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Abstract

Proton therapy for head and neck cancers holds significant potential
due to the physical properties of protons that allow for precise targeting
of tumors while minimizing radiation exposure to surrounding healthy
tissues. However, more knowledge regarding the biological mechanisms
behind the normal tissue toxicities and differences in normal tissue
responses between conventional X-ray and proton irradiation is needed.
This project aimed to investigate early and late responses of normal
tissues in the mouse head and neck area following fractionated X-ray or
proton irradiation. Subgoals included studying the cytokine response
in serum and saliva after X-ray and proton irradiation and correlating
it to the late effects such as hyposalivation and fibrosis.

A preclinical model was established to study early and late
radiation-induced effects in the head and neck (H&N) region in mice.
The radiation field covered the oral cavity, swallowing structures and
salivary glands. To find the dosage that induces clinically relevant
endpoints such as oral mucositis, C57BL/6J mice were X-irradiated
with total doses ranging from 26 to 75 Gy, given in 10 fractions over
5 or 10 days. The dose that induced symptoms comparable to those
observed in patients was found to be 65 Gy. To compare normal tissue
effects after X-rays and protons, two different treatment plans were
used for protons, either with the Bragg Peak in the middle of the mouse
(BP) or outside the mouse (transmission mode; TM). Unexpectedly,
oral mucositis after proton irradiation was more pronounced and
occurred earlier than after X-rays and the number of dose fractions had
to be reduced for both proton protocols. The delivered physical doses
were 41, 45, and 65 Gy given in 6, 7, and 10 fractions for BP, TM, and
X-rays groups, respectively. Various dosimetry methods were used to
assess delivered doses. The follow-up period was 105 days to study the
early and late radiation-induced effects and included macroscopic and
microscopic examinations of the skin, lips, oral mucosa, and salivary
glands. Blood and saliva were collected at different time points before
and after irradiation to assess saliva volume and cytokine levels.

The observations of oral mucositis in the tongue, the measurements
of acinar cell number, fibrosis in the salivary glands and saliva volume
showed much larger normal tissue effects after proton irradiation than
after X-ray irradiation, despite the proton doses being 30% lower than
the X-ray dose. Significant increase of the pro-inflammatory cytokines
IL-1α, TNF, TIMP1, G-CSF, KC, and MIP-1α were observed in



Abstract

saliva after X-ray irradiation in mice. In addition, cytokines in saliva,
but not in serum, were associated with late endpoints in the X-ray
experiments. Despite more severe early and late effects observed after
proton irradiation, the cytokine response from X-rays showed much
higher values, while the proton irradiated group showed a relatively
‘cold’ cytokine response.

To our knowledge, this is the first head and neck mouse study
that directly compares radiation-induced normal tissue effects and
cytokine response following X-ray and proton radiotherapy using
the same irradiation setup. The results indicate that the relative
biological effectiveness of protons in normal tissue is considerably
larger than the current clinical standard correction factor of 1.1,
which should be considered in the future proton therapy clinical trials
with H&N cancers. The surprising lower cytokine response after
protons compared to X-rays highlights the importance of studying the
mechanistic pathways with respect to immune responses, inflammatory
responses, and the development of tissue damage after proton versus X-
ray irradiation. In addition, the stronger association of cytokine levels
in saliva with late effects but not in serum pointed to a higher potential
of salivary cytokines to be used as biomarkers of local radiation-induced
damage of salivary glands.
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Sammendrag

Protonterapi har et betydelig potensial innen behandling av hode-
og halskreft på grunn av de fysiske egenskapene til protoner som
tillater presis bestråling av svulster med betydelig mindre bestråling
av omkringliggende friskt vev. Det er imidlertid behov for mer
kunnskap om de biologiske mekanismene bak normalvevstoksisitet og
forskjellene i normalvevsresponser mellom konvensjonell røntgen- og
protonbestråling. Dette prosjektet hadde som mål å undersøke tidlige
og sene normalvevsresponser i hode- og halsområdet (H&N) på mus
etter fraksjonert røntgen- eller protonbestråling. Delmål inkluderte
å studere cytokinresponsen i serum og spytt etter røntgen- eller
protonbestråling og korrelere den med seneffekter som hyposalivasjon
og fibrose.

En preklinisk modell ble etablert for å studere tidlige og sene
strålingsinduserte effekter i H&N-regionen hos mus. Strålefeltet dekket
munnhulen, svelgestrukturer og spyttkjertler. For å finne det dose
regime som induserer klinisk relevante endepunkter som oral mukositt,
ble C57BL/6J-mus røntgenbestrålet med totale doser fra 26 til 75
Gy, gitt i 10 fraksjoner over 5 eller 10 dager. Dosen som induserte
symptomer sammenlignbare med de som ble observert hos pasienter
ble funnet å være 65 Gy. For å sammenligne normale vevseffekter
etter røntgen og protoner ble det brukt to ulike behandlingsplaner
for protoner, enten med Bragg Peak’en i midten av musen (BP)
eller utenfor musen (transmisjonsmodus; TM). Overraskende fant vi
at mukositt etter protonbestråling var sterkere og begynte tidligere
enn etter røntgenstråling og antall dosefraksjoner måtte reduseres
for begge protonprotokollene. De leverte fysiske dosene var 41, 45
og 65 Gy gitt i 6, 7 og 10 fraksjoner for henholdsvis BP-, TM-
og røntgengruppene. Ulike dosimetrimetoder ble brukt for å måle
leverte doser. Oppfølgingsperioden var 105 dager for å inkludere både
tidlige og sene strålingsinduserte effekter og besto av makroskopiske
og mikroskopiske undersøkelser av hud, lepper, munnslimhinne og
spyttkjertler. Blod og spytt ble samlet på forskjellige tidspunkt før
og etter bestråling for å vurdere spyttvolum og cytokinnivåer.

Observasjonene av mukositt i tungen og målingene av antall
acinarceller, fibrose og spyttvolum viste mye større normalvevseffekter
etter protonbestråling enn etter røntgenbestråling, til tross for at
protondosene var 30 % lavere enn røntgendosen. Betydelig økning
av de pro-inflammatoriske cytokinene IL-1α, TNF, TIMP1, G-CSF,
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Sammendrag

KC og MIP-1α ble observert i spytt etter røntgenbestråling av mus.
I tillegg var cytokiner i spytt, men ikke i serum, assosiert med
seneffekter i røntgenforsøkene. Til tross for mer alvorlige tidlige og sene
effekter observert etter protonbestråling, viste cytokinresponsen fra
røntgenstråler mye høyere verdier, mens den protonbestrålte gruppen
viste en relativt ‘kald’ cytokinrespons.

Så vidt vi vet, er dette den første musestudien som direkte
sammenligner strålingsinduserte normale vevseffekter i hode- og
hals med cytokinrespons etter røntgen- og protonstrålebehandling
ved bruk av samme bestrålingsoppsett. Resultatene indikerer at
den relative biologiske effektiviteten til protoner i normalt vev er
betydelig større enn dagens kliniske standardkorreksjonsfaktor på
1.1, hvilket bør vurderes i fremtidige kliniske studier med proton
bestråling av H&N-kreft. Den overraskende lavere cytokinresponsen
etter protoner sammenlignet med røntgenstråler fremhever viktigheten
av å studere de biologiske mekanismer vedrørende immunresponser,
inflammatoriske responser og utvikling av vevsskade etter proton
versus røntgenbestråling. I tillegg pekte den sterkere assosiasjonen av
cytokinnivåer i spytt, men ikke i serum, til et høyere potensial for
spyttcytokiner som biomarkører for lokal strålingsindusert skade på
spyttkjertler.
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Chapter 1

Introduction

“For those of us who didn’t die, who are no longer sick,
but who don’t get well either”

From the book of Håvard Aagesen,
head and neck cancer survivor in Norway

(translated from Norwegian)

H&N cancer is the seventh most common cancer worldwide, with more than
660,000 new cases and 325,000 deaths annually [1]. Improvements in diagnosing
and treating cancer have resulted in higher rates of survival of H&N cancer
patients. However, patients and survivors experience both disease-related after-
effects and treatment-induced effects such as hearing loss, acute oral effects (e.g.
mucositis, skin toxicity, dermatitis and hyposalivation that can lead to loss of
taste, difficulties in eating, speaking, swallowing, teeth problems, infections in
the oral cavity and malnutrition), osteoradionecrosis, and problems with body
image and intimacy [2, 3, 4]. Although early effects are transient, they still may
lead to unplanned interruptions and failure in treatment, while late effects and
related malnutrition cause a significant reduction in quality of life, weight loss,
and psychological distress after the completion of treatment [4].

Approximately 50% of all cancer patients receive radiation therapy (RT) during
their course of illness as a main treatment or in combination with other treatment
modalities [5]. Precise dose delivery is crucial for tumors located in regions
surrounded by many critical organs at risk (OARs) such as those found in the H&N
area. For many decades, X-ray beam therapy has been most widely used in the
clinic. Advanced delivery techniques, such as intensity-modulated radiotherapy
(IMRT) has contributed to great progress in dose conformity to tumor and in
limiting the dose to normal tissue [6]. However, because of the physical properties
of X-rays, further improvements in sparing of normal tissue seem to be challenging.
In recent decades, the advantages of the beam properties of protons were translated
into clinical settings and proton therapy (PT) was introduced to cancer patients.
These advantages relate to the different dose deposition of protons versus X-rays
(see Fig. 1.1). While X-rays give a maximum dose near the surface with declining,
low-density dose deposition along their track, protons have a well-defined range and
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Chapter 1. Introduction

Figure 1.1: Depth dose distributions for X-rays, single and spread-out proton beam with
Bragg peak as a function of depth in tumor surrounded by normal tissue. Created with
BioRender.com.

deposit most of the energy at the end of their track in the so-called Bragg peak with
no dose behind the end of the Bragg peak [7, 8]. By varying the proton energies, a
spread-out Bragg Peak (SOBP) can be produced to cover the tumor volume with
a substantially lower dose to surrounding normal tissue compared to X-rays (see
Fig. 1.1), which potentially could lead to the reduction of normal tissue toxicities.
Therefore, proton therapy is considered to be a beneficial treatment modality for
H&N cancer patients. Despite all the advantages of the proton dose deposition, the
position of the Bragg peak for proton beams depends on beam energy and tissue
density and this represents a risk factor. If the delineations are inaccurate or if the
tumor size or normal tissue quality/occurrence have changed during the treatment
course, the position of the Bragg peak might be shifted, which can lead to an
overdose to the normal tissue around the tumor [7]. Currently protons are assumed
to be 10% more biologically effective than X-rays, but this might vary along the
beam track with higher effectiveness towards the end of the track [9]. Thus, further
research in this field and especially on normal tissue toxicities is needed to fully
exploit the potential of proton particle therapy. Published clinical data from proton
therapy have several limitations such as retrospective observations that might be
not reliable or small number of patients, while preclinical data on proton versus
X-ray radiation-induced effects usually are not directly comparable because of
different setups. Therefore, it is important to design relevant preclinical studies to
address the questions such as identifying biological mechanisms leading to clinical
symptoms after proton versus X-ray irradiation and the possibilities to detect early
signs of radiation-induced late effects using non-invasive methods to identify the
risk of side effects.

With the establishment of two new proton therapy centers in Norway by 2025, it
is planned that a high proportion of cancer patients undergoing proton therapy will
be included in clinical trials. This has led to a comprehensive initiative to enhance
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proton therapy research in the country. Preclinical data have an important role in
the design and planning of clinical trials and are therefore in high demand.

5



Chapter 1. Introduction

6



Chapter 2

Aims

The overall aim of this project was to investigate normal tissue responses in the
mouse H&N after X-ray or proton irradiation. In order to fulfill the main aim, the
work was divided into subprojects with the following aims:

- to establish a preclinical model employing a clinically relevant radiation field
to study various normal tissue effects in the H&N region after X-ray and proton
irradiation (paper I and III);

- to monitor serum and salivary cytokines after X-ray and proton irradiation
of the H&N and explore the potential of cytokine profiling as an early biomarker
(paper II and IV);

- to examine and compare early and late normal tissue effects after X-ray and
proton irradiation of the H&N (paper I, II, III and IV).
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Chapter 3

Background

3.1 Radiation therapy of H&N cancers

More than 90% of H&N cancers are squamous cell carcinomas (SCC) that usually
starts in the mucosal epithelium lining the oral cavity, pharynx and larynx [10].
The other less common H&N cancers originate in other cell types in the major or
minor salivary glands (SG) [11].

The treatment of head and neck cancers (HNC) is complex and usually involves
multiple modalities. According to the latest ESMO Clinical Practice Guidelines
for Head and Neck Cancers, the early-stage SCC HNC can be treated by RT alone,
while for locally advanced disease either surgery plus adjuvant chemoradiotherapy
or chemoradiotherapy alone is recommended [12, 13]. The standard treatment for
SG cancer without distant metastasis is surgery with post-operative RT. However,
primary RT is recommended for patients with unresectable tumors or who are
unsuitable for surgery due to comorbidities [14]. In the case of RT, IMRT or its
variant volumetric-modulated arc therapy is recommended for treatment, which
is the advanced form of three-dimensional conformal RT. However, radiotherapy
of HNC is associated with significant acute and late toxicities including among
others mucositis, dysphagia, xerostomia and hyposalivation. Therefore, there is a
need for organ-sparing approaches such as proton therapy.

Despite of the potential and increased use of intensity-modulated proton
therapy (IMPT) for HNC, it is not recommended for routine use because of limited
clinical evidence [12]. However, randomized clinical trials are ongoing [15] and
several countries use IMPT for HNC treatment especially where normal organ
constraints cannot be met with IMRT [16]. Based on DAHANCA Radiotherapy
Guidelines 2020 from Danish Head and Neck Cancer Group, the potential
candidates for PT should be identified at the local oncology departments after
the comparison of two treatment plans using protons and X-rays. The dosimetric
differences regarding normal tissue complications are used to estimate the potential
benefit of PT [17]. National guidelines for treatment of HNC in Norway are
similar to the European recommendations and include conventional RT. As particle
therapy is currently not available in Norway, only few HNC patients (with
inoperable carcinomas in salivary glands, for example) are sent for treatment
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abroad [18]. However, Norway will have two new proton therapy centres in
operation from 2025, and proton therapy research is therefore highly relevant.

3.2 Radiation physics and basic radiobiology

As was mentioned in the introduction, the therapeutic use of protons is beneficial
because of their favorable depth-dose profile. The physical property of protons
makes it possible to focus the prescribed dose in the target volume while limiting
the damage induced in surrounding healthy tissues [19].

Different biological effects after protons and X-rays may arise because of
different radiation interactions with matter. X-rays are considered to be indirectly
ionizing radiation as the damage to biomolecules occurs through the interaction
with water that leads to generation of reactive oxygen species. There are three
main ways on how X-rays can interact with matter depending on its energy and
the atomic number of the elements of the matter [20, 21]. The photoelectric effect
which predominantly occurs at lower X-ray energies up to 30 kV implies that an
atomic electron absorbs all the energy of the incoming photon and is emitted from
the atom. The photoelectric effect is the most important interaction for diagnostic
imaging because of the high dependence on atomic number. The Compton effect,
which can occur at any energy but is predominant at energies higher than 30
kV, implies that part of the energy is absorbed by the free or atomic electron
with a simultaneous emission of a secondary photon. Compton effect is the most
important interaction mechanism in tissue for energies used in RT. Pair production
which occurs at energies higher than 1.022 MV implies that the incoming photon
interacts with the electric field of an atomic nucleus in the irradiated material
resulting in an electron-positron pair. In tissue, X-ray energies of more than 20
MeV are required for pair production to dominate over the Compton effect.

Compared to X-rays, protons are considered to be directly ionizing radiation
and to directly interact with critical molecules such as DNA and proteins leading to
ionization or excitation. There are two main ways protons can interact with matter
depending on its energy and the atomic number of the elements of the matter [20,
21]. The first is electronic or Coulomb interactions, which imply that protons
interact with electrons in the atomic shell with or without energy loss. There
are two types of interactions: elastic scattering and inelastic collision. In elastic
scattering, the proton is scattered and changes its direction, while in inelastic
collision, the proton transfers energy to the hit electron which is excited or emitted
from the atom depending on the transferred energy from the proton. The second
mode of interaction is nuclear interactions, which imply that the protons interact
with the atomic nuclei. In elastic nuclear scattering, the proton is scattered and
changes its direction, while in inelastic nuclear scattering, the proton is deflected
and emits bremsstrahlung. Lastly, a proton interaction with the nuclei itself can
induce a nuclear reaction.

In biological tissue, X-rays undergo attenuation through absorption and
scattering that leads to a decrease of the photon numbers with depth, while
protons gradually lose energy through the few Coulomb collisions, slow down and
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eventually stop with the release of energy (Bragg peak). The interaction difference
between X-rays and protons is presented in Figure 3.2 with corresponding dose
distributions.

Figure 3.2: Attenuation of X-rays versus stopping of protons (a), dose distribution of
X-ray and protons (b). Created with BioRender.com.

For particle irradiation, stopping power is used to describe the energy loss
through collisions along the track in matter by the Bethe–Bloch formula, which
gives the stopping power as a function of particle energy, charge, and velocity
[21]. For quantification in radiobiology, the linear energy transfer (LET) is used,
which refers to the energy absorbed by the matter per unit of distance travelled
by the particle. LET only takes electronic interactions into account and is equal
to electronic stopping power for large samples. In terms of X-rays, LET refers to
the energy deposition of secondary electrons mainly from Compton scattering.

X-rays and protons are considered to be low LET radiation. However, the
LET of protons vary and protons have a higher LET toward the distal edge of
the Bragg peak because the interactions with matter increase with the decrease
of the velocity of protons [22]. Despite the fact that LET is used in biology to
characterize energy deposition resulting in cellular damage, it does not provide
any information about the radial distribution around the track or the variability
of energy density along the track. Therefore, two different radiations may have
the same average LET, but differ widely in microscopic energy density distribution
that can lead to different radiobiological effects [23].

Prediction of radiobiological response is a main challenge in radiotherapy.
Survival curves serve as a valuable tool for evaluating the radiosensitivity in vitro
following different types of radiation. The extensively validated linear-quadratic
(LQ) model is used to describe the surviving fraction (SF) of cells as a function of
radiation dose D, where α and β are two parameters [21]:

SF (D) = e(−αD−βD2) (3.1)
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The α/β ratio indicates the intrinsic radiosensitivity. Cells and tissues with a
high α/β ratio are more sensitive to radiation and early responding, while slower
growing/more radioresistant late responding tissues have low α/β ratio. The
survival curve’s shape depends on the LET. As the LET increases, the slope of the
curve becomes steeper and more linear with less shoulder which indicates a higher
ratio of lethal to potentially lethal lesions or a less efficient repair of damage caused
by high LET radiation. Conversely, a lower α/β ratio results in a more curved
survival curve with a more pronounced shoulder arising from sublethal damage
[21].

3.3 Parameters of biological effectiveness of differ-
ent radiations

To account for differences in energy deposition patterns, the relative biological
effectiveness (RBE) is used as a scaling parameter to measure the effectiveness of
different radiations. RBE is defined as the ratio of the reference dose (for example,
dose from Co-60 γ-rays or 250 kV X-rays) to the test dose that induce the same
biological effect [19, 22]. It represents a complex function and depends on several
variables such as the dose per fraction, LET, tissue types, biological end points,
etc [24]. LET increases with the slowing down of protons with depth (Figure 3.3),
and RBE increases with increasing LET with a slope depending on the biological
endpoint [22]. Importantly, the region of maximum LET and therefore RBE is
not at the top of the Bragg peak but at the distal dose fall-off with very low
proton energies that are dosimetrically negligible [22]. Dose per fraction is another
parameter that affects biological effectiveness. RBE increases with decreasing dose
for cell survival. This is reported to be more pronounced for late-responding (low
α/β) compared to early-responding (high α/β) tissues [22]. Therefore, the RBE
also depends on the intrinsic radiosensitivity and repair proficiency of the cell and
tissue type [25].

Figure 3.3: Schematic dose and dose-averaged LET as a function of depth for proton
beam. Created with BioRender.com.

Despite the knowledge of different interactions and dose deposition mechanisms
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of protons and X-rays, proton therapy dose planning is currently based on the
practices developed for conventional X-ray treatment and tissue tolerance data
are mostly derived from old studies using X-rays. The different energy deposition
mechanisms of protons versus X-rays that lead to a differential response in normal
tissues are not fully explored or implemented at the proton therapy centers today.

3.4 Radiation-induced normal tissue side effects in
H&N area

Radiation-induced normal tissue effects can be divided into early and late effects
[26]. As the focus in this project was to study radiation-induced oral mucositis
and salivary gland dysfunction, the overview of these effects is presented in the
following subsections.

3.4.1 Oral mucositis

Oral mucositis is a common and dose-limiting complication with incidence
varying between 50-90% among HNC patients, depending on radiation field,
dose, fractionation, and use of concurrent chemotherapy [27]. The oral mucosa
is composed of two layers: stratified squamous epithelium and connective tissue
below. Basement membrane formed by stem cells is located between the epithelium
and connective tissue layer [28]. The renewing and proliferating mucosal cells have
a very high cell turnover rate resulting in replacement of the lining every 7 to 14
days, which makes them vulnerable to the cytotoxic effects of RT [28, 29]. In
literature, a five-stage model of the pathobiology of oral mucositis after RT is
suggested (Fig. 3.4). The first “Initiation” stage results in DNA damage to cells
within the RT field and the production of reactive oxygen species (ROS) that
are crucial mediators of downstream signaling pathway activation and biological
agents release from the epithelium and tissue macrophages [30, 31]. The next two
stages of “Primary damage” and “Signal amplification” are usually combined and
characterized by the innate immune response and the activation of p53, NF-kB
and other transcription factors. This stimulates the gene expression and release
of pro-inflammatory cytokines, such as TNF, IL-1β, and IL-6. The resultant cell
damage and apoptosis in the basal epithelial stem cells lead to loss of renewable
epithelium and disruption of oral mucosal integrity [31, 32, 33]. In addition, TNF
activates NF-kB by providing a positive feedback loop that contributes to signal
amplification and leads to more cell death [31]. During the “Ulceration” stage,
the oral mucosa presents with a pseudomembrane or ulceration which allows the
microbial colonies and infection to penetrate the surface and increase the release
of pro-inflammatory mediators [31]. The final stage of “Healing” occurs around
2–4 weeks after the termination of the treatment by signaling to basal epithelial
cells to differentiate and migrate across the lesions [32, 33].

The association between cumulative radiation dose and the incidence of oral
mucositis following radiotherapy depends on many factors including treatment
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modalities and patient-related risk factors [34]. The first clinical signs of oral
mucositis have been reported at cumulative doses of 10 to 30 Gy followed by
ulceration in the mucosa of the tongue, gingiva, and palate [34, 35]. For
nasopharyngeal or oropharyngeal tumors, patients that are receiving cumulative
radiation doses > 50 Gy are more likely to develop severe oral mucositis [35]. One
study presented the mean dose at which 50% of patients experience grade 3 oral
mucositis (severe oral ulcers) to be 51 Gy (95% CI 40–61) based on generated
dose–response curves [36].

Figure 3.4: Five-stage model of the pathobiology of oral mucositis. Figure courtesy of
Dr Stephen T. Sonis. Figure reprinted with permission from [32].

3.4.2 Salivary glands effects

It is estimated that more than 80% of HNC patients exhibit salivary gland
hypofunction and xerostomia (dry mouth) after RT [37]. Salivary glands consist of
three major cell types: saliva-producing mucous and serous acinar cells as well as
myoepithelial and duct cells [38]. The SG cells are mostly postmitotic with a slow
cell turnover time of 60–120 days and are expected to be relatively radioresistant.
However, interestingly, changes in the amount and composition of saliva occurring
early after RT suggest that their response to radiation has both early and late
phases (Fig. 3.5) [38, 39].

The early response has been attributed to DNA damage, enhanced ROS
production, impairment of microvessels and possibly inflammation [37, 38, 40].
The late effects result from an accumulation of chronic inflammation, neuronal and
vascular changes, fibrosis, and senescence or dysfunction of adult progenitor cell
populations [37, 38]. Moreover, it has been proposed that the senescent cells might
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Figure 3.5: A schematic of the cellular and tissue responses of the salivary gland to RT
over time. The left panel depicts a model of a salivary gland tissue with an acinus,
the functional unit of the glands, enlarged. The right panel shows the early and late
responses of salivary gland tissue to RT. Figure reprinted with permission from [38].

develop a unique secretory phenotype that produces several proinflammatory
and profibrotic growth factors and is associated with reduced tissue regenerative
capacities, inflammation, and fibrosis [38].

The incidence of SG damage following RT depends on both the radiation dose
and the volume of the parotid or submandibular glands (SMG) included in the
radiation field. The lowest observable gland function reduction was reported to
occur at < 10-15 Gy mean dose, with a gradual further decrease at doses of 20-40
Gy and a strong reduction at doses > 40 Gy [41]. There are strong indications
that total irradiation of parotid glands with doses exceeding 60 Gy results in
permanent salivary damage with no functional recovery [42]. However, the risk of
hyposalivation and xerostomia is mitigated when at least one parotid gland or even
one SMG is spared [41]. The clear volume effect was demonstrated in a parotid
gland irradiation study, where the increase in irradiated volume of parotid glands
from 0%–40% to 90–100% resulted in a decrease in saliva flow ratio from 100% to
less than 10% in patients with a mean parotid dose of 35–45 Gy [42].

The different RT-induced normal tissue side effects may contribute to the
development and progression of each other. For example, a decrease in saliva flow
and changes in its quality decrease the protective effect on the mucous membranes
and teeth, affecting lubrication of food, eating, and speaking. Therefore, the
salivary gland damage may contribute to the infectious ulceration of oral mucositis
[27].

In conclusion, knowledge of the radiation-induced biological mechanisms
leading to the clinical symptoms discussed above is vital for early detection of
patients at risk and the development of new strategies for mitigation.
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3.5 Strategies to reduce or alleviate normal tissue
toxicity after radiotherapy

Reducing normal tissue toxicities in cancer patients will lead to improved quality
of life. This can be done by changing the treatment in terms of radiation type, dose
fractionation, radiation field configuration, combination treatments with systemic
therapies, or mitigation strategies. The literature review below presents several
promising strategies that are already implemented in clinics or that have been
under active research.

3.5.1 Advantages of altered fractionation schemes

Several unconventional fractionated RT regimens for HNC have been assessed
in the past decades including hypo- and hyperfractionation and accelerated
fractionation [43, 44]. These regimens were believed to improve the therapeutic
ratio through a differential response between tumors and normal tissues to
fractionated radiotherapy [44]. According to classifications, hypofractionated RT
employs a dose per fraction of more than 2.2 Gy, while hyperfractionated RT uses
a dose per fraction of less than 1.8 Gy [45]. Accelerated RT employs a rate of
dose-accumulation that exceeds 10 Gy/week and delivers the conventional number
of dose fractions in a reduced treatment time to increase tumor control rate [45].

One of the largest meta-analyses with the aim to study the effect of altered
fractionation on overall survival was conducted by the MARCH (Meta-Analysis
of Radiotherapy in Carcinomas of Head and neck) Collaborative Group and
included 15 randomized trials with in total 6515 patients [46]. The results
showed a small but significant improvement in survival (8% at 5 years) and a
more pronounced benefit in locoregional and local control with hyperfractionated
radiotherapy compared to conventional radiotherapy (accelerated radiotherapy
showed 2% survival improvement) [46]. The benefit was significantly higher in
the youngest patients [46]. However, a study conducted by the Radiation Therapy
Oncology Group (RTOG) showed that the patients given hyperfractionation had
significantly more acute mucositis, compared to standard fractionation [44]. This
is one of the major limiting factors of implementing altered fractionations in
radiotherapy for HNC. Importantly, no significant increase of late effects was
observed [44].

Even though altered fractionation in radiotherapy shows an improvement
of survival in patients with HNC, the optimal fractionation schedule is still
not known. Based on the LQ model, the biological effective dose (BED) and
single fraction equivalent dose (SFED) can be calculated to compare different
fractionation regimes [47]:
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For both equations, n is the fraction number, d is the dose per fraction in
Gy, and α/β ratio in Gy is a parameter derived from the LQ model. BED is an
extrapolated dose given over infinitely many fractions needed to induce the same
effect and is a useful parameter in clinical practice.

3.5.2 The use of cytokines as biomarkers for normal tissue
toxicities

Several studies of the inter- and intra-patient variability in early and late side-
effects have demonstrated that the risk of normal tissue toxicity is defined by
biological determinants which are specific for each individual and for the individual
radiation-induced pathogenesis [48]. The possibility to stratify cancer patients
according to the risk of toxicity as well as to identify the development of the
effects and their severity in an early phase would be an important tool to
guide the choices of treatment modality, therapeutic interventions, or adaptive
therapy selection in order to mitigate the risk or intensify the therapy [48,
49]. There is therefore a high interest in identifying relevant biomarkers, which
are indicative measurable characteristics of the responses of a biological system
[48]. Identification of biomarkers for the assessment and early diagnosis of oral
mucositis, for example, might reduce the frequency of therapy termination, dosage
re-modulation and allow a more tailored management of each patient [49]. In the
last decade, the content of body fluids like blood and saliva has been studied to
find potential diagnostic and prognostic biomarkers for HNC response and normal
tissue toxicities [50].

Cytokines are potential candidates to be used as biomarkers in the clinic [51].
Cytokines are small glycoproteins produced by immune and stromal cells that
regulate cell proliferation, survival, and migration and they play a crucial role in
immune cell activation [50, 52]. Their release after chemo- and/or radiotherapy
leads to amplification of damage responses [49]. Many studies have focused on
changes in cytokine levels before and after X-ray radiotherapy treatment with the
aim to correlate them with radiation-induced tissue toxicities. Several studies
demonstrated a potential for using cytokine levels in saliva to identify HNC
patients at risk for mucositis [51]. For example, an increase of pro-inflammatory
cytokines including interleukin IL-1β, IL-6 and TNF during or after RT was
associated with greater severity of oral mucositis in patients with HNC which
represents a potential tool for the early identification of patients at risk [53, 54].
Another study, focused on late effects in HNC survivors ≥ 5 years post-RT, did not
find any significant associations between a selection of pro-inflammatory cytokines
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and xerostomia, dysphagia, or chronic fatigue [55]. However, this study reported
increased levels of some cytokines, for example IL-6 and IP-10, in HNC survivors
group compared to healthy controls that may indicate persistent systemic changes
in the survivors. Still, the studies of cytokine levels for prediction of the severity
of late radiation-induced effects, which are also an important dose-limiting factor
and the major contributor for reduced quality of life after RT, are limited.

While the number of cytokine studies is increasing, the predictive role of
cytokines in the determination of early and late toxicity severity in HNC has
still not been fully explored.

3.6 Clinical normal tissue side effects from proton
and X-ray therapy

The evidence summarized in several reviews comparing PT and IMRT suggests
that PT is a promising treatment option for patients with HNC [56].

For oropharyngeal SCC the tumor control rates are reported to be similar
or better than those obtained with IMRT, while the first comparative results of
patient-reported outcomes, which is a validated instrument for assessing symptom
burden, show a reduction in subacute toxicity for patients, especially regarding
taste and appetite, for IMPT [57, 58]. Lower rates of subacute and late swallowing-
related morbidity were also reported for IMPT when measured by the rate of
feeding tube dependency and/or severe weight loss based on a case matched
analysis [59]. Finally, in one of the largest retrospective studies, the proportion of
moderate-to-severe xerostomia was significantly lower in a group of patients who
received IMPT at 18–36 months [56, 57]. The dosimetric advantage of protons
over X-rays for the treatment of HNC were discussed in [60]. For both cases
the use of IMPT can spare organs from up to 25 Gy of unnecessary irradiation
compared with IMRT (Figure 3.6). All this may result in less hospitalizations
and lower health care costs over time, and patients receiving IMPT may return to
normal function and life during the first 3 months after treatment [57, 58]. Several
retrospective case-matched studies of patients with nasopharyngeal SCC reported
a lower requirement for feeding tube placement and opioid pain medication for
IMPT patients compared to those treated with IMRT which was correlated to a
reduction in the mean oral cavity dose [56, 61]. Reducing late complications and
improving quality of life after RT of HNC is especially important because of the
increasing number of young and physically fit patients with good prognosis [57,
62].

In 2010, the Quantitative Analyses of Normal Tissue Effects in the Clinic
(QUANTEC) group presented a review of the published clinical evidence for
normal tissue dose effect relationships including a report on salivary glands [63,
41]. The recommendations for H&N IMRT suggest that limiting the mean dose
to at least 1 parotid gland to < 20 Gy, or to both glands to < 25 Gy leads to a
significant reduction of severe xerostomia risk [63, 41].

Normal Tissue Complication Probability (NTCP) is a crucial concept in
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Figure 3.6: Comparative treatment plans using IMRT, IMPT, and subtraction plan
(IMRT-IMPT). (A) A 56-year woman with T1N1 left sided nasopharyngeal carcinoma
(4 nodes in left levels IIa, IIb, III, and Va). (B) A 47-year woman with T4N0 adenoid
cystic carcinoma of the hard palate (surgery followed by adjuvant radiotherapy). Figure
reprinted with permission from [60].

assessing the risk of normal tissue effects such as xerostomia. NTCP quantifies the
likelihood of complications occurring in normal tissues as a consequence of various
factors, including the radiation dose delivered to the SG, the volume of the glands
irradiated, and individual patient characteristics. NTCP models were used to
validate the QUANTEC xerostomia recommendations and allowed the clinicians
to optimize treatment plans, balancing the therapeutic benefits of radiation with
the preservation of SG function to enhance the overall quality of life for patients.
Most of the NTCP studies found that the QUANTEC constraints perform well
[63, 64]. However, NTCP models also highlighted that the dose to the SMG,
SLG, and soft palate might be significant predictors of xerostomia, and sparing
at least one SMG also appears to reduce xerostomia risk as it is responsible for
20–30% total saliva secretion [63, 41, 65]. In addition, recent findings indicate
the presence of stem cell regions within the parotid glands, which play a critical
role in maintaining gland functionality, and might suggest targeted partial-gland
sparing [63]. A more comprehensive understanding of the biological mechanisms
underlying normal tissue toxicities holds the potential to improve RT strategies.

To conclude, the data utilized for the development and validation of constraints
primarily rely on IMRT studies with X-rays, and more clinical data from IMPT
is needed. Furthermore, the studies listed above have several weaknesses because
they are generally based on low amounts of evidence from small non-randomized
studies due to a lack of large comparative randomized studies for PT of HNC [57].
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Increasing number of IMPT patients and ongoing comparative randomized trials
will provide more clinical data on the differences between IMPT and IMRT and
patient-reported outcomes in the nearest future [61, 66].

3.7 Preclinical normal tissue side effects from proton
and X-ray therapy

Despite the high theoretical potential of IMPT, the uncertainties and assumptions
regarding PT discussed above might compromise its clinical potential [66].
Knowing that the proton dose distribution is highly sensitive to inter- and intra-
fractional variations in anatomy, there is a concern that regions with higher LET
and RBE towards the distal edge might occur in a normal tissue and cause severe
toxicities [66]. In the current practice of PT, the fixed standard value for RBE
of 1.1 is used in most facilities [66]. This value was deduced as an average of
measured RBE values from in vivo experiments conducted in the early days of
PT and neglected any dependency of RBE on dose, tissue type, endpoint or beam
properties [24]. However, the awareness around RBE variation along the proton
path has been raised and various in vitro and in vivo experiments have been
conducted to accumulate data on variability of proton RBE [67].

The review that summarized RBE values for published in vitro data showed
that the range of estimated RBE’s was from 0.86 to 2.1 with an average of 1.22
± 0.02 in the middle of the SOBP [68], while at the distal end of the depth dose
distribution, RBE was around 1.6 [69]. The in vitro studies help to analyze relative
RBE values and understand basic mechanisms, but in vivo studies enable better
approximation of clinical treatments and are superior for studying more complex
biological systems [68, 70].

The in vivo studies for clinical 80-250 MeV proton beams include a variety of
tissue end points such as acute and late skin reactions, jejunal crypt cell survival,
organ weight loss or the dose at which half the laboratory animals died (LD50) with
the majority returning RBE values broadly consistent with 1.1 or a less pronounced
increase than found in in vitro studies [68, 71].

A preclinical study that used zebrafish embryos survival data as an alternative
in vivo model reported RBE of 1.13 ± 0.08/1.41 ± 0.08 for 20/30 Gy single dose
(SD) irradiation at the entrance plateau and 1.20 ± 0.04/1.60 ± 0.32 for 20/30 Gy
SD irradiation at the mid-SOBP position determined four days after irradiations
with proton relative to 6 MV photon beams [69]. Another study investigated the
early normal tissue damage of limb skin in mice after SD irradiation with protons
and reported RBE values for mid-SOBP position of 1.00 (0.94–1.05) relative to 6
MV photons and 0.9 (0.85–0.97) relative to 240 kV photons [67]. However, this
study demonstrated an enhanced biological effect in the position covering the very
distal edge of the SOBP and the first part of the distal dose drop off. In the mice
group positioned at the SOBP distal dose fall-off, 25% of the mice developed early
skin damage compared with 0–8% in other groups [67]. Another study of early end
point of intestinal crypt regeneration in mice showed that proton irradiations at
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the distal edge of the SOBP were more effective than at the mid-SOBP by a factor
of 14%, while RBE values for mid-SOBP of 1.15 was reported regardless of the
fractionation regime or dose (at least in the range of 1–10 fractions) [72]. A recent
study with the goal to investigate the fundamental differences between proton- and
X-ray-induced intestinal injuries in mice after SD irradiation at the mid-SOBP also
reported increased biological effectiveness of protons with an RBE of 1.14 [73]. EdU
staining, which labels the actively dividing cells in the jejunum crypts, showed that
proton irradiation was more effective in eradicating regenerating jejunum crypts
than X-ray irradiation [73].

For a late end point, a study of mice death at 180–240 days due to pneumonitis
and progressive fibrosis after selective fractionated irradiation of the thorax
reported a statistically insignificant increase by 6% in proton RBE from the mid
to the end of the SOBP [71, 74][63, 66]. The average RBE values for mid-SOBP
position for all fractionations and endpoints was 1.12 [74]. This study concluded
that there is no need to further investigate the RBE value in consideration of
the late tolerance of normal tissues because RBE for lung tolerance in mice did
not significantly vary with fractionation and did not significantly differ from most
early and late responding tissues studies [74]. Another study of radiation-induced
myelopathy after rat spinal cord proton irradiation reported moderately increase
of RBE values (reference MV photons) from 1.13 ± 0.04 for the entrance to 1.26
± 0.05 at the distal end of SOBP for SD and from 1.06 ± 0.02 to 1.23 ± 0.03 for
two equal fractions [69, 75].

Literature reviews and expert workshops display a need for more experimental
data in order to address the RBE uncertainties. In addition, new preclinical tumor
and normal tissue models in vivo as well as clinical studies might contribute to
better understanding of biological effects and potential integration of RBE models
into treatment planning algorithms. A substantial part of published studies is
focused on acute reactions and are likely to underestimate the biological effects
in late-responding tissues which are the major dose-limiting factors affecting the
quality of life after RT [25, 70]. Therefore, more experimental studies should be
conducted on a panel of relevant normal tissues models that include functional
and tissue endpoints representing both acute and late radiation-induced reactions
in animal systems to examine the dependence of RBE on dose/fraction, tissue
types, and beam characteristics [70, 24]. Furthermore, the radiation schedule
should simulate the clinical settings, including fractionation which should be
adapted to beam availability [76]. It is recommended therefore to use shorter and
hypofractionated schedules as a viable and clinically relevant option and include
irradiation in the distal edge of SOBP [70, 76].
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Chapter 4

Materials and Methods

All experiments in papers I-IV were conducted using laboratory animals (mice) as
a preclinical model.

4.1 Animals

Nine-week-old C57BL/6J mice were purchased from Janvier company (France),
kept in a 12-h light/12-h dark cycle under pathogen-free conditions and fed a
standard commercial fodder with water given ad libitum. Standard housing with
nesting material and refuge was provided. All experiments were approved by the
Norwegian Food Safety Authority (ID 20889, 26246 and 27931) and Danish Animal
Experiments Inspectorate (ID 2022-15-0201-01146) and performed in accordance
with the animal welfare policy of Oslo University Hospital and Aarhus University.
At the onset of experiments, animals were 12 weeks old.

4.2 Overview of animal experiments

In total, seven experiments were performed with the timelines presented in Figure
4.7.

Two pilot experiments (#1 and #2) were conducted with a small number of
animals (n=3 and n=4, respectively) to establish all the procedures and endpoints
and to determine the optimal X-ray voltages and doses. For experiment #1 both
female and male mice were used, while for the other experiments only female mice
were chosen because of aggressive behavior of males during the experiment. The
following doses per fraction were used for the pilot experiments: 2.6 Gy, 3.9 Gy,
4.4 Gy, 5.1 Gy, 5.7 Gy with 2 fractions per day (8 AM and 4 PM) for 5 days.
All reported doses are mean doses at the midpoint in the X-ray path through the
mouse. The aim was to find the optimal dose for mice that induce the effects
observed in patients such as oral mucositis.

The chosen doses did not induce signs of oral mucositis during the acute phase.
Therefore, two larger experiments #3 and #4 (n=10) were conducted with higher
doses: 7.5 Gy and 6.6 Gy with 2 fractions per day for 5 days, to observe the early
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Figure 4.7: Overview and timelines of all animal experiments.

radiation-induced effects. The total dose of 75 Gy was not well tolerated by the
mice and experiment #3 was terminated on day 14 due to unacceptable weight
loss (> 20%). Based on experiments # 1-3, the optimal dose was determined to be
between 5.7 and 7.5 Gy per fraction (Gy/fr) and a dose of 6.6 Gy/fr in experiment
#4 appeared to be optimal to reach the clinical endpoint (oral mucositis) and
be well tolerated by the mice to survive the acute phase. Results from these
experiments are presented in paper I and II.

As the main goal of the project was to compare the normal tissue effects after
X-ray vs proton irradiation, we visited our collaborators at Danish Centre for
Particle Therapy in Aarhus, Denmark, to discuss and plan proton experiments.
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4.3. Design of irradiation set-up

Based on our requirements of using the clinical gantry to get a vertical beam to
mimic the X-ray experiments and the patient’s treatment schedule, the decision
of changing the fractionation scheme from 2 fractions per day to 1 fraction per
day was made. Therefore, experiments #5 and #6 were conducted with the same
dose 6.6 Gy/fr with 1 fraction per day (4 PM) for 10 days to test how the change
in fractionation scheme influenced the induced effects. Surprisingly, the observed
effects were larger and more consistent, and the mice could only tolerate these
experiments when given saline injections to prevent dehydration. For experiment
#7 (protons), approximately the same dose per fraction was chosen and two proton
treatment plans were developed to encompass the LET effects – Bragg peak (BP)
and Transmission mode (TM) (see the subsection below). However, the radiation
treatment had to be terminated for the BP and TM groups after fraction #6 and
#7, respectively, due to weight loss and early signs of oral mucositis. The early
and late effects from these experiments are presented in papers III and IV.

The day of the first irradiation was denoted day 0. The maximum follow-up
period in experiments # 4-7 was 105 days after onset of fractionated irradiation.
Euthanasia in all experiments was performed through overdose of an anesthetic
(Pentobarbitol, Exagon® Vet) by intraperitoneal injection to prevent tissue
damage from cervical dislocation.

4.3 Design of irradiation set-up

The set-up for positioning of the animals during irradiation is presented in Figure
4.8a.

The animals were anesthetized using gas anesthesia with Sevoflurane 4 % in
O2. The anesthetized mice were positioned laterally on the right (for X-rays and
BP protons) or left (for TM protons) side in a custom-made foam holder. The
different side for TM protons was chosen to achieve similar dose distributions as
for X-rays. Lead (for X-rays) and brass (for protons) collimators were custom built
to define a radiation field of 25 × 20 mm and placed on top of the foam holder
to only irradiate the tissues of interest and avoid exposure to the eyes and brain.
The radiation field covered the oral cavity, pharynx, and major salivary glands.
A built-in X-ray imaging system was used to verify the anatomical location of
the radiation field (see Fig. 4.8b). The irradiation was performed on two mice
simultaneously.

4.4 Irradiation Procedure

4.4.1 X-ray experiments

X-ray irradiation was performed with Faxitron Multirad225 irradiation system
(Faxitron Bioptics, Tucson, AZ, USA) at the Radium Hospital in Oslo, Norway.
The following X-ray settings were used: (1) 180 kV X-ray potential, 10 mA current,
0.3 mm Cu filter, and 0.65 Gy/min dose rate, (2) 100 kV, 15 mA, 2.0 mm Al, and
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Figure 4.8: (a) The pictures of actual set-up for partial H&N irradiation. Plastic box
with the foam base cut in the mouse shape with PMMA 3D-printed face mask for gas
anesthesia and the mouse positioned for irradiation. Two different collimators of lead (for
X-rays) or brass (for protons) were put on top of the foam to define the radiation field.
(b) X-ray image of the radiation field and magnetic resonance image of the corresponding
H&N region. The red rectangle shows the approximate radiation field.

0.75 Gy/min. (1) was used for the experiment #1, while (2) was used for the
experiments # 2-6.

The schematic treatment plan and corresponding Monte Carlo (MC) simulation
for X-ray experiments # 4-6 are presented in Figure 4.9 (left column). The X-ray
group from the experiment #4 was irradiated with a total dose of 66 Gy given in 10
fractions over 5 days (paper I and II), while the X-ray groups from the experiment
#5 and #6 were irradiated with a total dose of 65 Gy given in 10 fractions over
10 days (paper III).

4.4.2 Proton experiments

Proton irradiation was performed with Varian ProBeam clinical gantry with a
pencil beam scanning dedicated nozzle (Varian, Medical Systems, Palo Alto, CA,
USA) at the Danish center for particle therapy at Aarhus University Hospital
in Aarhus, Denmark. Two different proton treatment groups were included.
The schematic treatment plans and corresponding MC simulations for proton
experiment #7 are presented in Figure 4.9 (middle and right column).

The TM group was irradiated with a total dose of 44.8 Gy given in 7 fractions
over 7 days (5+2) with a single energy (70 MeV degraded by 1 cm solid water)
pristine Bragg peak (paper III). In this ‘transmission mode’, the Bragg peak ended
up outside the mouse. The BP group was irradiated with a total dose of 40.8 Gy
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given in 6 fractions over 6 days (5+1) using a single energy (70 MeV degraded by
3 cm solid water) pristine Bragg peak (paper III). For this group, the distal edge
of Bragg peak was around the middle of the mouse). The proton entrance energy
/ range was estimated by MC simulations to be 60 MeV / 31 mm and 24 MeV /
6.8 mm range for the TM and BP groups, respectively.

Figure 4.9: (a) Graphical treatment plan and (b) corresponding FLUKA MC simulations
for the X-ray (left column) and proton (middle and right column) irradiation
experiments.

4.5 Dosimetry

To verify the delivered doses several dosimetry approaches were used.
Absolute calibration of the X-ray system and unshielded beam was conducted

using a FC65-G Farmer type ionization chamber (IBA Dosimetry, Germany)
together with a MAX-4000 electrometer (Standard Imaging, USA) according to
IAEA report TRS-277 [77]. Dosimetry for the collimated beam was performed
using Gafchromic™EBT3 dosimeter films at a source-surface distance representing
skin entrance of the mouse. EBT3 films (lot No. 02122001) were irradiated and
processed according to the recommended protocols specified for radiochromic film
dosimetry in the report of the AAPM Task Group 235 [78]. Alanine dosimetry
was conducted to verify the dose distribution after X-ray and proton irradiation.
Cylindrical pellets (batch BX608 and CD600; diameter 4.8 mm and height 2.7 mm)
from Harwell Dosimetrers Ltd, UK consisting of 90.9% L-alpha-alanine, amino
acid and 9.1% paraffin wax (binder) were used. Seven pellets were stacked on
top of each other and placed in the Eppendorf tube. The tubes with pellets were
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positioned inside the foam holder in the area of the mouse oral cavity/SG, covered
by the collimators and irradiated with the same settings and dose per fractions as
mice in all treatment groups X-ray, BP and TM. The pellets were read out by the
RISO team from Danish Technical University, Denmark, using a specific read out
procedure described in [79].

4.6 Blood and saliva sampling

Blood and saliva sampling were performed in all animals as baseline measurements
7 or 3 days before the first fraction (depending on the experiment). Additional
blood and saliva samplings were performed on day 5, 9 or 12, and on day 35, 75
or 80 and 105 before termination (depending on the experiment). Blood sampling
was collected from the tail vein into serum microvette tubes (Microvette, Sarstedt).
Afterwards, the samples were centrifuged at 1000 g and 4 °C for 15 minutes,
and the separated serum was stored at -80 °C. Saliva sampling collection was
performed as previously described [80]. Mice were anesthetized with subcutaneous
injection of Zoletil-mix (see below). Saliva production was stimulated using 0.375
mg/kg of pilocarpine (Pilocarpine hydrochloride, Sigma) that was intraperitoneally
administered to the mice under anesthesia. The mice were positioned in the tube
at 45 degrees with the cotton swab in the mouth and the saliva was collected for
15 minutes. The cotton swabs were then centrifuged at 7500 g and 4 °C for 2
minutes. The obtained volume was measured and stored at -80 °C for cytokine
analysis. The saliva volume was used as a measurement of salivary gland function
during the acute and late phases. In paper II, data from day 80 and 105 were
pooled because of inter-animal variations due to the limited number of animals
per group.

4.7 Evaluation of early effects

The development and progression of acute effects were observed during the first 2-
3 weeks after the completion of fractionated irradiation. Assessment of overall
activity, appearance and body weight (less than 20 % body weight loss was
considered acceptable) was performed according to the score sheet for monitoring
the welfare of the animals. Oral mucositis, skin and lip toxicity were graded
using a modified scoring scheme based on the RTOG scoring criteria [81]. For
this, macroscopic examinations of the oral cavity were performed every second
day using magnifying glasses (3.5×) and a light source. Mice were anesthetized by
subcutaneous injection of Zoletil-mix (Zoletil-mix: 10 ml Narcoxyl® or Rompun®
(xylasin 20 mg/ml) + 0,5 ml Torbugesic® (butorphanol 10 mg/ml) + Zoletil®
(zolazepam 125 mg and tiletamin 125 mg)). Analgesic treatment with Temgesic
every 8 hours for 3-5 days in conjunction with saline treatment by subcutaneous
injection to prevent dehydration was provided to all animals. In addition,
easily digestible and nutrition rich gel fodder (DietGel Recovery, Clear H2O)
was provided to avoid unnecessary mortality. The animals that reached humane
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endpoints were euthanized.

4.8 Evaluation of late effects

Fibrosis and acinar atrophy of salivary glands as a radiation-induced late effects
were assessed by histological examination of SMG section, and the percentage of
fibrotic area was used in the prediction modelling as fibrosis score. The detailed
methodology on decision tree regression analysis is presented in paper II. The
SMGs were collected after euthanasia and fixated for 24 hours in 10 % formalin,
dehydrated in ethanol and embedded in paraffin. Tissue sections of 4 µm were
cut (Leica RM2155 microtome) and stained with hematoxylin and eosin (HE) and
Masson Trichrome (Trichrome Stain kit, abcam) according to the protocol from
the manufacturer. Images of the stained sections were acquired using a Nikon
DS-Ri1 camera with a CFI Plan Fluor 10× objective (NA 0.30). The percentage
of fibrotic area relative to the total area was extracted by thresholding in ImageJ
based on 8-11 images of the SMG from each mouse.

4.9 Cytokine analysis

Both saliva and serum samples were thawed on ice, vortexed and spun down at
16 000 g for 5 minutes at 4 °C. The samples were diluted (saliva; 2:1 and serum;
1:1) with the RD1-W buffer (R&D Systems, Abington, UK). All samples from X-
ray experiment with 2 fractions/day (fr/d) were analyzed with a custom made 12
plex kit (www.biotechne.com/g8AnddcM) including MIP-1α, KC, IP-10, G-CSF,
IFN-γ, IL-1α, IL-1β, IL-6, IL-12 p70, MMP-9, TIMP-1 and TNF (Bio-Techne
Ltd , Abington, UK). All samples from X-ray (1 fr/d) and proton experiments
were analyzed with a custom made 11 plex kit (www.biotechne.com/g8AnddcM)
including MIP-1α, KC, G-CSF, IFN-γ, IL-1α, IL-1β, IL-6, IL-12 p70, MMP-
9, TIMP-1 and TNF (Bio-Techne Ltd, Abington, UK). A Luminex IS 200
instrument (Bio-Rad, Hercules, CA, USA) was used to record data. Total protein
concentrations in saliva samples were estimated in mg/ml using NanoDrop 2000c
(Thermo Scientific, Rockford, IL, USA). The salivary cytokine levels were adjusted
to total protein concentration and presented as (pg of cytokine)/(mg of total
protein). No significant differences were found in cytokine levels in control groups
from X-ray and proton experiments and from X-ray experiments with different
fractionation schemes. Therefore, cytokines in control groups were merged for the
analysis.
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Summary of papers

Paper I. A preclinical model to investigate normal
tissue damage following fractionated radiotherapy to
the head and neck (published)

The primary objective of this investigation was to establish a preclinical model to
study different early and late radiation-induced effects in the H&N region after
fractionated irradiation. We used a clinically relevant radiation field covering the
oral cavity, pharynx and major salivary glands and several different dose deliveries
to achieve endpoints observed in RT-treated patients, such as oral mucositis and
hyposalivation.

Ulcerations on the ventral surface of the tongue were observed for doses ranging
from 66 to 75 Gy. However, the 75 Gy dose was not tolerable for mice and that
group of mice was euthanized because of extensive weight loss. Therefore, we
tested doses per fraction ranging from 2.2–7.5 Gy (with a total dose of 22–75
Gy in 10 fractions over 5 days) and determined that for the current fractionation
scheme and irradiation setup, the optimal dose to obtain clinically relevant normal
tissue responses was 6.6 Gy/fr.

Mice exposed to 6.6 Gy/fr experienced severe radiation dermatitis, featuring
confluent moist desquamation affecting not only the lower lip but also the skin of
the upper chest. We observed a clear relationship between radiation dosage and
the occurrence of radiation dermatitis in the skin. Additionally, a significantly
reduced saliva production was observed in the irradiated groups compared to the
control.

Histological examinations of the tissues showed increased keratin thickness of
the epidermis, keratin desquamation, and atrophy of sebaceous glands and hair
follicles in the lip. Histological findings of mucosal ulcerations corresponded to the
macroscopic observation of oral mucositis on the ventral surface of the tongue in
mice exposed to 6.6 and 7.5 Gy/fr. In conclusion, we have developed a preclinical
model to study radiation-induced effects in various tissues, including the skin,
oral mucosa, and salivary glands in the H&N region. In this study we presented
early radiation-induced effects after a range of the doses. In irradiated mice,
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dose-dependent radiation dermatitis and oral mucositis were observed, along with
reduced saliva production compared to the control group. The optimal total dose
for inducing similar effects as seen in H&N cancer patients was determined to be
around 66 Gy. This preclinical model provides a valuable tool for investigating
normal tissue responses after irradiation including late effects.

Paper II. Cytokine levels in saliva are associated with
salivary gland fibrosis and hyposalivation in mice
after fractionated radiotherapy of the head and neck
(published)

In this study our established model with radiation field from the paper I was used.
The dose was 66 Gy given in 2 fractions per day over 5 days, the number of mice
per group was 10. Blood and saliva samples were screened for cytokines. The aim
of this study was to monitor the levels of cytokines in both saliva and serum after
fractionated radiotherapy in mice and to investigate any potential associations
between the cytokine levels and salivary gland fibrosis and hyposalivation.

A significant increase of fibrotic area in the submandibular gland tissue and
a decrease in saliva production were found in the irradiated mice compared to
controls and were considered as late endpoints. A significant increase in pro-
inflammatory cytokine levels of IL-1α, TNF, and TIMP-1 on days 35, 80, and 105
post-irradiation compared to controls was found. Additionally, the levels of G-CSF
and KC were significantly higher on days 35 and 80 in the irradiated group. In
serum, only MIP-1α exhibited a significant decrease on days 35, 80, and 105 in the
irradiated mice compared to controls, while no significant changes were observed
in the other cytokines.

We tested the correlation of salivary cytokines with the late endpoints and
found the strongest correlation on day 35. Additionally, we found a much stronger
correlation between salivary cytokines and endpoints compared to serum cytokines
and endpoints, which supports our hypothesis that saliva cytokines are more
specific and more sensitive to the local damage of salivary glands than serum
cytokines. Decision tree regression analysis with the feature matrix of cytokine
levels as dependent variable and the concatenated endpoint vector as independent
variable showed a significant contribution of IL-1α in predicting late endpoints.

In conclusion, this is the first study of the alterations in cytokine levels in
mouse saliva following irradiation of H&N region. We found a differential secretion
of cytokines in the saliva of irradiated mice but not in serum compared to the
control group. There was a strong correlation between salivary cytokine levels and
the late endpoints, whereas cytokines in serum only showed weak correlations with
the endpoints. These findings supported the theory that these cytokines, known
for their involvement in inflammatory responses and fibrosis formation, play a
crucial role in the development of late effects induced by radiation. In addition,
we concluded that saliva compared to serum might be the better candidate for
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biomarkers of radiation-induced damage of salivary glands.

Paper III. Acute normal tissue responses in a murine
model following fractionated irradiation of the head
and neck with protons or X-rays (published)

For this study, we conducted additional X-rays experiments with 65 Gy total
dose but delivered in 1 fraction per over 10 days using our established model with
radiation field from the paper I. The aim of this preclinical study was to investigate
the acute responses of normal tissues following proton and X-ray irradiation in the
H&N region to gain a deeper understanding of the differences in the biological
effects between these two types of radiation.

To study the effects of LET, we included two proton groups. The BP group
received irradiation with a pristine BP that covered half of the H&N region in mice,
with the distal edge of the BP focusing on the area of interest, namely the salivary
glands. This setup aimed to emulate the irradiation of normal tissues located
behind a tumor, simulating a clinical scenario. In contrast, the TM group received
irradiation with a more uniform dose distribution where the BP was positioned
outside of the mouse. This approach was designed to create a proton plan with a
dose distribution similar to that of X-rays, facilitating direct comparison of their
biological effectiveness.

To assess the dose distribution, we performed alanine dosimetry for both proton
and X-ray irradiation. The results revealed that the depth dose profiles within
the irradiation field were nearly identical for TM proton group and X-rays with
approximately the same dose per fraction. For the BP proton group, a steep dose
gradient was observed as expected. The total doses received by X-ray, BP and
TM groups were 65, 40.8 and 44.8 Gy, respectively.

Surprisingly, despite the very similar dose distributions and the lower proton
doses, the proton TM group exhibited significantly higher biological effects
compared to the X-ray group, and similar to the BP group. After proton
irradiation, oral mucositis appeared earlier, had a higher severity score, and
affected a greater percentage of the mice compared to X-ray irradiation. Tongue
mucositis was observed in all mice subjected to proton irradiation, while it was only
present in 80% of mice exposed to X-rays. However, the mean severity score for lip
dermatitis was quite similar between the X-ray and proton groups. The reduction
in saliva production was observed the day after termination of radiotherapy for
both proton and X-ray irradiation compared to the control. The TM and X-ray
groups demonstrated significantly decreased saliva volume compared to controls
on day 35, while the BP group showed better recovery of saliva production.

In conclusion, our findings indicated an increased acute tissue response in
the oral mucosa following proton irradiation compared to X-ray irradiation while
the skin reactions were similar, even though the doses were about 30% lower for
protons. In terms of RBE, the estimated values for oral mucositis and dermatitis
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were very high, but large confidence intervals prevented us to draw any firm
conclusions.

Paper IV. Proton compared to X-irradiation leads
to more acinar atrophy and greater hyposalivation
accompanied by a differential cytokine response
(submitted)

This paper is a continuation of paper III where early tissue effects after proton
vs X-ray irradiation were described. The aim of this study was to investigate
late salivary gland effects and possibly correlate them to molecular responses by
monitoring the cytokines levels in serum and saliva at different time points before
and after fractionated irradiation.

To our knowledge this study is the first H&N mouse study that directly
compares radiation-induced normal tissue effects following proton and X-ray
irradiation using the same irradiation setup. The total doses received by X-ray, BP
and TM groups were 65, 40.8 and 44.8 Gy, respectively. The dose distributions
from the proton and X-ray treatment plans verified by alanine dosimetry (the
results were presented in paper III), show that the TM and X-ray plans had very
similar dose distribution in the tissues while the mice irradiated with the BP plan
only received a dose in one side of the head with the Bragg peak positioned in
the midplane of the animal. The results indicated significantly fewer acinar cells
and a tendency towards larger gland size reduction and more fibrosis in the SMG
irradiated by either proton plan compared to X-rays. In addition, more pronounced
decrease of saliva volume after protons compared to X-irradiation was observed,
with the highest reduction in saliva production in the TM group.

Cytokine analysis showed different responses after proton versus X-ray
irradiation. The levels of pro-inflammatory cytokines IL-1α and TNF in saliva
were significantly increased after exposure to X-rays compared to protons and
controls. The cytokine response after X-ray was displayed as waves immediately
after the termination of radiation treatment and at day 70, while the cytokine
response was lower and more similar for the different time points in the two proton
groups compared to the X-ray group. In contrast, protons induced more severe
oral mucositis compared to X-rays as was discussed in paper III. Thus, early and
late cytokine responses did not reflect the more severe tissue effects induced by
protons. This might indicate that the contribution of pro-inflammatory cytokines
to the mechanisms responsible for the early and late responses after proton versus
X-ray irradiation is different with other factors involved in the proton response.

In conclusion, proton irradiation caused more severe late tissue responses
compared to X-rays, even with similar dose distribution and lower doses. Moreover,
a difference in cytokine regulation following proton and X-ray irradiation was
observed, where protons induced a relatively ‘cold’ cytokine response compared
to X-ray irradiation.
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Comparing X-ray fractionation sched-
ules

Due to practical limitations of the proton irradiations, the original plan to give
2 fr/d for 5 days had to be changed to 1 fr/d for 10 weekdays. Therefore, a
new reference experiment with X-rays had to be conducted. In this section, the
effects in SMG and cytokine response in the two X-ray experiments with similar
total doses of 66 Gy (2 fr/d) and 65 Gy (1 fr/d) in 10 fractions are compared in
addition to the main goal of the project. The saliva data and cytokine levels in
serum and saliva from mice irradiated with 2 fr/d (66 Gy total dose) of X-rays
at different time points after irradiation were reported and discussed in paper II.
The similar data from the X-ray experiment with 1 fr/d (65 Gy total dose) were
reported and discussed in paper IV.

6.1 Saliva volume

A significant reduction in saliva volume was observed on day 12 (the day after
the last irradiation) in the mice X-irradiated with 1 fr/d compared to controls,
while the mice irradiated with 2 fr/d did not show any difference from controls
at this early time point. However, for both groups irradiated with 1 or 2 fr/d,
the saliva volume was significantly reduced on day 35, 70/80 and 105 (Fig. 6.10).
Interestingly, better recovery of saliva volume was seen by day 105 for the mice
irradiated with 1 fr/d than with 2 fr/d.

6.2 Fibrotic area in SMG

All X-irradiated mice (1 or 2 fr/d) showed an increased percentage of fibrotic area
in the SMG at day 105 compared to controls. However, the mice irradiated with 2
fr/d demonstrated significantly larger fibrotic area compared to the mice irradiated
with 1 fr/d (Fig. 6.11).
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Figure 6.10: Saliva volume after X-ray irradiation with different fractionation schemes
(controls n = 9, X-rays 1 fr/d n = 9, X-rays 2 fr/d n = 10). Data is represented as mean
± SEM (*p<0.05, **p<0.01, ***p<0.001).

Figure 6.11: Fibrotic area in SMG at day 105 in controls and irradiated groups after
different fractionated irradiation (controls n = 9, X-rays 1 fr/d n = 9, X-rays 2 fr/d n
= 10). Data is presented as mean ± SEM (**p<0.01, ****p<0.0001).

6.3 Cytokine profiles

The levels of the detected serum and salivary cytokines at different time points
before and after X-ray irradiation with either 1 fr/d or 2 fr/d are presented in
Fig. 6.12. In the serum samples, the MIP-1α level was significantly lower for
1 fr/d compared to 2 fr/d and controls on day 5/12 and the TIMP-1 level was
significantly lower for 1 fr/d compared to controls on day 105, while the rest of
the cytokines did not show any significant differences at any time points. In saliva
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samples, the levels of TNF, TIMP-1 and MIP-1α were significantly higher for 1
fr/d compared to 2 fr/d on day 5/12 after the onset of irradiation. However, the
tendency changed by day 105 with an increase in all saliva cytokine levels for the
mice irradiated with 2 fr/d compared to 1 fr/d and controls. TNF showed the same
trend, but the difference was not significant. Furthermore, a discernible wave-like
pattern in cytokine response was observed for 1 fr/d, with alternating low and
high levels at each consecutive timepoint, while no such pattern was observed in
the cytokine response for 2 fr/d.
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Figure 6.12: Levels of serum and salivary cytokines before and after fractionated
irradiation. Data are presented as mean ± SD pg/ml cytokine per total protein mg/ml
for saliva and as pg/ml cytokine for serum (*p<0.05, **p<0.01, ***p<0.001).
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Discussion

7.1 Methodological considerations

Mouse model

Although in vitro experiments are very useful in radiation research, in vivo animal
models are essential to understand the systemic response and mechanisms of
radiation-induced normal tissue side effects as well as to obtain longitudinal data
of the progression of the effects. In addition, all potential drug agents must
be extensively tested using animal models to prove efficacy and safety before
becoming a candidate for early clinical trials [82]. It has also been shown that
animal models help to validate the RBE models in terms of tolerance doses and
fractionation effects when it comes to different types of radiation [71]. A wide
range of animal model species has been studied for use as preclinical models
of normal tissue side effects of H&N SCC including rodents, domestic animals,
and zebrafish [83]. However, rodents including mice, rats and hamsters are the
most used animals in H&N tumor or normal tissue experiments. Our main goal
was to study several H&N radiation-induced effects including oral mucositis and
salivary gland dysfunction. For oral mucositis induction in animal models, the
protocols described in the literature differ in the animal species chosen for the
experiments, site of exposure, source, and total radiation dose and fractionation
scheme. These factors directly interfere with the intensity and speed of the oral
mucositis development and hinder the standardization of clinical analysis [84]. The
hamster model has greatly contributed to the understanding of the mechanisms of
oral mucositis and allowed formulating the current working five-phase hypothesis
of mucositis that was presented in the section Background. However, to induce
oral mucositis in hamster model, the cheek pouch needs to be “mechanically”
scratched or irritated, which differs from the clinical setting in humans [82]. Rats
were also demonstrated to be a difficult model for induction of oral mucositis
because of the highly keratinized epithelium nature [82]. Advantages of using
mice are small animal size, standardized and easy handling and care procedures,
extensive physiological and molecular similarities to humans, and extended use in
research. A mouse model was therefore chosen for our experiments.
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As discussed in paper I, the mouse strain-specific variations may affect the
normal tissue response to radiation in terms of the development of oral mucositis
and SG damage [85, 86]. It is also important to be able to use the potential of
modified models including immunodeficient mice or genetically engineered mice
in future experiments. The C57BL/6J mouse strain is widely used in radiation
research and is regarded as a “standard” inbred line. In addition, it is the first
mouse strain to have its complete genome sequenced and is therefore widely used
as a transgenic mouse model [87]. In addition, C57BL/6 mice have been used as
syngeneic models for oral SCC or HPV-related mouse oral cancer [87]. Another
advantage of this mouse strain is that C57BL/6J is relatively radioresistant
compared to other strains, which allowed us to induce both early and late radiation-
induced effects in the same model. The challenge though was the number of
experiments that was performed to find the optimal dose to induce similar effects
as cancer patients develop after RT, for example oral mucositis. However, the
project was designed to maximize data extraction per mouse including minimally
invasive sampling of blood and saliva, visual oral examinations, imaging, cytokine
screening and, histological assessments, which increases the efficiency and reduce
the total number of animals needed.

Irradiation procedure

Radiation delivery to the H&N area of mice requires careful planning. It is
challenging to reproduce or compare results to other published studies because
of the variety of radiation fields, doses and dose delivery settings. There is no
standard on performance of irradiation and/or dosimetry in H&N mice models or
in radiobiology models in general.

To study oral mucositis on lip, tongue or mucosa, different research groups
have irradiated tongue, mouth, snout or the whole head of mice with various
single doses or fractionations while shielding the rest of the body (see overview of
doses in the General discussion below) [82, 88, 89, 90]. The well-known group of
Wolfgang Dörr who studied oral mucositis in tongue mucosa used a combination of
irradiation techniques including irradiation of either the entire snout or only the
tongue followed by local “top-up” irradiation of the lower tongue to precipitate
the subclinical mucosal damage into a clinically symptomatic effect [82]. The
advantage of external snout irradiation is that no repeated manipulations of the
tongue is required that could cause mechanical irritation or trauma and influence
the tissue response [91].

To study salivary gland dysfunction, most of the published studies used
irradiation of the whole H&N region with a SD or fractionations while shielding
the rest of the body [92, 93, 94, 95]. Some groups collimated the local irradiation
field with up to 1 cm slits or with apertures to target only the SG areas [86,
96]. One group reported that the precise field extended from the foreleg to 20 mm
below the lower lip confirmed by CT scanning, such that the position of all SG was
within the 95% isodose [97]. It was pointed out that to explore the mechanisms
of radiation-induce SG damage, the reduction of saliva volume must be fully
attributed to the direct SG irradiation and not to effects caused by non-glandular
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tissue within the radiation field [98]. However, in studies where the whole H&N
region is exposed to radiation, the animals demonstrated clear signs of indirect
effects [98]. Such inconsistencies in the delivery of radiation doses contribute to
variations in the induced effects, and poor description of the dosimetry adds even
more uncertainties.

In our study, mice were positioned on the side, and a local field of 15 × 25
mm2 was used, which only exposed the oral cavity and area of SG confirmed by
the in-built X-ray imaging system. The advantage of our set-up was the high
reproducibility which led to consistent biological effects in mice. However, we
cannot claim that our observed effects were not influenced by indirect effects as
the excretory ducts and oral cavity were irradiated as well, but the contribution of
indirect effects is diminished compared to studies with the whole H&N irradiation.

Most of the published studies aimed to test various radioprotective agents and
therefore chose SD irradiations instead of fractionation, which is more time and
human resources demanding. However, the standard clinical X-ray or proton
treatment of HNC is fractionation treatment, and the mechanisms behind the
normal tissue responses should be studied following similar clinical regimes.
Although it is challenging to mimic these regimes in animal experiments, we
managed to induce the clinically relevant effects using fractionated irradiation
with 10 fractions given as 1 or 2 fr/d. Another quality of our experiments is the
extensive dosimetry that was conducted to confirm the delivered doses using both
an ionization chamber, Gafchromic EBT3 dosimeter films, and alanine pellets.
Initially the dosimetry for X-ray experiments was conducted only for open field
without the lead collimator because of the risk of partial volume effect in the
ionization chamber leading to false results. However, the dosimetry with alanine
pellets showed decreased doses in the collimated case and the dosimetry was revised
using EBT3 films. The results showed that the actual dose with the use of the lead
collimator was 12% lower, and the impact of the collimator was underestimated.
Therefore, the doses in paper I were corrected through a correction note that was
published by the journal [99].

Anesthesia and analgesia

Immobilization and fixation of mice in jigs during irradiation are often used.
Anesthesia might change blood flow and temperature of animals, which might
affect the radiosensitivity, so an advantage of using physical restrain is to reduce
uncontrollable irradiation conditions. Gas anesthesia is less stressful for animals
because it is non-invasive, and the time that the animal needs to wake up and
function normally is some minutes compared to injection anesthesia where the
recovery may take hours. In our study, we were aiming to minimize the stress for
the animals by using gas anesthesia during irradiation. In addition, the fixation
and positioning of unanesthetized mice in our setup would be challenging and
might increase the risk of irradiation of unnecessary parts with high doses in
case of the accidental escape of the animal. A weakness in our study is the
requisite use of analgesia during the acute side effect phase. Pronounced effects
such as oral mucositis caused extensive weight loss, and the mice required pain
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alleviation in combination with saline injections to avoid dehydration. Analgesia
treatment is a minor invasive procedure for mice, although it is stressful and
includes frequent handling. Consequently, the sampling days were scheduled either
before the initiation of the pain treatment or more than 2 weeks post-treatment,
minimizing potential impact on the cytokine analyses. In addition, control groups
in all experiments were treated in the same way as irradiated groups and received
the same analgesia treatment.

Cytokine analysis and sampling protocol design

In addition to strain-specific individual variations, factors that may contribute
to differences in reported cytokine levels include varying experimental design for
sampling. In our experiments, blood and saliva samples were taken from the
same mice at all time points. This allowed monitoring the cytokine expression
from all mice individually as well as to have a reliable baseline which many
studies do not have because of the use of terminal sampling techniques. Moreover,
this experimental design included sampling the control mice at the same time
points as the mice from the irradiated groups, which can show whether cytokine
expression was affected by the radiation treatment, age, or stress from procedures
as controls undergo the same “sham” procedures including the positioning in the
foam restraint equipment for irradiation, gas anaesthesia, injections, and handling.
The sampling of saliva was done at the same time of the day for all time points
which ensures similar conditions for cytokines presented in saliva as there is a risk
for cytokines being washed out after food intake. One limitation of our cytokine
analysis is the use of cytokine kits that were originally designed for blood samples.
This limitation might explain the low detected expression levels as well as the low
number of detected cytokines in saliva.

Clinical endpoints

The visual changes of the tongue and lip mucosa were inspected and scored during
daily examinations and used as endpoints for oral mucositis which is the common
way to score in many studies. To assess the SG changes after RT, the saliva volume
and fibrotic area in the glands were used as endpoints. Saliva volume has been
widely used as an indicator of xerostomia in clinical studies with cancer patients
[40]. For accurate measurement of saliva volume, it is recommended to refrain
laboratory animals from eating and drinking for several hours before the sampling
[40]. In our experiment, the saliva samples were not only used for measuring the
saliva volume but also for cytokine analysis. Therefore, we decided not to follow
the recommendation regarding food and water because it would require additional
handling and stress to the animals, which might affect the cytokine levels in the
collected samples. Instead, the sampling of saliva was performed at the same time
of the day at all time points as mentioned above.
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Logistical issues

Our original plan was to compare X-ray versus proton-induced effects in the
H&N region using 2 fr/d. Several reference X-ray experiments were conducted in
Norway to find the optimal radiation dose to induce relevant early and late effects.
However, the proton experiments at our collaborator’s facility in Denmark were
postponed because of COVID-19 pandemic which affected the treatment schedule
of the patients there. Because of the design of our setup with a vertical beam,
our proton experiments could only be conducted in the clinical room with gantry.
With the new treatment schedule and the estimated time needed for irradiations,
the only feasible fractionation regime at the proton facility was 1 fr/d after the
patients. Therefore, we needed to change the fractionation regime and conducted
several additional X-ray experiments using 1 fr/d in Norway before the proton
experiments.

In conclusion, none of the experimental limitations were critical for the validity
of the study, but all the mentioned limitations were taken into account in the
analyses of the results.

7.2 General discussion

To achieve the main goal of the project and to study the differences in normal
tissue effects in H&N after X-ray versus proton irradiation, we established a mouse
model where a certain radiation dose gives reproducible reactions in oral mucosa
and salivary glands corresponding to the clinical effects reported in patients. In
the first X-ray experiments, we developed the experimental setup including the
custom designed restraining equipment, the timeline for examination, sampling,
termination and the methodology for all the other procedures. The original
fractionation scheme represented irradiation with 2 fr/d with doses of 2.6 Gy,
thus comparable to clinically applied doses. However, the applied doses did not
induce oral mucositis and the experiments were repeated with a range of doses
from 2.6 to 7.5 Gy/fraction until the optimal dose (6.6 Gy/fraction) for inducing
oral mucositis, while still being tolerable for the mice, was determined. As was
discussed in the previous section, the fractionation scheme had to be changed from
2 fr/d to 1 fr/d, and additional experiments were conducted to verify the optimal
dose in the new fractionation scheme. Based on the results, the dose 6.6 Gy/fr
was confirmed and employed for proton experiment that included two dose delivery
plans with different dose distributions: Transmission mode and Bragg peak mode
(see Figure 7.13 adapted from paper III and IV).

Collecting all the experimental results, our project serves as a first H&N mouse
study that directly compared the radiation-induced normal tissue side effects
following X-ray irradiation delivered as “accelerated” (2 fr/d) or “conventional”
(1 fr/d) treatment as well as proton irradiation delivered in 1 fr/d but with the
Bragg peak positions either in the middle of the H&N (BP) or on the other
side of the animal (TM) using the same irradiation setup. The data extracted
from the experiments allowed for studies of several early and late radiation-
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Figure 7.13: Graphical treatment plan (a) and graphical overview (b) of the X-ray and
proton experiments. Created with BioRender.com.

induced effects and cytokine responses (Fig. 7.13). The first two papers present
the methodology, the established setup, and the results including early and late
effects and cytokine responses after “accelerated” X-ray irradiation. The last two
papers focus on the comparison of early and late effects and cytokine responses
after “conventional” fractionated X-ray and proton irradiation. In the section
Comparing X-ray fractionation schedules, the effects and cytokine responses after
X-ray irradiation with different fractionation schemes are compared. Early and
late radiation-induced H&N effects have been studied by many groups through
preclinical experiments using various animal models, doses, fractionation schemes
and techniques. In order to compare our results with the literature, the most
relevant studies of radiation-induced effects in oral mucosa and salivary glands
were reviewed. The total radiation doses used in these studies, and our experiments
were recalculated as BED and SFED using the equations 3.2 and 3.3 presented
in the section Background using an α/β ratio for oral mucosa the same as for
early responding tissues (α/β = 10) and for salivary glands the same as for late
responding tissues (α/β = 3). The results are presented in Tables 7.1 and 7.2.
The graphical summaries of doses used in other studies and our range of doses are
presented in Figures 7.14 and 7.15.

Most of the analyzed studies focused on only one of the endpoints (oral
mucositis or salivary gland dysfunction) while our study encompasses both critical
endpoints (Fig. 7.13).
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Table 7.1: Oral mucosa

Study Fractionated Single dose BED SFED
(# of fr × dose) (Gy) (Gy) (Gy)

Mouse [91, 100]* 5×3, 10×3, 15×3 12-22 19.5, 39, 58.5 9.8, 15.4, 19.7
Mouse [88] - 13-20 29.9-60 13-20
Mouse [89] - 10-25 20-87.5 10-25
Mouse [101] 3×8 - 43.2 16.2
Mouse [102] 3×10 - 60 20

Hamster [103] - 35, 40 157.5, 200 35, 40
Hamster [104]** - 10, 20, 30, 35 20-157.5 10-35
Hamster [105] - 20, 40, 60 60, 200, 420 20-60

Rat [84] - 30 120 30
Rat [106] - 13.5-18 31.7-50.4 13.5-18

Mouse - our

10×2.6-7.5

-

32.8-131.3 13.8-31.6
10×6.5 (X-rays) 107.3 28.1

6×6.4 (BP) 64.4 20.9
7×6.8 (TM) 75.1 22.9

The differences in energy of X-rays and the fractionated schemes (# fr/d) were not considered.
*Irradiation is followed by local top-up SD irradiation 2.5/5 Gy or with graded doses.
**Mucositis was induced using irradiation and scarification.

Figure 7.14: A graphical summary of doses used for studying radiation-induced effects
in oral mucosa found from a literature search (SD in black, fractionated in orange) and
our doses (in red). Created with BioRender.com.

As seen from Figures 7.14 and 7.15, our dose range overlaps with most of
the applied doses in other studies. For oral mucositis, groups have employed
fractionated irradiation and included more doses per experiment to study the dose-
response relationship, while for SG most of the groups chose single dose irradiation
with few studies using several doses. A probable reason is the location of the
irradiated tissue/organ as oral mucosa can be isolated and is easily accessible
in rodents, while irradiation of salivary glands is more challenging and prone
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to include other tissues in the irradiation field which can cause indirect effects
and additional complications. In addition, the oral mucositis as an early effect
is usually scored visually within the acute phase while salivary gland dysfunction
as a late effect requires more complex methods for assessment. In addition, no
studies including proton irradiation of normal tissues in the H&N area of mice
were found. The radiation-induced effects observed in our study compared to the
reviewed studies from other groups are discussed below.

Table 7.2: Salivary glands

Study Fractionated Single dose BED SFED
(# of fr × dose) (Gy) (Gy) (Gy)

Mouse [107]* - 10-20 43.3-153.3 10-20
Mouse [108, 109] 1-5×2 5 16.7 or 13.3 5.7 or 5

Mouse [92] - 7.5, 15 26.3, 90 7.5, 15
Mouse [110] - 15 90 15
Mouse [97] - 10, 15 43.3, 90 10, 15
Mouse [86] - 25 233.3 25
Mouse [94] 5×5.6 13 80.3 or 69.3 14.1 or 13
Rat [111] 16×2 15 53.3 or 90 11.2 or 15
Rat [112]* - 10, 15, 20, 30, 40 43.3 – 573.3 10-40
Rat [113] 5×15 - 450 35.3

Mouse - our

10×2.6-7.5

-

48.5-262.5 10.7-26.6
10×6.5 (X-rays) 205.8 23.4

6×6.4 (BP) 123.5 17.8
7×6.8 (TM) 144.1 19.3

The differences in energy of X-rays and the fractionated schemes (# fr/d) were not considered.
*SD 10-30 Gy were applied for both 100% and 50% volume and SD of 40 Gy for 50% volume.

Figure 7.15: A graphical summary of doses used for studying radiation-indued effects in
salivary glands found from a literature search (SD in black, fractionated in orange) and
our doses (in red). Created with BioRender.com.
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Early effects – lip dermatitis, oral mucositis, and cytokine
expression

In our experiments, radiation-induced lip dermatitis and mucositis on the tongue
were observed after both X-ray and proton irradiation. As presented in paper I,
the severity of the lip skin toxicity was dependent on X-ray irradiation dose, and
higher doses induced an earlier onset of lip dermatitis. Changing the fractionation
to once daily or to irradiation with protons did not affect the lip dermatitis onset
or severity score (see paper III). Similar lip epidermal score, onset and duration
were also observed in another mouse model after SD X-ray irradiation with similar
BED (see [88] in Table 7.1). These findings suggest that a potential threshold dose
might exist beyond which the score for lip skin toxicity remains unchanged, even
with further increases in dose, changes in fractionation, or in radiation type.

Most of the studies propose to use the mouse tongue as a model for oral
mucositis because of the homogeneous epithelial structure that is similar to human
[91]. A few studies have observed oral mucositis in mouse tongue following SD or
fractionated X-ray irradiation with a latent time, defined as time from the onset
of irradiation to the first diagnosis of oral mucositis of around 8-12 days with
resolution within 3-6 days [88, 89, 106]. Interestingly, in our studies oral mucositis
was induced only with X-ray doses more than 6.5 Gy per fraction twice daily with
similar latent time (12 days) but much longer duration in 40 % of the mice. The
increase in dose per fraction to 7.5 Gy induced earlier onset of oral mucositis (day 9)
in 60 % of the mice and its severity was not tolerable for the animals. Changing the
fractionation scheme to once daily and keeping the dose of 6.5 Gy per fraction as a
reference to proton experiments led to the oral mucositis induction in 80 % of the
mice with the same latent time (day 12) and duration (20 days). For comparison,
another mouse study on wild-type mice with 3 fractions of 8 Gy reported oral
mucositis and ulcers on the tongue at day 9 [101]. The BEDs that were sufficient
to induce oral mucositis in mice in the SD and fractionation studies included in the
literature review were lower than the BEDs employed in our study (Table 7.1). In
contrast, much higher BEDs were used to induce oral mucositis in hamster models
with similar latent time (day 12) and longer duration. These findings indicates
that several parameters influence the induction of oral mucositis in animal models
such as animal species and strain, radiation field (head, snout or tongue), dose
per fraction and fractionation scheme, and despite the successful induction of oral
mucositis with SD irradiation, it might be challenging to translate this knowledge
to clinics. Therefore, the fractionated experiments are more appropriate to study
the mechanisms of oral mucositis and potential drug interventions.

Mucositis originates from the inflammation and epithelial and endothelial cells
death, followed by the sterilization of stem cells in the germinative layer of the
epithelium which results in a deficit of cellular supply for the functional layers
[91]. As these superficial layers naturally undergo shedding due to mechanical wear
and tear, hypoplasia of the epithelium develops, ultimately leading to ulcerative
mucositis. Therefore, the response of the mucosa is significantly influenced by
the dynamics of compensatory repopulation during the treatment period. One
explanation for more severe oral mucositis after irradiation with 1 fr/d compared
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to 2 fr/d in our experiments might be the cellular repopulation that was adjusted to
the level of damage. Dörr’s group suggested that the higher weekly dose during the
first treatment week is a higher stimulus to repopulation [114, 115]. In addition, a
reduction of oral mucositis severity in clinical trials was found after an accelerated
fractionated RT, but not after conventional protocols [115].

In order to achieve the main goal of the project, the proton experiments were
designed to reproduce similar dose distributions for the low LET TM plan to the
reference X-ray experiment and included high LET BP plan to study the effects
of LET (Fig. 7.13). The similarity of the dose distributions were confirmed by
alanine dosimetry (paper III). The proton irradiation resulted in induction of oral
mucositis in 100 % of the mice with minimal variation of latent time and severity
in both proton plans. Moreover, the radiation treatment had to be stopped as
oral mucositis developed earlier (day 8-9) and was more severe, and the mice
showed a large weight loss already in the beginning of the second treatment week.
Compared to X-rays, proton irradiation with lower total dose induced more severe
oral mucositis with earlier onset, which indicates an RBE higher than 1.1 of protons
for this effect. Our study is the first direct comparison of early and late normal
tissue effects in H&N region following X-ray and proton irradiation. Another
mouse study focused on early effects of intestinal crypt regeneration after X-ray
and proton irradiation and showed that proton irradiation may be more effective
in inducing severe gastrointestinal tract toxicity [73]. In that study, mice were
placed in the middle of the SOBP, which is more common for the tumor position
rather than for the normal tissue. In contrast, our study encompasses low and
high LET regions of the proton path which is more clinically relevant for normal
tissue effects as described in paper III. However, for early effects both proton plans
with different irradiation volume and LET employed in our study induced similar
severity of oral mucositis.

Our experimental design was tailored for cytokine screening of serum and saliva
samples collected at different time points before and after radiotherapy to obtain
molecular insights to the induced effects. We hypothesized that saliva is more
sensitive for cytokine changes driven by local radiation damage because serum
might reflect various systematic changes. Indeed, in paper II we demonstrated
a stronger correlation between salivary cytokine levels from a pro-inflammatory
cytokine panel and late endpoints compared to serum cytokines. Therefore, the
further focus was on salivary cytokines from the mice irradiated with different
fractionation schemes and radiation types. The results showed that the majority
of the detected cytokine levels were significantly increased in the mice X-irradiated
with 1 fr/d compared to controls and the mice irradiated with 2 fr/d at day 5/12
(the day after the last fraction), including the pro-inflammatory cytokines. The
group of mice irradiated with 1 fr/d, which developed more severe early effects,
also showed increased cytokine response. The cytokine release might act as signal
transducers to amplify the damage response, and pro-inflammatory cytokines that
contributes to early inflammation have been reported to be an essential component
of early radiogenic oral mucositis [116].

However, the analysis comparing early cytokine response by X-rays with that
of proton irradiation showed surprising results (paper IV). The levels of pro-
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inflammatory cytokines IL-1α in serum and saliva, and TNF in saliva showed
significant increase at day 9/12 after the onset of X-ray irradiation compared to
proton irradiation and controls. All other detected cytokines in saliva also showed
increased levels after X-ray compared to proton irradiation at day 9/12. Here, the
groups of mice irradiated with protons, who developed more severe early effects,
did not show any increased cytokine response. This raises questions regarding
the biological mechanisms of radiation-induced responses after protons versus X-
rays including the contribution of pro-inflammatory cytokines. For the proton
experiments, we included cytokines in serum as the knowledge about systemic
responses after proton- compared to X-irradiation is limited. Interestingly, the
G-CSF cytokine that plays a role in controlling the immune response showed
different responses in serum and saliva being greatly increased in serum after
proton- compared to X-irradiation at day 9/12. This might reflect a systemic
inflammatory response caused by more severe radiation-induced early effects after
proton irradiation.

Salivary gland hypofunction - saliva volume

Compared to oral mucositis, which can be visually observed and scored, SG
dysfunction can be monitored through the saliva volume or histologically. The
measurement of saliva parameters is frequently employed in the examination of
radiation-induced damage to the SG. However, in many studies, various sampling
time points are selected without explicit justification or rationale. As we aimed
to study cytokine response in serum and saliva, the sampling points in our
experiments were chosen to encompass both early and late phases while satisfying
the regulatory requirements for frequency of blood sampling in mice.

Our experiments with 6.6 Gy per fraction twice daily showed significant saliva
reduction on day 35, 80 and 105 after onset of irradiation, while no significant
decrease was observed for lower doses (paper I and II). Surprisingly, in another
study, reduction of saliva was observed 30, 60 and 90 days after 1-2 Gy per fraction
once daily for 5 days meaning much lower BED compared to our study [108]. This
may perhaps be explained by the difference in radiosensitivity of different mouse
strains as C57Bl/6 mouse strain, chosen for our experiments, is considered to be
more radioresistant than the FVB mouse strain used in this study. Change of
fractionation scheme to once daily led to a reduction of saliva volume already
on day 12 (the day after the last fraction), 35, 70 and 105 (paper III and IV).
Since the sampling for X-ray experiments was carried out the day after the last
fraction, the sampling days differ for the different fractionation schemes (day 5 for
2 fr/d and day 12 for 1 fr/d). Therefore, the different time points of sampling
may potentially influence the results, primarily due to the progression of damage
over time rather than the alteration in the scheme itself. Studies in rats showed
that the late effects in the SMG following fractionated X-ray irradiation exceeds
that of the damage induced by a single dose, while no differences in effects were
observed after conventional versus accelerated irradiation [111]. Salivary glands are
expected to be late responding tissue (>60 days) because their excretory cells have
a slow turnover (60–120 days) [117]. However, the changes in saliva volume and
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composition occurring shortly after RT indicate that salivary glands also belong
to the acutely responding tissues [117, 98]. This has been termed the enigmatic
radiosensitivity of the SG in the literature [98]. The mechanisms of early and late
irradiation damage of SG have been reported to differ from each other [92, 38].
There are some discrepancies in the mechanism of early effects presented in the
literature. Some studies report apoptosis of salivary acinar cells occurring at 8–72
h after irradiation in mice as one of the factors contributing to the acute decrease of
function post-RT [37], while most other studies did not find acinar cell loss at the
early stages [92, 38, 98]. The possible mechanisms of early SG damage may include
failure of vasculature function, acinar cell signal transduction, inflammation, and
damage to the plasma membrane [38, 98]. In addition, the process of activating a
cell death program in limited number of acinar cells may serve as a stimulus for the
secretion of signaling factors to the surrounding cells that potentially contributes
to a chronic loss of function [118]. As we aimed to study primarily the late effects
of SG, no histological evidence was collected at early time points to explore the
potential mechanism of reduced saliva secretion after the termination of RT.

After proton irradiation, saliva volume was significantly reduced compared to
controls at the same time points as after X-ray irradiation with 1 fr/d (day 9/12,
day 35, 70, and 105). For the BP group, the plan was to irradiate half of the
mouse H&N and salivary glands to spare their function, and this group indeed
showed a tendency to a higher saliva volume compared to the TM group at every
time point after irradiation. Here, the volume effect might explain the better
recovery tendency of saliva volume in the BP group. Nevertheless, the BP group
showed significant decrease of saliva volume compared to controls, which might be
explained by the high LET effect compensating for the lower irradiated volume.
In addition, we cannot know which part of each salivary gland was irradiated on
the hind side of the intended position of the Bragg peak because of the millimeter
extension of the proton Bragg peak and possible uncertainties with positioning,
etc. The TM group showed saliva levels similar to the X-ray group except on
day 105, where the latter showed significantly higher levels. The TM group was
irradiated with low LET protons, and the dose distribution throughout the whole
mouse head was comparable to X-rays, while the total BED was lower compared
to the X-ray irradiations. It is challenging to calculate RBE in vivo because the
mouse H&N thickness is approximately 10-13 mm, and the range of LETs across
the system especially for the BP plan is broad. Still, the developed early and late
effects clearly indicated that protons are biologically more effective than X-rays.
However, some morphological recovery was observed in both proton groups as a
higher appearance of acinar cell clusters compared to X-ray group, which points
to mechanistic differences between different radiation types and emphasizes the
requirement for additional studies.

Late effects - fibrosis, acinar atrophy, and cytokine expression

For later time points, our histological data showed a reduction of total gland area,
increased fibrotic area, and loss of acinar cells at day 105 in all irradiated groups
following X-ray and proton irradiation. Acinar cell loss and fibrosis are considered
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one of the main contributors to the mechanism of late damage of salivary glands.
Therefore, our findings align with other studies in the field [92, 38, 98].

Comparing the different fractionation schemes, the group irradiated with 2
fr/d demonstrated significantly higher fibrotic area compared to 1 fr/d (section
Comparing X-ray fractionation schedules). Interestingly, most of the cytokines in
saliva also showed significantly increased levels at day 35, 80 and 105 in the group
irradiated with 2 fr/d (paper II), while a wave-like increase of salivary cytokines
was observed for the mice irradiated with 1 fr/d on day 12 and 70 (paper IV). The
overview of detected cytokines is presented in the Discussion section in paper II.
On day 105, IL-1α, G-CSF and MIP-1α cytokine levels from the mice irradiated
with 2 fr/d were significantly higher compared to those with 1 fr/d. TIMP-1 and
TNF cytokines showed the same tendency, but the increases were not significant.

Cytokine biomarkers may contribute to predicting or monitoring the response
of normal tissues following radiotherapy. For identification of potential biomarkers
of late effects, we used a decision tree regression model for the cytokine levels
at day 35 to predict the combined late effect score including both fibrotic area
and saliva volume in a leave-one-out-cross-validation procedure. The model gave
a clear separation between the irradiated group and the control group. The
feature importance analysis showed that IL-1α levels on day 35 were by far the
strongest contributor to the prediction model which indicates that IL-1α might be
highly involved in the pathological processes leading to fibrosis and hyposalivation.
IL-1α is a macrophage product reported to activate the inflammatory process
after irradiation as well as to contribute to fibrosis under chronic inflammation
by stimulation of fibroblast proliferation [119, 29]. Therefore, inhibition of IL-
1α might be considered as potential intervention strategy to mitigate radiation-
induced fibrosis.

Comparing proton and X-ray tissue effects, the fibrotic area showed an increase
(not significant) in the SMG for both proton groups compared to X-rays (paper
IV). Analysis of acinar cell density demonstrated a significant reduction of acinar
cells from both proton groups compared to the X-ray group. Despite the increased
late damage of the salivary glands after proton irradiation, this was not reflected in
the cytokine expression in neither saliva nor serum. Most of the detected cytokines
in saliva showed increased levels after X-rays compared to protons at day 70. At
day 105, TIMP-1 in saliva showed an increase in all irradiated groups compared
to controls, with higher levels in the TM group compared to the X-ray group.
TIMP-1 has been reported to suppress profibrotic matrix metalloproteinases and
its levels have been found to be elevated under chronic inflammation [120]. The
TM group indeed demonstrated a larger replacement of gland tissue with fibrous
connective tissue at day 105 compared to the BP and X-ray groups. As discussed
in paper IV, our results might be explained by a different contribution of pro-
inflammatory cytokines in the development of effects induced by protons vs X-rays.
The studies on cytokine response after proton and X-ray irradiation are limited.
Another preclinical study with foot irradiation also demonstrated different pro-
inflammatory cytokine response with lower expression levels in plasma both in the
early and late phase after proton irradiation compared to X-rays [121]. Additional
research is required to clarify the mechanisms underlying the cytokine regulation
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in radiation-induced normal tissue toxicities. This might facilitate the discovery of
new prognostic biomarkers and devise new strategies for mitigating these effects.

62



Conclusions and perspectives

63





Chapter 8

Conclusions and perspectives

8.1 Conclusions

A preclinical model was established to study early and late radiation-induced
effects in the H&N region. The chosen normal tissue side effects represent clinically
relevant endpoints such as oral mucositis and salivary gland dysfunction. The
developed model and the experimental protocol are an optimal compromise with
respect to ease of use and possibilities for short-term and long-term studies with
tissue collection and body fluids sampling for cytokine monitoring.

To our knowledge, our work is the first H&N mouse study that directly compare
radiation-induced normal tissue effects following X-ray and proton RT using the
same irradiation setup to reproduce similar dose distributions with X-rays and low
LET protons (before the Bragg peak, TM). In addition, a high LET proton plan
(placing the pristine Bragg peak in the middle of the mouse, BP) was included. The
observations of oral mucositis in the tongue and measurements of acinar atrophy,
fibrosis and saliva volume showed much larger normal tissue effects after proton
irradiation than after X-ray irradiation, despite the proton doses being 40.8 Gy
(BP) and 44.8 Gy (TM), while the X-ray dose was 65 Gy. The results of our
study indicate that the relative biological effectiveness of protons in normal tissue
is considerably larger than the current clinical standard of 1.1, which should be
considered in the future proton clinical trials of RT of HNC.

In addition, this was the first study monitoring both salivary and serum
cytokines after H&N irradiation in mice. We observed differential secretion of
cytokines in saliva from all the irradiated groups compared to the controls. A
strong correlation between salivary cytokine levels and late endpoints was found,
while cytokines from serum were only weakly correlated with the endpoints. This
pointed towards a higher potential for saliva cytokines to be used as biomarkers
of local radiation-induced damage of SG. Even though the correlation of saliva
cytokine levels to late effects was similar, the cytokine response from X-rays
showed much higher values, while the proton irradiated mice showed a relatively
‘cold’ cytokine response despite having more severe early and late effects. This
highlights the importance of studying the mechanistic pathways with respect to the
immune system, inflammatory response, and the development of tissue toxicities
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after proton versus X-ray irradiation.

8.2 Perspectives

Norway will get its first operational proton therapy center in Oslo and Bergen
in 2025. The preclinical model established in this PhD project might be further
employed to:
- obtain more dose response data for protons to estimate RBE;
- study the normal tissue toxicity after combinations of chemo- or immunotherapy
with radiation;
- study the mitigation strategies targeting normal tissue toxicities;
- study the cytokine response, molecular mechanisms and contribution of
inflammation to the development of normal tissue toxicities;
- study orthotopic tumor response and the effect of tumor microenvironment on
normal tissue toxicity.
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ABSTRACT
Radiotherapy (RT) of head and neck (H&N) cancer is known to cause both early- and late-occurring toxicities. To
better appraise normal tissue responses and their dependence on treatment parameters such as radiation field and
type, as well as dose and fractionation scheme, a preclinical model with relevant endpoints is required. 12-week old
female C57BL/6 J mice were irradiated with 100 or 180 kV X-rays to total doses ranging from 30 to 85 Gy, given
in 10 fractions over 5 days. The radiation field covered the oral cavity, swallowing structures and salivary glands.
Monte Carlo simulations were employed to estimate tissue dose distribution. The follow-up period was 35 days, in
order to study the early radiation-induced effects. Baseline and post irradiation investigations included macroscopic
and microscopic examinations of the skin, lips, salivary glands and oral mucosa. Saliva sampling was performed to
assess the salivary gland function following radiation exposure. A dose dependent radiation dermatitis in the skin
was observed for doses above 30 Gy. Oral mucositis in the tongue appeared as ulcerations on the ventral surface of
the tongue for doses of 75–85 Gy. The irradiated mice showed significantly reduced saliva production compared to
controls. In summary, a preclinical model to investigate a broad panel of normal tissue responses following fractionated
irradiation of the H&N region was established. The optimal dose to study early radiation-induced effects was found
to be around 75 Gy, as this was the highest tolerated dose that gave acute effects similar to that observed in cancer
patients.

Keywords: Radiotherapy (RT); fractionation; early effects; head and neck (H&N); mice; histology

INTRODUCTION
Head and neck (H&N) cancer patients who receive radiotherapy
(RT) as part of their treatment may be severely affected by radiation-
induced damages to normal tissue. RT can result in early side effects
such as dermatitis and oral mucositis, which may occur during or
soon after RT and could potentially lead to interruption of the
treatment. Furthermore, RT can also produce late side effects that
may severely reduce the patient’s quality of life, such as salivary gland
hypofunction, tissue fibrosis and osteoradionecrosis [1, 2]. Generally,

clinical symptoms of side effects following RT are well documented.
However, preclinical models are essential to investigate radiation-
induced early and late side effects in normal tissues of the H&N region
and their dependence on RT-related factors such as radiation field
and type (e.g. X-rays and protons) as well as dose and fractionation
scheme. A better appraisal of these effects and underlying biological
processes may aid the development of new methods and strategies for
mitigating or eliminating such tissue damage and subsequent clinical
symptoms [3].

• 44

D
ow

nloaded from
 https://academ

ic.oup.com
/jrr/article/64/1/44/6761967 by guest on 01 August 2023

79



Preclinical model for tissue damage after H&N RT • 45

Current radical RT of H&N cancer is delivered as fractionated
treatment, normally in fractions of 2 Gy to a total dose of typically
70 Gy [4]. Still, most previous studies investigating the side effects
of RT in the H&N region of murine model systems have used either
single dose (SD) irradiation or extremely hypofractionated schedules
with few fractions of very high doses [5–10]. Some studies have used
fractionation for H&N experiments [11–14], but without any justifi-
cation for the choice of dose. Also, the radiation field(s) employed in
previous studies did not cover the typical region as seen in patients,
which should encompass areas such as the oral cavity, the oropharynx
and the laryngopharynx. Examples from the literature encompass large
radiation fields including the entire head or upper body of the ani-
mal [5, 8, 10] or small radiation fields only covering, e.g. the tongue
or snout of the animal [9, 11–13], which differ from radiation fields
used in the clinic. Thus, preclinical studies employing more clinically
relevant radiation fields and fractionated radiation delivery are highly
needed. Also, as a broad spectrum of tissue responses may occur after
irradiation of the H&N area, the selected preclinical model should be
an optimal compromise with respect to ease of use and possibilities for
long term follow-up with tissue and liquid sampling.

The aim of the present investigation was to establish a preclinical
model employing a clinically relevant radiation field and careful assess-
ment of radiation dose distribution to study various early radiation-
induced effects in the H&N region induced by different dose deliveries.

MATERIALS AND METHODS
Animals

Nine-week-old C57BL/6 J male and female mice were purchased from
Janvier (France), kept in a 12-h light/12-h dark cycle under pathogen-
free conditions and fed a standard commercial fodder with water given
ad libitum. Standard housing with nesting material and refuge was
provided. All experiments were approved by the Norwegian Food
Safety Authority (ID 20889, 26 246 and 27 931) and performed in
accordance with directive 2010/63/EU on the protection of animals
used for scientific purposes. At the onset of experiments, animals were
12 weeks old.

Irradiation procedure
RT was delivered in 10 fractions over 5 days (8 am and 4 pm) with a
Faxitron Multirad225 irradiation system (Faxitron Bioptics, Tucson,
AZ, USA). Four sets of experiments were performed with two different
X-ray settings: (i) 180 kV X-ray potential, 10 mA current, 0.3 mm Cu
filter and 0.65 Gy/min dose rate, and (ii) 100 kV, 15 mA, 2.0 mm
Al and 0.75 Gy/min. Absolute calibration of the X-ray system was
conducted using an FC65-G ionization chamber (IBA Dosimetry, Ger-
many) together with a MAX-4000 electrometer (Standard Imaging,
USA) according to standards for absorbed dose to water. For all frac-
tions, animals were anesthetized using gas anesthesia with Sevoflurane
4% in O2. The anesthetized mice were positioned on their right side
in a custom-made foam holder with the beam entering on the left
side. A lead collimator was custom built to define a radiation field
of 25 × 20 mm covering the oral cavity, pharynx and major salivary
glands and placed on top of the foam holder. The radiation field was
carefully planned to only irradiate the tissues of interest and avoid

exposure of the eyes and brain. A built-in X-ray imaging system was
used to verify the anatomical location of the radiation field (Fig. 1A).
In the following, day 0 is the time point where the first irradiation was
performed.

MRI
Magnetic Resonance Imaging (MRI) of the H&N region was per-
formed using a 7.05 T Biospec scanner (Bruker Medical systems, Ger-
many) on the same days as the saliva sampling. A fast T2 weighted spin-
echo sequence, TurboRARE, with TE = 31 ms and TR = 3100 ms was
employed. Body temperature was monitored and maintained at 37◦C
by a feedback-regulated heating fan. Respiration rate was monitored
by a respiration probe. The MR image was used to show the radiation
field in relation to the anatomical structures of the mouse (Fig. 1B). For
MRI, animals were anesthetized using gas anesthesia with Sevoflurane
4% in O2.

Monte Carlo simulations
Monte Carlo simulations of the dose distribution in mice were
conducted in FLUKA 4–1.1 [15] (see supplementary file for details).
Briefly, the simulations were performed in computed tomography
(CT) images of one euthanized male mouse (10–11 weeks of age).
Both X-ray setting 1 and 2 were simulated, providing 3D dose
distributions for 100 kV and 180 kV X-ray spectra, respectively. A
rectangular irradiation field was used which covered the same regions
as defined experimentally. The transport and production cutoff of
photons and electrons was set to 1 keV. The treatment field was
simulated for 5 × 107 primary X-ray photons. The absorbed dose
was scored on a voxel-by-voxel basis, providing tissue-specific dose
estimates where mean and ranges are reported.

Experimental protocol
Altogether, four sets of experiments were accomplished. First, two pilot
experiments (experiment 1 and 2) were performed to establish proce-
dures and appropriate X-ray voltages and doses. Then, two main exper-
iments (experiment 3 and 4) were conducted with a larger number of
animals in each treatment group to further assess the early radiation-
induced effects. Experiment 1 employed both male and female mice,
randomly assigned to either sham treatment, 10 × 3 Gy, or 10 × 4.4 Gy
irradiation (n = 3 for each gender and dose group). Here, X-ray setting
1 (see Irradiation Procedure above) was used. An aggressive behavior
was observed in the male group that led to loss of several mice during
experiment 1. Because possible gender difference in response to radi-
ation was not the aim of the current study, we decided to include only
female mice in the further experiments. Therefore, experiment 2 used
only female mice, randomly assigned to either sham treatment, 10 ×
5 Gy, 10 × 5.75 Gy, or 10 × 6.5 Gy irradiation (n = 4 for each treatment
group) with a shorter follow-up period to ensure documentation of
histological effects. As will become evident, pilot experiment 1 and 2
gave rather mild symptoms and experiment 3 was therefore conducted
with increased doses. Experiment 3 used only female mice, randomly
assigned to either sham treatment or 10 × 8.5 Gy (n = 10 for each
treatment group). However, the dose of 10 × 8.5 Gy was not well
tolerated by the mice and experiment 3 was terminated on day 14 due
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Fig. 1. Experimental design. (A) X-ray image of the radiation field used. (B) MR image of the H&N region. The red triangle shows
the approximate radiation field. (C) Experimental protocol timeline. Irradiation was given twice a day for 5 days (days 0–4) as 10
fractions of 3, 4.4, 5, 5.75, 6.5, 7.5 and 8.5 Gy. Examinations of the oral cavity and saliva sampling were performed throughout the
follow-up period.

to unacceptable weight loss (> 20%). Based on experiments 1–3, the
optimal dose was determined to be between 6.5 and 8.5 Gy per fraction
(Gy/f). Therefore, experiment 4 was conducted with female mice,
randomly assigned to either sham treatment or 10 × 7.5 Gy (n = 10
for each treatment group). In experiment 2–4, X-ray setting 2 was used
because of a more clinically relevant dose distribution (presented in
Results). All reported tissue doses are mean doses at the midpoint in
the X-ray path through the mouse.

On day -7, baseline body weight was determined and saliva
sampling was performed in all animals. On days 0–4, fractionated
irradiation was given twice a day to the irradiation groups, as explained
above (see also Fig. 1C). The maximum follow-up period in this
study was 35 days to fully cover the early radiation-induced effect.
During the follow-up period, the animals were monitored frequently.
Examinations of the oral cavity were performed every second day
and weighing was done daily. Macroscopic examinations of the oral
cavity were performed using magnifying glasses (×3.5) and a light
source, while the mice were under anesthesia. Subcutaneous injection
of anesthesia was used (Zoletil-mix: Zoletil-mix: 10 ml Narcoxyl or
Rompun® [xylasin 20 mg/ml] + 0,5 ml Torbugesic® [butorphanol
10 mg/ml] + Zoletil® [zolazepam 125 mg and tiletamin 125 mg]).
Assessment of overall activity and body weight (less than 20% body
weight loss was considered acceptable) were also performed. Presence
of oral mucositis was monitored and scored as present/not present,
while skin toxicity was graded using a modified scoring scheme based
on the Radiation Therapy Oncology Group (RTOG) developed
scoring criteria [16–18]. Euthanasia was performed through overdose
of anesthetic (Pentobarbitol, Exagon® Vet) by intraperitoneal injection
under terminal anesthesia to prevent tissue damage from cervical
dislocation.

Histological evaluations
At the time of euthanasia, the tongue, mucosa and skin of the lower lips,
left and right buccal mucosa and the major salivary glands (parotid,
submandibular and sublingual glands) were collected and fixated for
24 hours in 10% formalin, dehydrated in ethanol and embedded in
paraffin. Tissue sections of 4 μm were cut (Leica RM2155 microtome)
and stained with hematoxylin and eosin (HE) and various antibodies
by immunohistochemical method (see supplementary material). His-
tological examinations of the oral tissues were performed in a Nikon
E90i microscope, and histological images were acquired using a Nikon
DS-Ri1 camera with a CFI Plan Fluor ×10 (NA 0.30), ×20 (NA 0.50)
or ×40 objective (NA 0.75).

Saliva sampling
Saliva collection was performed before RT (day -7), immediately after
(day 5), and at a later time point during the follow-up period (day
35). Mice were anesthetized with subcutaneous injection of Zoletil-
mix (see Experimental Protocol above). The saliva sampling procedure
was performed as previously described [19]. Briefly, 0.375 mg/kg of
pilocarpine (Pilocarpine hydrochloride, Sigma) was intraperitoneally
administered to the mice under anesthesia. Saliva was collected into a
cotton swab for 15 minutes, which was then centrifuged at 7500 g and
4◦C for 2 minutes, and the obtained volume was measured and stored
at -80◦C. Saliva production was calculated as saliva volume (μl) per
saliva collection time (15 min).

Statistical analyses
Statistical analyses were performed in Prism 8 for Windows (Ver-
sion 8.3.0, GraphPad Software, LLC) and in RStudio (Version 4.1.1).
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Fig. 2. Monte Carlo simulated dose distributions relative to the prescribed dose for (A) 100 kV and (B) 180 kV in a transverse CT
image of a mouse.

Correlation between body weight loss and oral mucositis was analyzed
using a linear regression model. Saliva production was analyzed using
a mixed-effects analysis and Sidak’s multiple comparison test. A signif-
icance level of 0.05 was used for all comparisons.

RESULTS
Monte Carlo simulations

Figure 2 shows normalized dose maps for 100 and 180 kV X-ray volt-
ages superimposed onto the same CT slice, which is central to the beam
axis. The dose distribution is almost constant throughout the animal
for 180 kV X-rays, whereas 100 kV X-rays give a gradual decline in dose.
For 180 kV, the oral cavity, lip, skin and submandibular gland received
on average (range) 102% (91, 111), 85% (73, 98), 80% (74, 86) and
79% (74, 84) of the prescribed dose, respectively. For 100 kV, the same
structures received an average (range) of 93% (75, 108), 93% (79, 101),
71% (61, 79) and 70% (64, 74), respectively.

Macroscopic changes
Early radiation-induced effects were observed macroscopically in the
lower lip, on the ventral surface of the tongue and on the skin of the
upper chest. Radiation dermatitis of the lower lip was observed in
all mice exposed to more than 3 Gy/f and was graded using RTOG-
based score schemes (Fig. 3A–B). Mice exposed to 4.4 Gy/f developed
mild radiation dermatitis with faint erythema, mild edema and dry
desquamation, while mice exposed to 5–6.5 Gy/f developed moderate
radiation dermatitis with bright erythema, moderate edema and patchy
moist desquamation. Mice exposed to 7.5 Gy/f experienced severe
radiation dermatitis with confluent moist desquamation that not only
affected the skin of the lower lip as in the other RT groups, but also
(affected) the skin of the upper chest. Radiation dermatitis of the lower
lip was first observed on day 12 and peaked about day 21 (Fig. 3C–D).

LD50 for skin toxicity grade 1, 2 and 3 was 4.4 Gy/f, 4.7 Gy/f and
7.5 Gy/f, respectively. Skin toxicity was not fully assessed in mice
exposed to 8.5 Gy/f as this group was terminated before reaching the
peak of skin toxicity. Fur loss localized to the upper chest inside the
radiation field was observed in all irradiation groups receiving 4.4 Gy/f
or more. Areas with complete fur loss was observed typically from
day 17.

Oral mucositis was observed on the ventral surface of the tongue
only in mice exposed to 7.5 and 8.5 Gy/f (Fig. 3E–F), and was first
observed on day 9 and 12, respectively. By day 18, oral mucositis was
completely resolved in the mice exposed to 7.5 Gy/f. Weight loss above
10% was only observed in RT groups exposed to 7.5 and 8.5 Gy/f
(Supplementary Fig. 1). Weight loss was significantly correlated with
development of oral mucositis (P = 0.007). Mice exposed to 8.5 Gy/f
experienced more than 20% weight loss during the first 14 days of the
experiment. Analgesia treatment (Temgesic injections) did not help,
thus this group was terminated at an earlier time point than planned
(day 14), and 8.5 Gy/f was considered too high for this mouse strain.
By termination day 14, oral mucositis was still present on the ventral
tongue of mice exposed to 8.5 Gy/f. For the present fractionation
scheme and irradiation set-up, 7.5 Gy/f was thus found to be the
optimal dose.

Histological changes
Early radiation-induced effects were also present in histologically
examined tissues. Large morphological differences were seen in the
lower lip between irradiated and control mice (Fig. 4A). Increased
keratin thickness of the epidermis and desquamation of keratin, in
addition to atrophy of sebaceous glands and hair follicles was observed
in the irradiated mice (Fig. 4A). Moreover, an increased amount
of cells, including neutrophils, Vimentin+-cells and F4/80+-cells
were seen in the connective tissue both in the skin of the lip and

D
ow

nloaded from
 https://academ

ic.oup.com
/jrr/article/64/1/44/6761967 by guest on 01 August 2023

82



48 • Juvkam et al.

Fig. 3. Skin toxicity effects and oral mucositis observed after fractionated irradiation with different doses per fraction. (A) Example
images of different skin toxicity grades observed in the lower lip of irradiated mice; (i) grade 0, (ii) grade 1 (iii) grade 2, and (iv)
grade 3. White circles show the area of interest. (B) Skin toxicity scoring scheme based on RTOG. (C) Dose response curves for
different skin toxicity grades observed in different doses per fraction. (D) Timeline of median skin toxicity score observed in the
skin of the lower lip of irradiated mice for different doses per fraction. The number of animals used in each group varied as
following 0 Gy/f (n = 9), 3 Gy/f (n = 3), 4.4 Gy/f (n = 3), 5 Gy/f (n = 4), 5.75 Gy/f (n = 4), 6.5 Gy/f (n = 4), 7.5 Gy/f (n = 10),
8.5 Gy/f (n = 10). (E) Example images of macroscopically visible mucositis (black arrows) on the ventral tongue of mice exposed
to 7.5 and 8.5 Gy/f compared to control. (F) Dose response curves for oral mucositis observed in different doses per fraction.

in the oral mucosa (Fig. 4B and Supplementary Fig. 3). Fibroblasts
as well as neutrophils and lymphocytes are positive for Vimentin
while macrophages in mice are F4/80+ (Supplementary Fig. 3).
Macroscopically observed oral mucositis on the ventral tongue of mice
exposed to 7.5 and 8.5 Gy/f coincided with histological findings of
mucosal ulcerations (Fig. 4C). Additionally, histological examinations
of the parotid glands showed acinar vacuolization on day 14 in 4 of
10 mice exposed to 8.5 Gy/f (Fig. 4D). In the submandibular and
sublingual glands however, no histological differences were seen on
day 14 (not shown).

Saliva production
Significantly reduced saliva production (P < 0.0001) was found in
mice exposed to 7.5 Gy/f (3.6 ± 1.4 μL/15 min) compared to controls

(13.1 ± 1.9 μL/15 min) on day 35 (Fig. 5). Compared to controls,
there was a tendency towards reduced saliva production in the other
RT groups as well (3–6.5 Gy/f), albeit not statistically significant due
to large inter-individual variations and a somewhat small number of
animals per group (Supplementary Fig. 4). The average coefficient of
variation (CV) for saliva production was 59%.

DISCUSSION
In the current work, we show early radiation-induced effects using our
preclinical model in which mice are exposed to fractionated radiation in
the H&N region. In the present study, we have tested doses per fraction
ranging from 3–8.5 Gy × 10 (30–85 Gy total dose) and have found that
for the current fractionation scheme and irradiation setup, the optimal
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Fig. 4. Representative images of HE stained sections of oral tissues in mice after exposure to fractionated irradiation. (A) HE
sections of the skin of the lower lip showed increased keratin layer (red arrow), atrophy of sebaceous glands (yellow
asterisk = presence of sebaceous gland in control) and increased amount of cells in the connective tissue (yellow circle) in
irradiated (8.5 Gy/f on day 14) compared to control mice. The image was taken at ×10 magnification and the scale bar is 100 μm.
(B) HE sections of lip mucosa showed increased amount of cells in the connective tissue, including neutrophils (yellow asterisk),
in irradiated (8.5 Gy/f on day 14) compared to control mice. The image was taken at ×40 magnification and the scale bar is 50 μm.
(C) HE sections of the ventral tongue showed epithelial ulceration (green arrow) of the mucosa of irradiated (8.5 Gy/f on day 14)
compared to control mice. The image was taken at ×10 magnification and the scale bar is 100 μm. (D) HE sections of the parotid
gland showed acinar vacuolization (red asterisk) in irradiated (8.5 Gy/f on day 14) compared to control mice. The image was taken
at ×40 magnification and the scale bar is 50 μm.
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Fig. 5. Significantly lower saliva production was found in
irradiated mice compared to controls at day 35 after exposure
to fractionated irradiation. Saliva production was measured as
μL/15 min in 7.5 Gy/f and controls. Data is represented as
mean ± 95% CI. Each black dot represents an animal.

dose to obtain clinically relevant normal tissue response is 7.5 Gy/f.
After exposure to 7.5 Gy/f mice experienced radiation dermatitis in the
skin of the lip and upper chest, oral mucositis on the ventral surface of
the tongue, acinar vacuolization in the parotid glands and significantly
reduced saliva production compared to control mice.

Early radiation-induced effects in the H&N region depend on var-
ious parameters including type of radiation, dose, radiation field con-
figuration and irradiation protocol (SD or fractionation). In preclinical
research, the selection of different rodent strains for such studies also
influences the results due to strain-specific variations in response to
radiation-induced damage such as oral mucositis [20] and morpho-
logical and functional changes of the salivary glands [21]. Radiation-
induced side effects of the H&N have previously been studied in ham-
sters [22, 23], rats [24–26], and mice [7, 8, 10, 13, 27]. Due to the lack
of assay reagents available for hamsters, and that it is easier to keep
a larger number of mice than hamsters or rats, mice were chosen for
the present preclinical model. It is important to use a model that can
cover both tumor and normal tissue effects in order to estimate the
therapeutic ratio (tumor vs normal tissue effects) and to measure the
effect of mitigators on late effects. We therefore selected C57BL/6 mice
as this mouse strain has a large panel of syngeneic tumors. Compared to
other mouse strains, C57BL/6 is relatively radioresistant [28–30] and
is therefore a suitable strain for studying both early and late radiation-
induced effects in the same model, as the mice will tolerate high doses
of radiation. It is also the most widespread sub-strain used for study-
ing genetically engineered mice [31] and has been recommended for
studies with radioprotectors and mitigators [32]. It is well known that
inbred mice are roughly half as sensitive to radiation as humans [30].
However, relevant exposures and regimens can be found by comparing
effects seen in mice with effects observed in humans.

With the selected mouse strain, we established a setup including
clinically applicable radiation fields with added imaging and Monte
Carlo simulations to estimate local radiation doses to relevant tissues.

Compared to 180 kV X-rays, the simulations showed that 100 kV X-rays
produced a more relevant, heterogeneous dose distribution, similar to
clinical RT focusing on one part of the H&N region. In addition, frac-
tionated irradiation was employed because of higher clinical relevance
compared to SD. Dose fractionation in preclinical studies has not been
extensively reported in the literature. Moreover, previous studies have
either focused on early or late effects, while we believe that studying
both early and late phases of the different tissue reactions could show
the possible relationship between these effects and the influence of
systemic processes (e.g. cytokine expression). In the present study we
only focused on early radiation-induced effects, however the preclinical
model presented here will be included in experiments with longer
follow-up periods to study late radiation-induced effects.

In our study, the rate and severity of the skin toxicity was dependent
on radiation dose, as evident from dose response curves and LD50

values. The RTOG-based skin toxicity scoring table employed was not
sufficiently sensitive to distinguish between all the tested doses per
fraction. However, it could distinguish between three different groups:
low dose (3 and 4.4 Gy/f), intermediate dose (5–6.5 Gy/f) and high
dose (7.5 and 8.5 Gy/f). The macroscopic and microscopic changes
seen in the skin of the lower lip were compatible with radiation dermati-
tis reported in mouse skin after SD [33] and fractionated irradiation
with fewer fractions than we used [7, 14, 34, 35]. Even though the
irradiation protocol and doses differ between the present work and
earlier studies, the histological changes in the skin are similar. This
might indicate that radiation-induced dermatitis occurs independent
of irradiation protocol and dose, as long as the dose is above a certain
threshold level.

Oral mucositis was observed macroscopically and histologically on
the ventral surface of the tongue of mice exposed to 7.5 and 8.5 Gy/f.
This is similar to what has been reported 8 days after SD irradiation of
18–25 Gy [8, 36], 10 days after fractionated irradiation given as 10 Gy/f
over 3 days (30 Gy in total dose) [7] and as 3 Gy/f over 5 days (15 Gy in
total dose) [37]. However, not all studies on oral mucositis in rodents
observe oral mucosal ulcers. In other studies using SD irradiation, the
authors state that rodents do not develop oral mucositis in the same
manner as humans, but progress towards weight loss and death before
ulcerative lesions appear [9, 10]. This is in contrast to the ulcerative
lesions we observe in the ventral tongue together with weight loss in
mice after exposure to 7.5 Gy/f. Both these effects were non-lethal and
temporary for the given dose level. We found a significant correlation
between oral mucositis and weight loss, which corresponds well with
what is observed in H&N cancer patients experiencing oral mucositis,
where the need of a feeding tube is frequent [38–40].

Saliva production was significantly lower in irradiated mice
(7.5 Gy/f) compared to controls at day 35, which is consistent with
previous reports after SD irradiation in mice [41–44] and fractionated
irradiation in mice and rats [6, 25]. Interestingly, at day 35 saliva
production in controls increased significantly from baseline, which
might indicate that saliva production increases with age in normal
salivary glands. Indeed, it has been shown that C57BL/6 mice increase
their saliva production as they age from 10- to 30-weeks-old [45],
which is in line with our results. In irradiated salivary glands however,
the saliva production at day 35 was slightly lower compared to baseline
values, implying that salivary gland function was compromised. The
observed saliva levels in the present experiments varied considerably
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between animals and time points and decreased with increasing dose
(average CV of 59%). Additionally, we observed acinar vacuolization in
the parotid glands in mice exposed to 8.5 Gy/f, which is consistent with
previous reports after SD irradiation in mice [5, 6, 46]. The damages
in the parotid glands may be parts of the explanation of the reduced
saliva production in irradiated mice compared to controls.

In conclusion, the proposed preclinical model allows for the study
of early radiation-induced effects in the H&N region. We observed
both macroscopic and microscopic changes in skin, oral mucosa of the
tongue and lip and salivary glands, as well as a significantly reduced
saliva production in irradiated mice compared to controls. The present
preclinical model is an optimal compromise with respect to ease of
use and possibilities for short-term studies and for future long-term
follow-up with tissue collection and liquid sampling that can allow for
cytokine analysis in blood and/or saliva. Regarding the X-ray energies
used, our Monte Carlo simulations show that 100 kV X-rays provide
a more relevant and heterogeneous dose distribution compared to
180 kV, which will provide a better basis for future studies comparing
side effects from X-rays and ions such as protons. In the present study,
we have tested doses per fraction ranging from 3–8.5 Gy and have
found that for the current fractionation scheme and irradiation setup,
the optimal dose is 7.5 Gy/f. This dose is well tolerated in this mouse
strain and results in similar early radiation-induced effects as in H&N
cancer patients.
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radiotherapy to the head and neck

This is a correction to: Inga Solgård Juvkam, Olga Zlygosteva, Delmon Arous, Hilde Kanli Galtung, Eirik Malinen, Tine Merete Søland, Nina
Jeppesen Edin, A preclinical model to investigate normal tissue damage following fractionated radiotherapy to the head and neck, Journal of
Radiation Research, Volume 64, Issue 1, January 2023, Pages 44–52, https://doi.org/10.1093/jrr/rrac066

In this work, we used a lead collimator to limit the radiation field to certain parts of the mouse head, as described in the original manuscript.
The original dosimetry was performed without the lead shield, as we were concerned that the resulting collimation would lead to partial volume
effects, and thus systematic errors, in the ion chamber measurements. However, the impact of the lead plate on the dose to the irradiated area was
underestimated. This was evident from additional dosimetry of the irradiation setup with and without the plate performed after the original work
was published. This revised dosimetry is given below.

The absorbed dose rate to water of the X-ray system was measured to be 0.63 ± 0.02 Gy/min for an unshielded beam using a FC65-G Farmer
type ionization chamber (IBA Dosimetry, Germany) together with a MAX-4000 electrometer (Standard Imaging, USA) according to IAEA
report TRS-277 [1-2]. To measure the dose in the collimated case, we employed Gafchromic™ EBT3 dosimeter films at a source-surface distance
representing sagittal skin entrance of the mouse. Calibration was done using an unshielded beam. EBT3 films (lot No. 02122001) were irradiated
and processed according to the recommended protocols specified for radiochromic film dosimetry in the report of AAPM Task Group 235 [3].
The results showed that the actual dose with the use of the collimator lead plate was 12% lower than the dose reported in the original manuscript.
Therefore, all the doses in the manuscript should be corrected accordingly: 3 Gy to 2.6 Gy, 4.4 Gy to 3.9 Gy, 5 Gy to 4.4 Gy, 5.75 Gy to 5.1 Gy,
6.5 Gy to 5.7 Gy, 7.5 Gy to 6.6 Gy, 8.5 Gy to 7.5 Gy.

The authors apologize for any inconvenience this might have caused.
[1]: IAEA, Report No. ISBN 92-0-115 087-3, 1987.
[2]: IAEA, Report No. ISSN 1011-4289, 1996.
[3]: Niroomand-Rad A, Chiu-Tsao S-T, Grams M P, Lewis D F, Soares C G, Van Battum L J, Das I J, Trichter S, Kissick M W and Massillon-Jl G
2020 Report of AAPM task group 235 radiochromic film dosimetry: an update to TG-55 Med. Phys 475 986-6025.

NB: the error in dosimetry is emended in this correction notice alone. The errors have not been emended throughout the paper online.
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Monte Carlo simulations 

DICOM computed tomography (CT) images of one euthanized male mouse (10-11 weeks of age) with 
isotropic voxel sizes of 0.02 × 0.02 × 0.02 mm3 were imported into Matlab R2020b (MathWorks, 
Natick, MA, USA) and co-registered to diagnostic DICOM magnetic resonance (MR) images of voxel 
sizes 0.12 × 0.12 × 0.70 mm3 in the sagittal, coronal and axial plane of the animal, respectively, using 
an in-house developed software. Registration-based interpolation was performed in order to spatially 
align the axial CT stack to the axial MR images (fixed, reference) when equivalent posture and 
positioning of the mouse between the CT-MR image scanning acquisitions was accomplished. The 
interpolated CT images were subsequently imported into FLUKA 4-1.1 [1-3], where the geometrical 
scheme of the irradiation setup was defined using DICOM tools in Flair v3.1-13 (FLUKA Advanced 
Interface) [4]. Herewith, FLUKA Monte Carlo (MC) simulations allowed for exploration of the tissue 
dose distribution following different applied X-ray voltages. The absorbed dose distributions were 
simulated for 100 kV and 180 kV X-ray spectra attenuated by 2.0 mm Al and 0.3 mm Cu filters, 
respectively. For both energies, a rectangular irradiation field of size 1.5 × 0.75 cm2 was focused 
sagittally to the neck region of the mouse from a 52.0 cm source to sample distance (SSD), providing 
salivary gland area coverage and other normal tissue structures.   
 
For the voxelized CT-based geometry, the FLUKA MC system was calibrated to match tissue mass 
densities and stopping powers with correlating CT numbers by a published stoichiometric calibration 
procedure [5]. Moreover, the MC simulations were run using PRECISIOn defaults to guarantee 
reliable accuracy without increasing the simulation time significantly, where the transport and 
production cutoff of photons and electrons was set to 1 keV. The treatment field was simulated for 5 × 
107 primary X-ray photons. Furthermore, dose scoring was performed using the USRBIN card in 
FLUKA. The dose quantities were scored on a voxel-by-voxel basis using the grid specified by the 
aforementioned MR images, wherefore the scoring region was defined to encompass all relevant 
volumes. 
 
Immunohistochemistry 

For immunohistochemistry, tissue sections of 4 µm were cut (Leica RM2155 microtome) and placed 
on microscopy glass slides (Superfrost Plus, Thermo Fisher). Following deparaffination and hydration, 
heat-induced antigen retrieval was performed using citraconic anhydride pH 7.4, for 15 minutes at 100 
ºC. Primary antibodies against CD138/Syndecan-1 (Rat IgG2a, 1:450), CD3 (Rat IgG1, 1:450), 
Vimentin (clone EPR3776, Rabbit IgG, 1:500) and F4/80 (clone BM8, Rat IgG2a, #123101, 
BioLegend) were used. Before incubation with primary antibodies, blocking was performed for 60 
minutes at room temperature using Normal Rabbit Serum 5 % (CD138, CD3, F4/80) and Normal Goat 
Serum 5 % (Vimentin). Next, sections were incubated with primary antibodies over night at 4 ºC. 
Negative control was PBS instead of primary antibody. Positive controls were sections of mouse 
spleen (CD3, CD138, F4/80), plasmacytoma (CD3, CD138) and blood vessels (Vimentin). 
Furthermore, the sections were washed in PBS for 2 x 10 minutes and incubated with secondary 
antibodies for 40 minutes at room temperature. Secondary antibodies used were Rabbit-a-Rat IgG 
(CD3, CD138, F4/80) and Goat-a-Rabbit IgG (Vimentin). Next, the slides were washed with PBS 2 x 
10 minutes, incubated with biotinylated streptavidin (ABCHRP) for 30 minutes at room temperature, 
incubated with DAB for 10 minutes at room temperature and washed with PBS. Finally, the slides 
were stained with Hematoxylin for 30 seconds, dehydrated and mounted with synthetic resin. 
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Histological images were acquired using a Nikon DS-Ri1 camera with a CFI Plan Fluor 20x objective 
(NA 0.5). 
 
 

 
Supplementary figure 1. Bodyweight loss greater than 10 % was only seen in the mice exposed to 7.5 and 8.5 
Gy/f (black and purple group). Mice receiving 7.5 Gy/f increased in weight and recovered around day 14, while 
mice receiving 8.5 Gy/f did not recover and was euthanised at day 14. The graphs show mean bodyweight in 
each group. The number of animals used in each group varied as following 0 Gy/f (n = 9), 3 Gy/f (n = 3), 4.4 
Gy/f (n = 3), 5 Gy/f (n = 4), 5.75 Gy/f (n = 4), 6.5 Gy/f (n = 4), 7.5 Gy/f (n = 10), 8.5 Gy/f (n = 10). The black 
vertical line on the X-axis represent each day of radiation, giving 2 fractions per day. 
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Supplementary figure 2. Representative images of immunohistochemically labelled sections of the lower lip in 
mice after exposure to fractionated irradiation. (A-B) Irradiated sections showed an increase in Vimentin+ cells 
and F4/80+ cells. Fibroblasts as well as neutrophils and lymphocytes are positive for Vimentin, while 
macrophages in mice are F4/80+. (C) CD138 labeled epithelial cells, but showed no increase of plasma cells in 
the irradiated sections. (D) CD3 labelled the sebaceous glands, but showed no obvious increase of T cells in the 
irradiated sections. Scale bar is 100 µm.  
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Supplementary figure 3. Saliva production measured as μL saliva/15 minutes normalised to bodyweight. Data is 
represented as mean ± 95% CI. The number of animals used in each group varied as following 0 Gy/f (n = 9), 3 
Gy/f (n = 3), 4.4 Gy/f (n = 3), 5 Gy/f (n = 4), 5.75 Gy/f (n = 4), 6.5 Gy/f (n = 4), 7.5 Gy/f (n = 10), 8.5 Gy/f (n = 
10). 
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Abstract: Cytokines are mediators of inflammation that could lead to fibrosis. The aim was to monitor
cytokine levels in saliva and serum after locally fractionated radiotherapy of the head and neck in
mice and investigate associations with salivary gland fibrosis and hyposalivation. C57BL/6 mice were
randomized to sham or X-ray irradiation of 66 Gy in 10 fractions over 5 days. Blood and saliva were
collected on days −7, 5, 35, 80, and 105 following cytokine analysis. The harvested submandibular
salivary gland was assessed for the presence of fibrosis. Decision tree regression analysis was used
to investigate whether cytokine levels could predict late endpoints in terms of hyposalivation or
fibrosis. Significant formation of fibrosis in gland tissue and reduced saliva production was found
after irradiation. The pro-inflammatory cytokines IL-1α, TNF, TIMP1, G-CSF, KC, and MIP-1α
showed increased levels in saliva in irradiated mice and a strong correlation with late endpoints.
The decision tree analysis largely separated controls from irradiated animals, with IL-1α being the
strongest predictor. Pro-inflammatory cytokines in saliva, but not in serum, were associated with late
endpoints. This indicates that cytokine expression in saliva is a good biomarker for local salivary
gland damage with IL-1α as the strongest single predictor.

Keywords: cytokines; X-rays; fractionated radiotherapy; normal tissue response; head and neck;
salivary glands; fibrosis; mice

1. Introduction

More than 60% of head and neck (H&N) cancer patients experience salivary gland
hypofunction after radiotherapy (RT) [1]. In addition, RT can result in complications such
as mucositis, chewing impairment, and oral infections. In general, this may lead to late
effects such as pain, dysphagia, and decreased sense of taste, all of which substantially
reduce quality of life [2]. Ionizing radiation triggers biological responses in malignant
tumors as well as in normal tissues, which can influence the secretion of cytokines and
growth factors. These molecules are involved in several processes such as cell–cell signaling
and immunomodulation [3–5] and can function in a paracrine, autocrine, or endocrine
manner [6,7]. Cytokines have been found to induce both local and systemic responses and
are important mediators of both acute and chronic inflammation in normal tissue after irra-
diation [8]. Chronic inflammation is characterized by coexisting inflammation, tissue injury,
and fibrosis [9]. In irradiated tissues, fibrosis is consequential late tissue damage [10–12]

Int. J. Mol. Sci. 2023, 24, 15218. https://doi.org/10.3390/ijms242015218 https://www.mdpi.com/journal/ijms
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and cytokines may play an important role in its development and manifestation. Therefore,
cytokines could potentially be used as diagnostic biomarkers for tissue injuries following
RT. Furthermore, they might function as therapeutic targets, or be used as monotherapy or
a booster for other therapeutic agents to reduce radiation-induced tissue damage [7].

Modern laboratory techniques allow for measuring cytokines in tissues and various
biological fluids at mRNA or protein levels [13]. As cytokines induced by RT are believed to
be tissue-specific, several groups have studied various pro-inflammatory (IL-1α, IL-2, IL-6,
TNF, IFN-γ), pro-fibrotic (TGF-β1), and stem-cell mobilizing (GM-CSF) cytokines in tissues
and their correlation with cytokines in blood [14,15]. Biological fluids are generally more
straightforward to collect than tissue biopsies and can be repeatedly sampled for screening.
However, cytokine levels in fluids should correlate with relevant tissue processes or clinical
endpoints in order to be used as surrogate biomarkers [16]. Some clinical and preclinical
studies have shown changes in cytokine profiles in blood (serum or plasma) after total
body irradiation or local radiation treatment [17–20]. However, only limited data exist on
the association between cytokine levels in other biological fluids and clinical endpoints.

For local H&N irradiation, only a small number of clinical and preclinical studies
have demonstrated elevated cytokine levels in blood and associations with inflammation
and radiation-induced effects, especially salivary gland dysfunction [21,22]. Some clinical
studies have reported dysregulated cytokine networks in saliva from H&N cancer patients
after RT or in patients with hyposalivation as in Sjögren’s syndrome [23–30]. To our
knowledge, no studies have monitored cytokine expression in both saliva and blood
after irradiation of the H&N region and compared their level of association with late
endpoints. Here, we hypothesize that cytokines in saliva are more specific for salivary
gland effects after local RT than those in blood. This is because the cytokine background
in blood, which reflects normal physiological processes, is expected to dominate over a
possible radiation-induced elevation of a limited set of cytokines released from a small
irradiated area. Thus, salivary cytokines could be more precise and reliable biomarkers for
salivary gland effects after H&N irradiation. Additionally, saliva would be advantageous in
screening for irradiation effects due to reduced invasiveness, simplified logistics in sample
collection, and higher acceptance by participants in potential clinical trials [31].

The aim of this work was to monitor salivary cytokine levels after local fractionated
irradiation of the H&N area in mice and to compare these with cytokines in serum. Further-
more, we aimed to correlate the cytokines with late irradiation effects in salivary glands and
to investigate the cytokine profiles as potential biomarkers of late effects in salivary glands.

2. Results
2.1. Cytokine Expression

From the panel of 12 cytokines, 6 were detected at measurable levels in the saliva
and serum samples from both irradiated and control groups. The levels of the detected
cytokines in saliva at different time points are presented in Figure 1, and all these cytokines
showed differences between the irradiated and control groups. Typically, the first time
point showing a significant increase in salivary cytokine levels for irradiated animals was
day 35. The increase in levels was significant for IL-1α, TNF, and TIMP-1 in irradiated
mice compared to controls on days 35, 80, and 105 after the onset of irradiation. The levels
of G-CSF and KC were only significantly higher in the irradiated group on days 35 and
80, while an increase in MIP-1α was only observed on day 80. In contrast, there was a
tendency towards a decrease in IL-1α, TNF, MIP-1α, and TIMP-1 levels in saliva from
irradiated mice sampled on day 5 (24 h after the last fraction). In serum, only MIP-1α
was significantly decreased in the irradiated mice on days 35, 80, and 105 compared to
controls, while the rest of the cytokines did not show any significant changes (Figure S1 in
Supplementary Materials).
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Figure 1. Levels of salivary cytokines IL-1α, TNF, G-CSF, TIMP-1, MIP-1α, and KC before and after 
fractionated irradiation at days −7, 5, 35, 80, and 105 (n = 9 in the control group, n = 10 in the irradi-
ated group). Each dot represents an individual mouse. Data are presented as mean pg/mL cytokine 
per total protein mg/mL (* p < 0.05, ** p < 0.01, *** p < 0.001). 

2.2. Fibrosis and Saliva Volume 
The fraction of fibrotic area in the SMG and the saliva volume, as a measure of sali-

vary gland function, were used as late endpoints (Figure 2). Increased connective tissue 
around some large SMG ducts and replacement of acinar cells by connective tissue were 
seen in histological sections (Figure 2a). The fraction of fibrotic area in the SMG was sig-
nificantly higher in the irradiated mice compared to controls (Figure 2b). The irradiated 
mice also showed significantly decreased saliva production (Figure 2c). 

Figure 1. Levels of salivary cytokines IL-1α, TNF, G-CSF, TIMP-1, MIP-1α, and KC before and after
fractionated irradiation at days −7, 5, 35, 80, and 105 (n = 9 in the control group, n = 10 in the
irradiated group). Each dot represents an individual mouse. Data are presented as mean pg/mL
cytokine per total protein mg/mL (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.2. Fibrosis and Saliva Volume

The fraction of fibrotic area in the SMG and the saliva volume, as a measure of salivary
gland function, were used as late endpoints (Figure 2). Increased connective tissue around
some large SMG ducts and replacement of acinar cells by connective tissue were seen in
histological sections (Figure 2a). The fraction of fibrotic area in the SMG was significantly
higher in the irradiated mice compared to controls (Figure 2b). The irradiated mice also
showed significantly decreased saliva production (Figure 2c).
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Figure 2. (a) Images of Masson Trichrome stained sections of the submandibular gland (SMG) in 
control and irradiated mice on day 105 with fibrotic regions in blue. (b) Fibrotic area fraction in 
SMG. (c) Pooled saliva volume. Each dot represents an individual mouse. Scale bar is 100 µm (**** 
p < 0.0001). 

2.3. Correlations between Cytokines and Endpoints 
Pearson’s correlation between cytokine levels and endpoints (fibrotic area and saliva 

volume) for both groups was calculated for each time point. Correlation matrices for sali-
vary cytokines at day 35 are shown in Figure 3a,b (correlation matrices for other time 
points are given in Figure S2 in the Supplementary Materials). At day 35, all cytokines in 
the control group were positively correlated to each other, while the cytokine levels in the 
irradiated group seemed to be more independent or weakly correlated. In the correlation 
matrix combining data from irradiated and control mice, a positive correlation of salivary 
cytokines with fibrotic area and a negative correlation with saliva volume was found (Fig-
ure 3c). For cytokines in serum, correlation matrix is given in Figure S3 in the Supplemen-
tary Materials. These correlations are generally lower than for cytokines in saliva. 

Figure 2. (a) Images of Masson Trichrome stained sections of the submandibular gland (SMG) in
control and irradiated mice on day 105 with fibrotic regions in blue. (b) Fibrotic area fraction in
SMG. (c) Pooled saliva volume. Each dot represents an individual mouse. Scale bar is 100 µm
(**** p < 0.0001).

2.3. Correlations between Cytokines and Endpoints

Pearson’s correlation between cytokine levels and endpoints (fibrotic area and saliva
volume) for both groups was calculated for each time point. Correlation matrices for
salivary cytokines at day 35 are shown in Figure 3a,b (correlation matrices for other time
points are given in Figure S2 in the Supplementary Materials). At day 35, all cytokines
in the control group were positively correlated to each other, while the cytokine levels
in the irradiated group seemed to be more independent or weakly correlated. In the
correlation matrix combining data from irradiated and control mice, a positive correlation
of salivary cytokines with fibrotic area and a negative correlation with saliva volume was
found (Figure 3c). For cytokines in serum, correlation matrix is given in Figure S3 in
the Supplementary Materials. These correlations are generally lower than for cytokines
in saliva.

The mean correlation of the whole cytokine panel with saliva volume and fibrosis
for different time points is shown for salivary cytokines (Figure 4a) and serum cytokines
(Figure 4b), respectively. As seen, the correlation between cytokines and endpoints is maxi-
mal (r = 0.6) around day 35. Moreover, correlation curves for fibrosis and hyposalivation are
mirror images of each other, reflecting the difference in scoring (high and low levels indicate
greater severity for respective endpoints) and that the endpoints are related. Importantly,
there was a much stronger correlation between the salivary cytokines and endpoints than
between the serum cytokines and endpoints.
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5 showed no correlation with the endpoints (Figure 4). Thus, cytokines at day 35 were 
selected for the analysis. In Figure 5, the measured standard score (representing fibrotic 
area and saliva volume) is plotted against the predicted score. As seen, controls and irra-
diated animals are largely separated by the prediction model. The RMSE was in this case 
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score was used as the predictor. Separating the RMSEs for fibrotic area and saliva volume 
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2.4. Prediction of Late Effects Based on Early Cytokine Levels

Several of the salivary cytokines were associated with the two endpoints; fibrotic
area and saliva volume. The decision tree regression model used all cytokine levels at a
given time to predict the endpoints in a leave-one-out-cross-validation procedure. In a
predictive assay, early assessment of predictors is pivotal, but cytokine levels at day −7
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and day 5 showed no correlation with the endpoints (Figure 4). Thus, cytokines at day
35 were selected for the analysis. In Figure 5, the measured standard score (representing
fibrotic area and saliva volume) is plotted against the predicted score. As seen, controls
and irradiated animals are largely separated by the prediction model. The RMSE was in
this case 0.75, compared to a baseline RMSE of 1.05 for a model where the mean measured
overall score was used as the predictor. Separating the RMSEs for fibrotic area and saliva
volume gave 0.76 and 0.8, respectively. The prediction using cytokine levels at day 80 or
105 was less good
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The importance of each cytokine to the prediction model was 0.05, 16.5, 1.02, 1.50,
1.61, and 1.42 (relative units) for TNF, IL-1α, GC-SF, KC, MIP-1α, and TIMP1, respectively,
indicating that IL-1α is by far the strongest contributor to the prediction model.

3. Discussion

Irradiation initiates rapid molecular and cellular responses, which include activation
of various repair and survival signaling pathways and cytokine secretion, leading to an
acute inflammatory reaction in the affected tissues. In addition, radiation-induced changes
in gene expression and dysregulated cytokine expression contribute to late tissue responses
such as chronic inflammation and fibrosis [15,20]. Most of the cytokines have overlapping
functions and can also recruit and activate other cytokines or cell types involved in the
fibrotic process, which enhances and complicates the response [14,20].

In order to use cytokines as predictive biomarkers of late effects, it is important
to appraise when and where the cytokines are released subsequent to irradiation. We
monitored cytokine release into saliva as a function of time after irradiation and correlated
the cytokine expression data to two late endpoints; saliva volume and salivary gland
fibrosis. In addition, the experiments were designed specifically for studying relevant
normal tissue effects after H&N RT using local field compared to other preclinical studies
using total body irradiation. The latter might result in lower cytokine secretion, especially
in the blood, which makes our approach more clinically relevant.

To our knowledge, this is the first study of changes in cytokine levels in mouse saliva
after irradiation. Interestingly, the salivary cytokine levels in the first 24 h after the last
fraction were not significantly changed. However, we found an increase in the levels of six
salivary cytokines on day 35, and a further increase on days 80 and 105. This is in line with
other studies showing persistent waves of cytokine secretion in lung tissue or blood for a
prolonged time after partial irradiation [16]. The temporal pattern of cytokine secretion
may be explained by the reactivate responses in the tissues to deal with induced damage [3].
For the potential use of cytokine levels as biomarkers for late effects, the early time points
for sampling are most relevant (well before the clinical manifestation of endpoints) and we
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have, therefore, focused on the salivary cytokine data from day 35 in the correlation and
prediction models.

The formation of fibrosis in SMG tissue as well as reduced saliva production were
used as endpoints for late effects after irradiation. The SMG was chosen for the assessment
of fibrosis because it is the largest salivary gland in mice and, therefore, is easier to dissect
in one piece for scoring the irradiated area. The early phases of radiation-induced fibro-
genesis are similar to those of wound healing. However, while wound healing involves
very early secretion of pro-inflammatory cytokines in blood or irradiated tissue [16,32],
our experiments only showed increased levels of the investigated cytokines IL-1α, TNF,
TIMP1, G-CSF, KC, and MIP-1α in the saliva from irradiated mice after day 35. All these
cytokines have been reported to be highly involved in inflammatory responses and fibrosis
formation, supporting the theory of cytokine-regulated development of radiation-induced
late effects. For instance, IL-1α and TNF may activate the inflammatory process after
irradiation and contribute to fibrosis under chronic inflammation by stimulation of fibrob-
last proliferation [8,33]. IL-1 is also considered a pro-inflammatory senescence-associated
secretory phenotype (SASP) factor [34]. A recent mouse study demonstrated that radiation-
induced cellular senescence in the salivary gland stem/progenitor cell (SGSC) niche leads
to the secretion of various SASP factors which can contribute to salivary gland dysfunction
and fibrosis [34]. As with IL-1α and TNF, TIMP-1 secretion levels have been found to
be elevated in blood under chronic inflammation [35]. Additionally, TIMP-1 has been
reported to be strongly associated with radiation-induced lung fibrosis by the induction of
macrophage and neutrophil infiltration in lung tissue [36]. KC and MIP-1α chemokines
play a driving role in the inflammatory processes and wound healing by recruiting and
activating various types of leukocytes and macrophages [29,37–39]. On the other hand,
treatment with G-CSF, which is usually secreted in response to inflammatory stimuli, was
found to increase the concentration of bone marrow-derived cells in irradiated salivary
glands in mice and improve morphology and function of the salivary gland by reducing
the loss of acinar cells [40].

Sjögren’s syndrome is an autoimmune disease characterized by progressive destruc-
tion and dysfunction of salivary glands in many respects similar to the late effects in salivary
glands after irradiation. It is believed that dysregulation of cytokine signaling plays a role
in both systemic and exocrine gland manifestations of Sjögren’s syndrome [24]. TNF levels
in the blood and in lymphocytic infiltrates in salivary gland biopsies have been found to
be increased in patients with Sjögren’s syndrome compared to controls [41], which was
associated with salivary gland hypofunction caused by inflammation [42]. Experiments
in mice that mimicked the inflammatory conditions of swollen salivary glands showed
that conditional overexpression of TNF levels in salivary gland biopsies led to acinar cell
atrophy and hyposalivation [42], which is consistent with our findings but in saliva sam-
ples. It was also found that the biopsies from the salivary glands of patients with Sjögren’s
syndrome expressed higher concentrations of MIP-1α [43].

The cytokines detected in this work (IL-1α, TNF, G-CSF, KC, MIP-1α, and TIMP1)
have been found in other mouse studies, though in plasma and tissue samples after
single or fractionated photon or proton irradiation [15,17–20]. However, only one study
in rats reported a specific cytokine profile including IL-1α, IL-2, IL-6, IL-10, TNF, IFN-γ,
VEGF, and GM-CSF in association with late effects progressing after a 30 Gy single-dose
irradiation [15]. In our study, we observed a positive correlation between all cytokines
in the control group, while both positive and negative correlations were observed in the
irradiated group. This most likely indicates that irradiation-induced processes have led
to alterations in the regulation of cytokine secretion. The correlation matrices of salivary
cytokines and the two endpoints showed a high mean correlation, although with different
signs for the two endpoints (high degree of fibrotic area and low saliva volume indicate
decreased salivary gland function). A much stronger correlation between the salivary
cytokines with endpoints compared to the serum cytokines supported our hypothesis that
serum cytokines are less specific and less sensitive to the local damage of salivary glands
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than salivary cytokines. Therefore, saliva has a higher potential to be a reliable biomarker
of local radiation-induced salivary gland damage.

Cytokine biomarkers may contribute to predicting or monitoring the response of
normal tissues following radiotherapy and can also be of potential use for individualized
in vivo dosimetry for biologically adaptive radiotherapy [44]. In addition, the biomarker
can be employed during treatment to identify the need for preventive treatment of normal
tissue toxicities or adjustment of the radiotherapy schedule. However, early prediction
of late radiation effects using a panel of cytokines with multiple linear regression may be
hampered by multicollinearity and a high risk of overfitting. For identification of potential
biomarkers of late effects, we used a combined late effect score including both fibrotic
area and saliva volume in a concatenated manner. By this, we generated a more robust
endpoint series, which is better suited for a machine learning algorithm such as decision
tree regression. Also, we used leave-one-out cross-validation, holding out one animal
from the model training in each step. A feature vector based on all cytokines at day 35
was generated. The model gave a clear separation between the irradiated group and the
control group but worked better for the fibrotic area than the saliva volume. This is not
surprising since there was a larger spread in the saliva volume measurements within the
groups and a smaller difference between controls and irradiated animals for saliva volume
than for fibrosis. Also, fibrosis within the gland may be more directly linked to irradiation,
while hyposalivation may also occur due to various direct and indirect radiation responses
such as glandular, ductal, and nerve damage, acinar atrophy, and fibrosis. Notably, the
feature importance analysis showed that IL-1α levels on day 35 were by far the strongest
contributor to the prediction model. In contrast, the prediction was poorer when cytokine
expression at day 80 or 105 was used in the modeling. This indicates that IL-1α expression
around day 35 is highly involved in the pathological processes leading to fibrosis and
hyposalivation. Therefore, inhibition of IL-1α might be considered as potential intervention
target to mitigate radiation-induced fibrosis, but more studies should be conducted to
elucidate the mechanisms of cytokine regulation. Furthermore, in a human population, this
time point might be different and must be identified using a similar methodology as in the
current work.

4. Materials and Methods

The procedures, protocols, and set-up for local H&N irradiation of mice have previ-
ously been reported in detail [45].

4.1. Animals, Irradiation, and Follow-Up

C57BL/6J female mice from Janvier (France) were used. All experiments were per-
formed in accordance with directive 2010/63/EU on the protection of animals used for
scientific purposes and approved by the Norwegian Food Safety Authority (ID 27931). The
animals were 12 weeks old at the onset of experiments.

X-ray treatment was given in 10 fractions over 5 days (twice a day with an 8 h
difference) using a Faxitron Multirad225 irradiation system (Faxitron Bioptics, Tucson, AZ,
USA) with the following settings: 100 kV X-ray voltage, 15 mA current, and 2.0 mm Al
filter. The dose rate was 0.66 Gy/min. For irradiation, the mice were anesthetized using
Sevoflurane 4% in O2, positioned on the right side in a foam holder, and irradiated with the
X-ray beam coming from the left. The radiation field included the oral cavity, pharynx, and
major salivary glands and was defined by the lead collimator with a 25 × 20 mm opening
to avoid the exposure of the eyes and brain.

Twenty female mice were randomly assigned to either sham treatment or 10 × 6.6 Gy
(n = 10 for each treatment group). The reported tissue dose is the mean dose calculated
at the midpoint of the X-ray path through the mouse. The experimental timeline with
data collection and processing overview is presented in Figure 6. On day −7, blood and
saliva sampling were performed in all animals as baseline measurements. On days 0–4,
fractionated treatment was given twice a day to the irradiation group, as explained above.
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Additional blood and saliva samplings were performed on days 5 (the day after the
completion of irradiation), 35, 80, and 105 before termination. Blood and saliva samples
were used for cytokine analysis (see below). The follow-up period in this study was
105 days to encompass the manifestation of both early and late radiation-induced tissue
effects. During the follow-up period, the animal appearance (out-field), body weight loss
(max 20% from baseline), and skin/oral mucosa (in-field) scores were used as humane
endpoints. Upon the development of moderate to severe early effects, DietGel® (ClearH20,
Westbrook, ME, USA) was provided to support the recovery, and analgesic treatment of
buprenorphine (Temgesic, Indivior, Richmond, VA, USA) by subcutaneous injections was
given to all mice for 4 days (day 12 to day 15, first injection after blood and saliva sampling)
to alleviate the pain.
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Mice were euthanized through an overdose of anesthetic (Pentobarbitol, Exagon® Vet,
Richter Pharma AG, Wels, Austria) by intraperitoneal injection under terminal anesthesia to
avoid H&N tissue damage from cervical dislocation. The left submandibular gland (SMG)
in each animal was harvested and fixed in 10% formalin before undergoing dehydration
and paraffin embedding. The SMG was used to quantify radiation-induced fibrosis since
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this gland is the largest salivary gland in mice with a mixed serous and mucous secretion.
Saliva volume and fibrotic area of SMG were used as endpoints of late effects in this study.

4.2. Blood and Saliva Sampling

Blood from the tail vein was collected into serum microvette tubes (Microvette, Sarst-
edt). The samples were centrifuged at 1000× g and 4 ◦C for 15 min, and the separated serum
was stored at −80 ◦C. Saliva collection was performed as previously described [46]. Briefly,
0.375 mg/kg of pilocarpine (Pilocarpine hydrochloride, Sigma-Aldrich Inc., St. Louis, MO,
USA) was intraperitoneally administered to the mice under anesthesia to stimulate saliva
production. Saliva was collected into a cotton swab for 15 min, which was then centrifuged
at 7500× g and 4 ◦C for 2 min. The obtained volume was measured and stored at −80 ◦C
until cytokine analysis. For saliva volume estimates, data from days 80 and 105 were
pooled because of inter-animal variations due to the limited number of animals per group.

4.3. Cytokine and Chemokine Analysis

Serum and saliva samples were thawed on ice, vortexed, and spun down at 16,000× g
for 5 min at 4 ◦C. The samples were diluted (serum 1:1 and saliva 2:1) with the RD1-W buffer
(R&D Systems, Abington, UK). All samples were analyzed with the custom-made 12-plex
Luminex Mouse Discovery Assay kit (http://www.biotechne.com/g8AnddcM (accessed
on 31 March 2022)) including CCL3/MIP-1α, KC, IP-10, G-CSF, IFN-γ, IL-1α, IL-1β, IL-6,
IL-12 p70, MMP-9, TIMP-1, and TNF (Bio-Techne Ltd., Abington, UK). The plates with
saliva samples were incubated overnight. A Luminex IS 200 instrument (Bio-Rad, Hercules,
CA, USA) was used to record data. IL-1β, IL-6, IP-10, or IFN-γ were below the level of
detection in saliva samples, while MMP-9 was excluded for both serum and saliva samples
as the data were above the standard curve. Due to high background levels, IL-12 p70 was
also excluded from the cytokine panel. Total protein concentrations in saliva samples were
measured in mg/mL using spectrophotometry (Absorbance 280 nm, NanoDrop 2000c,
Thermo Fisher Scientific, Waltham, MA, USA). The salivary cytokine levels were adjusted
to total protein concentration and presented as (pg of cytokine)/(mg of total protein).

4.4. Quantitative Analysis of Fibrosis

A central section (6 µm) of each SMG was stained with Masson Trichrome (Trichrome
Stain kit, abcam) according to the protocol from the manufacturer. Images of the stained
sections were acquired using a Nikon DS-Ri1 camera with a CFI Plan Fluor 10× objective
(NA 0.30). The percentage of fibrotic area (blue area in Figure 3a) relative to the total area
was extracted by thresholding in ImageJ based on 8–11 images of the SMG from each mouse.
One irradiated SMG was excluded as the stained section did not encompass the entire
gland tissue. The percentage of fibrotic area in each SMG was termed the fibrosis score.

4.5. Prediction of Late Effects Based on Cytokine Levels

Python (v3.9.13) together with scikit-learn [47] was used to investigate whether cy-
tokine levels could predict late effects in terms of hyposalivation or fibrosis. A per-day
feature matrix was generated, consisting of cytokine levels per mouse converted to a stan-
dard score with a mean of zero and a standard deviation of unity for each cytokine. An
endpoint vector was generated by concatenating the standard score vector for fibrotic area
and saliva volume. The saliva volume vector was negated in order to align this score with
that of the fibrotic area (a high value means a worse outcome). Decision tree regression
with three nodes was used with the feature matrix as the dependent variable and the
concatenated endpoint vector as the independent variable. Leave-one-out-cross-validation
with the calculation of root-mean-square error (RMSE) was used to evaluate the prediction
performance. The contribution of each cytokine to the final model was evaluated in terms
of Breiman’s feature importance metric.
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4.6. Statistical Analysis

Statistical analysis was performed using Prism 8 for Windows (Version 8.3.0, GraphPad
Software, Boston, MA, USA) and Python 3.9.13. A significance level of 0.05 was used for all
analyses. Pearson’s correlation was used to measure the strength and direction of a linear
relationship between cytokine concentrations and/or endpoints.

5. Conclusions

To our knowledge, this is the first study monitoring both salivary and serum cytokines
after H&N irradiation. A differential secretion of cytokines was detected in saliva from
irradiated mice compared to the controls. The majority of the investigated salivary cytokines
showed increased levels from day 35 after irradiation. A strong correlation between salivary
cytokine levels and late endpoints was found, while cytokines from serum were only weakly
correlated with the endpoints. Decision tree regression identified IL-1α as the strongest
contributor with respect to the prediction of late endpoints, indicating that this cytokine
might be a key in the pathological processes leading to fibrosis and hyposalivation.
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Cytokine levels in saliva are associated with salivary 

gland fibrosis and hyposalivation in mice after 

fractionated radiotherapy of the head and neck 

Supplementary figures 

 

 
Figure S1. Levels of serum cytokines IL-1α, TNF, G-CSF, TIMP-1, MIP-1α and KC 

before and after fractionated irradiation at days -7, 5, 35, 80 and 105 (n = 9 in the control 

group, n = 10 in the irradiated group). Each dot represents an individual mouse. Data 

are presented as mean pg/mL cytokine (*p<0.05, **p<0.01). 
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Figure S2. Pearson’s correlation matrix with significance for combined (controls and 

irradiated) salivary cytokine expression on: (a) baseline, (b) day 5, (c) day 80, (d) day 

105 (*p<0.05, **p<0.01, ***p<0.001). 

 

 

Figure S3. Pearson’s correlation matrix with significance for combined cytokine levels 

in serum on day 35 (*p<0.05, **p<0.01, ***p<0.001). 
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ABSTRACT 
Background: The purpose of this study was to investigate acute normal tissue responses in the head 
and neck region following proton- or X-irradiation of a murine model.
Materials and methods: Female C57BL/6J mice were irradiated with protons (25 or 60 MeV) or X-rays 
(100 kV). The radiation field covered the oral cavity and the major salivary glands. For protons, two dif
ferent treatment plans were used, either with the Bragg Peak in the middle of the mouse (BP) or out
side the mouse (transmission mode; TM). Delivered physical doses were 41, 45, and 65 Gy given in 6, 
7, and 10 fractions for BP, TM, and X-rays, respectively. Alanine dosimetry was used to assess delivered 
doses. Oral mucositis and dermatitis were scored using CTC v.2.0-based tables. Saliva was collected at 
baseline, right after end of irradiation, and at day 35.
Results: The measured dose distribution for protons (TM) and X-rays was very similar. Oral mucositis 
appeared earlier, had a higher score and was found in a higher percentage of mice after proton irradi
ation compared to X-irradiation. Dermatitis, on the other hand, had a similar appearance after protons 
and X-rays. Compared to controls, saliva production was lower right after termination of proton- and 
X-irradiation. The BP group demonstrated saliva recovery compared to the TM and X-ray group at 
day 35.
Conclusion: With lower delivered doses, proton irradiation resulted in similar skin reactions and 
increased oral mucositis compared to X-irradiation. This indicates that the relative biological effective
ness of protons for acute tissue responses in the mouse head and neck is greater than the clinical 
standard of 1.1. Thus, there is a need for further investigations of the biological effect of protons in 
normal tissues.
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Background

Radiotherapy of head and neck (H&N) cancer may damage 
normal tissue surrounding the tumor, thereby causing detri
mental acute and late side effects [1]. Acute side effects such 
as skin dermatitis and oral mucositis usually occur during or 
immediately after treatment and may cause an unfavorable 
treatment halt [2,3]. Therefore, approaches that can reduce 
normal tissue damage and thus decrease side effects from 
radiation therapy are warranted, and proton therapy has 
emerged as an important tissue-sparing approach.

Compared to conventional X-irradiation, proton irradiation 
has a more favorable dose distribution where a high dose is 

deposited in the so-called Bragg peak with no dose depos
ited further into the tissue [4]. Thus, proton irradiation can 
reduce the radiation dose to normal tissues, especially 
behind the tumor. However, published studies point toward 
differences in biological responses between protons and X- 
rays, such as in DNA damage repair, gene expression modu
lation, and inflammatory regulation [5–10]. Relative biological 
effectiveness (RBE) is defined as the ratio of a reference X-ray 
dose to the proton dose that induce the same biological 
effect. It depends on several variables such as the dose per 
fraction, linear energy transfer (LET), tissue type, and bio
logical endpoint [11–13]. Despite accumulated experimental 
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data on the variability of proton RBE, a fixed standard value 
for RBE of 1.1 for protons is used at most treatment centers, 
but there is a growing awareness of RBE variation along the 
proton path [14–17].

Increasing clinical evidence shows that proton therapy is 
superior to X-ray therapy in lowering the radiation dose to 
normal tissue and thus reducing side effects [18–20]. Still, for 
H&N cancer, there is a scarcity of randomized clinical studies 
directly comparing acute or late side effects from proton and 
X-therapy, and more knowledge regarding the differences in 
normal tissue responses between X-ray and proton irradi
ation is needed. The purpose of this preclinical study was 
thus to investigate acute normal tissue responses following 
H&N proton- and X-irradiation to gain new knowledge on 
the differences in biological effects between the two radi
ation types.

Materials and methods

Animals

Female C57BL/6J mice purchased from Janvier (France) were 
used in this study. Mice were kept in a 12-h light/12-h dark 
cycle under pathogen-free conditions and fed standard com
mercial fodder with water given ad libitum. Standard housing 
with nesting material and refuge was provided. Animals 
were 12 weeks old at the onset of experiments. All animal 
experiments in Norway were performed in accordance with 
directive 2010/63/EU on the protection of animals used for 
scientific purposes and approved by the Norwegian Food 
Safety Authority (ID 27931). All animal experiments in 
Denmark were performed in accordance with the animal wel
fare policy of Aarhus University and approved by the Danish 
Animal Experiments Inspectorate.

Irradiation procedure

X-irradiation was performed with a Faxitron Multirad225 
irradiation system (Faxitron Bioptics, Tucson, AZ, USA) at the 
Radium Hospital in Oslo, Norway. Mice in the X-ray group 
were irradiated with a total dose of 65 Gy given in 10 frac
tions over 10 days with the following settings: 100 kV X-ray 
potential, 15 mA current, 2.0 mm Al filter, and 0.68 Gy/min 
dose rate.

Absolute dosimetry of the X-ray system was conducted 
using an FC65-G Farmer type ionization chamber (IBA 
Dosimetry, Germany) together with a MAX-4000 electrometer 
(Standard Imaging, USA) according to IAEA report TRS-277 
[21]. Dosimetry for the collimated case was performed using 
GafchromicTM EBT3 dosimeter films at a source-surface dis
tance representing the skin entrance of the mouse. 
Calibration was done using an unshielded beam. EBT3 films 
(lot No. 02122001) were irradiated and processed according 
to the recommended protocols specified for radiochromic 
film dosimetry in the report of AAPM Task Group 235 [22]. 
The reported dose for the X-ray group is the mean dose at 
the midpoint in the X-ray path through the mouse. Alanine 
dosimetry was used to measure delivered X-ray and proton 

depth dose profiles, and the Monte Carlo method was used 
to simulate the dose in 3D (Figure 1C) (see Supplementary 
Materials).

Proton irradiation was performed using the Varian 
ProBeam clinical gantry with a pencil beam scanning dedi
cated nozzle (Varian, Medical Systems, Palo Alto, CA, USA) at 
the Danish Center for Particle Therapy at Aarhus University 
Hospital in Aarhus, Denmark. Two different proton treatment 
groups were included. The first proton treatment group (BP 
group) was irradiated with a total physical dose of 40.8 Gy 
given in six fractions over six days using a single-energy pris
tine Bragg peak (70 MeV degraded by 3 cm solid water). For 
this group, the distal edge of Bragg peak is located in the 
middle of the mouse). The second proton treatment group 
(TM group) was irradiated with a total physical dose of 
44.8 Gy given in seven fractions over seven days with a single 
energy pristine Bragg peak (70 MeV degraded by 1 cm solid 
water). In this ‘transmission mode’, the Bragg peak ended up 
outside the mouse (Figure 1B). The proton entrance ener
gy/range was estimated to be 25 MeV/6.8 mm and 
60 MeV/31 mm for the BP and TM groups, respectively.

Day 0 was the time point where the first irradiation was 
performed. For X-ray and proton irradiation, mice were anes
thetized using gas anesthesia with 4% Sevoflurane in O2. 
Mice were positioned laterally, on the right side for the X-ray 
and BP groups and on the left side for the TM group, in a 
custom-made foam holder with the beam entering on the 
opposite side (Supplementary Figure 1). The mice in the TM 
group were positioned on the left side to approximately 
match the proton and X-ray dose distributions. A lead (for 
X-rays) or brass (for protons) collimator was custom-built to 
define a radiation field of 25� 20 mm covering the oral cav
ity, pharynx, and major salivary glands and placed on top of 
the foam holder. The radiation field was carefully planned to 
only irradiate the tissues of interest and avoid exposure to 
the eyes and brain.

Experimental protocol and study groups

The experimental timeline for proton and X-ray experiments 
is presented in Figure 1A. On day � 3, saliva collections were 
performed in all animals as baseline measurements. On days 
0–4 and 7–11, X-ray-fractionated treatment was given once a 
day around 4 pm, as explained above. During the acute 
phase (days 8–35), mice were monitored daily, and examina
tions of the oral cavity were performed every second day in 
order to obtain documentation of the acute tissue responses. 
Oral mucositis and lip dermatitis were scored using modified 
scoring tables (Supplementary Tables 1 and 2) based on CTC 
v. 2.0 [23–25].

On days 0–4 and 7, proton-fractionated treatment was 
given once a day around 4 pm to both proton groups, as 
explained above. On day 8, irradiation treatment was termi
nated for the BP group due to substantial weight loss and 
observed oral mucositis. The TM group received one more 
fraction on day 8 and irradiation treatment was then termi
nated on day 9 due to substantial weight loss. To alleviate 
the pain from oral mucositis, analgesic treatment using 
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Temgesic injections was started right after saliva collection 
(day 12 for the X-ray group and day 9 for the TM and BP 
groups) and administered to all mice through intraperitoneal 
injections every 8 h for 5 days. In addition, easily digestible 
and nutrition-rich gel fodder (DietGel Recovery, Clear H2O) 
and saline injection (0.1–0.3 ml subcutaneously administered) 
were provided to all mice to avoid unnecessary mortality. 
However, several mice in the proton groups reached humane 
endpoints and were euthanized between days 12–18 accord
ing to the protocol approved by the national animal author
ities. Additional samples of saliva were collected immediately 
after termination of irradiation treatment (day 12 for the 
X-ray group and day 9 for the BP and TM groups), and at 
the end of the acute phase on day 35. The maximum follow- 
up period was day 105 after the onset of fractionated irradi
ation. However, the acute phase was considered to be over 
on day 35, so only this period is included in the current 
study.

Saliva collection

Saliva volume measurements were used to assess salivary 
gland function and saliva production. Saliva collection was 

performed as previously described [26,27]. Briefly, 0.375 mg/kg 
of pilocarpine (pilocarpine hydrochloride, Sigma) was intraper
itoneally administered to the mice under anesthesia to stimu
late saliva production. Saliva was collected into a cotton swab 
for 15 min and was then centrifuged at 7500 g and 4 �C for 
2 min. The obtained volume was measured and stored at 
� 80 �C. Data from two nonirradiated control groups from the 
involved research facilities were pooled.

Statistical analysis

Statistical analysis was performed using Prism 8 for Windows 
(Version 8.3.0, GraphPad Software, LLC). Saliva volume meas
urements were compared using a Mann–Whitney test with a 
significance level of 0.05.

Results

The dose distributions for X-ray and proton irradiations were 
measured using alanine dosimetry (Figure 2). The results for 
X-ray and TM groups showed that the depth dose profiles 
within the region of the irradiation field are virtually the 
same for two different radiation types with approximately 

Figure 1. Timeline (A), Graphical treatment plan (B) and corresponding FLUKA MC simulations (C) of the X-ray and proton irradiation experiments.
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the same dose per fraction. Therefore, mice from X-ray and 
TM groups received the same dose distribution, gradually 
decreasing from the left to the right side. Because of the ala
nine pellet thickness and the narrow width of Bragg peak, 
the depth dose profile for BP proton irradiation cannot dis
play the Bragg peak but a steep dose gradient is indeed 
seen. Thus, as also indicated by the Monte Carlo simulations, 
the distal edge of Bragg peak was likely located around the 
midplane of the mouse in the BP group, as planned.

The onset of lip dermatitis was seen on day 8 for all 
groups. The mean lip dermatitis severity score was quite 
similar in the X-ray and proton groups (Figure 3A); however, 
this score only represented the highest value observed 
locally in each mouse. In the BP group, we observed less 
severe dermatitis on the left side than on the right side of 
the lip, confirming that the Bragg peak was deposited in the 
middle of the mouse. The severity score on the right side of 
the lip in the BP group was equal to the severity score 
observed in the entire lip of the TM and X-ray groups. 
Moreover, we observed large areas of dry and moist des
quamation followed by fur loss on the chest of TM and X-ray 
groups. In contrast, only dry desquamation followed by fur 

loss was observed in similar areas of the chest in the BP 
group.

Mucositis of the tongue was observed in 100% of the 
mice exposed to both proton irradiation schemes, but only 
in 80% of the mice exposed to X-ray irradiation. The onset 
of mucositis was observed earlier for proton compared to 
X-ray-irradiated mice and the median severity score was 
higher (Figure 3B). In both proton groups, mucositis was 
observed on the ventral and dorsal surface of the tongue, 
while it was only observed on the ventral surface in the X- 
ray group (Figure 4). Even though the severity of the mucosi
tis was similar in BP and TM mice, the locations were differ
ent. In the BP group, mucositis was only observed on the 
right side of the dorsal surface of the tongue, while it was 
more consistent on the entire dorsal surface in the TM group 
(Figure 4) further confirming the dose distributions seen by 
alanine dosimetry.

The saliva volume was significantly lower after X-ray and 
proton irradiation compared to controls right after termination 
of the radiotherapy (day 9 for BP and TM, day 12 for X-rays). 
However, at day 35 only the TM and X-ray group demon
strated significantly lower saliva volume compared to controls, 
while the BP group showed recovery of saliva production 
(Figure 5).

Discussion

Normal tissue complications after radiotherapy are dose-limit
ing and may prevent a successful treatment. Tissue damage 
can contribute both to interruption of planned treatment and 
to reduced quality of life for the patient. Proton therapy is 
considered a tissue-sparing modality because less normal tis
sue is irradiated compared to conventional X-rays. However, 
protons deposit their energy with an increasing LET at the 
end of the Bragg peak. To adjust for this, a constant RBE of 
1.1 is used in most proton centers in USA and Europe [28]. 
However, data from in vitro and in vivo experiments demon
strate that the RBE increases along the proton beam track and 
that the average value may be higher than 1.1 [14–16]. 

Figure 3. Timeline of median lip dermatitis score (A) and median oral mucositis score (B) in each treatment group after fractionated irradiation (X-rays n¼ 9, TM 
n¼ 6, BP n¼ 5, controls n¼ 14). The X-ray group received daily fractions on days 0–4 and 7–11, to a total dose of 65 Gy. The TM group received daily fractions on 
days 0–4 and 7–8, to a total dose of 45 Gy. The BP group received daily fractions on days 0–4 and 7, to a total dose of 41 Gy.

Figure 2. Depth dose profiles based on alanine dosimetry. All points represent 
the mean dose per pellet with 1 standard error indicated as error bars.
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Protons with dissimilar energies and LET have been shown to 
induce different biological effects [29], and more experiments 
to gain fundamental knowledge on biological effects in differ
ent tissues are needed to understand how RBE variations 
should be addressed in treatment planning.

In this study, we used two different proton beam delivery 
setups to study acute normal tissue responses. The BP group 
was irradiated with a pristine Bragg peak covering half of 
the mouse H&N region with the distal side of the Bragg 
peak located in the area of interest (oral cavity, salivary 

glands). This may clinically reflect irradiation of normal tissues 
being located behind the tumor. On the other hand, the TM 
group was irradiated with a more homogeneous dose distribu
tion where the Bragg peak ended up outside the mouse. We 
designed this approach to create a proton plan with a similar 
dose distribution as X-rays to be able to directly compare their 
biological effectiveness. The depth dose distribution measured 
by alanine dosimetry showed very similar dose distributions 
for the TM and X-ray group. Surprisingly, the biological effects 
were very high for the TM group compared to the X-ray group. 

Figure 4. Representative images of observed oral mucositis on the ventral and dorsal surface of the tongue after proton- and X-irradiation (dotted lines). a control 
(nonirradiated) mouse is included for comparison.

Figure 5. Saliva volume after X-ray and proton irradiation during the acute response phase. Data is represented as mean ± SEM (��p< 0.01, ���p< 0.001, 
����p< 0.0001; X-rays n¼ 9, TM n¼ 6, BP n¼ 5, controls n¼ 14).
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The fractionated treatment had to be terminated earlier than 
planned due to substantial weight loss in the BP and TM 
groups so that the total dose received was lower than that 
received by the X-ray group. The animals tolerated 1.5–1.6 
times higher doses with X-rays compared to both proton 
groups. Therefore, for local H&N irradiation, protons were bio
logically more effective in causing acute tissue damage com
pared to X-rays. Moreover, the proton RBE for both treatment 
groups is likely higher than the clinical standard of 1.1.

In the present study, the saliva volume was significantly 
lower in all irradiated groups right after treatment termin
ation (day 9/12) and on day 35, compared to controls. 
However, the BP group showed recovery of saliva production 
compared to the TM and X-ray groups on day 35. This may 
indicate a compensatory mechanism in the paired salivary 
glands that were outside the radiation field (as only half of 
the pair of glands were hit by the BP approach). Moreover, 
we observed a greater degree of oral mucositis after proton 
compared to X-ray irradiation. The oral mucositis mean score 
was about the same for TM and BP, but the extension on 
the tongue was different. The observed location and high 
score of oral mucositis on the dorsal surface of the tongue in 
BP mice indicates that there is an effect of high LET on nor
mal tissue damage considering the much lower dose 
received by this area compared to the other irradiation 
groups. However, the low LET TM proton setup with a lower 
total dose compared to the X-ray setup also induced pro
nounced oral mucositis, which indicates that LET might not 
be the only decisive factor contributing to RBE in this case. 
Thus, for protons, it would seem that low irradiated volume 
and high LET (BP) give approximately the same mucositis as 
high volume and low LET (TM).

It is challenging to compare our results to clinical studies 
since the latter usually demonstrate a lower mean dose to 
the oral cavity after protons compared to X-rays as well as 
less irradiated volume [18–20,30–32]. Thus, in these clinical 
studies, the lower dose explained the reduced side effects, 
but the local RBE could still be higher due to differences in 
LET. No other preclinical data on oral mucositis after protons 
compared to X-rays have been published. However, Choi 
et al. studied acute normal tissue responses in the intestinal 
epithelium [33], which resembles oral epithelium in many 
ways [34]. They found that in mouse jejunum, protons 
induced a greater decrease in the number of crypts than X- 
rays, even when the same physical dose was used [33]. Our 
study also demonstrates larger acute tissue responses in the 
oral mucosa after protons compared to X-rays. Surprisingly, 
we observed this difference in oral mucosal response even 
using lower total physical doses of protons than X-rays.

In contrast to the increased score of oral mucositis after 
proton irradiation, we found similar dermatitis scores after 
proton- and X-irradiation. Similar acute responses in the skin 
have previously been shown in mice after a single dose of 
proton or X-irradiation of the leg [13,35]. The observed differ
ence in the acute response of oral mucosa and skin in the 
present study is, however, intriguing. Oral mucosa and skin 
are intrinsically different in regard to wound healing, where 
oral mucosa generally heals faster than skin [36,37]. Relative 

to X-irradiation, we observed an increase in oral mucositis 
compared to dermatitis following proton irradiation. This 
could indicate that the oral mucosa is affected not only by 
the type of radiation but also by the reduction in saliva pro
duction or changes in the saliva content. Differences in the 
degree of keratinization and proliferation rate between the 
two tissues can also contribute to the observed differences 
and need to be further elucidated.
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Supplementary materials and methods 

 

Alanine dosimetry 

We applied cylindrical alanine pellets (diameter 4.8 mm and height 2.7 mm) from Harwell 
Dosimeters Ltd, UK. Seven pellets were stacked on top of each other and placed in an 
Eppendorf tube. The tubes with pellets were positioned inside the foam holder in the area of 
mouse oral cavity and irradiated with the same settings and dose per fractions as mice in all 
treatment groups (X-rays, BP, TM). The pellets were read out using a Bruker EMX micro 
spectrometer, where the specific read out procedure is described in [1]. The system was 
calibrated in a cobalt-60 field with traceability to PTB in Germany. Beam quality correction 
factor (kQ) relative to cobalt for the 100 kV x-ray beam was estimated to be kQ = 1.43 with an 
uncertainty u(kQ)=0.14 (k=1) based on [2,3]. Beam quality correction factors for the proton 
irradiations were estimated to be kQ = 1.022 for the plateau and kQ = 1.033 for the 
measurements in or near the Bragg peak based on [4,5]. The uncertainty of the proton beam-
quality corrections was estimated to u(kQ)=0.02 (k=1). Depth dose distributions for all 
experiments were plotted using DW and position of the pellet in the stack, where the pellet 
thickness was translated into water equivalent thickness (WET) [6].  
 
Monte Carlo simulations 

Monte Carlo (MC) simulations of the three-dimensional (3D) dose distribution in mice were 
conducted in FLUKA 4–3.2 [7,8] and Flair 3.2-4.3 [9]. Briefly, the simulations were 
performed in computed tomography (CT) images of one euthanized male mouse (11 weeks 
old). For the X-ray irradiation setup, a 100 kV spectrum attenuated through a 2 mm aluminum 
filter was simulated. For the proton irradiation setup, nominal energy of 24 MeV and 60 MeV 
with a Gaussian energy distribution of 3 MeV and 2 MeV full width at half maximum 
(FWHM) spread were simulated, respectively. The MC simulations were run using standard 
FLUKA physics settings (cf. PRECISIOn defaults in the FLUKA manual). The absorbed dose 
was scored on a voxel-by-voxel basis (using the USRBIN option in FLUKA). The mean LET 
in the irradiated part of the mouse was crudely estimated to be 3.3 and 4.2 keV/µm for TM 
and BP, respectively, while it was around 1.0 keV/ µm for X-rays. It is stressed the local LET 
approximately mid-plane in the animal will be much higher for the BP approach.    
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Supplementary figures and tables 

 

 
Supplementary Figure 1. Pictures of the irradiation set-up for proton irradiation. 
 
 
Supplementary Table 1: Dermatitis scoring table based on CTC v. 2.0 
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Supplementary Table 2: Mucositis scoring table based on CTC v. 2.0 
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Supplementary Table 3: Individual raw data

Mouse ID Saliva volume (microliter) Mucositis on the tongue

Original Manuscript Baseline Day 9/12 Day 35 Day 8 Day 10 Day 12 Day 14 Day 16 Day 18 Day 20 Day 22 Day 24 Day 28 Day 31 Day 35

11-1 X-rays 1 35 25 20 0 0 0 1 0 0 0 0 0 0 0 0

11-3 X-rays 2 60 30 10 0 0 0 2 2 0 0 0 0 0 0 0

11-6 X-rays 3 80 40 15 0 0 0 2 2 2 2 2 1 0 0 0

11-7 X-rays 4 105 2 - 0 0 2 2 2 2 - - - - - -

11-9 X-rays 5 70 20 20 0 0 0 2 1 1 2 0 0 0 1 0

12-1 X-rays 6 35 40 45 0 0 0 2 2 0 0 0 0 0 0 0

12-4 X-rays 7 200 60 45 0 0 0 0 2 2 2 2 2 2 2 2

12-5 X-rays 8 155 65 60 0 0 0 0 2 2 2 2 1 2 2 0

12-8 X-rays 9 150 50 100 0 0 0 0 0 0 0 0 0 0 0 0

12-10 X-rays 10 100 30 50 0 0 2 2 2 2 2 2 2 0 0 0

15-11 TM1 62 30 2 2 3 3 3 1 0 0 0 0 0 0

15-12 TM2 60 40 2 2 3 3 2 0 0 0 0 0 0 0

16-6 TM3 140 13 10 2 2 3 3 2 1 0 0 0 0 0 0

16-7 TM4 155 62 10 1 2 3 3 2 0 0 0 0 0 0 0

18-1 TM5 70 - 0 2 3 3 1 0 - - - - - -

18-2 TM6 7 - 0 2 - - - - - - - - - -

18-3 TM7 56 7 2 2 3 3 1 1 0 0 0 0 0 0

18-4 TM8 16 60 1 2 3 3 1 0 0 0 0 0 0 0

15-2 BP1 100 28 - 1 2 3 3 2 2 - - - - - -

15-3 BP2 130 75 - 1 1 3 3 2 1 - - - - - -

15-4 BP3 70 25 150 1 2 3 3 2 1 0 0 0 0 0 0

15-5 BP4 35 92 - 1 2 3 - - - - - - - - -

15-6 BP5 60 80 110 1 2 3 3 1 1 0 0 0 0 0 0

15-7 BP6 20 25 - 1 1 3 - - - - - - - - -

15-8 BP7 90 22 50 1 1 3 3 2 1 0 0 0 0 0 0

15-9 BP8 72 105 85 1 2 3 3 2 1 0 0 0 0 0 0

16-1 BP9 160 17 - 1 1 3 - - - - - - - - -

16-2 BP10 133 65 45 1 1 3 3 1 1 0 0 0 0 0 0
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15-1 Control protons 1 70 82 - 0 0 0 0 0 0 - - - - - -

16-3 Control protons 2 175 97 35 0 0 0 0 0 0 0 0 0 0 0 0

16-4 Control protons 3 100 112 160 0 0 0 0 0 0 0 0 0 0 0 0

16-5 Control protons 4 30 172 155 0 0 0 0 0 0 0 0 0 0 0 0

16-8 Control protons 5 172 77 190 0 0 0 0 0 0 0 0 0 0 0 0

17-1 Control protons 6 110 152 190 0 0 0 0 0 0 0 0 0 0 0 0

17-10 Control protons 7 135 240 150 0 0 0 0 0 0 0 0 0 0 0 0

11-2 Control X-rays 1 120 160 60 0 0 0 0 0 0 0 0 0 0 0 0

11-4 Control X-rays 2 65 90 70 0 0 0 0 0 0 0 0 0 0 0 0

11-5 Control X-rays 3 20 60 55 0 0 0 0 0 0 0 0 0 0 0 0

11-8 Control X-rays 4 105 45 60 0 0 0 0 0 0 0 0 0 0 0 0

11-10 Control X-rays 5 90 90 105 0 0 0 0 0 0 0 0 0 0 0 0

12-2 Control X-rays 6 110 140 - 0 0 0 0 0 0 - - - - - -

12-3 Control X-rays 7 115 100 110 0 0 0 0 0 0 0 0 0 0 0 0

12-6 Control X-rays 8 160 125 130 0 0 0 0 0 0 0 0 0 0 0 0

12-7 Control X-rays 9 170 60 120 0 0 0 0 0 0 0 0 0 0 0 0

12-9 Control X-rays 10 95 120 105 0 0 0 0 0 0 0 0 0 0 0 0

Abbreviations: TM = Transmission Mode proton treatment plan. BP = Bragg Peak proton treatment plan
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Dermatitis on the lip

Day 8 Day 10 Day 12 Day 14 Day 16 Day 18 Day 20 Day 22 Day 24 Day 28 Day 31 Day 35

1 1 1 2 2 3 3 2 1 1 0 0

1 1 1 1 1 2 2 2 2 1 0 0

1 1 1 1 2 3 3 2 2 1 0 0

0 1 1 2 2 3 - - - - - -

1 1 1 2 2 3 3 2 1 1 0 0

1 1 1 1 2 3 3 2 2 1 0 0

1 1 1 1 2 3 3 2 1 1 0 0

0 1 1 1 2 2 2 2 1 1 0 0

1 1 1 1 1 1 1 1 1 1 0 0

1 1 1 2 2 2 2 2 2 1 0 0

1 1 2 3 3 3 2 1 1 0 0 0

1 1 2 3 3 3 2 1 1 0 0 0

1 1 1 2 3 3 2 1 1 0 0 0

1 1 1 2 2 2 1 1 1 0 0 0

1 1 1 2 3 3 - - - - - -

1 1 - - - - - - - - - -

1 1 1 2 2 2 2 1 1 0 0 0

1 1 2 2 3 2 1 1 1 0 0 0

1 1 2 2 3 3 - - - - - -

1 1 2 2 3 3 - - - - - -

1 1 2 2 3 3 2 1 1 0 0 0

1 1 2 - - - - - - - - -

1 1 1 2 2 2 1 1 1 0 0 0

1 1 1 - - - - - - - - -

1 1 1 2 2 3 2 1 1 0 0 0

1 1 1 2 2 2 1 1 1 0 0 0

1 1 1 - - - - - - - - -

1 1 1 1 2 2 2 1 1 0 0 0
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0 0 0 0 0 0 - - - - - -

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 - - - - -

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0
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Paper IV

Proton compared to X-irradiation
leads to more acinar atrophy and

greater hyposalivation accompanied
by a differential cytokine response
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