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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.

ARTICLE HISTORY 
Received 27 May 2023 
Accepted 26 August 2023 

KEYWORDS 
Proton; X-rays; radiotherapy; 
mice; salivary glands; head 
and neck cancer

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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