm (AAA) tend to underestimate out-of-field
doses, particularly at distances >10 cm from the planning target volume (PTV) [43, 44].
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Fig. 9. Dosimetric validation: TPS-calculated vs. Radiochromic film measurements in a phantom. (A) 3D-
CRT, (B) VMAT, (C) Halcyon [48]
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Acuros XB models dose fall-off more gradually, while AAA typically predicts a steeper decline in
dose with distance. This discrepancy is especially pronounced in volumetric modulated arc therapy
(VMAT), where out-of-field dose modelling remains a known limitation of commercial TPSs [51].

1.5. Measurements of Out-of-field Doses

The precise evaluation of out-of-field absorbed doses is necessary for an accurate estimate of the risk
of collateral exposure of healthy tissues as well as for an estimate of radiation-induced secondary
malignancies. These measurements are affected by; the phantom type, the properties of the treatment
beam and the method of dosimetry used [49]. In current external beam radiotherapy (EBRT), two
typical dose estimation methods are employed: treatment planning system (TPS) dosimetry including
Monte Carlo simulation, and physical dosimetry including experimental irradiation with dosimeter
[41, 42]. Although TPS algorithms are well-validated in in-field regions, they are not specifically
intended to predict dose deposition in the periphery. Such restriction commonly leads to considerable
underestimation of out-of-field doses, especially when the distance from the planning target volume
(PTV) increases over 10 cm. These disparities have been noted in several studies. For example, [38]
have found that the TPS algorithms may underestimate the out-of-field doses by as much as 55% at
a distance of about 11 cm compared to thermoluminescent dosimeter (TLD) measurements. Another
study [52] found more variability, underestimate ranging from less than 100% to less than 14% and
overestimates from less than 4 to 14%, depending on organ site and number of segments in the IMRT
plan. Likewise, discrepancies of up to 100% of dose have been observed in clinical studies when
comparing monte carlo simulations with TPS calculations based on superposition algorithms in
peripheral organs [3].

Another study [42] have reported that using water phantom with thermoluminescent dosimeter (TLD)
means coifs of were given flue days persist for there was. out-of-field IMRT doses were about 10—
15% higher at the same distances. Studies on paediatric patients with child-sized phantoms
demonstrated 1.5-2 times higher relative risks of secondary cancers relative to treatments in adults,
highlighting the need to consider out-of-field doses in young patients [48].

Precise quantification of out-of-field doses in radiotherapy usually requires the use of dedicated
dosimeters (e.g., TLDs, OSLDs and ionization chambers) and radiochromic films [53, 54]. All these
devices bring specific benefits related to their sensitivity, spatial resolution, and ease of
implementation to perform the full characterization of the low dose region far from the main treatment
field.

1.6. Dosimetry in radiotherapy

Radiation dosimetry is a fundamental component of modern radiotherapy, essential for evaluating
dose-response relationships and ensuring the safety and effectiveness of treatment [55]. Accurate
dose estimation is crucial not only within the treatment field "in-field"” but also near its margins "near-
field" and in anatomically distant regions ("out-of-field") that may still receive unintended radiation.
Out-of-field radiation doses tend to decrease significantly with distance from the primary beam and
primarily result from three sources: (1) scatter radiation generated within the patient's body, (2) scatter
from the linear accelerator (LINAC) head, and (3) radiation leakage through LINAC shielding [47].
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1.6.1. lonization Chambers Dosimetry

lonization chambers are among the most established and widely used instruments in radiotherapy
dosimetry. They provide highly accurate, real-time measurements of ionizing radiation, making them
indispensable for absolute dose calibration, quality assurance, and in vivo and phantom-based
measurements [56].

These chambers operate by collecting the charge produced when ionizing radiation interacts with gas
molecules typically air, argon, or nitrogen—inside a sealed cylindrical volume (Fig. 10) The resulting
ion pairs are attracted to electrodes under an applied electric field, generating a current directly
proportional to the absorbed dose. This current is read by an electrometer and converted into dose
values expressed in gray (Gy) [54, 56]. Due to their excellent reproducibility, energy independence
(when properly calibrated), and sensitivity, ionization chambers are often considered the gold
standard for reference dosimetry and are recommended by protocols such as IAEA TRS-398 and
AAPM TG-51 [57].
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Fig. 10. Schematic representation of ionization chamber [56]

Due to their high precision, linearity, and stability, ionization chambers are particularly effective for
point dose measurements in low-dose regions, making them suitable for quantifying out-of-field
doses when properly calibrated [58]. Their relatively low energy dependence and well-established
correction factors allow for accurate assessment, even at peripheral distances from the treatment
volume [59].

Importantly, ionization chambers are well suited for out-of-field dose measurements, where radiation
levels are relatively low and often fall below the reliable detection thresholds of other dosimeters.
Several studies have demonstrated their effectiveness in this context. For example, Howell et al. [38]
used ion chambers to measure peripheral doses in an anthropomorphic phantom and found that
treatment planning systems (TPS), particularly those relying on simplified scatter models,
underestimated out-of-field doses by up to 50%, especially at distances greater than 10 cm from the
treatment field. Similarly, Kry et al. [60] used ionization chambers to measure photon and neutron
dose equivalents in patients during IMRT, showing significant differences between measured and
TPS dose values.

These results highlight that ionization chambers are useful, accurate tools to measure out-of-field
exposure especially in the experimental verification of dose calculation algorithms and in crital
organs' dose assessment lying outside the high-dose area. Their accuracy at low dose levels and the
ease of traceable calibration have made them essential tools in the quality assurance of radiotherapy,
peripheral dose audit, and secondary cancer risk modelling.
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1.6.2. Thermoluminescent dosimeters (TLDs)

TLDs are employed widely in radiotherapy dosimetry because they are small, reusable and can
faithfully measure the accumulated radiation dose with time. Solids state detectors work by absorbing
the radiation energy exciting electrons to higher energy levels in a crystal lattice, typically lithi um
fluoride (LiF). These electrons are then localized on defects or impurities in the crystal structure.
During the readout cycle, the TLD material is heated, the trapped electrons are stimulated to return
to their base state relaxation and release energy in the form of visible light. Intensity of the light
emitted is directly proportional to the absorbed dose of radiation and is detected by a photomultiplier
tube or similar device (Fig. 11) [53].
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Fig. 11. Fundamental concepts of thermoluminescent dosimeters (TLD) [61]

TLDs are especially useful for out-of-field dose measurements with low and non-uniform radiation
levels. Due to their high sensitivity, low-cost and large number available, they can detect low-dose
radiation far away from treatment field, being especially useful for a study of scattered dose to critical
organs. TLDs were used together with diode detectors in a study by Kinhikar et al [62], to measure
peripheral doses during intensity-modulated radiation therapy (IMRT) delivered with both
conventional linear accelerators and tomotherapy units. Results showed the TLD to be a reliable
instrument for measuring doses up to 25 cm from the field edge, an indication of its ability to measure
low-dose regions peripheral to the field. The study also reported peripheral doses tended to be lower
with tomotherapy versus standard linear accelerators and underscores the significance of precise
dosimetry when comparing treatment approaches [62]. Furthermore, Mazonakis et al [42], used
TLDs with anthropomorphic phantoms to measure peripheral dose distributions in breast
radiotherapy. Their work confirmed the dosimetry correctness of TLD for low dose radiation in the
peripheral tissues due to the agreement between TLD measurements and Monte Carlo calculations.

In order to be used in clinical and research settings, TLD measurements need to be accurately
calibrated and placed to ensure minimal variation. Environmental influences such as scatter radiation
and angular dependence have also to be accounted for. Correctly used, TLD measurements provide a
reliable and consistent means of quantifying dose distributions in regions beyond the primary
treatment field.

1.6.3. Optically Stimulated Luminescence Dosimeters (OSLDs)

Optically Stimulated Luminescence Dosimeters (OSLDs) are increasingly useful in radiotherapy
dosimetry for the evaluation of out-of-field doses. The dosimeters are based on the concept that
certain substances, for example beryllium oxide (BeO), trap energy after exposure of ionizing
radiation. Upon irradiation with light, they release this energy as luminescence intensity, related to
the absorbed dose. By comparison OSLD advantages are high sensitivity, reusability and the

24



potential for providing accurate dose in low dose region [63]. In a study by Quan et al [64], used
OSLDs to assess out-of-field doses generated by a 1.5 T MR-Linac. The study showed that OSLDs
could accurately measure surface and internal doses in anthropomorphic phantoms and highlighted
a significant increase in the MR-Linac out of field doses relative to a standard linear accelerator. This
work highlights the applicability of OSLDs to the estimation of peripheral doses, particularly in
modern radiation therapy facilities, where the presence of magnetic fields may impact the dose
delivery. Furthermore, Kenzevic et al [63] compared OSLDs with ionization chambers for the
measurement of out-of-field doses in IMRT by Kenzevic et al. Results: The results have shown that
OSLDs make accurate measurements, which can be used as an alternative to ionization chamber
measurements in low-dose region outside the primary treatment volume.

These results demonstrate the importance of OSLDs in dosimetry for out-of-field doses, leading to
better treatment planning and risk estimation in radiotherapy.

1.6.4. Radiochromic Films Dosimetry

The Gafchromic™ EBT series is a type of radiochromic film and its characteristic features for
dosimetry in radiotherapy include high spatial resolution, near-tissue equivalence and ‘self-
developing' nature. Those films have exhibited a colour change when exposed to ionizing radiation,
which can be used to make accurate two-dimensional dose distribution measurements without
chemical processing [65]. Radiochromic films have been found particularly useful in out-of-field
dose measurements. Their low-dose-region sensitivity allows accurate visualization of peripheral
doses, which is important for evaluation of exposure of the nearby healthy tissue outside the
treatment field. A work by Colnot et al [48], who investigated the out-of-field doses from three
radiotherapy techniques, 3DCRT, VMAT and tomotherapy, using Gafchromic™ EBTS3 films placed
in a paediatric anthropomorphic phantom, showed a significant dependence on the used techniques
and that tomotherapy gave slightly the highest peripheral dose. This study highlights the significance
of choice of the technigue in limiting the unintended radiation exposure of non-target tissues.

Further research by Piotrowski et al [66] Dosages in different organs were measured in a phantom
model using radiochromic films. Peripheral organ doses such as intestines and lungs had measurable
doses, and biological response was expected in the periphery as well as in the primary treatment
region. These studies illustrate the importance of using radiochromic films for accurate out-of-field
dosimetry which is used for the correlation of treatment planning and evaluation of risk in order to
improve patient safety in radiotherapy.

1.7. The Importance of Sparing Organs at Risks in Head and Neck Cancer Radiotherapy

The complex anatomy of the head and neck (HN) region calls for careful evaluation of organs at risk
(OARs) during the radiotherapy process (Fig. 12) [67]. OARs, near target volume/planning target
volume (PTV), are quite vulnerable to radiation-induced damage, which can greatly compromise a
patient’s quality of life. It is known that the parotid, submandibular, and sublingual glands are related
to saliva generation. For this reason, ionising radiation induced damage to the mentioned glands can
cause xerostomia [68], a common and crippling condition that seriously compromises patient’s well-
being. Therefore, sparing of the parotid glands is a crucial step in radiotherapy planning process,
keeping the average radiation dose below 26 Gy, which can be helpful maintaining salivary function
[25, 28].
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Fig. 12. Organs at risk in the head and neck region [69]

Beyond the salivary glands, the spinal cord and brainstem are also critical structures with low
tolerance to radiation. According to Kirkpatrick et al. % [24, 28], the risk of myelopathy increases
markedly when radiation doses to the spinal cord exceed 50 Gy delivered in 2 Gy fractions. Therefore,
it is essential to delineate the spinal cord precisely and adhere to recommended dose constraints,
usually keeping the maximum dose below 45 Gy to avoid this serious and potentially irreversible
complication [70]. In general, meticulous sparing of OARs help minimize both acute and chronic
toxicities associated with radiotherapy. Acute side effects, such as mucositis, skin irritation, and
fatigue, can significantly affect patients' daily lives, sometimes necessitating treatment interruptions
and influence treatment compliance. On the contrary, late effects, including fibrosis, necrosis, and
secondary malignancies, may emerge months or even years after treatment, further affecting long-
term quality of life [71]. By targeting radiation more precisely to avoid OARs and adhering to
established dose constraints, clinicians can mitigate these risks, ultimately leading to better long-term
health outcomes and improved conditions of life for HNC patients [69].

1.8. Secondary Cancer Risk in Head and Neck Cancer

While radiotherapy significantly enhances survival rates in mucosal cancer of the head and neck, with
overall 5-year overall survival rates estimated at 65 % (SEER data, 2008-2014), the long-term risk of
second primary cancers (SPCs) remains a pressing concern [72]. As the risk of recurrence of head
and neck squamous cell carcinoma (HNSCC) decreases over time, survival care increasingly
prioritizes the management of long-term therapy effects and early detection of SPC [72]. First of all,
HNC survivors are particularly prone to developing secondary malignancies in the lung, oesophagus,
and additional head and neck site, suggesting shared etiological factors and/or the effects of field
cancerization. These SPCs often share common risk factors with the original HNC, including
persistent tobacco and alcohol use, highlighting the importance of comprehensive lifestyle
interventions, such as smoking cessation and alcohol moderation programs, for this population [6].
Data from GLOBOCAN [73] indicate that incidence rates of secondary carcinomas vary by head and
neck location, ranging from 1.2 per 100,000 in the nasopharynx to 4.3 per 100,000 in the oral cavity,
reflecting differences in exposure to carcinogens and/or variations in genetic susceptibility. In
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addition, HNC constitutes 4.58 % of all cancer-related deaths worldwide, highlighting the significant
burden of this disease [74]. As shown in (Fig. 13), head and neck sites account for the largest
proportion of second primary cancers, reinforcing the high vulnerability of this group to SPCs. The
increasing number of survivors of HNSCC, a testament to advances in early detection and treatment,
increases the need to address long-term risks, particularly the development of secondary primary
malignant neoplasms (SPMN). These patients face an elevated risk of SPMN, with annual incidence
rates ranging from 3 % to 7 % and a cumulative risk of 36 % over 20 years. Alarmingly, SPMNs
contribute to approximately one-third of all deaths in patients with HNC, often exceeding mortality
from metastatic disease and serving as a crucial factor in long-term survival [75]. This high mortality
rate underscores the need for improved strategies for the prevention and detection of SPC in HNC
survivors.

Although radiotherapy is vital for controlling primary tumours, it can also paradoxically induce SPCs
by damaging DNA in healthy surrounding tissues. Factors that influence this risk include the total
radiation dose delivered, the fractionation schedule used, and the volume of tissue irradiated. A
significant and often unavoidable concern is exposure of healthy tissues to radiation doses out of the
field during treatment. Although contemporary methodologies, such as intensity-modulated radiation
therapy (IMRT) and volumetric modulated arc therapy (VMAT), aim to minimize exposure to organs
at risk, low doses of radiation can still reach distant tissues, potentially elevating the long-term risk
of secondary cancers [5]. Moreover, new studies show that personal genetic characteristics, including
variants of DNA repair genes, may also modify one’ s susceptibility to radiation-irradiation-induced
second cancers that underlie the difficulty in predicting and reducing SPC risk [76].
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Fig. 13. Locations and occurrences of second primary cancers [72]

This observation implies that a personalized risk assessment including dosimetric and genetic factors
is important for the optimization of the treatment approaches to not only reduce the normal tissue
burden but also to minimize the long-term effects of radiation therapy.
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1.9. Biologic effects of ionizing radiation (BEIR) VII model

The BEIR VII model (Biologic Effects of lonizing Radiation VII) for predicting health risks from
exposure to low levels of ionizing radiation, developed by the National Research Council of the
National Academies, has played a major role among radiation protection professionals in setting
policies. Released in 2006, the model describes primarily the association between low dose ionizing
radiation and the risk of developing cancer and is based on the evaluation of extensive
epidemiological studies of A-bomb survivors, occupational and medical exposures [77]. The
committee for the BEIR VII modelled total risk, which accounts for variation in risk factors and that
is intended to unify excess relative risk (ERR) and excess absolute risk models (EAR) by applying
each where the uncertainties in estimating cancer risk from radiation were greatest [42]. The dose
calculations are based on the radiation dosimetry protocol described in the BEIR VII model, and the
EAR and ERR are estimated with the equations:

EAR = f,D EXP(ye") ()" (1)

ERR = f,D EXP(ye")(co)" @)

Where D is the dose, e represents the age of the individual at the time of exposure, measured in years
(e*is (e — 30) / 10 for e < 30 and zero for e <30), and a denotes the age obtained of the individual,
measured in years [42]. In this approach, the secondary cancer risk is proportional to the organ dose
[78]. While widely used, the BEIR VII model is not without limitations, and has been the subject of
continued disagreements and criticisms about its assumptions and generalization across exposure
scenarios. Central to the debate is a theory called the linear no-threshold (LNT) model, which posits
that any dose of radiation, no matter how small, has the potential to cause cancer. Some of the debate
concerns whether or not LNT overestimates, the risk at very low doses or underestimates, the risk
because of nontargeted effects of the radiation, including what could be termed genomic impostures
and bystander effects [79].

Furthermore, the model makes extensive use of atomic bomb survivor data, in which individuals were
exposed acutely at relatively high doses, and this raises a question as to whether to what extent such
assumptions are applicable to chronic low-dose exposures typically encountered in occupational and
medical contexts [78]. In the current scenario of HNC radiotherapy, the application of the BEIR VII
model may also be further restricted by the complexity of the head and neck anatomy, the diversity
of HNC sub-types (HPV-positive vs. HPV-negative) and usage of multi-modality treatments [72].
Although the BEIR VII model serves as a useful overall framework for estimation of radiation-
induced cancer risk, there is increasing consensus that more personalized risk prediction models that
consider other host factors (sex, age, smoking history, alcohol intake, genetic susceptibility [e.g.,
DNA repair capacity], and detailed dosimetry that would include accurate estimates of out-of-field
doses) are required [48]. These individualized dosimetry approaches, accounting for age- and gender-
based anatomical and physiological variation are important factors in minimizing out-of-field doses
and thus potentially reducing the long-term risk of secondary cancers in HNC survivors.
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1.10. Gender-related factors in head and neck cancer
1.10.1. Incidence and prevalence

Head and neck cancer (HNC) has a profound gender disparity and males have a far greater incidence
of the disease than females. The male to female ratio is usually between 2:1 to 4:1 (Fig. 14), although
this ratio can vary depending on the specific anatomical site and geographical region.
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Fig. 14. Head and neck incidence rate [80]

This gender discrepancy has been addressed in numerous epidemiological studies and may reflect
the effects of certain biological and lifestyle-related factors that are more prevalent in men [7].
Although behavioural risks (such as tobacco and alcohol use) contribute to HNC in both sexes, recent
meta-analyses [80] demonstrated that the sex difference remains even after adjusting for these factors,
and hormonal, inherited susceptibility, or immune response disparities may also contribute.

1.10.2. Differences in organ doses

The influence of gender is also apparent in radiation therapy, where anatomical and physiological
differences may result in differences in organ doses. It has been demonstrated that the distribution of
the dose during radiotherapy for HNC could differ according to the gender of the patient. For
instance, a systematic review by Zhang et al. [41] concluded that the doses delivered to certain
critical organs, including the parotid and thyroid glands, to males were significantly higher than those
to females (mean difference: 2.3 Gy, P<0.001). There may be differences in neck anatomy (muscle
mass, fat distribution), and/or the treated volume, that could account for these dose differences.
Differences in organ doses may have implications for both treatment response impacting tumour
control and late toxicity affecting salivary function, thyroid function and the incidence of secondary
malignancies [41]. Thus, there may be a role for gender-tailored treatment planning strategies to
improve response rates and reduce toxicity in male and female HNC patients.

1.11. Age-related factors in head and neck cancer

Age affects diagnosis, therapeutic strategies, tolerability to treatments and survival in head and neck
cancer (HNC) patients. With increasing age among the population, it is more important to understand
how different age-related factors affect disease and treatment effects [81]. This section investigates
the impact of age on treatment workup and tolerance and age and its relationship with organ doses in
HNC treated patients undergoing radiotherapy.
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1.11.1. Influence of age on treatment approaches

Management of HNC in the elderly is challenging and age-related aspects should be included in
therapeutic decision making. A review from Smith et al. [2], (Fig. 15) showed that older HNC
patients (65 years) experienced 1.5 times elevated incidence of severe treatment-related toxicities
(grades 3-4) compare to their younger counterparts (OR=1.53, 95% CI: 1.28-1.82, p<0.001).
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Fig. 15. Age and treatment approaches in head and neck cancer [82]

These results stress the importance of age-specific treatment options such as dose adaptation,
accelerated radiation therapy fractionation schedules or unimodal modalities. A multidisciplinary
approach is often recommended to aid in the development of individualized care plans to meet the
elderly patients’ holistic health needs [81].

1.11.2. Age and tolerance to treatment

Elder patients are more susceptible to chemotherapy and radiotherapy adverse events. For instance,
a study by Garcia et al. [83] also found that individuals with HNC aged over 70 presented a 40 %
greater chance of developing grade 3 or greater mucositis as compared to those under age 60 years
(RR 1.40, 95 % CI: 1.25-1.57, p S <0.001). Hence, the hip-preserving treatment of these age-
dependent conditions may also change, and differences in tolerability of treatment can be due to age-
related alterations in body composition and organ function, which have an impact on
pharmacokinetics and may need dose adaptation or another therapeutic approach [84].

1.11.3. Correlation between age and organ doses

Studies have reported strong association between age and radiation dose exposure to organs at risk
(OAR) in radiation therapy. A dosimetry investigation of Wang et al. [7], showed older patients
(i.e.>65 years) received 12% more doses to the parotids than younger patients (p=0.003). This
difference was explained by age-related changes of the neck's anatomy (increased adipose tissue) and
of muscle mass that might modify the spatial relations between tumour and adjacent organs.
Furthermore, to support this, a comprehensive research made by Rodriguez et al. [9], Patients were
also at least 70 years old and they achieved a higher mean maximum spinal cord dose 2.5 Gy higher
than the younger than 50 years old patients (p<0.001; 95% CI: 1.8 & 3.2 Gy); age was an independent
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predictor of spinal cord dose in a group of 500 HNC patients treated with intensity modulated
radiation (IMRT).

These findings underscore the importance of incorporating age-specific considerations to treatment
planning to mitigate the development of radiation effects of treatment. Late sequelae, such as
xerostomia and osteoradionecrosis, occurring in the more elderly patients and those who have had a
higher organ dosage also have been reported in long-term follow-up studies. For example, a
retrospective study over 10 years by Thompson et al. [81] reported that HNC survivors aged 60+ y
at the time of treatment, they were 1.8 times more likely to have grade 2 or worse late xerostomia
(HR: 1.8, 95% CI: 1.4-2.3, p<0.001) than their younger counterparts (<50 years). This underscores
the necessity of customized treatment strategies taking into account age-related anatomical and
physiological alterations to minimize toxicity and optimize outcomes in elderly HNC patients.

1.12. Summary of Literature review

While many studies have examined various aspects of the radiotherapy for HNC, such as treatment
modalities, dosimetric optimization, and toxicity control, there are several notable knowledge gaps
regarding long-term risks of radiation exposure. Specifically, out-of-field doses are not understood in
well detail and there is a limited understanding on the effect of patient specific factors such as gender
and age with respect to risk of secondary cancer [85, 86]. These shortcomings diminish our ability to
accurately predict and minimize the risk of secondary cancer and other late effects in the cured HNC
population. Closing these gaps is key to better long-term outcomes in such patients. The following
specific gaps warrant further research:

e The gender-specific anatomical and physiological differences contributing to modulated outside-
of-field dose distribution and consequent cancer risk are not well characterized by existing
studies. Differences in neck anatomy and hormonal status, for example, would result in varying
radiation exposure and sensitivity [87].

e Also, of interest that warrants further research is the effect of age on radiation sensitivity and risk
of late effects. Given that age-related alteration of DNA repair pathways, immune system, and
tissue homeostasis can contribute to increased susceptibility of older patients to radiation
damage, older patients may be rather sensitive to radiation exposure. However, only a limited
number of studies have specifically investigated whether age impacts out-of-field dose
distributions and the associated secondary-cancer risks in HNC survivors. This makes it difficult
to tailor therapy plans to minimize late effects in elderly patients.

e While the increase in the out-of-field doses associated with IMRT and VMAT versus 3D-CRT
have been documented in the literature [31], detailed data for the specific doses deposited in
specific organs at risk (OARS) outside of the primary treatment volume are not currently available
[88]. For newer techniques, such as adaptive radiotherapy and proton therapy, where the
combined impact of dose conformity and out-of-field exposure requires further investigation, this
is particularly the case. Furthermore, more complete characterization of out-of-field dose
distributions using state-of-the-art measurement techniques, such as Monte Carlo simulations
and in vivo dosimetry, is needed to verify TPS calculations and thus improve dose estimate. This
lack of knowledge is a barrier to a precise evaluation of the risk and to personalized therapeutic
decision-making.
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Filling these voids in knowledge are critical for enhancing HNC survivors' long-term outcomes. The
current study aims to address these limitations by considering out-of-field exposures, gender-specific
differences, changes with age, personalized risk estimation, and the biological mechanisms. This
may lead to more rational strategies for avoidance of additional late complications and secondary
malignancy in this vulnerable patient population.
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2. Materials and methods

Research of this study was performed at the Hospital of Lithuanian University of Health Sciences
Kaunas Clinics, Oncology Hospital. Patient data were collected, and the main measurements of out-
of-field doses based on anthropomorphic phantom SHANE were performed using Varian medical
linear accelerator Halcyon.

2.1. Patient Cohort

The patient cohort consisted of 118 individuals diagnosed with head and neck cancer, comprising 21
females and 97 males, aged between 40 and 80 years. All the data were collected per 3 years between
January 2022 and February 2025 (Appendix 1). Initially, 210 patients were observed during the
mentioned period, but the final analysis included only 118 patients due to the handling of missing
values and strict criteria for the statistical evaluation. The study also excluded patients who were older
than 80 years at the time of radiotherapy. The dataset involved vital demographic and clinical
variables such as patient age, gender, and cancer location. The treatment details included the total
amount of radiation given (in Gy), the amount of radiation per session, and the specific radiation
doses received by tissues and organs like the oesophagus, spinal cord, left and right parotid glands,
parotids, left and right submandibular glands, and larynx. Additionally, clinical staging and tumour
characteristics (T, N, M classification) were documented. All the cases received daily kV cone beam
computed tomography (kV-CBCT) as the linear accelerator Halcyon is a 100 % image-guided
radiation therapy (IGRT) system.

2.2. Linear Accelerator Halcyon

The linear accelerator Halcyon (Varian Medical Systems, Palo Alto, CA) was used for the head and
neck cancer cases irradiation. This system emits a maximum of 6 MeV energy and forms flattening
filter-free (FFF) photon beams. The dual-layer multi-leaf collimator (MLC) of the Halcyon, with a 1
cm leaf width at isocentre, is a key feature that enables precise beam shaping and accurate delivery
of radiation to the target volumes, thereby contributing to improved sparing of adjacent organs at risk.
Treatments were administered at a dose rate of 800 MU/min. An accurate patient and/or phantom
positioning based on lasers formed (virtual isocentre) (Fig. 16) was ensured using integrated kV
imaging system, capable of performing daily cone-beam computed tomography (CBCT) [89].

L

w2

Fig. 16. Laser beam alignment in the linear accelerator Halcyon system with the phantom SHANE
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2.3. Radiation Treatment Planning

Radiation treatment planning for HNC cases was performed using the treatment planning system
Eclipse (Varian Medical Systems, Palo Alto, CA). Radiation oncologists delineated targets (the gross
tumour volume (GTV), clinical target volume (CTV), and planning target volume (PTV)) and organs
at risk (OARs) based on computed tomography (CT) images. Two advanced techniques for planning
radiation treatments were employed: intensity-modulated radiation therapy (IMRT) and volumetric-
modulated arc therapy (VMAT). IMRT and VMAT treatment planning techniques are inverse
treatment planning modes, which are usually planned using maximum 6 MeV X-ray photon energy.
The dose distributions were optimized based on anatomical considerations to optimize target
coverage while sparing OARs. Dose constraints for OARs were summarized in Table 3.

Table 3. Dose constraints for organs at risk [90]

Organ at risk Dose limitations, Gy
Oesophagus Dmean* < 30
Submandibular gland (left or right) Dmean < 35
Larynx Dmean < 40
Oral cavity Dmean < 30
Parotid gland (left or right) Dmean < 20
Both parotid glands (left and right) Dmean <25
Spinal cord Dmax* <45
Brainstem Dmax < 54
Thyroid Dmean < 40

*Dmean — mean dose to the organ, Dmax — maximum dose to the organ.

Typically, the prescribed dose to the primary tumour and involved lymph nodes is 70 Gy, delivered
in 35 fractions. However, in certain cases, the prescribed dose was reduced, ranging from 50 Gy to
70 Gy, depending on a certain clinical situation. Two sequential boost volumes were implemented,
receiving prescribed total doses of 60 Gy and 70 Gy, respectively.

Treatment plans planned using the IMRT technique were based on specific angles (0°, 45°, 90°, 135°,
180°, 225°, 270°, 315°) and modulated intensity per irradiation field/beam, while VMAT plans were
created using 2 or 3 full arcs (from 179° to 181° counter clockwise); in some specific cases, 2 or 3
partial arc strategies were used, depending on the patient's anatomy and tumour location (Fig. 17).

Fig. 17. Visualization of treatment planning techniques in Eclipse TPS: (a) IMRT plan, (b) VMAT plan
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The dose calculation for both the IMRT and VMAT techniques were performed using two distinct
algorithms within the treatment planning system Eclipse: The Anisotropic Analytical Algorithm
(AAA) and the Acuros XB algorithm, trying to evaluate dose calculation models influence for the
out-of-field doses measurements.

2.4. Measurements of Out-of-field Doses

To effectively replicate the intricate anatomical structure of the head and neck region for out-of-field
doses assessment, this study employed the anthropomorphic phantom Shane (Shoulders Head and
Neck End-to-End, CIRS, Norfolk, VA) [91]. The phantom Shane, which is based on the CIRS Model
038 verification phantom, provides a detailed model of the head and neck that is important for
additional checking treatment plans and how they are carried out. This phantom was developed by
the International Atomic Energy Agency (IAEA) [92] to support dosimetry audits in head and neck
cancer radiotherapy.

This phantom is specifically designed to assess the entire radiotherapy process, encompassing image
acquisition, treatment planning, and dose verification. Its construction closely mimics the complex
anatomical features of the human head and neck, utilizing materials with densities similar to actual
tissues, including soft tissue, muscle, bone, and teeth (Fig. 18). This design ensures that ionizing
radiation interaction with the phantom closely resembles those that occur in real patients.

Moreover, the phantom can be disassembled to allow for dosimetry, gafchromic film insertion and
features four hollow cylindrical channels that enable the placement of the cylindrical ionization
chamber for measuring absorbed dose in the specific anatomical regions [93].

Fig. 18. Anthropomorphic phantom Shane [93] and CT images of the phantom [36]

Irradiation procedure was performed imitating HNC case standard procedure following
recommended IAEA protocol [94]. The plan was planned with the treatment planning system Eclipse
utilizing a simultaneous integrated boost (SIB). Three different PTVs (PTV_7000, PTVn1_6000, and
PTVn2_5400) were defined, with the prescribed doses corresponding to 70 Gy, 60 Gy, and 54 Gy,
respectively, delivered in a total of 35 fractions. Intensity modulated radiotherapy (IMRT) was used
with beam angles of 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315 ° as shown in (Fig. 19).
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Fig. 19. IMRT out-of-field dose assessment with SHANE phantom

Out-of-field doses measurements were performed using cylindrical ionization chamber PTW 30013
(1D dosimetry) connected to electrometer UNIDOS T10002 using a fibre type cable. The PTW 30013
is a Farmer-type cylindrical chamber widely recognized for its high precision in absorbed dose
measurements. Under standard reference conditions, it has a typical measurement uncertainty of £1%.
However, for low-dose regions such as out-of-field areas, the uncertainty may increase slightly, with
reported values ranging between 2% and +3%, primarily due to low signal levels and scattered
radiation [94]. To assess the spatial distribution of out-of-field radiation doses, measurements were
conducted at 11 predefined points spaced at 2 cm intervals (ranging from 0 to 22 cm) within the
SHANE anthropomorphic phantom. The region from 0 to 7 cm was designated as the out-of-field
zone. The ion chamber was positioned along four anatomically relevant cylindrical channels: channel
1 aligned between the spine and trachea, channel 2 approximating the right parotid gland, channel 3
near the left parotid gland, and channel 4 located posteriorly to represent the spinal cord (Fig. 20).
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Fig. 20. Position of the channels and ionization chamber in SHANE phantom
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To ensure consistent positioning of the ion chamber within the measurement cavities, phantom
SHANE spacer plugs (Fig. 21) were used to fill any remaining space and maintain the position of
ionisation chamber at the centre of the cavity. These measurement points were selected to characterize
the dose fall-off beyond the primary treatment field and to assess the exposure to tissues located at
varying distances from the target volume. The phantom was aligned to the isocentre, and the treatment
plan was delivered.

Fig. 21. Spacer plugs used for the ionisation charﬁber positioning

During each irradiation, the ionization chamber recorded the charge produced by ionizing radiation,
which was read in nanocoulombs (nC) by the electrometer. To ensure accurate absorbed dose
calculation, raw readings were corrected for ambient temperature and pressure using the temperature-
pressure correction coefficient kT,P in accordance with the IAEA TRS-398 dosimetry protocol [94].
The temperature-pressure correction factor compensates for variations in air density inside the
chamber that can affect ionization. The correction is calculated using the following equation:

. _ 2732+T Py ,
TP 2732+T, P ®)

Where TO and PO represent the standard temperature and pressure, respectively, while T and P denote
the measured values of temperature and pressure.

The readings were converted to absorbed dose using the ionisation chamber calibration factor of
0.05389 Gy/nC for a 6 MV photon beam, which was traceable to a primary standards laboratory. The
measurement procedure adhered to TRS-398 formalism, applying the standard equation

DW = M ND,W' KQ,QO (4)

Where M is the corrected electrometer reading in (nC); ND,W is the chamber calibration coefficient
here equal to 0.05389 Gy/nC, traceable to a primary standards laboratory, KQ,QO is beam quality
correction factor.

These calculations provide highly accurate absorbed dose values at each point within the phantom.
The accuracy of the dose depends critically on the correct application of the KTP correction, especially
in low-dose regions typical of out-of-field exposures. Errors in temperature or pressure readings could
introduce deviations in absorbed dose values, underscoring the importance of environmental
monitoring during measurements.
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To evaluate the accuracy of dose prediction algorithms, calculated doses from the Eclipse Treatment
Planning System were extracted for the same positions using two algorithms: Anisotropic Analytical
Algorithm (AAA) and Acuros XB (AC). The comparison of these calculated doses with measured
values allowed for the assessment of each algorithm’s performance in modelling out-of-field dose
distributions.

2.5. Excess Absolute Risk Estimation

The BEIR VII committee relied heavily on radiation effects research foundation (RERF) studies on
atomic bomb survivors [78]. They used two main models of excess relative risk (ERR) and excess
absolute risk (EAR) [79]. BEIR VII model equation for EAR:

EAR = BsDexp (ye*)(%)” (5)

D — dose [Sv], e — age at exposure [y], e* — attained age [y], fs — excess relative risk per sievert
[EAR/Sv], y and 7 being associated parameters for EAR/Sv

Table 4. Parameters in (BEIR VII model - Phase 2, table 12-2) [95]

Model parameter Male Female
Bs 0.85 1.35
n 0.18 0.18
y -0.14 -0.41

2.6. EAR estimation from measured out-of-field dose

To assess the impact of treatment planning system (TPS) dose underestimation on secondary cancer
risk, the Excess Absolute Risk (EAR) model was employed. This analysis focused on the brainstem,
a representative organ at risk (OAR), situated 7 cm from the edge of the treatment field. Dose
measurements were obtained from channel 4 of the SHANE anthropomorphic phantom. Both TPS-
calculated and physically measured doses were recorded using the Anisotropic Analytical Algorithm
(AAA) and Acuros XB (AXB) algorithms. To simulate a full course of treatment delivering 70 Gy to
the primary field, doses per fraction were multiplied by 35 fractions. The EAR was adjusted using a
linear dose-risk relationship, as follows:

Measured Dose
) (6)

Adjusted EAR = Baseline EAR X ( TPS Dose
This allowed quantification of EAR increase due to underestimation of out-of-field doses by TPS.
2.7. R-Statistical Analysis

Statistical analyses were performed using R statistical software (R Foundation for Statistical
Computing, Vienna, Austria). A significance level of p < 0.05 was used for all statistical tests. Linear
regression analysis was used to assess the relationship between patient age, gender, and the radiation
dose received by specific organs. The following model was used:

Organ Dose = B, + B1(Age) + B,(Gender) + € (7)
Where 0 is the intercept; g1 is the coefficient for age; 52 is the coefficient for gender; ¢ is the error

term.
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The Kruskal-Wallis test was utilized to assess whether there were statistically significant differences
in EAR across disease stages and TNM classifications. This non-parametric test was chosen due to
the non-normal distribution of EAR data, allowing for robust comparisons among multiple

independent groups. The test outputs the chi-squared statistics, degrees of freedom, and p-values,
with a significance threshold set at o = 0.05.
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3. Results and Discussion
3.1. Incidence of Head and Neck Cancer by Age, Gender and Anatomical site

This study revealed a distinct age-related trend in head and neck cancer (HNC) incidence. The highest
prevalence was observed in individuals aged 60-69 years, accounting for 54.2 % of all cases,
followed by 20.3 % in the 50-59 age group and 16.9 % in those aged 70 and above. The lowest
incidence was noted in patients aged 40-49, comprising only 8.47 % of the total. This distribution
aligns with findings in literature, where advanced age is associated with increased cancer risk due to
prolonged carcinogenic exposure and declining immune and DNA repair function [96] (Fig. 22).
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Fig. 22. Head and neck cancer by age and gender
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The relatively low incidence in the 40—49 age group highlights an opportunity for early intervention.
Targeted public health measures such as smoking, alcohol reduction, and early screening could
significantly mitigate future HNC incidence as this population ages. Gender disparities were also
pronounced in this research project. As it was shown (Fig. 22), males represented 82.2 % of cases,
while females accounted for just 17.8 %. This disproportion is well-documented in epidemiological
literature and may stem from behavioural, occupational, and biological factors. Higher rates of
tobacco and alcohol use among men, greater exposure to industrial carcinogens, and possible
differences in hormonal or genetic susceptibility all contribute to this variation [97]. Additionally,
social and healthcare access disparities may further exacerbate this inequality. Therefore, these
findings underscore the importance of age-and gender-specific prevention strategies in HNC
management and survivorship care.

Meanwhile, variation significant of the incidence of head and neck cancers (HNC) by anatomical
subsite and gender were observed. As depicted (Fig. 23) the oral cavity exhibits the highest incidence,
with males accounting for 29.7 % and females for 9.32 % of cases. The oropharynx follows, with
19.5 % in males and 5.93% in females. Notably, the larynx shows a marked gender disparity, with
14.4 % of cases in males compared to 0.847 % in females. Similarly, the hypopharynx presents an
incidence of 16.1 % in males versus 0.847 % in females.
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Fig. 23. Head and neck cancer incidence by anatomical sites and gender

These findings align with established epidemiological patterns. Subsites such as the oral cavity and
oropharynx are more frequently exposed to environmental carcinogens like tobacco smoke and
oncogenic viruses such as human papillomavirus (HPV), leading to higher incidence rates in these
areas.

3.2. Influence of age and gender on organ radiation doses

The analysis of organ radiation doses in relation to age and gender provides crucial insights into how
these demographic factors may influence exposure during head and neck cancer (HNC) treatment.
The results of the linear regression analysis, dose of each organ was evaluated based on the
contributions of age and gender as predictor variables Table 5.

Table 5. Linear regression results for organ doses

Organ Coefficient | Coefficient | p-Value Coefficient p-Value | R-squared
(Intercept) (Age) (Age) (Gender - M) | (Gender)
Oesophagus 30.29129 -0.21698 0.02992 -1.22600 0.55706 0.04096
Submandibular gland (left) 40.03387 -0.00139 0.99343 3.53772 0.32253 0.00870
Submandibular gland (right) 49.60378 -0.13161 0.46189 1.53469 0.68394 0.00701
Larynx 48.22757 -0.17659 0.13458 -0.77720 0.75376 0.01945
Parotid gland (left) 24.65520 -0.13696 0.08243 2.10974 0.20329 0.04521
Parotid gland (right) 30.48843 -0.13508 0.17674 -3.93633 0.06294 0.03965
Both parotid gland 25.41695 -0.12076 0.03159 0.26599 0.82063 0.04187
Spinal cord 44.20501 -0.06973 0.26146 -0.85020 0.51552 0.01305

It was found that the regression analysis demonstrated a statistically significant inverse relationship
between patient age and the radiation dose to the oesophagus (Fig. 24). Specifically, the age
coefficient is -0.217 (p = 0.0299), indicating that each additional year of age is associated with an
approximate 0.217 Gy reduction in oesophageal radiation dose. This trend may reflect clinical
decisions to limit radiation exposure in older patients, acknowledging age-related declines in tissue
repair capacity and increased susceptibility to radiation-induced toxicity.
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In contrast, it was found that gender does not appear to influence significantly oesophageal radiation
dosage. The regression model yields a gender coefficient of -1.226 with a p-value of 0.557, suggesting
no statistically significant difference in doses received by males compared to females. However, it is
important to note that some [86], have reported gender-based differences in radiosensitivity and
treatment outcomes. For example, a study [98] found that younger females exhibited higher cancer
risks from radiation exposure compared to the male counterparts, emphasizing the need for further
research into gender-specific responses to radiation therapy.

The presence of outliers across various age and gender groups highlights the importance of
individualized treatment planning. Such variability underscores the need to consider patient-specific
anatomical and tumour characteristics when determining radiation dosing, ensuring optimal
therapeutic outcomes while minimizing potential adverse effects.

In comparison, for the parotid gland (Fig. 25), the age coefficient was determined as -0.1208 (p =
0.0316), which shows a strong negative link, supporting the idea that older patients may need adjusted
treatment plans to ensure they are safe and effective. However, the analysis indicated that the
influence of gender on radiation doses is minimal, with coefficients indicating that there is no
significant difference in doses received by males compared to females for the various organs tested.
In particular, the p-values associated with gender have been largely higher than the conventional
significance threshold (o = 0.05), suggesting that treatment protocols may not adjust according to
gender differences.
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This aligns with research indicating that existing protocols may not fully account for potential gender-
based differences in tumour biology and treatment response. Furthermore, the R-square values in the
regressions were generally low, reflecting that these models explain a limited fraction of variance in
organ doses. For example, the highest recorded R-squared value was 0.04522 for the parotid gland,
indicating that while age and gender may play a role in dose distribution, other influencing factors,
potentially including tumour type, clinical condition, or specific treatment modalities, are likely to
contribute to dose variability.

3.3. Influence of tumour location and stage on excess absolute risk (EAR)
3.3.1. Excess absolute risk (EAR) by Disease Stage

Building on the analysis of demographic factors, the next step was to explore the influence of tumour

location and disease stage on excess absolute risk (EAR). Before examining the data, it was important

to clarify what the cancer stages were denoted:

e Stage I tumours are localized and small, typically non-invasive, with no lymph node
involvement.

e Stage Il: tumours are larger and may have spread to nearby lymph nodes but remain localised.

e Stage Ill: tumours are often larger or have spread to regional lymph nodes and surrounding
tissues, indicating more extensive disease.

e Stage IV: tumours have metastasized to distant parts of the body, signifying advanced disease.

e Stage X: this labelling may refer to cases with unknown primary tumours or classification when
conventional staging is not applicable.

The mean EAR, standard deviation (SD), and percentage of patients for different stages of the disease,
providing crucial insights into how radiation exposure risk varies with cancer progression is presented
in Table 6.

Table 6. Mean Excess Absolute Risk (EAR) by Disease Stage

Stage Mean EAR SD EAR Percentage of patients (%)
| 0.375 0.214 4.241
I 0.499 0.381 8.470
I 0.604 0.393 6.782
v 0.789 0.513 55.931
X 0.619 0.415 24.583

As presented in Table 6, there is a progressive increase in mean EAR with advancing disease stage.
Stage | patients exhibit a mean EAR of 0.375, reflecting a relatively low risk associated with localized
and less aggressive tumours. As the disease progresses to Stage Il and 111, the mean EAR increases to
0.499 and 0.604, respectively, suggesting that even slight advancements in disease can result in
heightened risk. The most significant increase was observed in Stage 1V, with a mean EAR of 0.789,
indicating a substantial elevation in risk. This escalation may be attributed to factors such as tumour
metastasis, increased aggressiveness, and the necessity for more complex treatment protocols
involving higher radiation doses to target multiple tumour sites. Stage X, often associated with
unknown primary tumours or challenging classifications, presented a mean EAR of 0.619,
underscoring the complexities in assessing risk and tailoring therapeutic interventions in such cases.

This variability indicated that while multiple patients may be at high risk because of similar treatment
characteristics, some cases might have high risk due to tumour factors or individual biological
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reaction to radiation. Thus, these findings emphasize the importance of individualized treatment
approaches according to different stage of disease for enhancement of therapeutic effects and
reduction of undesirable effects. For example, it can be seen that (Fig. 26) patients with high-grade
tumours may need closer surveillance and dose refinement for optimal outcome with the least
toxicity.
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Fig. 26. Mean excess absolute risk by cancer stage

3.3.2. Excess absolute risk by TNM classification

Following exploration of the stage of the disease, we further evaluated the influence of the Tumour-
Node-Metastasis (TNM) classification on Excess Absolute Risk (EAR). The data presented in Table
7 delineates the mean EAR and standard deviation for various TNM classifications, shedding light on
how radiation exposure risk varies with tumour characteristics.

Table 7. Mean excess absolute risk (EAR) by TNM classification

TNM Classification Mean EAR SD EAR
T1 NO_MO 0.4341 0.3297
T1 N2_MO 0.4606 0.4742
T1 N3_MO 0.4955 0.4104
T2_NO_MO 0.5222 0.4150
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Table 8. Mean excess absolute risk (EAR) by TNM classification (Continued)

TNM Classification Mean EAR SD EAR
T2 N1_MO 0.5988 0.4294
T2 N2_MO 0.6426 0.4326
T2 N3_MO 0.5542 0.3742
T3_NO_MO 0.6000 0.3571
T3 _N1_MO 0.6931 0.4196
T3 _N2_MO 0.6901 0.4307
T3_N3_MO 0.7375 0.5157
T3 _NX_MO 0.7065 0.4418
T4 NO_MO 0.6238 0.3717
T4 N1_MO 0.8307 0.4219
T4 N2_MO 0.7148 0.4355
T4 N3_MO 0.5751 0.3883

The data revealed a clear relationship between Mean EAR and the TNM classification, with values
generally increasing as the TNM stage becomes more advanced. As highlighted in the previous
section, the emphasis on individual disease stage is echoed here, with the transition from T1 (early-
stage) tumours to T4 (advanced-stage) tumours exhibiting a corresponding rise in Mean EAR. In
particular, the highest Mean EAR of 0.8307 was observed in the T4_N1_MO classification, indicating
that increased tumour size and lymph node involvement correlate with elevated EAR values. This
trend reinforces the concept that EAR may reflect not only the severity of the disease, but also its
aggressiveness. The observed increase in Mean EAR alongside higher TNM classifications suggested
that advanced tumours may exhibit enhanced metabolic activity and altered tumour
microenvironment, both of which could be captured by EAR measurement.

Furthermore, as depicted in (Fig. 27), the visual representation of these relationships provided clarity
on how risk escalates with increasing tumour burden and complexity.
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Fig. 27. Mean EAR by TNM classification

Understanding these underlying biological processes can significantly aid in refining prognostic
assessments, as clinicians strive to develop tailored treatment strategies that optimize patient
outcomes.
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3.4. Out-of-field Doses Measurements

This section focuses on out-of-field dose estimation simulating head and neck cancer (HNC) case

radiotherapy, building upon the previous analyses of demographic and clinical factors that influence

excess absolute risk (EAR). Specifically, for these results to obtain was used the anthropomorphic
phantom SHANE to measure irradiation doses outside the main treatment area, which is a critical
step evaluating doses for the organs at risk (OARs), especially in older or more sensitive patients.

As outlined in the materials and methods section, dosimetry measurements with cylindrical ionization
chamber were performed at 11 different points (in 2 cm step) along four defined channels: Channel
1, Channel 2, Channel 3, and Channel 4 as shown in Table 9 and (Fig. 28) (more detailed and
visualized information of the experimental set-up is presented in Materials and methods section).
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Fig. 28. Views of all the measurement channels (Channel 1 — purple; Channel 2 — red; Channel 3 — green;

Channel 4 — blue) showed in different projections

Table 9. Absolute percentage error between measured and TPS calculated out-of-field doses using for the
dose calculation AAA and Acuros XB algorithms throughout four anatomical channels

Position of Channel1-purple | Channel2-red | Channel3-green | Channel 4 - blue

lonization Percentage error (MD vs. TPS), %

chamber in

a Ch;gne'y AAA AC AAA AC AAA AC AAA AC
0 42.3 414 46.4 44.0 449 41.1 51.1% 57.1%
2 19.0 24.0 17.6 20.0 22.2 20.9 28.9 % 26.8 %
4 16.3 17.4 16.5 17.2 14.7 10.6 25.9 % 18.9 %
6 13.4 15.3 7.6 15.6 16.4 11.4 10.0 % 19.4 %
8 4.3 13.7 3.4 6.1 55 2.7 7.9% 5.3%
10 0.6 2.5 1.5 3.6 0.2 1.2 3.3% 15%
12 15 2.1 2.0 9.0 5.7 2.6 4.3% 7.3%
14 2.1 11.2 3.9 8.4 0.5 3.6 16.6 % 21.3%
16 6.4 11.9 0.8 3.0 3.1 3.8 13.4 % 21.6 %
18 2.5 8.2 2.3 7.2 0.1 1.6 14.6 % 12.2 %
20 2.9 9.5 5.8 5.4 0.7 0.4 8.5 % 12.9%
22 2.6 10.0 4.8 4.1 0.3 14 13.3% 23.4%
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Out-of-field doses were measured in a distance from the edge of the irradiation field (from 0 cm up
to 7 cm), as imitating head and neck cancer irradiation procedure, longitudinal target with lymph
nodes zone was equal to 12 cm. It is recommended to perform additional measurements imitating
larger distances (>10 cm) from the edge of irradiation field. It was registered that for the maximum
up to 7 cm distances from the irradiation field edge maximum percentage differences in a Channel 4
—blue was 51.1 % (AAA) and 57.1 % (Acuros XB — AC) (Fig. 29). As it is reported [99] in a distance
from the irradiation field edge >10 cm out-of-field doses can be underestimated up to 100 %, the
same underestimation tendency was observed in comparison TPS data vs. Monte Carlo simulations.
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Fig. 29. Comparison of percentage errors for measured and treatment planning system (TPS) calculated out-
of-field doses using AAA and Acuros XB (AC) algorithms throughout four anatomical channels

As could be expected a significant difference between calculation algorithms (AAA and Acuros XB)
was not observed. As it is known that for such localisations like head & neck and pelvis region cancers
there is no significant difference between these calculation algorithms due to the quite homogeneous
densities regions. So, planning treatment of head and neck cancer cases for the dose calculation could
be equally chosen AAA or Acuros XB algorithm.

Analysing results in all four channels (from 18 cm up to 22 cm) was noticed underestimation of the
out-of-field doses, this could be influenced by the decrease of the scattered radiation or even the
slightest positioning of the ionisation chamber in one or another direction [100]. The full data of the
performed out-of-field doses measurements and corresponding absolute percentage errors/differences
for all channels are provided in (Appendix 2).

In clinical contexts, such out-of-field doses deviations can significantly affect the risk assessment for
out-of-field organs, especially for such critical organs like parotid glands and spinal cord, which are
highly sensitive to radiation-induced damage. The consistent discrepancies of up to 57 % underscore
the need for direct dosimetry verification during treatment planning, particularly for long-term
survivors or patients at increased risk of radiation-induced late effects. Therefore, reliance on TPS
calculations alone may be insufficient for accurate dose assessment in critical organs, and direct
ionization chamber or other type dosimetry measurements should be integrated into routine dosimetry
protocols whenever feasible.
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Differences of the out-of-field doses for the simulated HNC treatment procedure using Channel 4 —
blue data (as in this channel the maximum differences between measured and calculated values were
determined) are summarized in Table 10.

Table 10. The EAR calculations for the brainstem (imitating the largest possible 7 cm distance from the
irradiation field edge)

Parameter AAA AXB
TPS-calculated dose per 2 Gy fraction 0.13 Gy 0.15 Gy
Measured dose per 2 Gy fraction 0.16 Gy 0.18 Gy
TPS total dose over 35 fractions (70 Gy) 4.55 Gy 5.25 Gy
Measured total dose over 35 fractions (70 Gy) 5.60 Gy 6.40 Gy
Baseline EAR 1.00 1.00
Adjusted EAR hased on measured dose 1.28 1.23
Increase in EAR (%) 23 % 22 %

These findings reveal a notable increase in Excess Absolute Risk (EAR) (23 % using the AAA
algorithm and by 22 % using the Acuros XB (AXB) algorithm) due to the underestimation of out-of-
field doses by the treatment planning system (TPS). This emphasizes the clinical significance of
verifying out-of-field radiation doses through physical measurements, particularly for radiosensitive
organs such as the brainstem.

Although the total accumulated dose to the brainstem in this scenario remains well below the widely
accepted constraint of 54 Gy, such discrepancies could be more consequential for other organs at risk
(OARs) or in different clinical contexts. Repeated underestimations across multiple treatment
sessions or fields may result in cumulative doses that approach or exceed clinical tolerance limits,
thereby elevating the risk of radiation-induced complications.

3.5. Recommendations for the Improved Dose Accuracy and Risk Reduction

Based on the measured out-of-field doses across four anatomical channels and the evaluation of doses
calculated with TPS algorithms (AAA and Acuros XB), several key recommendations can be made to
refine clinically applied dose limitation constraints and support more accurate risk estimation of
secondary malignancies for HNC cases irradiation:

e The experimental data demonstrate that treatment planning systems (TPS), particularly the Acuros
XB algorithm, consistently underestimate out-of-field doses to organs located beyond 10 cm from
the irradiation field edge. For example, underestimations reached up to 47.49 % in Channel 3 (left
parotid region) and 37.81 % in Channel 4 (spinal cord region), with the highest observed
discrepancy being 57.1 % at 0 cm in Channel 4. These findings highlight the need to revise dose
constraints for organs at risk (OARs) by including additional safety margins that reflect these
systematic TPS limitations.

e Qut-of-field TPS-calculated doses should be complemented with direct measurements—using
ionization chambers or in vivo dosimeters particularly for radiosensitive, non-regenerative
structures such as the spinal cord, parotid glands, thyroid, and gonads. This is especially important
in paediatric, young adult (< 40 years), or long-term survivor populations, where the lifetime risk
of secondary malignancy is a major clinical consideration. The use of anthropomorphic phantoms
(e.g., SHANE) or in vivo tools ensures more accurate estimation of cumulative exposure,
maintaining compliance with evidence-based dose thresholds.
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TPS reliability for out-of-field dose estimation significantly decreases at distances beyond 10 cm
from the field edge. According to the measurements, percentage errors remain within 5-20 % up
to 10 cm but increase dramatically (up to 23.4 %) beyond 18 cm, with trends indicating worsening
accuracy with distance. Therefore, it is recommended to limit TPS-based dose calculations to
within approximately 10 cm of the treatment field. For organs located further away, additional
phantom-based dosimetry or Monte Carlo simulations should be employed to ensure accurate
dose quantification and protect critical structures.
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Conclusions

. A significant inverse correlation was found between patient age and parotid gland dose (p =
0.0316), with older patients receiving lower doses likely reflecting efforts to reduce toxicity in
this group. No notable gender-based differences were observed, suggesting current treatment
plans may not consider anatomical or biological variations by gender. These results support the
potential benefit of introducing age-specific dose constraints in head and neck radiotherapy to
improve treatment safety and personalization.

. The calculated Excess Absolute Risk (EAR) of secondary cancers increased progressively with
tumour stage. Patients with Stage IV disease, particularly those classified as T4 N1 MO,
exhibited the highest EAR values of 0.789 and 0.8307, respectively. This underscores a strong
association between disease severity and radiation-induced cancer risk. These results advocate for
stage-adapted radiotherapy approaches that incorporate tumour burden and patient-specific
clinical factors into risk assessment, with the aim of minimizing long-term complications and
optimizing treatment outcomes.

Both AAA as well as Acuros XB algorithms available in the Eclipse TPS underestimated out-of-
field doses. It was found that the largest difference (57.1 % between TPS calculated and
measured) was registered in 7 cm distance from the field edge (Channel 4 — blue). For the further
investigation it is warranted to evaluate out-of-field dose discrepancies and associated risks at
greater distances from the treatment field, where TPS predictions may be even less reliable.

It was determined that EAR increased by 23% (AAA) and 22% (Acuros XB) in the largest
possible measured distance (7 cm) based on measured versus TPS-calculated doses over 35
fractions (2 Gy/ fr.). This underlines the clinical impact of TPS underestimation in out-of-field
regions. Incorporating direct dose verification and EAR-based evaluation into treatment planning
process could improve accuracy of the dose constraints and reduce long-term risks in
radiotherapy.
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Appendices

Appendix 1

Summary of Head and Neck Patient

Table 11. Patient Demographics, Organ Radiation Doses (Gy), and Clinical Tumor Classification (TNM and Stage)

Patient Submandibular Submandibular Spinal
number Age Gender Esophagus | gland (left) gland (right) Larynx Parotid L | Parotid R | Parotid cord TNM Stage Location
1 60 | F 16.75 60.52 58.73 39.87 19.19 19.32 19.26 38.28 | T4AN2MO X Oral cavity
2 46 | F 24.26 32.14 3351 39.44 22.46 18.04 20.33 40.58 | T3N2MO [\ Oral cavity
3 72| M 15.96 1.55 141 37.64 0.49 0.54 0.51 40.22 | T4ANcMO [\ Larynx
4 64 | F 18.49 24.08 32.74 38.71 2.39 18.69 18.35 41.94 | T2NbMO X Oral cavity
5 54 | M 8.29 38.21 33.12 31.96 18.93 16.08 16.81 35.75 | TAN3MO [\ Oral cavity
6 68 | M 29.15 65.93 34.53 32.64 14.8 17.03 15.95 39.08 | T4aNbMO \Y Other
7 48 | M 14.84 36.81 14.6 35.35 14.54 8.22 11.07 39.46 | TANbMO [\ Oral cavity
8 65 | M 6.24 31.9 63.02 3151 5.59 16.72 10.9 40.31 | T4aNcMO v Oropharanx
9 71| M 10.03 38.15 53.11 31.05 2.65 2.7 2.68 40.24 | TINOMO [\ Oropharanx
10 78 | F 1.18 58.87 50.37 43.94 14.68 18.32 16.81 43.34 | T2N2MO v Oropharanx
11 47 | M 12.37 65.99 38.73 32.73 52.78 18.89 38.89 44.03 | T2N2MO [\ Oropharanx
12 60 | F 15.96 38.62 32.17 38.53 10.55 23.39 16.06 41.54 | T3N2MO v Oral cavity
13 70| M 13.88 34.43 31.21 34.94 18.56 15.16 16.14 43.01 | T4T2MO X Other
14 70| M 35.95 39.73 52.15 65.32 16.44 19.77 18.48 44.4 | T4aN2MO v Hypopharanx
15 60 | F 7.62 6.95 27.01 12.32 5.25 18.65 19.21 19.93 | T4ANOMO [\ Other
16 61 | M 10.19 1.48 1.63 70.42 1.15 1.11 1.13 44.12 | T3NbMO v Larynx
17 56 | M 1.2 49.6 33.11 35.63 18.08 40.52 32.73 34.56 | T4bN2MO [\ Oropharanx
18 65 | M 11.66 58.49 34.04 32.1 15.66 19.47 17.35 42.41 | T3N2MO v Larynx
19 60 | M 8.4 37.47 34.88 30.01 14.14 12.06 13.22 43.07 | T2NOMO 1 Larynx
20 62 | M 5.98 66.15 55.6 37.61 19.8 19.79 19.29 36.86 | T4aN2MO v Larynx
21 68 | M 6.09 64.59 56.36 58.05 24.53 11.14 17.67 43.61 | T2N2MO [\ Hypopharanx
22 69 | M 16.63 39.92 54.35 65.57 11.94 14.05 13.04 40.2 | T2NOMO X Hypopharanx
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Table 12

. Patient Demographics, Organ Radiation Doses (Gy), and Clinical Tumor Classification (TNM and Stage) (continued)

Patient Submandibular | Submandibular Spinal

number Age | Gender Esophagus gland (left) gland (right) Larynx | Parotid L | Parotid R Parotid cord | TNM Stage Location
23 57 | M 14.47 47.32 53.18 39.29 23.03 12.01 18.08 41.78 | T2N2MO X Oral cavity
24 73| M 7.93 38.77 16.4 17.81 9.3 24.85 19.1 29.12 | TINOMO | Other
25 76 | F 26.3 22.36 32.6 32.82 12.42 19.71 17.22 41.28 | T4aNOMO | IV Oral cavity
26 65 | M 13.64 34.11 54.71 38.71 19.76 18.71 19.3 38.56 | T4AN2MO X Oral cavity
27 60 | M 23.02 32.12 30.01 10.69 27.29 18.52 17.45 43.39 | TAN3MO vV Oropharanx
28 74 | F 15.09 2.33 1.96 20.8 4.25 3.98 4.11 33.28 | TAN1IMO \Y Oral cavity
29 72 | F 8.47 34.75 34.38 38.93 19.15 19.59 18.1 42.26 | T4aNOMO | IV Oral cavity
30 66 | M 16.64 30.11 29.7 39.59 35.96 19.1 17.74 37.86 | T4aN2MO [\ Oropharanx
31 72| M 28.64 34.64 34.91 36.99 18.83 45.84 16.3 43.39 | T3N2MO vV Oral cavity
32 57 | M 29.74 27.31 50.28 54.55 24.61 21.11 18.33 37.77 | T4bN2MO [\ Oropharanx
33 64 | M 17.19 33.37 27.04 36.44 10.25 9.6 18.61 39.5 | T4aN2MO v Hypopharanx
34 65 | M 21.36 39.32 61.2 38.81 18.76 7.73 16.61 42.42 | T4aN2MO [\ Oral cavity
35 62 | M 9.1 34.6 35 35.16 17.1 17.31 18.02 40.91 | T4aN2MO [\ Larynx
36 67 | F 27.48 34.62 51.1 37.93 18.9 44.36 16.65 41.75 | T3NXMO X Oropharanx
37 57 | M 17.45 31.22 60.2 36.9 19.45 19.18 14.2 43.29 | TAN3MO X Hypopharanx
38 68 | M 4.75 32.82 32.91 37.1 17.92 18.08 17.71 40.91 | T4aNOMO v Larynx
39 56 | M 10.46 38.67 59.1 52.74 17.38 18.83 18.17 40.96 | T2N1IMO 11l Hypopharanx
40 65 | M 32.22 54.58 35.1 35.11 10.86 13.92 12.55 40.4 | TAN2MO X Hypopharanx
41 63 | M 27.98 51.2 37.52 35.98 24.95 23.62 24.31 43.74 | T4aN2MO | X Oropharanx
42 51 | F 25.93 69.84 64.45 39.61 18.84 14.86 16.68 37.19 | T4aN2MO v Oral cavity
43 78| M 4.74 49.9 49.54 25.7 19.66 16.45 19.03 32.38 | T4aN3MO X Oral cavity
44 69 | M 7.09 38.44 32.64 35.58 14.55 10.79 2212 30.02 | TAN2MO X Hypopharanx
45 64 | M 11.85 35 30.65 38.26 16.53 24.81 20.16 44.65 | T4bN2MO [\ Oropharanx
46 68 | F 11.23 56.42 59.58 38.58 18.91 24.43 21.75 39.96 | T4aN1MO [\ Oral cavity
47 52 | M 11.44 34.87 34.11 68.97 18.08 18.29 18.2 37.46 | T4aN2MO [\ Hypopharanx
48 64 | M 2.79 0.77 1.23 39.1 0.27 0.32 20.89 28.78 | T2NOMO I Larynx
49 66 | F 29.19 69.79 33.72 52.23 34.09 16.48 19.19 43.2 | T3N3MO [\ Hypopharanx
50 49 | M 27.25 39.76 63.22 35.71 22.23 48.42 17.8 39.37 | T4aN2MO v Oral cavity
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Table 13

. Patient Demographics, Organ Radiation Doses (Gy), and Clinical Tumor Classification (TNM and Stage) (continued)

Patient Submandibular | Submandibular Spinal
number Age | Gender Esophagus gland (left) gland (right) Larynx | Parotid L | Parotid R Parotid cord | TNM Stage Location

51 57 | M 27.46 65.16 34.19 40.16 19.86 20.18 20.04 44.74 | T3N2MO [\ Oral cavity
52 60 | M 2242 39.04 53.28 31.15 17.82 18.21 18 37.18 | T4aN2M0 | IV Oral cavity
53 74 | M 13.38 57.83 56.43 37.98 15.92 17.65 16.33 43.09 | T4aN2MO X Oral cavity
54 7% | M 29.88 64.96 34.41 34.51 19.61 17.72 18.67 41.94 | TAN2MO X Larynx

55 53 | F 25.46 33.73 69.16 39.55 19.01 55.88 16.2 43.77 | TIN2MO X Oropharanx
56 64 | M 10.45 56.3 57.44 33.11 14.11 18.17 16.13 32.64 | T3N2MO [\ Oral cavity
57 60 | F 16.76 60.52 58.73 39.87 19.19 19.32 19.26 38.28 | T4AN2MO X Oral cavity
58 76 | M 20.88 53.04 53.7 38.62 18.88 18.82 18.85 38.95 | T3N2MO vV Oropharanx
59 67 | F 18.92 39.2 43.33 38.04 16.06 23.54 19.76 36.39 | TANIMO X Oral cavity
60 51 | M 21.36 54.46 54.03 38.19 16.13 29.6 23.91 41.67 | TAN2MO X Oral cavity
61 63 | M 11.54 51.66 38.99 36.92 18.23 16.84 17.46 39.93 | T2N3MO [\ Larynx

62 64 | M 6.69 54.45 57.12 35.12 155 17.59 16.54 40.48 | T3N2MO [\ Hypopharanx
63 64 | M 14.4 58.07 58.55 41.31 16.18 18.62 17.01 36.37 | T4aN2MO v Larynx

64 64 | M 32.3 37.25 33.04 34.05 17.5 13.88 15.6 34.05 | TANOMO X Larynx

65 67 | M 7.07 53.1 55.45 34.24 17.43 18.38 17.93 38.3 | T2NOMO Il Oropharanx
66 67 | F 13.38 58.56 27.18 39.35 19.28 19.92 19.63 43.33 | T4bN2MO | X Oropharanx
67 61 | M 18.4 33.19 59.71 37.77 12.42 18.26 14.7 28.77 | TAN2MO X Oropharanx
68 67 | F 16.54 377 34.22 32.28 11.82 30.76 18.32 44.22 | T3N2MO [\ Oropharanx
69 55 | M 28.07 54.07 53.46 37.11 15.77 16.35 16.06 32.37 | T4bN3MO v Hypopharanx
70 69 | M 11.55 39.99 55.59 37.91 17.18 18.09 17.63 37.98 | TANOMO X Oropharanx
71 62 | M 10.55 38.8 61.83 35.49 20.92 23.89 22.21 35.98 | T4N2MO X Oral cavity
72 51 | M 15.19 55.1 54.55 39.25 18.36 16.65 17.55 40.98 | TINXMO X Oral cavity
73 62 | M 32.57 32.56 32.76 41.11 11.64 12.14 11.9 21.77 | T4aN1MO v Larynx

74 49 | M 29.9 60.92 67.41 33.86 23.15 24.15 23.68 38.96 | T4aN2M0 | IV Oral cavity
75 67 | M 12.81 57.06 60.31 32.22 16.07 18.33 17.09 35.1 | T3N1IMO 11l Larynx

76 65 | M 4.78 34.15 32.12 36.3 13.47 16.83 14.96 38.04 | T4aN3MO v Hypopharanx
77 60 | M 28.55 30.11 34.22 40.82 19.05 19.06 17.44 42.76 | TAN2MO X Oropharanx
78 57| M 9.74 60.91 68.7 38.74 15.7 13.91 14.81 37.96 | TAN2MO X Hypopharanx
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Table 14

. Patient Demographics, Organ Radiation Doses (Gy), and Clinical Tumor Classification (TNM and Stage) (continued)

Patient Submandibular | Submandibular Spinal
number Age | Gender Esophagus gland (left) gland (right) Larynx | Parotid L | Parotid R Parotid cord | TNM Stage Location

79 66 | M 9.88 38.54 65.9 31.57 16.71 23.15 19.98 40.47 | T4aN1MO X Oropharanx
80 60 | M 18.84 33.57 32.38 37.28 18.01 17.21 17.6 41.52 | T2NOMO I Oropharanx
81 57 | F 0.57 28.2 24.67 36.21 0.63 0.64 18.54 38.57 | T2NOMO 1 Larynx
82 47 | M 15.74 49.18 38.63 30.39 20.97 19.64 20.33 41.28 | T3NOMO 1] Oropharanx
83 65 | M 9.24 60.21 2.69 28.24 19.05 15.94 19.16 43.29 | T3N3MO \Y Oral cavity
84 71 | M 11.11 29.64 28.8 30.76 25.48 12.83 19.97 41.39 | T2NOMO I Oropharanx
85 64 | M 24.12 38.3 38.02 35.22 18.91 19.83 18.87 36.72 | T3NOMO 11l Larynx
86 61 | M 12.03 55.85 48.15 27.76 22.65 20.91 20.09 41.52 | T4aN2MO | IV Oral cavity
87 74 | M 13.16 51.22 38.86 35.22 23.86 19.94 22.18 44.81 | T4aN2MO \Y Oral cavity
88 50 | M 29.7 332 29.61 38.62 19.61 12.39 16.36 44.03 | T2N2MO vV Hypopharanx
89 64 | M 11.58 47.31 38.5 41.61 25.89 17.53 21.82 41.57 | TAN3MO [\ Oral cavity
90 56 | M 3174 34.43 60.9 34.27 18.11 221 20.22 41.81 | T4aN2MO | IV Oral cavity
91 66 | M 9.77 50.65 50.64 32.74 23.72 30.66 23.86 43.01 | T4bNOMO v Oral cavity
92 67 | F 16.47 36.51 32.1 36.74 21.81 24.16 22.89 39.59 | T2N2MO [\ Oropharanx
93 45 | M 15.36 37.01 54.11 65.48 18.36 18.62 18.52 44.62 | T4aN2MO X Oropharanx
94 64 | M 11.24 42.1 44.33 42.99 23.92 20.57 22.16 43.24 | T4bN2MO | X Oropharanx
95 4 | M 11.64 36.22 39.1 32.1 24.83 16.09 20.48 42.19 | T3N2MO v Oral cavity
96 79| F 5.18 33.11 61.1 37.03 22.74 22.63 11.32 44.85 | T3N1IMO X Oropharanx
97 70 | M 2.31 48.59 27.82 35.44 10.31 16.46 17.99 31.78 | T4bN1MO v Hypopharanx
98 71 | M 17.88 32.33 38.43 13.23 24 5.24 19.1 18.38 | T4AN2MO X Larynx
99 65 | M 14.36 51.1 32.14 35.68 18.25 19.41 18.58 39.95 | T4N2MO X Oropharanx

100 65 | M 7.94 53.7 37.18 34.73 20.21 16.08 18.52 40.33 | T4aN2MO0 [\ Oral cavity

101 40 | M 14.79 33.07 38.77 36.06 17.94 18.29 18.14 36.67 | T2NOMO Il Oral cavity

102 55 | M 13.2 68.59 22.66 28.47 19.74 4.78 12.9 34.31 | T4bN2MO [\ Oral cavity

103 73| M 11.61 51.47 52.79 32.58 28.74 8.43 22.23 40.06 | T4AN3MO [\ Oral cavity

104 53 | M 28.67 38.85 37.44 33.08 16.81 19.39 18.14 43.92 | TIN3MO [\ Oral cavity

105 50 | M 29.92 31.11 34.75 39.62 19.87 19.79 19.83 43.23 | T3N2MO X Oral cavity
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Table 15. Patient Demographics, Organ Radiation Doses (Gy), and Clinical Tumor Classification (TNM and Stage) (continued)

Patient Submandibular | Submandibular Spinal

number Age | Gender Esophagus gland (left) gland (right) Larynx | Parotid L | Parotid R Parotid cord | TNM Stage Location
106 67 | M 0.28 54.09 51.01 2.22 17.44 14.59 12.21 16.05 | T4bN2MO | IV Oral cavity
107 64 | M 2341 64.35 63.34 30.48 20.64 19.77 20.21 35.04 | T2NOMO 1 Oral cavity
108 53 | M 10.4 33.09 38.17 28.76 14.98 17.3 15.97 43.37 | T4bN3MO | IV Hypopharanx
109 53 | M 11.79 33.12 37.76 27.47 22.01 12.72 18.71 31.89 | T4AN2MO X Oral cavity
110 61 | M 33.16 59.83 60.78 30.87 18.58 21.06 19.86 42.34 | T4bNbDMO | IV Hypopharanx
111 56 | M 9.44 34.19 61.51 23.77 19.18 22.14 20.69 42.88 | T2N1MO 11l Oral cavity
112 65 | M 16.28 53.17 58.13 30.73 23.36 24.14 23.78 43.84 | T4aN2MO | IV Oropharanx
113 49 | M 19.82 50.53 50.1 38.91 18.37 24.07 20.92 44.33 | T2N2MO [\ Larynx
114 54 | M 7.69 37.97 35.82 65.55 19.34 19.61 19.48 43.64 | T4aNcMO [\ Hypopharanx
115 64 | M 10.35 36.18 43.09 37.9 19.3 22.88 21.18 38.75 | T4NcMO X Oral cavity
116 63 | M 4.74 48.63 50.59 27.47 18.04 18.29 18.15 37.67 | T4aN2MO X Oral cavity
117 69 | M 5.38 32.23 64.15 30.09 21.94 24.59 20.72 40.14 | TIN3MO X Oropharanx
118 62 | M 24.67 63.01 37.33 40.01 19.02 46 34.05 39.71 | TANbMO X Hypopharanx

65



Appendix 2
Out of field doses measurement

Table 16. Measurement dose - Channel 1 (Middle)

Distance, AAA AC

cm MD TPS nC MD TPS nC

0 0.03 0.05 0.49 0.03 0.05 0.49
2 0.04 0.05 0.72 0.04 0.05 0.72
4 0.07 0.06 1.17 0.06 0.07 1.17
6 0.14 0.12 2.63 0.19 0.24 3.49
8 1.72 1.79 31.85 1.76 2.04 32.63
10 2.05 2.04 38.07 2.08 2.03 38.65
12 2.07 2.04 38.44 2.08 2.03 38.53
14 1.92 1.97 35.69 1.97 1.77 36.60
16 1.65 1.76 30.62 1.69 141 31.33
18 1.33 1.35 24.76 1.31 1.29 24.36
20 1.25 1.29 23.20 1.20 1.09 22.32
22 1.29 1.26 23.93 1.23 1.37 22.91

Table 17. Measurement dose - Channel 2 (Right)

AAA AC
Distance, cm MD TPS nC MD TPS nC
0 0.02 0.05 0.46 0.03 0.04 0.46
2 0.04 0.05 0.73 0.04 0.05 0.71
4 0.06 0.06 1.15 0.06 0.07 1.15
6 0.14 0.12 2.57 0.14 0.19 2.60
8 1.66 1.61 30.80 1.67 1.98 31.06
10 2.04 2.01 37.84 2.06 1.99 38.31
12 1.85 1.81 34.25 1.85 1.66 34.40




Table 18. Measurement dose - Channel 2 (Right) (Continued)

Distance AAR AC
(cm) MD TPS nC MD TPS nC
14 1.79 1.73 33.31 1.84 1.69 34.07
16 1.69 1.70 31.29 1.74 1.75 32.31
18 1.66 1.69 30.74 1.68 1.56 31.12
20 151 1.43 28.11 1.48 1.40 27.39
22 1.71 1.73 31.87 1.72 1.72 31.92
24 1.52 1.64 28.17 1.49 1.55 27.57
Table 19. Measurements dose — Channel 3 (Left)
Distance AAA AC
(cm) MD TPS nC MD TPS nC
0 0.02 0.05 0.46 0.02 0.04 0.46
2 0.04 0.05 0.66 0.04 0.05 0.66
4 0.06 0.05 1.03 0.06 0.06 1.03
6 0.13 0.09 2.32 0.18 0.20 3.31
8 1.54 1.63 28.63 1.56 1.87 28.9
10 1.77 1.77 32.84 1.76 1.74 32.68
12 1.73 1.63 32.04 1.73 1.69 32.13
14 1.69 1.70 31.40 1.72 1.56 31.90
16 1.54 1.49 28.55 1.59 1.53 29.43
18 1.54 1.53 28.50 1.58 1.55 29.25
20 151 1.52 27.99 1.55 1.56 28.79
22 1.56 1.55 28.86 1.57 1.56 29.28
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Table 20. Measurement dose -Channel 4 (Spinal Cord)

Distance AAA AC

(cm) MD TPS nC MD TPS nC
0 0.02 0.05 0.44 0.01 0.04 0.34
2 0.03 0.05 0.63 0.03 0.05 0.63
4 0.05 0.06 0.85 0.05 0.06 0.92
6 0.08 0.09 1.57 0.08 0.09 1.42
8 0.24 0.16 4.41 0.18 0.19 3.39
10 0.68 0.66 12.55 0.53 0.53 9.90
12 0.58 0.41 10.74 0.52 0.48 9.64
14 0.55 0.66 10.23 0.31 0.26 5.76
16 0.27 0.25 5.05 0.24 0.20 4.53
18 0.21 0.22 3.96 0.20 0.18 3.79
20 0.22 0.20 4.11 0.19 0.18 3.67
22 0.29 0.25 5.34 0.22 0.18 4.12
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