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Abstract

Objective:To improve our knowledge about the biological effects of over exposures involving low-energy
X-rays, we developed and characterized a preclinical mouse model allowing to mimic different lesion
severity degrees induced by 80 kV X-ray depending on the dose and protocol (single or repeated
exposure).

Approach: Mice were locally exposed (paw) to 80 kV X-rays in a single (15, 30 or 45 Gy in Kair) or
repeated exposition (2x15 or 3x15 Gy in Kair) to assess different degrees of lesion severity. Six post-
irradiation euthanasia time points (0, 7, 14, 21, 42, and 84 days) were determined to follow up the
evolution of lesions based on the lesion score, weighing and cutaneous blood perfusion. The bone dose
was estimated at the different time points by Electron Paramagnetic Resonance (EPR) spectroscopy.

Main results: The monitoring of the lesion severity allows to classify the exposure protocols according to
their severity. EPR spectroscopy measurements allow to determine the bone dose on the day of
irradiation which is 7 times higher than the initial dose for single protocols. However, the initial signal
measured at the end of the repeated exposure was 27% lower than the signal measured for a single
dose. The study of the kinetics of EPR signal showed a decrease of the EPR signal which is dependent
on the exposure protocol but not on dose highlighting the impact of bone physiology on the bone dose
estimation.

Significance: the preclinical model developed allows to assess the impact of the dose and protocol on
the lesion severity induced by low-energy X-ray. For the first time, the dynamics of free radicals have
been quantified in an in vivo model, highlighting that the doses actually administered can be
underestimated if samples are taken weeks or even months after exposure.
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1. Introduction

The usefulness of ionizing radiation has been well-established since its discovery. However, the harmful
effects of these radiations have also been observed since the first applications (Gagliardi and Almond
1996, Berlin 2001). Although the use of ionizing radiation is most often mastered and controlled, it can
lead to significant overexposure in accidental or malicious situations. Several publications have listed
cases of accidental overexposure (Oliveira 1987, Chambrette et al 2001, Coeytaux et al 2015, Thorne
2022) and online databases also exist, such as the Johnston archives (Johnston Archives 2022), which
list the different details of radiation accidents (source, industrial environment, criticality, medical
accidents) involving either a single person or a large number of people. A more recent publication by
Coeytaux et al (2015) lists and analyzes radiation accidents between 1980 and 2013: 634 accidents
were reported and 31% of them involve low-energy x-rays (fluoroscopy).

These accidents, leads mainly to localized overexposure, resulting in the apparition of severe
deterministic effects in the days, weeks, or months following the exposure and ranging from erythema
to tissue necrosis when a cutaneous dose of 10 Gy is exceeded (International atomic energy agency
1998). One particularity of this low- energy radiation is that its rapid attenuation leads to a very steep
dose gradient. Moreover, the heterogeneity of the absorbed dose is reinforced by the predominance of
the photoelectric effect at these energies, with an absorbed dose that depends strongly on the atomic
number of the materials (Z3 to Z5), leading, for example, to a higher absorbed dose in dense tissues
such as bone when compared with soft tissues (Chow and Jiang 2012). As a result, the dose absorbed
by deep bone tissue can be much higher than the dose absorbed by the skin. Accurate knowledge of
the dose absorbed by the different tissues, including bone, is therefore a major concern in order to help
diagnose and treat victims. In addition, our lack of knowledge of the biological consequences of low
energy radiation due to the heterogeneous nature of dose deposition makes the prognosis very
uncertain for the different tissues, especially for bone. Developing a preclinical experimental model is
therefore essential to improve knowledge of the biological effects of this exposure, estimate the dose
absorbed by the different tissues, and characterize radiopathological particularities.

To this end, a preclinical model in which the left paws of mice were exposed was developed at the
SARRP platform to mimic potential overexposure that can occur with low-energy x-ray radiation (80 kV)
(Guillou et al 2022). This previous work, enabled to determine the dose absorbed by the different tissues
by Monte Carlo simulations and validated experimentally the bone dose on the day of irradiation by
electron paramagnetic resonance (EPR) spectroscopy measurements (Guillou et al 2022). Indeed, EPR
spectroscopy has been used for retrospective dosimetry for several years to assess bone doses in the
event of radiological accidents (Brady et al 1968, Trompier et al 2009), as bone tissue is one of the most
frequently used materials in the field of EPR retrospective dosimetry (journal of the icru 2019). This
technique can be used to estimate the dose absorbed by a material by measuring the amount of radicals
or defects created in the material in question as a result of exposure to ionizing radiation. The quantity
of radicals formed is in proportion to the dose absorbed by the material, and this relationship can be
established between the intensity of the EPR signature (in proportion to the number of radicals) and the
absorbed dose. This method can thus be used to evaluate the dose absorbed by dental enamel, nails,
or the dose detected in bone biopsies, for example. In particular, bone samples have been used in
several accident cases to determine an absolute bone dose (Internation Atomic Energy Agency 2004,
Clairand et al 2006, Trompier et al 2007). However, in the event of an accident, the biological samples
compatible with use in dosimetric measurements, such as bones, are generally taken weeks, months or
even years after exposure, and even if radiation-induced free radicals (RIFRs) in bone are known to be
stable in extracted bones (Journal of the ICRU 2019), in living bone, a loss of RIFR may be suspected
due to the bone physiology. Therefore, this could lead to an underestimation of the initial absorbed dose,
and the measured doses may have to be corrected. However, more knowledge is required about the
impact of bone physiology on estimated doses, variability, and dependence, as no published data exist
(Journal of the ICRU 2019).

Thus, this work aimed to use a preclinical model to characterize radiological burns in the event of
accidental overexposure to low energy x-rays (80 kV) depending on the dose and protocol (single or
repeated exposure). The potential bias in EPR retrospective dose estimation at different time points



(from O to 84 d after irradiation) due to the impact of the biological response of living bone to ionizing
radiation was assessed for the first time.

2. Materials and methods
2.1. Irradiation platform and reference dosimetry measurements

Mice paws were locally irradiated with high doses at the Small Animal Radiation Research Platform
(SARRP, XSTRAHL Ltd, UK) (Wong et al 2008), in order to mimic accidental overexposure, resulting in
radiological burns. The preclinical model used in this work is described in detail in Guillou et al (2022).
Briefly, the x-ray source is set to 80 kV and 24 mA, with an inherent filtration of 0.8 mm of beryllium and
an additional filtration of 0.15 mm of copper. The homemade brass collimator is used to assess a 4.3 x
4.3 cm2 irradiation field at a distance of 22.5 cm from the x-ray source. The half-value layer is measured
experimentally at 0.138 + 0.006 mm of copper using the protocol described in Dos Santos et al (2021).
All reference dosimetry measurements are taken with a flat ionization chamber (PTW TM23342
SN2587), specific to low-energy x-ray radiation, and calibrated in air kerma-free in air (Kair). For this
configuration, the mean dose rate is 1.66 + 0.07 Gy min-1 in Kair with an overall uncertainty of 5% at k
=2

2.2. Mice and experimental protocol

Adult male C57BL/6JR]j mice from Janvier Labs, aged 8 weeks at the beginning of the study, were used.
They were housed in an enriched environment (cardboard and cotton dome) in groups of 4 with a 12—
12 day-night cycle and unlimited access to food and water in the institute’s animal facility, accredited by
the French Ministry of Agriculture. The animals were paid close and careful attention as the experimental
model can lead to severe radiological burns.

After one week of habituation, the hind paws of the mice were depilated using a clipper and commercial
depilatory cream under gas anesthesia (isoflurane 5% for induction, then 2.5%). Three days later, the
left hind paw of the mice was irradiated under chemical anesthesia by the intraperitoneal injection of
250 pl of a mixture of 100 mg kg—1 ketamine (Imalgene 1000, Merial, France) and 10 mg kg—1 xylazine
(Rompoun 2%, Bayer Healthcare, France). Single expositions of 15, 30, and 45 Gy (Kair) or repeated
expositions of 2 x 15 and 3 x 15 Gy (kair) at one week apart were delivered to assess different degrees
of lesion severity and mimic potential repeated exposure in patients undergoing interventional radiology.
Six post-irradiation euthanasia time points (0, 7, 14, 21, 42, and 84 d) were determined to follow up the
evolution of lesions and performed bone dose estimation by EPR spectroscopy. Each group included 8
mice.

2.3. Monitoring variation in the radiation-induced burns over time

The degree of severity of the different protocols was evaluated using the groups kept alive for the longest
(D84). Severity was evaluated based on the analysis of the lesion score, the weight of the animals, and
the cutaneous blood perfusion.

A lesion scoring system was set up to evaluate the kinetics of radiation-induced lesions macroscopically.
The scoring is based on 5 criteria: lesion extent, erythema, edema, paw retraction, and moisture.
Erythema, edema, and moisture are assessed in comparison to the non-irradiated lateral control hind
paw. The extent of the lesion is assessed based on hair regrowth. The retraction of the hind paw is
evaluated in comparison to the non- irradiated lateral hind paw, the displacement of the mice, and the
use of its irradiated hind paw. A score between 0 and 1 is assigned for each criterion and for each
mouse. A total lesion score is then calculated up to 84 d after irradiation by adding the scores for each
criterion together. This assessment was performed in consultation with at least two experimenters every
2 or 3 d throughout the experiment and once a day for the 20 d around the lesion peak.

Then, weight was monitored, and photographs taken every 2—3 d throughout the monitoring period for
lesions. In addition to grimace scales (Langford et al 2010), variation in the weight of the animals
provides information as a basis for ensuring effective feeding and healthy welfare.



Finally, the moordLDI2 laser Doppler (Moor Instruments, United Kingdom) is a non-invasive, painless
imaging technique with non-contact measurements, which can be used to measure cutaneous blood
perfusion. These measurements were taken once a week for the group kept 84 d for each irradiation
protocol. Due to hair regrowth above the irradiated area or that of the control paw, mice can be shaved
again to improve image quality prior to data acquisition. During the acquisition process, the mice were
anesthetized under isoflurane (5% for induction, then 2.5%) and positioned on a heating mat set to 37
°C. Measurements are acquired 40 cm from the laser source over a 4.2 cm x 4.2 cm area containing
255 x 255 pixels with a resolution of 165 ym and a 4 ms/ pixel scan speed. In this configuration, the
irradiated and non-irradiated (lateral control) hind paw can be acquired on the same image. The image
was processed using Python software (Sanner 1999, Milano 2013). Two areas of interest of the same
size were defined and used to extract the pixel intensity histograms. An intensity threshold is applied so
that the pixels corresponding to the blood flow are retained. A ratio is then calculated between the
number of pixels corresponding to the blood flow of the irradiated hind paw and that of the non- irradiated
side paw in order to characterize variation in blood flow over time. The Doppler image analysis process
is summarized in figure 1.
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Figure 1: Doppler image analysis used to characterize blood flow over time.

2.4. Experimental bone doses estimated by EPR spectroscopy

EPR spectroscopy is an experimental dosimetry technique used for reference dosimetry measurements
with alanine pellets or, in an accidental context, for retrospective dosimetry on biological samples,
generally teeth, nails or bones (Trompier et al 2009, Journal of the ICRU 2019). This technique
measures paramagnetic species, including those created following exposure to ionizing radiation if
sufficiently stable. Thus, this approach can be used to estimate the absorbed dose in a given sample
thanks to the proportionality relation between the amount of RIFRs and the absorbed dose.

Sample collection: The irradiated and non-irradiated tibia of mice were collected at 0, 7, 14, 21, 42, and
84 days after irradiation, and used to evaluate: i) the bone dose on the day of irradiation (D0O) and ii)
variation in the amount of radiation-induced free radicals (RIFR) at different time points (estimated
doses). The bones were cleaned, and the bone marrow was flushed with saline solution to remove any
traces of soft tissue as far as possible. The tibia samples were then placed in a desiccator for 3 days to
be dehydrated, cut into small pieces for EPR measurements, and stored at room temperature.

EPR spectrometer parameters: Measurements were taken with the Bruker EMX in the X-band (9.8
GHz), with an EPR spectrometer supplied with a Q resonator. The spectrometer is located in an air-
conditioned room at 20°C (+/-1°C), and operated with the following acquisition parameters: 5 mT for the
magnetic field sweep width, 3.99 mW for the microwave power and 0.5 mT for the modulation depth.
The EPR spectrum is averaged after acquiring 10 scans. 3 to 5 spectra are acquired per sample while
changing the distribution and positions of the bone pieces in order to estimate the reproducibility of
measurements.

Estimating the absorbed bone dose: The additive dose method is used to estimate the bone doses and
involves re-irradiating the same bone sample with known doses (Desrosiers and Schauer 2001). With
this protocol, a calibration curve is for each bone sample using the amplitude measurement range
between maximum and minimum (taken at g parallel) for the EPR anisotropic signal of the irradiated
bone and the dose added. This individual calibration allows to consider the radiation sensitivity and can
be used to evaluate variability between mice in the same group. To construct the calibration curve, 5




additive doses (40, 40, 100, 40 and 40 Gy Kair measured with an ionization chamber calibrated in Kair)
were performed with a medical linear accelerator (Synergy®, Elekta) at 10 MV. For the construction of
the calibration curves, we have followed the 1SO 13304 recommendations, mentioning that, for these
energy levels (MV) and for the volume of bone considered, the difference between the dose absorbed
by the bone and air kerma measured is very small (International Standard 2020). Dosimetry
measurements were taken as follows: dose rate of around 3 Gy min—1 measured with a cylindrical
ionization chamber (PTW 31010-0.125CC), a 30 cm x 30 cm irradiation field, a source-sample distance
of 1 m, at 180° to the irradiator arm and a 1.5 cm plexiglass plate is added between the samples and
the treatment table to achieve the charge equilibrium.

3. Results
3.1. Characterization of radiation-induced burns (score, weight, doppler)

Figure 2 shows representative photographs of the radiobiological burns (Figure 2A) and the evolution
of the mean total lesion score with the standard error of the mean (Figure 2B), with a table providing
information on various lesion kinetics parameters such as the intensity of the lesion peak, skin damage
development kinetics, skin damage healing kinetics and the Area Under the Curve (AUC) of the lesion
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Figure 2: Evaluation of the radiological burns as a function of the dose and protocol. A) Representative
photographs of the radiological burn at specific time points and B) evolution of the mean total lesion
score with the standard error of the mean over time.
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Figure 2 shows that the first signs of skin damage appear one week after irradiation for the single
exposure protocol. The peak lesion is reached around 21 days after irradiation for the 30 and 45 Gy
group and 17 days after irradiation for the 15 Gy group which developed a minor lesion earlier. Then,
the lesions healed, and we observed an apparent total recovery for the 15 and 30 Gy groups and patrtial
recovery for the 45 Gy group. With the repeated exposure protocols, the first signs of skin damage also
appeared 7 d after the first irradiation. Consequently, the second and third irradiation were performed in
an existing radiation-induced lesion. As for the 30 and 45 Gy groups, the lesion peak is reached around
21 d after initial exposure. An apparent total and partial recovery was observed for the 2 x 15 Gy and 3
x 15 Gy groups respectively. If we compare the protocols leading to the same total dose, the 2 x 15 Gy
protocol is less severe than the 30 Gy protocol with a maximum lesion intensity divided by more than
two. However, this strong difference was not detected between the 3 x 15 and 45 Gy protocols.

In addition to the total lesion score, Table 1 provides information on different parameters relating to
lesion kinetics such as the intensity of the lesion peak, skin damage development kinetics, skin damage
healing kinetics and the Area Under the Curve (AUC) of the lesion score.



Table 1: Main parameters used to characterize lesion kinetics

Group 15 Gy 45 Gy 2x15 Gy

Maximum score 0.6 +0.3 29+0.8 3.2+05 1.1+0.2 3.4+0.2

Rate of onset of skin

0.05+0.03 | 0.18+0.05 [ 0.18+0.05 | 0.07+0.01 | 0.18 +0.02
damage (slope)

Healing rate (slope) 0.14+0.05 | 0.19+£0.09 | 0.10+£0.02 | 0.09+0.03 | 0.15+0.05

AUC 43+1.8 368 7519 17+3 61.+x17

These data highlight that the 30, 45 and 3 x 15 Gy groups are very similar regarding the onset of skin
damage (0.18 for each protocol), and maximum lesion score (around 3) but differ in terms of healing
rate. As expected, the AUC calculations for the lesion score showed that the more severe the lesions,
the higher the AUC.

If we compare the protocol leading to the same total dose, the 2 x 15 Gy protocol is much less severe
than the 30 Gy protocols, as all parameters are divided by at least two. Concerning the 3 x 15 Gy and
the 45 Gy protocols, the main difference is lesion healing, which is faster for the 3 x 15 Gy protocol,
leading to a lower AUC. The relationship between AUC and the retrospective bone dose estimate 84 d
after irradiation will be shown in the next section.

To improve our understanding of the kinetics of radiological burns depending on the dose and protocol,
Figure 3 shows a detailed analysis of the lesion score with the respective proportions of each criterion
as part of the total score (erythema, edema, retraction, extent of the lesion and moisture).
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Figure 3: Analysis of the score as a function of the parameters characterizing the lesion (extent of
injury, edema, retractation, erythema and moisture) and the table with information about the
predominant parameter at the lesion peak.

These results highlight that, for the 15 Gy group, the lesions are dominated by the extent of the injury
and the erythema. For the 2 x 15 Gy protocol, edemas and the paw retraction were also recorded and
equally distributed in addition to the extent of the lesion and the erythema. With the 30 Gy group,



moisture appears but less extensively than with the other parameters. The five parameters are equally
distributed for the 45 and 3 x 15 Gy groups. For these last two protocols, leading to partial healing, at
84 days post irradiation, the edemas persist for the 45 Gy protocol, especially in the toes, unlike the 3 x
15 Gy protocol where the erythema and extent of the lesion persist.

In addition, cutaneous blood perfusion was also quantified using Doppler images taken each week until
84 d post-exposure. Figure 4 shows representative Doppler images for each exposure protocol and the
evolution of the cutaneous blood perfusion over time for each group where the total score was reported
as visual guidance and to help identify the lesion peak more easily.
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Figure 4: Variation in cutaneous blood perfusion normalized based on the non-irradiated paw over
time for each group with representative doppler images. Red arrows indicate the irradiated paw and
each dot represent one mouse. Statistical analysis was performed with the kruskall Wallis
nonparametric test.



These measurements show a significant increase in cutaneous blood flow perfusion between 14 and 28
d for the 30 and 45 Gy single exposure protocol compared to the initial level of cutaneous blood flow.
Cutaneous blood perfusion then tends to its initial level over time. No significant variation in the
cutaneous blood perfusion was observed for the 15 Gy group, which developed the most minor lesions.
For the repeated exposure protocols, a significant increase in cutaneous blood perfusion was also
observed at the lesion peak, i.e. 14 and 21 d after initial exposure for the 2 x 15 Gy group and 21 and
28 d after initial exposure for the 3 x 15 Gy group, but this increase is much less pronounced than for
single exposure groups.

Finally, as part of the evaluation of the impact of irradiation on animal welfare, figure 5 shows the mean
weight gain with the standard error of the mean for single (figure 5(A)) and repeated (figure 5(B))
exposure protocols compared to their controls.
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Figure 5: Variation in mean weight gain with the standard error of the mean over time for the single (A)
and repeated (B) exposure protocols compared to their controls.

For the single exposure protocols (Figure 5A), no weight loss was observed for the 15 Gy group, and
weight gain was similar to the control group. For the 30 and 45 Gy groups, weight loss was observed
from day 11 post-exposure, reaching a maximum weight loss at the lesion peak (day 21, 16% compared
to their initial weights) and weight was regained from day 25 post-exposure. Similarly, weight loss was
also observed for the mice exposed under 2x15 Gy or 3x15 Gy. This weight loss is also maximal at the
lesion peak (16% compared to their initial weights) and, once the lesion peak passed, the mice regained
weight. In addition, we also observed slight weight loss following each exposure session due to the
anesthesia of the mice. Although our irradiation protocols induced severe radiological burns, all mice
regained weight after the lesion peak, independently of the initial dose or protocol.

3.2. EPR Dosimetric characterization: estimated absorbed doses for bones and signal loss at
different time points

Figure 6 and Table 2 report the bone dose estimated using EPR spectroscopy for mouse tibia at 6
different time points for each irradiation protocol studied.



A} 450 . . T

B) 450 : .

" "2x15 Gy
3x15 Gy —— |

N
133
o

Estimated bone dose
N
o
o

40 50 60 70
Time (days)

30

ns

ns | ns

ns

#x| ns [ ns

ns [ns | -

wxfsres]oan | 4n | ns

ns DEA|#snw | %+ % - ® }

D0 D7 D14 D21 D42 D84 D0 D7 D14 D21 D42 D84 D0 D7 Di4 D21 D42 Dad Do D7 Did D21 D42 D84 D7 D14 D21 D42 D24

Figure 6: Estimated bone dose (D0) according to EPR spectroscopy for cortical mouse bone samples
and characterization of signal loss for 6 different post-irradiation time points for single (A) and repeated
(B) exposure protocols. Each dot represents one mouse (lines are plotted as visual guidance).
Statistical analysis used to evaluate the decrease in radiation-induced free radicals at different post-
irradiation time points for each group is also shown for each protocol (Shapiro test then One-way
Anova).

Table 2: Experimentally estimated mean bone dose (DO0) according to EPR spectroscopy for cortical
bone samples and characterization of signal loss for 6 post-irradiation times (D7, D14, D21, D42 and
D84).

Group DO D7 D14 D21 D42 D84
15Gy 104+10Gy | 96+11Gy | 69+6Gy | 71+12Gy | 52+11Gy | 40+6 Gy
2x15Gy | 151+13Gy | 141+17Gy | 150+ 10Gy | 138+ 17 Gy | 128 £ 21 Gy | 103 + 13 Gy
30Gy 211+£22Gy | 180+23 Gy | 1509 Gy | 138+ 15 Gy | 126 + 24 Gy | 106 + 14 Gy
3x15Gy | 245+25Gy | 229+ 15Gy | 233+25Gy | 292+ 12 Gy | 219 + 29 Gy | 181 + 24 Gy
45Gy 332+33Gy | 308 +43 Gy | 216+ 20 Gy | 206 + 19 Gy | 163 + 15 Gy | 136 + 10 Gy

For the single exposure protocols, on the day of irradiation (D0O), the mean absorbed bone dose was
104 £ 10 Gy, 211 £ 22 Gy, and 332 + 33 Gy for irradiation of 15, 30, and 45 Gy in Kair respectively. An
air-to-bone conversion factor of 7.1 + 0.7 was determined from these data and the initial irradiation dose
at DO in agreement with the publication of Guillou et al (2022). The signal estimated by EPR
spectroscopy, i.e. the quantity of RIFRs, then decreases exponentially with time. In three weeks, the
EPR signal is reduced by 32% and tends to stabilize for the later time points. Indeed, 84 d after
irradiation, the bone EPR signal decreased by 50%—-60%, and accordingly, the corresponding estimated
bone dose with bias was only 40 + 6 Gy, 106 + 14 Gy, and 136 + 10 Gy for irradiation of 15, 30, and 45
Gy Kair respectively. According to statistical analysis at different time points for each single exposure
group, regardless of the initial dose, no statistical difference was observed between 0 and 7 d, and 14
and 21 d, which may suggest that at least 7 d are needed to detect statistically significant variation in
the bone dose measured by EPR spectroscopy. For the later time points, between 42 and 84 d, no
statistical differences were observed confirming the tendency for the EPR signal to stabilize 6 weeks
post-irradiation.



For the repeated exposure protocols of 2 x 15 or 3 x 15 Gy at one week intervals, the bone dose
measured by EPR spectroscopy at DO is estimated to be 151 + 13 Gy and 245 £ 25 Gy respectively.
Interestingly, these estimated bone doses were more than 25% lower than those measured after a single
exposure session at 30 and 45 Gy Kair. Unlike single exposure protocols, a progressive decrease in the
estimated EPR dose was observed in the case of repeated exposure. Between the date of irradiation
and 84 days after the last exposure, the EPR doses estimated at the bone decreased from 151 + 13 to
103 £ 13 Gy for the 2 x 15 Gy protocol and 245 + 25 Gy to 181 + 24 Gy for the 3 x 15 Gy protocol.
Additionally, in the case of repeated exposure, no statistical differences were observed for the
measurements taken during the first 42 days following the last irradiation (figure 6(B)).

Moreover, intergroup variability of between 6 and 13% was observed for all doses, protocols and time
points.

To compare the temporal dynamic of the EPR signal on the bone dose estimation in the function of the
dose and protocol, Figure 7 shows data normalized according to the initial measured mean bone dose
at DO and can be used to compare the dynamics of the EPR signal over time for the estimated bone
doses as a function of dose and protocol.
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Figure 7: Comparison of the kinetics of the radiation-induced free radicals. A) Mean bone dose with

standard error at different post-irradiation time points normalized based on the estimated mean bone

dose on the date of irradiation (DO) and B) statistical analysis comparing the groups at the 6 specific
time points (Shapiro test then One-way Anova).

These results further highlight the two types of RIFR kinetics, which depend on the type of exposure
(single or repeated) but not on the dose administered. As mentioned above, the EPR signal decreased
rapidly (32%) over the first three weeks and then continued to decrease, tending to stabilize in the longer
term, with a loss of about 36% between D21 and D84, i.e. a mean underestimation of the dose measured
for the bone of 59% 3 months after irradiation. Regarding repeated exposure protocols, the kinetics are
identical but very different from those of single exposures. Indeed, the dose measured for bone is stable
until 21 d after the last irradiation session with a mean loss of less than 4% but decreases in the long
term with an underestimation of 29% 84 d after the last exposure.

We can use statistical analysis at each time point (figure 7) to demonstrate a significant statistical
difference between single and repeated exposure from 14 d after exposure.

3.3. Correlation between lesion severity and residual bone dose measured 84 d after irradiation

As part of the exploration of the clinical relevance of the EPR-estimated bone dose measured 84 d after
irradiation, figure 8(A) reports the correlation analysis between the bone dose estimated by EPR



spectroscopy 84 d after irradiation and the AUC of the lesion score reported in table 1. Each dot
corresponds to a mouse with its bone dose on D84 on the x-axis and its AUC value on the y-axis.
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Figure 8: A) Correlation analysis between the dose measured by EPR spectroscopy on D84 and the
AUC of the total lesion score, B) Heatmap characterizing similarity between clusters.

These results show that the animals are distributed in distinct clusters (figure 8(A)) and show a
correlation between the severity of the lesion and the measured bone dose at D84 by group. However,
these results also highlight that the higher AUC does not necessarily correlate with the highest residual
EPR signal measured 84 d after irradiation. The similarity index was calculated to analyze the clusters
formed, taking into account the dispersion and the Euclidean distance between the barycenter of each
cluster. The similarity index between 2 clusters is calculated as the ratio between the total mean distance
to the barycenter in each cluster and the distance between the 2 barycenters (Davies and Bouldin 1979).
The closer the score is to 1, the closer the clusters are to each other. The data shown in figure 7(B) are
normalized based on the maximum similarity value. Thus, the 30 Gy and 2 x 15 Gy clusters are very
similar with a normalized similarity index of 1. Similarly, the 45 Gy and 3 x 15 Gy clusters are similar
with a similarity index of 0.64. On the contrary, the 15 Gy cluster is very different from all the others with
similarity indices not exceeding 0.2. Although the exposure protocols differ, the groups with the same
total dose form similar clusters.

4. Discussion

Although fortunately rare, radiological accidents can occur and have severe consequences depending
on the dose, the type of exposure, and even the location of the exposure. Victim management can be
very complex, especially if low-energy x-ray radiation is involved (<150 kV). Indeed, due to the
predominance of the photoelectric effects in this x-ray range, dose deposition is very heterogeneous
and depends strongly on the composition and density of the tissue passed through. Preclinical models
are therefore an undeniable asset in improving our understanding of the particularities and
consequences of this type of exposure. The earlier study by Guillou et al (2022) characterized dose
deposition in the different tissues using Monte Carlo simulations as well as experimentally for bone
thanks to EPR spectroscopy measurements taken on the day of exposure. This work aimed to complete
this earlier study by evaluating the radiobiological burns induced by 80 kV x-ray at different post-
irradiation time points as a function of the dose and protocol and by studying the stability of the bone
EPR signal in an in vivo preclinical model. Indeed, in the event of a radiological accident, EPR
spectroscopy is often used to evaluate an individual dose from biological samples such as dental enamel
or nail or via bone biopsies (Trompier et al 2009). However, even if the trapped RIFRs are stable in
extracted bone (ex vivo), this is not the case in living bone (in vivo) (Journal of the ICRU 2019). Thus, if
the dosimetric measurements are taken several weeks or months after exposure, we can expect the
dose to be underestimated depending on many parameters such as the type of exposure, biological
material, and age, for example. This study evaluated the dynamics of RIFRs in living bone as part of a



preclinical model and characterized the impact of the dose and protocol at different time points for the
first time.

Degrees of lesion severity:

Although mice models for radiation-induced skin syndrome have already been studied in the literature,
mainly for high-energy x-ray or gamma radiation (Kumar et al 2008, da Silva Santin et al 2020, Loinard
et al 2023), we needed to precisely characterize lesion kinetics as we used low-energy x-ray for which
dose deposition is highly dependent on the tissue passed through (Guillou et al 2022). We developed a
specific grid score adapted from the METREPOL (Medical TREatment ProtocOLS) system for radiation
accident victims (Fliedner et al 2008) to characterize degree of lesion severity over time. The scoring
method involved the clinical assessment of 5 parameters, allowing for the more accurate evaluation of
skin lesions, unlike the total lesion score generally reported in publications (Kumar et al 2008,
Cunningham et al 2021, Loinard et al 2023). Our results showed that, at any dose and protocol, the
kinetics of radiological burns are similar in terms of the onset kinetics of the cutaneous symptoms, but
the severity and kinetics of healing are very different and depend on the dose and exposure protocol
(figure 2 and table 1). The different parameters studied were used to classify the exposure protocols
according to their severity: 15 Gy < 2 x 15 Gy < 30 Gy < 3 x 15 Gy < 45 Gy. Our preclinical model
showed that different degrees of severity can be achieved: minor with a single exposure session to 15
Gy, moderate with the 2x15 Gy protocol and severe to very severe with the 30, 45, and 3 x 15 Gy
protocols, which all differ in terms of the healing process from radiological burns. Despite the same total
dose, our results also showed a significant difference in lesion severity between the 2 x 15 Gy and 30
Gy groups, which is consistent with the principle of dose fractionation to minimize side effects on healthy
tissue. Interestingly, this effect is not so obvious when comparing the 3 x 15 Gy and 45 Gy conditions.
Indeed, the only difference between these last two protocols is healing, which is a little bit faster for the
3 x 15 Gy protocol. Thus, the number of exposure sessions seems to have an impact on lesion severity
and healing but the time between exposure sessions must also be taken into account. Indeed, in this
work, exposure was repeated at one-week intervals; consequently, the second and the third irradiation
sessions were applied to already damaged areas, slight erythema, and radiological burns respectively.
These two protocols were initially developed to mimic potential re-exposure in interventional radiology,
but exposure session intervals differ from the most representative interventional radiology practices for
clinical use. In further work, it would be worth exploring the impact of exposure time intervals and the
effect of the dose per session.

However, it was difficult to compare our results with those published in the literature as the preclinical
model, irradiation conditions, dose or radiation quality are completely different (Rottensteiner-Brandl et
al 2017, Zhai et al 2019, Jullien et al 2023, Loinard et al 2023). Moreover, comparing with data from the
literature is also sometimes difficult due to the inadequate information provided on irradiation conditions
and dosimetry (Draeger et al 2020, Trompier et al 2023).

Dosimetric characterization:

On the date of irradiation for the single exposure protocol, the bone dose measured experimentally by
EPR spectroscopy was 7 times higher than that measured with an ionizing chamber calibrated in Kair.
Our results also show that this factor is identical whatever the initial single doses administered. These
results agree with our previous publication, where factors of 6.5 + 0.9 and 6.2 + 1.0 were found for
experimental and simulated data respectively (Guillou et al 2022). With these new results, we can
consider improving our numerical model to produce output which is closer to the experimental measured
bone dose by taking into account the real bone composition and density. Indeed, our numerical model
used predefined material extracted from a code database. On this basis, we can consider using the
chemical analysis of bone samples, such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
to measure elements in bones and integrate these data in our numerical model.

Concerning bone dose estimation at different post-irradiation time points, an increasing underestimation
of the bone doses measured by EPR spectroscopy was shown. For single exposure protocols, an



exponential decrease (40% in 3 weeks) in the estimated dose was quantified, which is independent of
the initial dose. In addition, for the short irradiation time points, a minimum of 14 d is required to see a
statistically-significant difference between groups, which may relate to the period required for complete
physiological bone renewal (2 weeks for mice (Jilka 2013)). This indicates that most of the bone-trapped
RIFR signal decreased over the first three weeks after exposure. This decrease may indicate repair
processes in response to irradiation. It is also important to take note that we still measured an EPR
signal three months after exposure, which seemed to stabilize and highlighted that RIRFs remained
trapped in the bone matrix. This observation could also suggest that some parts of the bone matrix
remained unaffected by the renewal bone processes.

Interestingly, a very different decreasing trend was highlighted for RIFRs for repeated exposure. The
initial signal measured at the end of the repeated was 26 to 28% lower than the signal measured for a
single dose (i.e. 30 or 45 Gy group). These results show that, unlike ex vivo exposure for which the EPR
signals are cumulative, in an in vivo preclinical model, the doses are not cumulative for each fraction.
Several hypotheses could be considered regarding this reduction on the day of the last irradiation
session. Firstly, we could hypothesize that a biological response occurs between the first two irradiation
sessions releasing the RIFRs trapped in the crystals. Then, during the second irradiation session, new
RIFRs would be created and trapped in the calcium hydroxyapatite crystals. Another potential
hypothesis explaining the reduction in EPR signal is that the bone structure is modified and cannot trap
the RIFRS in the same way. This lower initial signal (i.e. estimated dose) thus seems to behave in a
similar manner to the signal observed for single doses from the third week after exposure with a low rate
of decrease.

These results probably highlight the impact of bone turnover on the bone dose estimate. Indeed, it is
well known that bone tissues are constantly metabolically active and undergo continuous remodeling
and regeneration even once the bone has reached maturity (Siddiqui and Partridge 2016). This bone
remodeling is required to repair bone damage, including radiation-induced damage. Thus, even if the
CO2- free radicals trapped in the hydroxyapatite matrix are long-lived, the biological processes set in
motion following irradiation to repair the radiation-induced damage will impact the quantity of free
radicals measured and therefore the dose. Very few data are available in the literature on the impact of
bone turnover on bone dose estimates a long time after exposure. We could cite the study by Kreft et al
(2014), in which bone biopsies were performed on patients having received radiotherapy and showed
that, for the patient whose biopsy was performed the longest after exposure (6 years), the dose was
underestimated. Although bone is mainly targeted for retrospective dosimetry in radiological accidents,
our knowledge of the impact of bone physiology and remodeling is inadequate (Journal of the ICRU
2019). Thus, even though our results were obtained in mice, for which bone renewal rates ((0.1% versus
0.7% per day) and the period required for complete remodeling 2 weeks versus 6—9 months) differ to
humans (Jilka 2013), this study allowed us to assess the dynamics of RIFRs by studying the effects of
doses and protocols for the first time. Micro CT image analysis (bone mineral density, volumes) and
histological measurements (histomorphometry) are currently under way aiming to improve our
understanding of the biological processes involved in responses to irradiation and tissue damage. These
processes aim to correlate the results of these radiopathological studies and our EPR spectroscopy
data.

Correlation analysis:

Finally, the correlation analysis between bone doses measured 84 days after irradiation and the AUC
was analyzed. According to the calculation of the cluster similarity index, the 30 Gy and 2 x 15 Gy
exposure clusters are the most similar, with the 45 Gy and 3 x 15 Gy exposure clusters also being fairly
similar. Moreover, although all of the mice in the same group were similarly exposed, the kinetics and
healing of the radiation- induced lesions, and doses estimated by EPR spectroscopy varied widely. The
average variability of the AUC of the lesion score ranges between 19% and 42%, highlighting the
variability of responses between mice. In addition, the bone dose estimated on D84 by EPR
spectroscopy varies between 8 and 13%. This variation can mainly be explained by bone composition
and density, even for mice of the same age, sex, and strain (Akther et al 2000, Somerville et al 2004,
Mumtaz et al 2020). This correlation analysis also showed that the highest AUC did not lead to the



highest dose, and vice versa. These results show the importance of an individual assessment of lesion
severity and dose for our model.

5. Conclusions

This study characterized radiation-induced lesions caused by low-energy x-ray (80 kV) and assessed
the impact of dose and exposure protocol on the severity of these lesions. In the context of over-
irradiation accidents and retrospective dosimetry where bones are commonly used for retrospective
dosimetry, the lack of knowledge of the impact of the bone physiology is a major challenge (Journal of
the ICRU 2019). This study quantified the dynamics of free radicals at different time points in an in vivo
model for the first time, highlighting that the doses actually administered can be underestimated if
samples are taken weeks or even months after exposure.
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