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Abstract

The purpose of this paper is to characterize the skin deterministic damage due to the effect

of proton beam irradiation in mice occurred during a long-term observational experiment.

This study was initially defined to evaluate the insurgence of myelopathy irradiating spinal

cords with the distal part of a Spread-out Bragg peak (SOBP). To the best of our knowledge,

no study has been conducted highlighting high grades of skin injury at the dose used in this

paper. Nevertheless these effects occurred. In this regard, the experimental evidence of sig-

nificant insurgence of skin injury induced by protons using a SOBP configuration will be

shown. Skin damages were classified into six scores (from 0 to 5) according to the severity

of the injuries and correlated to ED50 (i.e. the radiation dose at which 50% of animals show

a specific score) at 40 days post-irradiation (d.p.i.). The effects of radiation on the overall

animal wellbeing have been also monitored and the severity of radiation-induced skin inju-

ries was observed and quantified up to 40 d.p.i.

1. Introduction

In recent years, the use of proton therapy is emerging as an alternative to conventional radio-

therapy with photons. This is mainly due to the presence of the Bragg peak (BP), which allows
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higher dose conformation to tumor regions while sparing the surrounding organs reducing

side effects [1]. Consequently, the number of ion therapy centres is increasing every year all

over the world and, only in the last five years, 42 new particle therapy facilities have started

their treatment operations (35 new proton therapy centres and 7 new carbon ion therapy cen-

tres) [2].

Several in vivo preclinical studies have been performed to evaluate deterministic damages

caused by proton therapy paying attention on the doses at which these injuries occur [3–10],

but available data are still partial and far to be complete. Indeed, due to several difficulties in

performing such kind of studies, robust and reproducible preclinical in vivo data are limited to

a few studies, mainly performed in the middle of a spread-out Bragg peak (SOBP) [7–10].

The research shown in this paper was originally designed to perform a long observational

study investigating the dose at which 50% of small animals develop myelopathy when the spi-

nal cords were irradiated in the distal part of a SOBP. For this purpose, the animals were irra-

diated with a range of proton doses at spinal cord level to evaluate a possible onset of proton-

induced myelopathy. The proton irradiation doses have been chosen taking into account a

work published by Yeh Chi Lo et al. in which the spinal cords of mice were irradiated with a

range of X-ray doses (from 16 to 26 Gy) [11]. Since the doses were high and released in just

one fraction, the estimated proton RBE used to re-scale the X-ray doses to protons was sup-

posed to be 1.2 (6). To our knowledge, no study in literature was found that takes into account

the characterization of skin injury in the area of treatment used in this paper. Even in Yeh Chi

Lo et al. [11], there is no mention of possible skin injury damage. Previous studies described

only mild skin injury effects, such as loss of fur, swelling and redness, only at doses higher than

the ones used in this study [3,11,12]. For this purpose, this paper wants to highlight the experi-

mental evidence of significant insurgence of skin injury induced by protons through an obser-

vational study and how the results could be important for future RBE studies.

In agreement with these assumptions, in this paper a skin deterministic damage has been

adopted as endpoint in order to assess the biological impact at the last few mm of a proton

SOBP. Healthy mice were irradiated using a range of proton doses to evaluate radiation-

induced skin deterministic damage, as well as to verify their possible involvement to animal

wellbeing.

2. Methods

a. Ethics statement

The experiments were performed in accordance with the European Communities Council

directive and Italian regulations (EEC Council 2010/63/EU and Italian D.Lgs. 26/2014). The

project was approved by Italian Ministry of Health (n. 248/2018-PR of 30/03/2018).

Efforts were employed to replace, reduce and refine the use of laboratory animals. To avoid

irrelevant suffering to treated mice, euthanasia was performed as soon as the final score was

reached. All reasonable efforts were made to reduce suffering, avoiding the most painful proce-

dures. The endpoint used to determine if animals should undergo to euthanasia was reached

when lesions showed dimension higher than 0.5 cm.

b. Animal model

All experiments were performed on 6 weeks old C57BL/6 male mice (Charles River Labora-

tory), weighing 27 ± 3 gr. Animals were housed in IVC-cages for 9 weeks using a stocking den-

sity of maximum 4 mice per cage. In order to identify mice stored within the same cage, the

animals were randomly marked on the tail as follows: mouse 1 = NT (No Tag); mouse 2 = 1

tag; mouse 3 = 2 tags; mouse 4 = 3 tags. Animals were fed ad libitum and maintained in the
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same room under a 12:12-hour light/dark photoperiod at 24˚C. To minimize suffering and

distress of mice, standard environmental enrichment of nest paper, a cardboard fun tunnel

and one wooden chew block were provided.

A total number of 40 animals was used in this study. Mice were randomly assigned to

sham-control group (n = 8) and treated group (n = 32). The treated groups were randomly

divided into 4 subgroups as follows: Dose 12 Gy (n = 8); Dose 15 Gy (n = 8); Dose 17 Gy

(n = 8) and Dose 19 Gy (n = 8). Before each irradiation, the mice were anesthetized with Zoletil

(tiletamine) 40 mg/kg and Sedastart (medetomidine) 50 μg/kg and shaved in the treatment

region. Animal health and behavior were monitored twice a week. All animals were scanned

with an Albira Si microPET/CT to define the irradiation setup as it will be described later on

this paper.

c. Irradiation procedures and dosimetry

i. CATANA experimental room and dose delivery system. All proton treatments were

performed at the INFN-LNS CATANA proton therapy facility in Catania (Italy) using a pas-

sive proton beam line. Since 2002, CATANA is a proton therapy facility where radiotherapeu-

tic treatments of eye tumours are performed. In this experimental hall, a fixed horizontal beam

line is installed and clinical proton beams can be delivered with a maximum energy of 62

MeV. A beam shaping system is used to obtain a uniform dose distribution at the isocenter.

Indeed, when the proton beam reaches the experimental hall, it goes out in air and flies for

three meters before hitting the target. Along its path, the beam is intercepted by various ele-

ments in order to obtain flat transversal dose distribution at the isocenter, as described else-

where [1,13,14]. A dedicated positioning animal holder system (1) was used to ensure a precise

and reproducible positioning. The lateral beam inhomogeneity was less than 2% at irradiation

isocenter and, before irradiation, a check of beam flatness was performed using a motorized

silicon detector. A PMMA modulator wheel was used to create a SOBP featured by a plateau of

14.8 mm and a practical range of 30.2 mm. Moreover, a range shifter was used to place the ani-

mal skin at the desired position as shown in Fig 1. The uncertainty in the determination of the

absorbed dose during the beam calibration process was evaluated to be less than 3%. The field

size was shaped using a 6.3 mm thick brass in-house-made collimator with a rectangular open-

ing of 10 x 25 mm (see. Fig 2).

The dosimetry was performed using a Markus ionization chamber (PTW Freiburg GmbH,

Germany) and Gafchromic EBT3 films (ISP Corp., New York, USA). During each irradiation,

a Gafchromic EBT3 film was placed just before the target to check the beam flatness and the

released dose. The films were scanned 24 hours after irradiation with an Epson Expression

10000 XL Scanner (Epson, Germany) and analysed by homemade MatlabTM script. The dose

delivery was monitored by a transmission ionization chamber placed along the beam line that

automatically switched off the beam when the requested number of monitor units (MU) were

reached. The calibration of MU as a function of the absolute dose to water was determined by

measurements with the Advanced Markus IC at middle SOBP position. A constant dose rate

of 5 Gy/min was set for all the irradiations. All animal irradiations were performed at the same

time interval of the day to avoid differences related to circadian rhythm of mice.

ii. Dosimetric evaluation using GEANT4 toolkit. Monte Carlo (MC) simulation is usu-

ally applied for routine clinical applications as it allows to perform accurate and efficient pre-

diction of dose distribution inside the target. Moreover, when small animals are irradiated, the

power of this tool becomes more important because the target dimensions are less than a few

centimetres. The application developed by our group allows the simulation of in vivo experi-

ments performed at the CATANA experimental room including the ability to implement the

PLOS ONE Proton beam radiation-induced skin injury in a murine model using a clinical SOBP

PLOS ONE | https://doi.org/10.1371/journal.pone.0233258 May 22, 2020 3 / 18

https://doi.org/10.1371/journal.pone.0233258


target through its DICOM microCT images [13]. Specifically, the use of this application makes

the simulation of beam interaction with real geometry of small animals possible. The physics

list used for the simulations includes the QGSP_BIC models and G4EmStandardPhysics
option4, respectively, for the hadronic and electromagnetic processes. In particular, the first

one is recommended for proton energies below 200 MeV/A and includes the binary cascade

model. The option4 of the Electromagnetic (EM) Standard GEANT4 physics is a physics con-

structor designed for any applications requiring higher accuracy of electrons, hadrons and ion

tracking. It uses the most accurate standard and low-energy models and a set of EM processes

with accurate simulations of neutral and charged particle transport. Both QGSP_BIC models

and G4EmStandardPhysics option4 have been widely validated for, among other particles, pro-

ton incident beams at the energy of interest for medical applications [15–17].

The GEANT4-based application was used to define the irradiation setup and in detail to

determine which combination of modulator wheel and range shifter was suitable to correctly

position the target along the SOBP. In addition, it was used to calculate the dose distributions

and the LETd value occurring by SOBP in the target. Indeed, our GEANT4 application permits

to simulate entirely the CATANA proton beamline and defines voxel-by-voxel the real compo-

sition of the target using the real DICOM micro-CT [1,13,14]. The micro-CT datasets were

Fig 1. Experimental proton beam configuration: Dose and LETd distribution. The A indicates the skin position along SOBP.

https://doi.org/10.1371/journal.pone.0233258.g001

PLOS ONE Proton beam radiation-induced skin injury in a murine model using a clinical SOBP

PLOS ONE | https://doi.org/10.1371/journal.pone.0233258 May 22, 2020 4 / 18

https://doi.org/10.1371/journal.pone.0233258.g001
https://doi.org/10.1371/journal.pone.0233258


acquired using a preclinical micro-PET/CT (Albira Si, Bruker) available at CAPiR (Centre for

Advanced Preclinical in vivo Research), University of Catania, Italy. Datasets were acquired

using 600 views in high resolution configuration, an x-ray energy of 45 kVp, a current of

400 μA and the dimension of each CT-voxel was equal to 125 x 125 x 125 μm3. A treatment

plan simulation was performed for each mouse, as shown in Fig 3, in order to evaluate if some

OAR (e.g. lungs) could receive dose and, in the case, to modify the treatment accordingly,

using a trial-error method.

d. Skin injury score assignment

Proton-induced skin injuries were evaluated paying attention to erythema, microlesions and

ulcers. To monitor the skin alterations, mice were weighed and photographed once a week.

The mice pictures acquired once a week were grouped per dose level and ordered in a photo-

graphic time-lapse. The assignment of the skin injury score was carried out during the check

and independently confirmed using recorded images.

According to a modified scoring system [18], our scoring classification was defined as

follows:

• SCORE 0 = healthy skin;

• SCORE 1 = light redness;

• SCORE 2 = redness, erythema principle, alopecia;

• SCORE 3 = extended microlesions, early-stage ulcers);

• SCORE 4 = confluent moist desquamation, ulcers;

Fig 2. Brass collimator used for irradiation.

https://doi.org/10.1371/journal.pone.0233258.g002
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Fig 3. Dose distribution obtained using GEANT4-based application. A) coronal dose distribution; B) axial dose distribution.

https://doi.org/10.1371/journal.pone.0233258.g003
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• SCORE 5 = open wound, necrosis.

Skin injury was estimated by a semi-quantitative scale and mean score was calculated at dif-

ferent time-points (7, 14, 21, 30 and 40 d.p.i.) for each treatment group.

Body weight changes were quantified as a function of dose considering the mean weight of

each treatment group compared to the control group.

The impact of skin injury progression on mice survival was assessed calculating survival

curves using GraphPad Software version 5 (GraphPad Software, Inc.). This software uses the

product limit method of Kaplan and Meier and compares survival curves using both the log-

rank test and the Gehan-Wilcoxon test. Survival curves were plotted as a function of time (7,

14, 21, 30 and 40 d.p.i.) classifying the animals as follows: “1” mouse deceased at a certain

time-point and “0” if it survived until the end of the observation time (40 d.p.i.).

e. Statistical analysis

All statistical results were plotted using GraphPad Prism 5. The median skin injury score was

calculated for each experimental group and the statistically significant differences between

irradiated and control groups were analysed using one-way analysis of variance (ANOVA).

Bonferroni and Holm multiple comparison method was used to evaluate the differences

between experimental groups as a post hoc test when the ANOVA reported statistically signifi-

cant differences. All statistical tests were performed by p-values (p<0.05 was considered statis-

tically significant). The number of asterisks shows the statistical significance and are correlated

with the p-value: �p<0.05, ��p<0.01. Non-parametric methods were used for the skin injury

scores because the scoring system is ordinal, not interval.

3. Results

a. MC: Depth dose profile and LET assessment

Specific dosimetric evaluations were computed for each animal used in this work thanks to the

use of our GEANT4-based application. In detail, it allowed to define the best irradiation con-

figuration and to calculate the dose distributions and the mean total LET value occurring by

SOBP on skin. The mean LET value calculated at skin surface was equal to 6.68 keV/μm. In Fig

3A and 3B, an example of dose distribution calculated by our application is shown.

b. Skin injury evaluations

Four groups of mice were irradiated with a range of proton absorbed dose (12, 15, 17 and 19

GyRBE) and one group was used as a negative control (sham-CTRL). As expected, the moni-

toring of mice has highlighted a dose-dependent relationship between the onset of skin dam-

age and the amount of radiation dose delivered.

A qualitative heat map per dose is shown in Fig 4A, where each row corresponds to a single

mouse and each column corresponds to a day of observation.

Mice exposed to 12 Gy developed first symptoms of skin damage at 7 d.p.i. as shown in Fig

4A where a small increase in colour nuance in 5/6 blocks is reported. In details, 50% of the ani-

mals showed the first skin injury symptoms with light redness (SCORE 1) while 33% showed

redness, principle of erythema and/or alopecia (SCORE 2).

This condition evolved in extended micro-lesions (SCORE 3) at 30 d.p.i only in 33.3% of

animals, but without reaching the SCORE 5. Additionally, a complete recovery was registered

in 16.7% of the animals.
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Fig 4. Proton beam-induced skin injury. A) Qualitative “heat map” for single irradiated groups at 7, 14, 21, 28, 30 and 40 d.p.i.. B) Box plot: skin injury score as a

function of dose at 40 d.p.i.. The mean score is represented by the plus sign (+). C) Skin injury score progress analysis at 7, 14, 21, 28, 30 and 40 d.p.i for single dose (12,

15, 17 and 19 Gy).

https://doi.org/10.1371/journal.pone.0233258.g004
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Skin injuries induced by 15 Gy arose with SCORE 2 at 7 d.p.i in 50.0% of the animals, as

shown in Fig 4A. This condition evolved into the next level of severity (SCORE 3) at 14 d.p.i in

50% and at 30 d.p.i in 66.6% of mice.

Qualitative heat map of mice exposed to 17 Gy (see Fig 4A) showed the first symptoms of

skin injury (SCORE 2) at 7 d.p.i.. Then, 50% of mice evolved from SCORE 2 to SCORE 3 at 14

d.p.i. and 33.3% of mice were characterized by open-wounds and necrosis (SCORE 5) that

lead to their sacrifice before the last time-point (40 d.p.i.). After 21 d.p.i., a partial recovery in

33.3% of these animals from SCORE 3 to SCORE 2 was observed, characterized by an alopecia

area corresponding to the irradiation site.

Moreover, the mice irradiated with the highest proton dose (19 Gy) showed the first sign of

skin injury at 7 d.p.i.. The corresponding qualitative heat map (see Fig 4A) shows that skin

lesions originate with the lowest degree of severity (SCORE 1) in 50% of animals, but degener-

ates quickly reaching the final score (SCORE 5) at 14 d.p.i. in 66.6% of the cases.

The box plot in Fig 4B shows the skin injury score as a function of dose at the end of obser-

vation (40 d.p.i.). The mean score per dose was represented by the plus sign (+) and the corre-

sponding score values are shown in Table 1. The box plot (Fig 4B) shows also median values

per single proton beam dose (see Table 1).

Statistical analysis of mean scores was calculated with ANOVA test using Bonferroni and

Holm multiple comparison and confirms that first symptoms of skin injury arise at 7 d.p.i for

all treatment groups without statistically significant differences among the experimental

groups (Fig 4C). Starting from 14 d.p.i. severity of skin damage is characterized by progressive

dose-dependent trend.

In addition, no statistically significant differences were found between the doses of 12 and

15 Gy (�p-value < 0.05, Fig 4C). Indeed, despite the lesion progression induced by 15 Gy is

faster than 12 Gy, the SCORE 5 was not achieved and the trend of bars corresponding respec-

tively to the dose of 12 and 15 Gy are similar. Furthermore, the progressive trend of the single

dose of 19 Gy curve showed no significant differences with 17 Gy group until the end of the

monitoring (40 d.p.i.). The statistically significant differences between doses are listed in

Table 2.

The dose–response curves for skin reaction induced by protons is shown in Fig 5. Data pre-

sented is the percentage of animals in each treatment group showing a severe reaction, previ-

ously described in section 2d, at 40 d.p.i.. The radiation doses at which 50% of animals show a

specific score (ED50) were calculated interpolating our data using a sigmoidal fitting curve (Eq

1) and the results are shown in Table 3.

Y ¼
Xn

Dn þ Xn
ðEq 1Þ

where X is the absorbed dose, Y represents the percentage of skin injury appearance, D is the

dose that induces a halfway effect. X and D are raised to the nth power.

The data shown suggest that the onset of the skin injury started just at 7 d.p.i in all treated

mice regardless of the single dose received. In detail, the doses of 12 Gy and 15 Gy induced

slightly reddened skin (SCORE 1) accompanied, in some cases, by diffuse erythema (SCORE

Table 1. Skin injury score values per dose.

SCORE 12 Gy 15 Gy 17 Gy 19 Gy

min 0 1 2 4

max 3 3 5 5

median 1.5 3 3 5

https://doi.org/10.1371/journal.pone.0233258.t001
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2). Severer effects were found in the animals irradiated with single doses of 17 Gy and 19 Gy

which caused diffuse microlesions (SCORE 3). The photographic time-lapse, shown in Fig 6

and Fig 7, and the qualitative heat map indicated that the progression of the skin injury contin-

ues with a dose-dependent high-trend of severity from 14 d.p.i. until the end of the

monitoring.

c. Proton irradiation and overall health conditions of treated mice

Mice body weight changes were monitored once a week in order to evaluate whether the health

conditions and the observed increase in lethality were influenced by proton-induced skin

injury.

The mean weight of each treated group is shown in Fig 8A as a function of time and com-

pared to the sham-CTRL group at 7, 14, 21, 30 and 40 d.p.i.. A statistically significant weight

loss was observed at each time point for mice irradiated with single dose of 17 Gy and 19 Gy

when compared to the sham-CTRL group as confirmed by ANOVA test results shown in

Table 4A and Table 4B.

On the other hand, statistically significant changes in body weight were observed for mice

irradiated with single dose of 12 Gy and 15 Gy when compared to the sham-CTRL group only

at 14, 21, 30 and at 40 d.p.i. as confirmed by ANOVA test results shown in Table 5A and

Table 5B. Furthermore, no significant differences in weight loss were found among single

doses. Interestingly, despite no statistically significant weight changes characterized the onset

of the damage and the end of observation, the increasing trend of 12 Gy group (Fig 8A) sug-

gests an improvement in the overall status of animals.

The differences in body weight between the two highest-dose groups (17 and 19 Gy) and

sham-CTRL group were quantified and plotted in Fig 8B. In order to identify statistically sig-

nificant differences in body weight loss between the two groups, simultaneous comparison

Bonferroni and Holm post-hoc test was used. We observed a significant reduction of body

weight of mice treated with the highest proton beam doses, compared to the sham-CTRL

group at 7 d.p.i. (��p<0.01; T-value = 5.5213; SDD�17Gy 1.146 and SDCTRL 1.213) and at 40 d.

p.i. (��p<0.01; T-value = 5.6739; SDD�17Gy 1.332 and SDCTRL 1.108).

Finally, skin injury-related survival proportions of the two highest dose (17 and 19 Gy) and

the two lowest dose (12 and 15 Gy) groups were quantified in percentage and shown in Fig 8C.

This analysis confirms a statistically significant difference between the two groups with a
����p-value < 0.0001. Although only a macroscopic and preliminary analysis was performed,

our data suggest that stress caused by proton beam may not interfere with the damage

response mechanisms of the organism. Surely, in-depth molecular and toxicological analysis

will be required to rule out potential organ-specific injuries.

Table 2. Statistical analysis between lower (12–15 Gy) and higher (17–19 Gy) doses.

Dose (Gy) p-value T-value SD

12 vs 15 p>0.05 p = 0.3478593 2.0112 0.51639(12 Gy) 0.8164 (15 Gy)

12 vs 17 ��p<0.01 p = 0.0003867 5.0280 0.51639(12 Gy) 1.329 (17 Gy)

12 vs 19 ��p<0.01 p = 9.5629e-06 6.7040 0.5164 (12 Gy) 0.5163 (19 Gy)

15 vs 17 �p<0.05 p = 0.040872 3.0168 0.8164 (15 Gy) 1.3291(17 Gy)

15 vs 19 ��p<0.01 p = 0.0008384 4.6928 0.8164 (15 Gy) 0.5164 (19 Gy)

17 vs 19 p>0.05 p = 0.6558068 1.6760 1.3291(17 Gy) 0.5164 (19 Gy)

https://doi.org/10.1371/journal.pone.0233258.t002
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4. Discussion and conclusion

Proton therapy is quickly diffusing worldwide due to many advantages compared to conven-

tional radiotherapy. The balance between efficiency and efficacy of proton therapy and the

appearance of side effects is related to several issues including a correct assessment of the varia-

tion of the RBE along the BP. Currently during proton therapy treatment planning the proton

RBE is assumed equal to constant and equal to 1.1 [19]. Despite this, some authors propose

that proton RBE varies depending on the linear energy transfer (LET). In detail when proton

energy decreases, the LET increases, especially at the end of its range where it increases dra-

matically [20–22]. To overcome the simplistic use of a constant RBE, further in vivo studies

that use deterministic damage as an endpoint are required in order to determine unequivocal

results transferable to clinic.

Recently, in vivo studies evaluated deterministic damages caused by proton therapy paying

attention on the doses at which these injuries occur. In these studies both long-term endpoint,

like myelopathy [4,5,11,12] where the onset happens 150–200 days post-irradiation, and early

appearing injuries, like skin damages [3], have been investigated. In order to obtain relevant

evidence about RBE variation, experimental configurations that mimic clinical conditions

have to be used and in vivo experiments have to be performed [13].

This work is part of a long observational study which pursued the study of the dose at

which 50% of animals develop myelopathy effects by irradiating the spinal cord in order to

assess the biological impact of distal SOBP. For this purpose, animals were irradiated with a

range of proton doses at spinal cord level to evaluate a possible onset of myelopathy proton

beam-induced. Proton doses were calculated taking into account a previous work of Yeh Chi

Lo et al. [11] where the spinal cord of mice were irradiated with a range of X-ray doses. Since

the doses were high and released in only one fraction, the estimated RBE used to re-scale the

X-ray doses to protons was 1.2 (6). To our knowledge, there is no study that considers the

characterization of skin injury in the region of treatment used in this paper and even in Yeh

Chi Lo et al. [11,12] there is no mention about any possible skin damage. Previous studies

described only mild skin injury effects, like fur loss, swelling and redness and mainly at dose

Fig 5. Acute skin damage score results and sigmoidal fit.

https://doi.org/10.1371/journal.pone.0233258.g005

Table 3. ED50 evaluated at different skin injury score.

SCORE 1 2 3 4 5

ED50 NC NC 13.6 Gy 17 Gy 19 Gy

https://doi.org/10.1371/journal.pone.0233258.t003
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Fig 6. Photographic time-lapse of skin injury progress at 12 and 15 Gy. Panels with lettering “no significant

difference” indicated that no significant variations between the previous photo are observed.

https://doi.org/10.1371/journal.pone.0233258.g006
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Fig 7. Photographic time-lapse of skin injury progress at 17 and 19 Gy. Panels with lettering “no significant

difference” indicated that no significant variations between the previous photo are observed.

https://doi.org/10.1371/journal.pone.0233258.g007
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higher than the ones used in this paper [3,23]. As it is poorly studied, an observational analysis

was realized in order to better evaluate skin injury as a proton-induced effect of different pro-

tocols of irradiation. In our view, this work wants to highlight the experimental evidence of

significant skin damage effect at the doses used through an observational study and how it

affects animal wellbeing.

Significant insurgence of skin injury was observed in this work from 7 days post-irradia-

tion. Specifically, we observed that healthy mice treated using a modulated proton beam at dif-

ferent doses of radiation show different severity grade of skin damage, even though previous

works have shown that this side effect occurs at higher doses [3,23]. According to typical burn

symptoms (hyperalgesia, itching, heat), irradiated mice showed signs of suffering, such as

stress, poor palatability and more restless behaviour. In detail, deep burn and necrosis of the

irradiated skin tissue induced by the two highest doses used in this work (17 and 19 Gy) forced

early sacrifice of some irradiated animals. On the other side, the single doses of 12 and 15 Gy

guaranteed a high life index to animals which showed only early-stage ulcers. Interestingly,

despite the fact that the skin injury severity induced by protons has influenced consistently the

general health conditions of irradiated animals in a dose-dependent way, surviving mice

showed a plateau phase or a minimum weight increase over time. Furthermore, only the body

weight of the 12 Gy group maintained a positive trend, regardless of irradiation, until the end

of the observation. In preclinical studies, the use of ED50 may help to predict the threshold

dose beyond which the severity of the skin lesions could critically affect the health condition of

animals, helping to avoid its sacrifice before reaching long term endpoint, such as senescence,

myelopathy or metabolic dysfunctions. Thus, the ED50 values obtained in this work represent

an important attainment that could be used to assess a preclinical in vivo RBE if similar results

using a reference radiation become available.

In conclusion, although this study would need further investigation to specify in detail the

variation of the RBE along a Bragg peak, also by using data from x-ray (i.e. 250 keV) radiation

as reference, it suggests to analyse the side effects thoroughly, especially the early ones, such as

skin damage laying the bases for more dedicated preclinical research.

Fig 8. Vitality impairment induced by proton high dose. A) Sham-CTRL group and treated group body weight at 7, 14, 21, 30 and 40 d.p.i; B) Body weight of

mice irradiated at 17 and 19 Gy compared to sham-CTRL group at 7 d.p.i. and 40 d.p.i.. C) Survival proportions plot of low and high proton beam doses

compared to sham-CTRL.

https://doi.org/10.1371/journal.pone.0233258.g008

Table 4. ANOVA test results of 17 and 19 Gy compared to sham-CTRL group.

A)

d.p.i p-value T-value SD

17 Gy vs sham-CTRL 7 ��p<0.01 p = 0.024757 4.0800 0.9710 (17 Gy) 1.2130 (shamCTRL)

14 ��p<0.01 p = 3.7860e-06 6.5916 1.1463 (17 Gy) 1.2772 (shamCTRL)

21 ��p<0.01 p = 0.0007880 4.7110 1.1176 (17 Gy) 0.7863 (shamCTRL)

30 ��p<0.01 p = 0.0001608 5.3258 1,9568 (17 Gy) 0.8701 (shamCTRL)

40 ��p<0.01 p = 0.0005106 4.8784 1.3889 (17 Gy) 1.1076 (shamCTRL)

B)

19 Gy vs sham-CTRL 7 ��p<0.01 p = 0.002019 4.1528 1.3680 (19 Gy) 1.2130 (shamCTRL)

14 �p<0.05 p = 0.0110938 3.6344 1.4142 (19 Gy) 1.2772 (shamCTRL)

21 ��p<0.01 p = 0.0031802 4.1722 1.4142 (19 Gy) 0.7863 (shamCTRL)

30 ��p<0.01 p = 0.0009967 4.6204 0.7778 (19 Gy) 0.8701 (shamCTRL)

40 �p<0.05 p = 0.036357 3.2089 1.6263 (19 Gy) 1.1076 (shamCTRL)

https://doi.org/10.1371/journal.pone.0233258.t004
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10. Szabó ER, Brand M, Hans S, Hideghéty K, Karsch L, Lessmann E, et al. Radiobiological effects and

proton RBE determined by wildtype zebrafish embryos. Zhang Q, editor. PLoS One. 2018 Nov 8; 13

(11):e0206879. https://doi.org/10.1371/journal.pone.0206879 PMID: 30408095

11. Lo Y-C, McBride WH, Rodney Withers H. The effect of single doses of radiation on mouse spinal cord.

Int J Radiat Oncol. 1992 Jan 1; 22(1):57–63.

12. Lo Y-C, Taylor JMG, McBride WH, Withers HR. The effect of fractionated doses of radiation on mouse

spinal cord. Int J Radiat Oncol. 1993 Sep 30; 27(2):309–17.

13. Pisciotta P, Cammarata FP, Stefano A, Romano F, Marchese V, Torrisi F, et al. Monte Carlo GEANT4-

based application for in vivo RBE study using small animals at LNS-INFN preclinical hadrontherapy

facility. Phys Medica. 2018 Oct 1; 54:173–8.

14. Pisciotta P, Russo G, Marchese V, Cirrone GAP, Romano F, Lamia D, et al. Preliminary dosimetric

study for preclinical small animal hadrontherapy. Phys Medica. 2016 Feb 1; 32:53.

15. De Napoli M, Romano F, D’Urso D, Licciardello T, Agodi C, Candiano G, et al. Nuclear reaction mea-

surements on tissue-equivalent materials and GEANT4 Monte Carlo simulations for hadrontherapy

https://doi.org/10.1088/0031-9155/59/24/7643 PMID: 25415044

16. Welcome to the Guide for Physics Lists!—PhysicsListGuide 10.4 documentation 2017. http://geant4-

userdoc.web.cern.ch/.

17. Hall DC, Makarova A, Paganetti H, Gottschalk B. Validation of nuclear models in Geant4 using the dose

distribution of a 177 MeV proton pencil beam. Phys Med Biol 2016; 61:N1–10. https://doi.org/10.1088/

0031-9155/61/1/N1 PMID: 26611861

18. Jourdan MM, Lopez A, Olasz EB, Duncan NE, Demara M, Kittipongdaja W, et al. Laminin 332 deposi-

tion is diminished in irradiated skin in an animal model of combined radiation and wound skin injury.

Radiation research [Internet]. 2011 Nov [cited 2020 Apr 17]; 176(5):636–48. https://doi.org/10.1667/

rr2422.1 PMID: 21854211

19. IAEA ICRU. Relative Biological Effectiveness in Ion Beam Therapy. IAEA Tech Reports. 2008;(461):1–

165.

20. Paganetti H, Niemierko A, Ancukiewicz M, Gerweck LE, Goitein M, Loeffler JS, et al. Relative biological

effectiveness (RBE) values for proton beam therapy. Int J Radiat Oncol Biol Phys. 2002 Jun 1; 53

(2):407–21. https://doi.org/10.1016/s0360-3016(02)02754-2 PMID: 12023146

PLOS ONE Proton beam radiation-induced skin injury in a murine model using a clinical SOBP

PLOS ONE | https://doi.org/10.1371/journal.pone.0233258 May 22, 2020 17 / 18

https://www.ptcog.ch/
https://doi.org/10.1016/j.radonc.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29573823
https://doi.org/10.1088/0031-9155/59/22/R419
http://www.ncbi.nlm.nih.gov/pubmed/25361443
https://doi.org/10.1016/s0167-8140(01)00446-7
http://www.ncbi.nlm.nih.gov/pubmed/11690684
https://doi.org/10.1371/journal.pone.0206879
http://www.ncbi.nlm.nih.gov/pubmed/30408095
https://doi.org/10.1088/0031-9155/59/24/7643
http://www.ncbi.nlm.nih.gov/pubmed/25415044
http://geant4-userdoc.web.cern.ch/
http://geant4-userdoc.web.cern.ch/
https://doi.org/10.1088/0031-9155/61/1/N1
https://doi.org/10.1088/0031-9155/61/1/N1
http://www.ncbi.nlm.nih.gov/pubmed/26611861
https://doi.org/10.1667/rr2422.1
https://doi.org/10.1667/rr2422.1
http://www.ncbi.nlm.nih.gov/pubmed/21854211
https://doi.org/10.1016/s0360-3016(02)02754-2
http://www.ncbi.nlm.nih.gov/pubmed/12023146
https://doi.org/10.1371/journal.pone.0233258


21. De Laney TF, Kooy HM. Proton and charged particle radiotherapy. Wolters Kluwer Health/Lippincott

Williams & Wilkins; 2008. 274 p.

22. Willers H, Allen A, Grosshans D, McMahon SJ, von Neubeck C, Wiese C, et al. Toward A variable RBE

for proton beam therapy. Radiother Oncol. 2018 Jul; 128(1):68–75. https://doi.org/10.1016/j.radonc.

2018.05.019 PMID: 29910006

23. Jang WH, Shim S, Wang T, Yoon Y, Jang WS, Myung JK, et al. In vivo characterization of early-stage

radiation skin injury in a mouse model by two-photon microscopy. Sci Rep. 2016 May 12; 6(1):19216.

PLOS ONE Proton beam radiation-induced skin injury in a murine model using a clinical SOBP

PLOS ONE | https://doi.org/10.1371/journal.pone.0233258 May 22, 2020 18 / 18

https://doi.org/10.1016/j.radonc.2018.05.019
https://doi.org/10.1016/j.radonc.2018.05.019
http://www.ncbi.nlm.nih.gov/pubmed/29910006
https://doi.org/10.1371/journal.pone.0233258

