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Abstract: Cutaneous radiation injury (CRI) is a skin injury caused by exposure to high dose
ionizing radiation (IR). Diagnosis and treatment of CRI is difficult due to its initial clinically
latent period and the following inflammatory bursts. Early detection of CRI before clinical
symptoms will be helpful for effective treatment, and various optical methods have been applied
with limitations. Here we show that optical coherence tomography angiography (OCTA) could
detect changes in the skin during the latent period in CRI mouse models non-invasively. CRI was
induced on the mouse hindlimb with exposure to various IR doses and the injured skin regions
were imaged longitudinally by OCTA until the onset of clinical symptoms. OCTA detected
several changes in the skin including the skin thickening, the dilation of large blood vessels, and
the irregularity in vessel boundaries. Some of OCTA findings were confirmed by histology. The
study results showed that OCTA could be used for early CRI detection.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cutaneous radiation injury (CRI) is an injury to the skin and underlying tissues caused by exposure
to high dose ionizing radiation (IR) [1]. CRI involves immediate damage to continuously dividing
cells including basal keratinocytes and hair follicle stem cells, followed by inflammation [2–4].
CRI has a specific characteristic of the delayed onset of clinical symptoms post-irradiation, and
the asymptomatic period is called the latent period [1,5–7]. The symptoms of CRI become
visible after the latent period, and these include erythema, edema, pigment changes, dry and
moist desquamation, ulceration, and necrosis depending on the severity [8]. There is no effective
preventive measure or treatment of CRI currently available, except for conventional conservative
managements [9]. Diagnosis and treatment based on visible clinical symptoms would be late
due to the successive and unpredictable inflammatory bursts. Early management of CRI would
be beneficial to minimize the expansion of injured areas and to increase the treatment efficacy.
Therefore, non-invasive early diagnosis of CRI would be important.

Optical imaging methods allow non-invasive and sensitive detection of local changes in
the skin, and various optical techniques have been tested for early CRI detection. 3D optical
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microscopies such as reflectance confocal microscopy (RCM) and two-photon microscopy (TPM)
showed the potential for early detection by observing cellular changes during the latent period.
RCM detected spongiosis, exocytosis, and infiltration of inflammatory cells in the skin dermis
before the appearance of clinical signs in acute radiation dermatitis [10,11]. Both RCM and TPM
detected damage of epidermal cells and sebaceous glands during the clinically latent period in
CRI mouse models [5,6,12]. Although microscopic techniques demonstrated sensitive detection,
relatively small field of view (FOV) may limit the area of screening in practical situations.
Microcirculatory network, responsible for the transport and exchange of oxygen, nutrients, and
other molecules to tissues, is affected by CRI. Hyperspectral imaging (HIS) [13,14] and diffuse
optical spectroscopy [15,16] detected changes in the perfusion and oxygenation of vasculature
during the clinically latent period. Laser Doppler flowmetry measured perfusion changes caused
by CRI [17]. These methods measured functional changes of vasculature associated with CRI.
Optical imaging methods, which can visualize blood vessels, could assess morphological changes
of vasculature. Optical coherence tomography angiography (OCTA), which can visualize both
the microstructure and vasculature of skin non-invasively based on light reflection, has been
applied to various dermatology studies [18–21]. OCTA detected the increase of skin thickness
and blood vessel density as acute responses to ultraviolet radiation [19]. OCTA visualized
capillary-level vascular and structural changes in subjects with pathological conditions such as
psoriasis, chronic graft-versus-host-disease, and scleroderma [20,21]. OCTA was applied to a
CRI study previously and it detected the degeneration and regeneration of vasculature in the
mouse ear pinna at the early stage after whole body gamma irradiation [22].
In this study, OCTA was used to observe both the structural and vascular changes in skin by

CRI at the early stage in a local-irradiation mouse model. Various doses of 0 Gy (control), 10
Gy, 20 Gy, and 40 Gy were irradiated on the mouse hindlimb and the irradiated skin regions
were imaged longitudinally by OCTA until the onset of clinical symptoms. Changes in the skin
were analyzed both qualitatively and quantitatively in comparison with bright-field imaging and
histology.

2. Materials and method

2.1. Mouse model preparation

The experimental procedure was approved by the Institutional Animal Care and Use Committee
(IACUC,KIRAMS2015-0004) ofKorea Institute of Radiobiology&Medical Sciences (KIRAMS).
All experiments were carried out in accordance with the approved guidelines and regulations.
Six-week-old male hairless mice (SKH1-HrHr, ORIENT BIO Inc, Korea) were used in this study.
Mice were divided into four groups: a control group (0 Gy, n= 5) and irradiated groups exposed
to 10 Gy, 20 Gy, and 40 Gy (n= 6 each) doses, respectively. Mice were irradiated with the same
protocol as a previous study [6]. In brief, anesthetized mice were irradiated onto the hindlimb by
using a biological irradiator (XRAD-320, PRECISION X-RAY, Softex, Korea). The irradiation
was single exposure to X-ray at a dose rate of 2 Gy/min. The reference dose rate was established
with an UNIDOSE E universal dosimeter (PTW, Freiburg, Germany) in realistic irradiation
conditions in air on the animal plate. After the irradiation, the mice were maintained under
constant temperature (23± 1 °C) and photoperiod (12 hours of light, 12 hours of dark). Regular
chow and 3-stage filtered water were provided to the mice freely. OCTA imaging was started
from day 2 post-irradiation to monitor changes caused by CRI. Both bright-field imaging and
OCTA were performed daily until the onset of clinical symptoms. During the OCTA imaging,
mice were anesthetized using a face mask administering a gas mixture of 1.5%/vol isoflurane
(Terrel, Piramal) and medical grade oxygen. The body temperature was maintained at 37°C using
a temperature-controlled heating plate (Chamlide TR, Live Cell Instruments, Korea). For the
minimization of motion artifacts during OCTA imaging, a custom-made hindlimb holder and
surgical tape were used to hold the hindlimb and to stretch the hindlimb skin [6].
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2.2. OCT angiography and bright-field imaging

Optical configuration of the OCTA system was based on a previous OCT setup [23]. Briefly, a
wavelength-swept source (SSOCT-1310, Axsun Technologies) was used as the light source, and
it had the repetition rate of 50 kHz, center wavelength of 1310 nm, bandwidth of 107 nm, and
imaging depth of 6 mm in air. Light from the source was split into the sample and reference arms
of an interferometer. In the sample arm, light was collimated, reflected onto a galvanometric 2D
scanner (GVS012, Thorlabs), and transmitted through a 5× OCT scan lens (LSM03, EF= 36
mm, Thorlabs) for scanning the sample. Reflected light from the sample was combined with
reflected light from the reference arm at the detection arm. Interference signals of combined
light were collected at a balanced photodetector (PDB410C, Thorlabs), and digitized by a DAQ
board (ATS9350-2G, Alazartech) after a low pass filter (PLP90, Mini-circuits). Difference of
light dispersion between the reference and sample arms was compensated numerically by using
pre-calibration data obtained with a mirror sample. OCT had the image resolution of 20 µm and
10.8 µm in the transverse and axial directions, respectively. The imaging FOV was 4 mm × 4
mm × 2.25 mm in the x, y, and z directions, consisting of 500 pixels × 500 pixels × 320 pixels.
For OCTA imaging, the cross-sectional imaging in the x-z plane was repeated 10 times and the
repeated images were processed by using the complex differential variance (CDV) algorithm [24].
OCTA images were presented in the en-face plane as the maximum intensity projection (MIP) of
volumetric angiography data. In order to observe the same hindlimb skin regions longitudinally,
the OCTA scanning area was carefully aligned to be around a midpoint of the right hip and knee
joints. Because the hindlimb area (approximately 1 cm2) was not much wider than the OCT FOV
(4 mm × 4 mm), it was possible to image the same skin regions repeatedly. The total imaging
time was approximately 50s per volume. Custom software was used to acquire OCT images with
real-time display. Both cross-sectional OCT and en-face OCTA MIP images were processed and
analyzed post-acquisition by using MATLAB (Matlab 2016a, Mathworks).
Bright-field images of the mouse hindlimb skin were acquired daily to monitor clinically

visible changes in the CRI mouse models. Bright-field images were acquired just before the
OCTA imaging of the mouse models under respiratory anesthesia. Bright-field imaging was
performed under identical environmental conditions including standard room lighting and fixed
sample and camera positions throughout the experiment. A metric ruler was imaged together
with the mouse hindlimb as the scale reference.

2.3. Quantitative analysis of skin thickness and vasculature

Thickness of the mouse hindlimb skin including both the skin epidermis and dermis was measured
by analyzing cross-sectional OCT images. The skin thickness was measured as a vertical distance
from the skin surface to the bottom of dermis. Average skin thickness was calculated by using
approximately 100 equal-distanced thickness measurements from each volumetric OCT image.
At least 4 mouse data out of 5-6 mouse data was valid for each group in all the experiment days,
and the average and standard deviation (SD) were calculated. The measurement results were
displayed as the relative thickness with respect to the average thickness of 0 Gy mouse skins.
Vasculature in the skin was analyzed from en-face OCTA images. Diameters of large blood

vessels and the irregularity in vessel boundaries were measured. In the measurement of vessel
diameter, the vessel was skeletonized first to find the center line and orientation. Diameter of the
vessel was obtained by measuring line widths perpendicular to the vessel center line and then
by averaging the line widths along the vessel center line [25,26]. The line width was the full
width at half maximum (FWHM) of the profile. Changes in vessel diameter were analyzed by
tracking identical blood vessels in longitudinal OCTA images. The change in vessel diameter was
presented as the ratio of the diameter on day 6 post-irradiation to the one on day 2 post-irradiation.
More than three blood vessels were tracked, and the changes were averaged. The irregularity
of blood vessel boundaries was analyzed by calculating the coefficient of variation (CV) of the
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vessel line widths along the vessel. CV is defined as a ratio of the standard deviation (SD) to
the mean, and represents the standardized measure of dispersion. Relatively small CV values
indicate smooth vessel boundaries, while large CV values do irregular vessel boundaries with
high variations in vessel diameter. More than 10 large blood vessels, which ran at least 200 µm
in length without branching out, were selected and used in the CV analysis.
Statistical analysis (statistical significance) was performed by using GraphPad Prism 7

(GraphPad Software Inc., La Jolla, CA). Welch’s t-test was used to assess the difference in
the average values between the groups with unequal variances or unequal sample sizes. All
statistical tests were performed by two-tailed tests, and p-values< 0.05 were considered as the
criteria for statistical significance. Results were expressed as mean± SD. Statistical significance
was presented by the number of asterisks depending on the p-value; *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, **** p ≤ 0.0001. The results were plotted by using Origin (Origin 9.0, OriginLab).

2.4. Skin tissue histology

Histology of the CRI mouse skins was performed on day 6 post irradiation, one CRI mouse
for each group. Mice were anesthetized, euthanized, and necropsied, and the hindlimb skins
were excised and fixed with 4% paraformaldehyde solution for 24 hours. After the fixation, the
skin tissues were embedded in paraffin wax and were sectioned in 4 µm thickness. The sections
were stained with hematoxylin and eosin (H&E) and examined to access microscopic cellular
information.

3. Results

3.1. Longitudinal bright-field images of CRI mouse hindlimb skins

The irradiated skin regions of CRI hairless mouse models were observed longitudinally by
bright-field imaging. Representative longitudinal bright-field images of the CRI mouse hindlimb
skins with 0 Gy (control), 10 Gy, 20 Gy, and 40 Gy irradiation doses are shown in Fig. 1. The
longitudinal bright-field images are on every two days post-irradiation. In the 0 Gy (control)
mouse, the bright-field images showed typical features of normal hairless mouse skin: pale
skin with sparse hair distribution. In the irradiated mice, the bright-field images showed some
changes from day 4 post-irradiation. In the 10 Gy mouse, hair loss was observed on day 4
post-irradiation and then there was no further progression. In the 20 Gy and 40 Gy mice, hair
loss on day 4 post-irradiation, and then erythema and desquamation on day 8 post-irradiation
were observed. The clinical symptoms were more severe in the 40 Gy mouse than in the 20 Gy
one. The clinically latent period in both the 20 Gy and 40 Gy mouse models was considered until
day 6 post-irradiation, because the clinical symptoms appeared on day 8. Based on the results of
bright-field imaging, longitudinal OCTA imaging was performed until day 8 post-irradiation.

3.2. Representative OCTA images of high-dose CRI mouse skin in the late latent
period

Longitudinal bright-field images of CRI mouse skins showed that the latent period in both the 20
Gy and 40 Gy mice was until day 6 post-irradiation. OCTA imaging was performed longitudinally
throughout the latent period. In order to show changes in the skin detected by OCTA in the late
latent period, representative OCTA images of a 40 Gy mouse skin on day 6 post-irradiation
are presented in Fig. 2. Bright-field images, cross-sectional OCT images, and en-face OCTA
images of the 0 Gy (control) and 40 Gy mouse skins are shown in Fig. 2(a – d) and (e – h),
respectively. En-face OCTA images were MIP images, and two OCTA images were generated
by MIP processing in two different depth ranges of 50–125 µm and 100–325 µm. In the 0 Gy
(control) mouse, both the bright-field image and OCT image showed normal skin structures. The
bright-field image showed the pale skin with sparse hair distribution. The cross-sectional OCT
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Fig. 1. Longitudinal bright-field images of CRI mouse hindlimb skins. (a-d): bright-field
images of (a) 0 Gy (control), (b) 10 Gy, (c) 20 Gy, and (d) 40 Gy mouse hindlimb skins on
every two days post-irradiation, respectively. Clinical diagnosis and their injury progressions
are depicted below the images with horizontal black arrow lines. Outlined images with
red color on day 8 post-irradiation indicate the clinically visible stages of CRI. Scale bars
represent 1 cm.

image showed the thin highly scattering dermis superficially and the weakly scattering fascia or
muscle layer below the dermis. Some microstructures such as hair follicles and sebaceous glands
were observed in the dermis. The two en-face OCTA images showed capillaries or small vessels
and relatively large vessels in the superficial and deep skin dermis, respectively. Large blood
vessels had smooth boundaries. In the 40 Gy mouse, the bright-field image showed not much
visible changes in the skin except hair loss on day 6 post-irradiation. However, OCTA detected
several changes in the skin. The cross-sectional OCT image showed the thicker skin dermis
with reduced reflection intensities compared to the 0 Gy (control) mouse skin. The muscle and
fascia layer appeared at the higher depth than to the one in the 0 Gy mouse due to the thickening
of skin dermis. The en-face OCTA images showed not much changes in small blood vessels
in the superficial dermis in comparison to the ones in the control mouse skin, but significant
changes in large blood vessels in the deep dermis. The large blood vessels were dilated and had
irregular vessel boundaries. The irregular vessel boundaries could indicate leakage caused by the
damage of endothelial cells. There were more branches of small and distorted blood vessels. The
representative OCTA images of the 40 Gy mouse in the late latent period showed that there were
structural and vascular changes in the skin caused by CRI within the latent period.
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Fig. 2. Representative bright-field and OCTA images of the 0 Gy (a-d) and 40 Gy (e-h)
mouse skins in late latent period (day 6 post-irradiation). In each case, a bright-field images,
a cross-sectional OCT image, two en-face OCTAMIP images covering the superficial dermis
(50–125 µm from the surface) and deep dermis (100–325 µm) are presented. The OCTA
images of the superficial and deep dermis are depicted in red or black-white pseudo-colors,
respectively. Black arrow lines on the right side of cross-sectional OCT images (b, f) mark
the average thickness of skin epidermis and dermis, and red arrows in the images mark the
bottom of the skin dermis. A green arrow in the en-face OCTA MIP image of the deep
dermis in the 40 Gy mouse skin (h) marks the representative irregular vessel boundary.

3.3. Longitudinal changes of the skin thickness during the clinically latent period

The OCTA images of the 40 Gy mouse skin in the late latent period in Fig. 2 showed structural
and vascular changes inside the skin. The changes in the CRI mouse skins were analyzed in
detail by longitudinal OCTA imaging during the latent period and results are shown in Fig. 3.
Representative longitudinal cross-sectional OCT images of 0 Gy (control), 10 Gy, 20 Gy, and 40
Gy mouse skins from day 2 to 6 post-irradiation are shown in Fig. 3(a – d), respectively (see
Visualization 1). In the 0 Gy (control) mouse skin, the OCT images clearly showed normal
skin structures including the superficial highly scattering dermis and weakly scattering fascia or
muscle layer below. The topmost epidermis was not discerned in the OCT images, because the
epidermis of mouse skin was too thin for the image resolution of the current OCT system. In
the irradiated mouse skins, the longitudinal OCT images showed the thickening of skin dermis.
In the 10 Gy mouse skin, the skin thickness remained about the same as the one of the 0 Gy
(control) mouse skin. The boundaries between the dermis and muscle layers were clearly visible.

In the 20 Gy and 40 Gy mouse skin, the skin thickness increased with time, and reflection
intensities in the dermis decreased gradually. The boundaries between the dermis and muscle
layers became less clear with the decrease of reflection intensities in the skin dermis. However, it
was still possible to find the boundaries during the latent period. The skin thickening during the
observation period was quantitatively analyzed, and the results are shown in Fig. 4. The measured
skin thicknesses of 0 Gy (black), 10 Gy (green), 20 Gy (blue), and 40 Gy (red) mouse skins
were presented in different color markers. In the 0 Gy (control) mice, constant skin thicknesses
were observed during the imaging period. The skin thicknesses of the 10 Gy mice also remained
constant similarly to those of the 0 Gy mice. However, the increase of skin thickness was observed
in both the 20 Gy and 40 Gy mice. The skin thicknesses increased gradually and the ones on
day 4 post-irradiation were significantly higher than the ones of 0 Gy mouse skins. On day 6
post-irradiation, the skin thicknesses of 20 Gy and 40 Gy mice were approximately 1.49 and 1.62
times of the ones of 0 Gy mouse skins, respectively. The cause of skin thickening was not known,

https://doi.org/10.6084/m9.figshare.11973744
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Fig. 3. Longitudinal cross-sectional OCT images of CRI mouse skins during the clinically
latent period. (a-d): longitudinal OCT images of (a) 0 Gy (control), (b) 10 Gy, (c) 20 Gy,
and (d) 40 Gy mouse skins, respectively (see Visualization 1). Red arrowheads mark the
bottoms of the skin dermis. Scale bars represent 1 mm and 400 µm in the lateral (x) and
axial (z) directions, respectively.

but it could be due to the damage and leakage of blood vessels. The analysis results showed that
OCTA could detect the progression of CRI during the latent period.

Fig. 4. Quantitative analysis of the skin thickening in cross-section intensity OCT images.
The skin thicknesses including both the epidermis and dermis in 0 Gy (black), 10 Gy (green),
20 Gy (blue), and 40 Gy (red) are presented in different color-markers, respectively. The
skin thicknesses were normalized by the average one in 0 Gy mice. Statistical significances
were presented by number asterisks depending on the p-value: *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001.

3.4. Histology of the CRI mouse skin in the late latent period

For the confirmation of structural changes detected by OCTA, the hindlimb skins of CRI mouse
models were processed for histology with hematoxylin and eosin (H&E) staining. Histology
results of 0 Gy (control), 10 Gy, 20 Gy, and 40 Gy mouse skins on day 6 post-irradiation are
shown in Fig. 5(a – d), respectively. The histological image of 0 Gy (control) mouse skin
showed normal skin structures: thin epidermis and dermis, regularly distributed hair follicles
and sebaceous glands in the dermis, and underlying muscles. The histological image of 10 Gy
mouse skin also showed the normal skin structures, similarly to the one of 0 Gy (control) mouse
skin. The histological images of both 20 Gy and 40 Gy mouse skins showed several changes.

https://doi.org/10.6084/m9.figshare.11973744
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Both the epidermis and dermis were thickened. Cells in the epidermis and cell clusters in the
sebaceous glands and hair follicles were damaged. There were inflammatory cells infiltrated in
the dermis. These changes were more severe with the higher irradiation dose. These histological
images showed detailed cellular changes by CRI and confirmed the OCTA observation of skin
thickening.

Fig. 5. Histology images of CRI mouse skins in late latent stage (day 6 post-irradiation).
(a-d): hematoxylin and eosin (H&E) stained histology images of 0 Gy (control), 10 Gy,
20 Gy, and 40 Gy mouse skins, respectively. Black arrowheads and arrows mark the thin
epidermis and normal sebaceous glands, respectively. Yellow arrowheads and arrows mark
the thickened epidermis and partially or completely damaged hair follicles and sebaceous
glands. Black dotted lines with arrows mark the depth range of the epidermis and dermis. A
scale bar represents 500 µm.

3.5. Longitudinal changes of vasculature in the skin during the latent period

Another feature in the CRI mouse skin detected by OCTA in the late latent period was the changes
of large blood vessels in the deep skin dermis. Early-stage changes of large blood vessels were
monitored in detail by longitudinal OCTA imaging during the latent period. Representative
longitudinal OCTA images of large blood vessels in 0 Gy (control), 10 Gy, 20 Gy, and 40 Gy
mouse skins are shown in Fig. 6(a – d), respectively. Longitudinal OCTA imaging was performed
approximately in the same skin regions so that the same blood vessels could be observed multiple
times. En-face OCTA MIP images were generated from the depth range of 100 µm – 325 µm
from the skin surface, and the depth range for MIP processing was manually adjusted in the
thickened skin cases. The OCTA images of the 0 Gy (control) mouse skin showed the typical
vasculature in the deep dermis. Large blood vessels were approximately 100 µm in diameter and
the vessel diameter decreased with branching. Blood vessels were straight and smooth on the
boundary. In the 10 Gy mouse skin, OCTA images showed similar blood vessel morphologies as
the ones in the 0 Gy (control) mouse skin. Although there was a slight increase of blood vessel
branches on day 5 post-irradiation, the diameter and shape of large blood vessels remained the
same. In the 20 Gy and 40 Gy mouse skins, OCTA images detected progressive changes of
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large blood vessels with time. The blood vessels were dilated, and the vessel boundaries became
irregular. There were more branches of small and distorted blood vessels with time. In the 20
Gy mouse skin, large blood vessels appeared normal on day 2 post irradiation. Then, the vessel
dilation and boundary irregularity appeared on day 3 and later. In the 40 Gy mouse skin, large
blood vessels were relatively thin and locally dilated on day 2 post irradiation. More distorted
vessels appeared on day 3, and then the local dilation and boundary irregularity spread on later
days of the latent period.

Fig. 6. Longitudinal en-face OCTA MIP images of large blood vessels in the deep skin
dermis of CRI mice during the latent period. (a - d): longitudinal OCTA images of 0 Gy
(control), 10 Gy, 20 Gy, and 40 Gy mouse skins, respectively. Arrowheads in various colors
mark identical blood vessels in multiple images. The scale bar represents 1mm.

The changes in the diameter and boundary irregularity of large blood vessels in the 40 Gy
mouse skins were quantified by analyzing the longitudinal OCTA images, and the results are
shown in Fig. 7. Representative OCTA images of 0 Gy and 40 Gy mouse skins on day 2 and
6 post-irradiation are shown in Fig. 7(a-b) and (c-d), respectively. Magnified OCTA images
showed large blood vessels used in the analysis. The vessel in the 0 Gy mouse skin images
looked straight with clear boundaries on both days. On the other hand, the vessel in the 40 Gy
mouse skin images was relatively straight on day 2 post-irradiation and became enlarged and
irregular on day 6. The analysis results of vessel diameter and the boundary irregularity during
the latent period are shown in Fig. 7(e) and (f). The average diameter of large vessels in 40
Gy mouse skins was 1.43± 0.05 times high on day 6 post-irradiation compared to the one on
day 2 post-irradiation. The CV values, representing the irregularity in vessel boundaries, was
approximately 0.14 in the 0 Gy mouse skins. In the 40 Gy mouse skins, the CV value of the
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vessel boundaries increased with time and was significantly high (0.23) on day 6 post-irradiation
compared to the one in the 0 Gy mouse skins. The analysis results showed that both the diameter
and boundary irregularity in large blood vessels changed significantly in the 40 Gy mouse skins
during the latent period, and OCTA could detect the vascular changes.

Fig. 7. OCTA images of large blood vessels in 0 Gy and 40 Gy mouse skins at two
different time points of the latent period and the quantitative analysis of vascular changes.
(a-d): OCTA images of large blood vessels in the 0 Gy (a, b) and 40 Gy (c, d) mice on
day 2 and day 6 post-irradiation, respectively. Identical blood vessels detected on both
days were marked with green dashed boxes. (e): relative diameters of large vessels on
day 6 post-irradiation with respect to on day 2. (f): irregularity in the vessel boundaries.
Statistical significances were presented by the number of asterisks depending on the p-value:
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

4. Discussion

OCTA is a non-invasive 3D imaging method visualizing both the microstructure and vasculature
of tissues non-invasively based on light reflectance. In this study, OCTA was used to characterize
structural and vascular changes in the CRI mouse skins during the initial latent period. CRI
mouse models were generated by local irradiation on the hindlimb with various IR doses of
10 Gy, 20 Gy, and 40 Gy, and OCTA imaging was performed longitudinally through the latent
period until the onset of clinical symptoms. The latent period of CRI was determined via the
separate bright-field imaging. OCTA detected several changes in the skin of CRI mouse models
exposed to high irradiation doses of 20 Gy and 40 Gy during the latent period. The changes were
the skin thickening, the dilation of large blood vessels, and the irregularity in vessel boundaries.
Such changes were not observed in the skin exposed to low irradiation dose of 10 Gy. The
findings of OCTA in CRI mouse models were quantitatively analyzed. The skin thickening
became significant from day 4 post-irradiation in the 20 Gy and 40 Gy irradiated mouse skins
and progressed more on later days. The skins in the 20 Gy and 40 Gy irradiated mice on day
6 post-irradiation were thicker than the one in control mice by approximately 1.49 and 1.62
times, respectively. The dilation of large blood vessels and the irregular vessel boundaries were
observed locally on day 2 to 4 post-irradiation and then spread to more of the large vessels.
The skin thickening was confirmed by histology. The new OCTA findings of structural and
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vascular changes in the CRI mouse model were consistent with previous reports. A longitudinal
fluorescence microscopy study in a hairless mouse model with single-dose irradiation of 90 Gy on
the ear showed similar results [27]. The ear skin showed the increase of permeability, the leakage
of blood vessels, and the increase of arteriole and venule diameters. The skin thickening was
observed previously by ultrasound imaging [28,29]. The skin thickening could be a side-effect of
vascular injuries, where blood and body fluid leaked from vessels into the dermis. It could also
be caused by excessive accumulation and decreased degradation of extracellular matrix (ECM)
proteins, mainly collagen [30]. Advantages of OCTA in the detection of structural and vascular
changes are the high imaging speed and the high imaging depth down to the skin dermis.
Although OCTA detected the structural and vascular changes in the CRI mouse skins, the

features found in the current study might not be applicable to human subjects. OCTA detection
of the skin thickening in human subjects could be difficult, because human skin is much thick
compared to mouse skin in the normal condition and OCTA might not able to access the bottom
of skin dermis in the thickened human skin cause by CRI. However, the skin epidermis was
thickened as well as the skin dermis by CRI and the change in the skin epidermis should
be accessible by OCTA. Longitudinal OCTA study with the CRI mouse models also showed
that reflection intensities in the skin dermis decreased with the progression of skin thickening.
Therefore, the OCTA measurement of the attenuation profiles in the skin dermis could be
another feature to be used for early CRI detection. Such proposed ideas need to be verified
with future OCTA studies with large animal models such as swine models. Although this study
showed the OCTA detection of structural and vascular changes in the mouse skin during the
clinically latent period, the current OCTA setup had limitations and rooms for improvement.
First, the imaging speed of OCTA could be improved. The current OCTA was slow by generating
vascular images at 50 seconds per volume and was sensitive to inevitable motion artifacts during
in-vivo imaging. Various high-speed OCT methods have been developed up to several tens
of volumes per seconds [31,32]. Such high-speed OCT systems would shorten the imaging
time and avoid motion artifacts. Second, OCTA detected changes in the microstructure and
vasculature of the skin by CRI. Functional changes in vasculature such as oxygen saturation,
and oxy-hemoglobin and deoxy-hemoglobin concentration have been previously reported as
biomarkers of the early-stage CRI by hyperspectral imaging (HSI) [14], multi-spectral imaging
(MSI) [33], and spectroscopic-OCT [34,35]. Multimodal imaging by combining OCTA and
the spectral imaging methods could be used to correlate between the structural and functional
changes in vasculature for the precise and early detection of CRI [36,37].

5. Conclusion

OCTA was used to characterize structural and vascular changes caused by CRI in an in-vivo
mouse model as a potential early detection method. OCTA detected the skin thickening and
changes in large blood vessels in the mouse skin exposed to high-dose irradiation before the
onset of clinical symptoms. These changes were analyzed both qualitatively and quantitatively.
OCTA findings were consistent with bright-field imaging and histology. The results showed that
OCTA is sensitive to early-stage changes in CRI and could be used as an early detection method.
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