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Synchrotron radiation imaging 
analysis of neural damage in mouse 
soleus muscle
Jiwon Lee1, Sang-Hun Jang2, Suk-Jun Lee3 & Onseok Lee   1,4*

Damage to lower limb muscles requires accurate analysis of the muscular condition via objective 
microscopic diagnosis. However, microscopic tissue analysis may cause deformation of the tissue 
structure due to injury induced by external factors during tissue sectioning. To substantiate these 
muscle injuries, we used synchrotron X-ray imaging technology to project extremely small objects, 
provide three-dimensional microstructural analysis as extracted samples. In this study, we used mice as 
experimental animals to create soleus muscle models with various nerve injuries. We morphologically 
analyzed and quantified the damaged Section and Crush muscles, respectively, via three-dimensional 
visualization using synchrotron radiation X-ray imaging to diagnose muscle injury. Results of this study 
can also be used as basic data in the medical imaging field.

Muscles maintain physical balance in daily life, and are essential for preventing physical disability. In particular, 
muscles of the lower extremities play a very important role in maintaining posture through normal gait and 
weight support. Moreover, damage to the muscles of the lower limbs may lead to considerable difficulties in 
daily life because of their close interaction with other parts of the body, such as the arms and torso. In addition, 
lower-limb muscle damage is closely associated with degenerative conditions, such as arthritis and osteoporosis1.

The sciatic nerve begins from the sacral plexus and extends along the tensor fasciae latae muscle and through 
the calf to the foot2,3. The sciatic nerve is the largest nerve in the human body, and is divided into multiple 
peripheral nerves that innervate the sensory and motor areas of the lower limbs. Injury to the sciatic nerve can 
trigger muscle fatigue, aging, atrophy, and lower-limb dysfunction4–11. Among the muscles dominated by the 
sciatic nerve, the soleus muscles exhibit significant regenerative capacity to promote functional recovery8–11. 
Furthermore, when muscle atrophy is prominent, less myogenin is expressed to increase elasticity against muscle 
damage12.

Studies investigating these phenomena usually conduct histochemical analyses using animal experiments8,9,11. 
Microscopic imaging and micro-CT imaging have also been employed to observe changes (such as injury or 
recovery) observed from the condition of mouse soleus muscle. Existing studies on imaging of this subject have 
been performed by identifying changes in the muscle shape due to hypertrophy in mice13, determining the effects 
of treatment on muscle atrophy14, and measuring the effects on sciatic neuralgia15 using microscope or micro-CT.

Microscopic imaging yields high-resolution images (up to nm levels) depending on the equipment16. In the 
clinic, to achieve the highest accuracy, a biopsy is obtained to establish the diagnosis17,18. Thus, imaging is indis-
pensable for histological analysis. The nomenclature has been standardized in a previous study via histological 
analysis of lesions involving soft tissue, skeletal muscle, and mesothelium in mice and rats using an electron 
microscope4. Other studies have histologically analyzed the microscopic changes in muscle regeneration fol-
lowing leucine supplementation, which induced the recovery of skeletal muscle in older mice5. Transmission 
electron microscopy facilitates cross sectional tissue analysis from its excellent discrimination; however, it pro-
vides two-dimensional cross sections for limited sites of a sample. Three-dimensional image reconstruction 
is a time-consuming task because of complex processing and procedures requiring slide images to be stacked. 
Scanning electron microscopy yields stereoscopic images of the sample surface and enables visualization of the 
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3D surface by reconstruction. Other techniques are often used to facilitate 3D reconstruction or quantitative 
evaluation. For example, micro-CT imaging is mainly used in small animal research, and elucidation of internal 
structures is based on X-ray analysis. It also yields high-spatial-resolution of images in a short time and 3D sam-
ple modeling via reconstruction. Therefore, quantitative evaluation is feasible and represents an excellent imaging 
technology. Depending on parameters including equipment and slice thickness, it can yield a resolution of up to 
10 µm19,20.

Here, we describe X-ray imaging using synchrotron radiation with special characteristics compared with 
micro-CT imaging. Synchrotron-based X-ray imaging yields images with high spatial resolution ranging from 
several micrometers (approximately 5 µm) to tens of nanometers (approximately 30 nm) depending on the wave-
length and devices21–24. The synchrotron light source exhibits excellent focusing properties through partial coher-
ence based on very short wavelengths (10 107 10− −~  m) and diffraction. The monochromatic light selected here 
exhibits excellent focusing characteristics through coherence-based interference and contributes to greater reso-
lution. Therefore, it is possible to obtain high-resolution images of very small objects and to image internal micro-
structure of materials. By reconstruction through the nature of X-ray imaging, the 3D surface shape, 
microstructure, sagittal, coronal, and axial cross sections are simultaneously displayed as three axes. Therefore, 
the internal structure is freely analyzed in various axial directions. In addition, sample preparation can be simpli-
fied because the tissue-sectioning process is omitted7,25–33. Because the superior spatial resolution facilitate 3D 
modeling and quantitative evaluation of microscale bio-samples, it can have shown enhanced identification of 
structures that are difficult to observe in conventional imaging or micro-CT imaging33. Studies have been con-
ducted using human breast tissue, nails, and hair, and rodent tissues, bones, blood vessels, and muscles using this 
technology7,25–33.

We objectively assessed the extent of muscle tissue damage or recovery using synchrotron radiation. The 
soleus muscle with an injured sciatic nerve can be modeled by either crushing the nerve or sectioning it. In the 
Crush model, the muscles atrophied over time and gradually recovered. In the Section model, the muscle fibers 
continued to undergo muscular atrophy over time and the fibers changed from polygonal to round. The normal 
soleus muscle without sciatic nerve injury showed muscle development, as the size of the muscle fibers increases 
with growth34. Our study is based on visualization of nerve injury in muscle, and presents a new 3D diagnostic 
analysis. In addition, animal models of various diseases, such as atrophy, degeneration, edema, fibrosis, inflam-
mation, and necrosis, facilitate the development of diagnostic criteria for objective visualization and comparative 
analysis.

In this study, we propose a novel method of objective image analysis for muscle diagnosis using synchrotron 
radiation imaging and quantification of nerve injuries in mouse muscle. The purpose of this, however, is not 
to quantify the degree of nerve injury in the muscle by gathering data based on multiple samples. Synchrotron 
radiation imaging can be used to acquire several hundreds of tomography images in each sample simultaneously, 
including the internal structure of the entire sample. Therefore, this study aims to quantify muscle nerve injury 
in a single animal sample. This may complement the difficulties or limitations existing in conventional histology 
and micro-CT imaging. This study attempts to confirm the microstructure and morphological changes in mouse 
muscle fibers. Accordingly, we attempted to visualize and quantify the degree of nerve injury of muscle fibers in 
nerve-damaged muscle models of a single mouse sample.

Results
Muscle weight.  After injury to the sciatic nerve, muscle weights were measured to confirm the atrophy of the 
soleus muscle. The sample weights were measured before ethanol dehydration and immediately after dehydration, 
but before staining. The samples of the soleus muscle with injured sciatic nerve are in the Injury, and those of the 
soleus muscle with intact nerve are in the Non-injury. Four groups of muscle models were developed from mouse 
samples grown for four weeks at one-week intervals. The muscle weight increased slightly while the mice were 
growing and was measured with a microelectronic scale to 4 decimal places for simple comparison. The liquid 
reagent on the sample was dried very carefully using experimental wipers.

To determine the change in, that is, the degree of nerve injury, in the soleus muscle of the sciatic-nerve injury 
model, we subtracted the corresponding results in each Injury group from those in the Non-injury group. For 
example, in one mouse, the sciatic nerve of the left leg was sectioned, but not the right leg. The soleus muscles of 
the left leg represent the Section models in the Injury group, and the soleus muscles of the right leg are the Section 
models in the Non-injury group. To determine the extent of the injuries involving the soleus muscle in the left 
leg, the weight of the left leg was subtracted from that of the right leg, as shown in Fig. 1. The graphical bar shows 
the degree of injury in each model group. The extent of the injury represents that in the case of the Section groups 
increase, and in the Crush groups increase and decrease with the recovery following over time.

Muscle shape image using microscope.  The soleus muscle in the Section for Non-injury model on day 
21 after phosphotungstic acid (PTA) staining was imaged using a trinocular stereo microscope, model SG26T-PI 
(Daemyung, China/OEM) (Fig. 2). A MUC-500 camera (Wakayama, Chengdu, China) was installed to capture 
the images via a dedicated VMS program on a computer. Synchrotron radiation imaging was performed by posi-
tioning the field of view (FOV) at the belly of the muscle sample in a green box (Fig. 2). The enlarged image of 
the red box confirms the grain and curve in the surface of the muscle bundle based on the light reflected from the 
sample surface. The degree of injury to the external and internal structures of the muscle cannot be established 
via visual examination of the microscopic images.

Analysis of histological microscopic imaging.  Histological analysis was performed to identify the mor-
phological changes in the mouse nerve-injury muscle models. The light microscope was an Olympus BX53 model 
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(Olympus, Shinjuku, Japan), which yielded 400× magnification images with MetaVue Research Imaging Software 
(Molecular Devices, San Jose, CA, USA).

Images of the mouse soleus muscle were acquired after hematoxylin and eosin (H&E) staining and were ana-
lyzed based on the chronological sequence of injuries in each model (Fig. 3a,b). The muscle fiber space in the 
image represents a region showing the degree of muscle tissue injury. It contains adipose tissue, inflammatory 
cells, edema, and other hallmarks of tissue injury. The width of the space increased with the degree of injury35–37. 
In most of the tissue images, the fascia surrounding the muscle bundle were shed following atrophy and degener-
ation of intercellular cohesion. This space was enlarged under severe muscular atrophy. The muscle fibers of the 
Section model continued to atrophy with time. The shape of the fiber also changed from polygonal to round. The 
size of the muscle fiber with the smallest cross-sectional area was that of the Section sample on day 21. Muscular 
atrophy was the most prominent, following induction of muscle fiber space. In the case of the Crush model, mus-
cles atrophied with time and gradually recovered after a specific period of time. The muscle fiber space increased 
for 14 days. The injury seemed to slow down after 21 days, similar to that after 14 days. The reduction was visually 
confirmed after injury. In the absence of injury, the Crush and Section models in the Non-injury group without 
direct nerve injury revealed a broad area of muscle fiber and muscle development. However, visual analysis of the 
cross-sectional images in a limited position cannot clearly establish the degree of damage overall damage to the 
soleus muscle sample.

Thus, for quantitative examination of identified features, we used ImageJ (Wayne Rasband, National Institutes 
of Health, USA) to measure the area of the soleus muscle fiber in the histological models (Fig. 3c–f). The area of 
the pixel-based muscle fibers was measured and expressed as a percentage. The area of the injury included the 
remainder of the region without muscle fibers. Other samples with time differences after injury based on day 1 
of each model showed morphological changes. Statistical analysis confirmed significant difference in most of the 
morphological changes. In the Section model, the percentage of muscle fiber area decreased from 77.3% to 44.9% 
over time post-injury (Fig. 3c), and from 73.6% to 46.4% in the Section Non-injury model (Fig. 3d), suggesting 
that the injury was continuous in the muscle and that nerve injury on one side leg affects both leg muscles. The 
percentage area of muscle fiber space increased from 22.7% to 55.1% and from 26.4% to 53.6%, respectively 
(Fig. 3c,d). Because the fascia surrounding the muscle fibers were damaged by injury, the muscle fiber space 
expanded gradually and the degree of injury worsened. Based on these results, the muscle injury was identi-
fied objectively. In the Crush models, a rapid change in the ratio of muscle fiber to muscle fiber space area was 

Figure 1.  The degree of nerve injury for mouse soleus muscles was represented at 1-week intervals. The 
injury models, relative to each non-injury model, represent the extent of injury as the length of the bar graph. 
To confirm muscle injury, the muscle weight was measured before and after dehydration during sample 
preparation. The section models show an increase in tissue injury gradually (Sw), and the crush models show a 
decrease in injury after a certain period (Cw). Each data was significant for P-value 0.05.

Figure 2.  Microscope images of mouse soleus muscle. The 10× magnification shows a 21-day sample Section 
from Non-injury group. A represents the direction in which the tensor fasciae latae is located and B is the 
direction in which the Achilles tendon is located. The scale bar is 1 mm.
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confirmed after a certain period (Fig. 3e,f). Subsequently, the reduction in muscle injury again indicated recovery 
of the muscle tissue. However, the results of this image analysis were obtained using 2D plane images. It is diffi-
cult to confirm the volume of injury in the soleus muscle and determine the overall height of the sample. A 3D 
reconstruction of microscopic images was obtained from slides at a specific site. This method is time-consuming, 
and it is difficult to stack slide images. Analysis of the 3D volume is necessary to determine the extent of injury 
more accurately in a single model. Therefore, we performed X-ray imaging to project the entire internal muscle 
structure.

Three-dimensional visualization of mouse soleus muscles.  Three-dimensional volume-rendered 
images using phase-contrast tomography of the Section- and Crush-model mouse soleus muscles are presented in 
Figs. 4 and 5, respectively. The degree of nerve injury, as visualized in different samples, is displayed as 3D images, 
in which rows B and C reveal the overall form of the muscle and the white area represents muscle fibers. The 

Figure 3.  (a,b) Various models of nerve injury involving the mouse soleus muscle. Histological images 
representative of each model are shown confirming the cross-section of the internal structure of the muscle and 
changes according to the time difference after the injury. Arrowhead represents the nucleus, the arrow denotes 
fascia, the star is muscle fibers, and the hashtag refers to muscle fiber space. The scale bar is 25 μm. (c–f): A 
graph showing the ratio of fiber area to the injury area of the mouse soleus muscle in the histologic micrograph. 
Independent sample t-tests were performed to determine whether these morphological rates of change varied 
from 1-day images of H & E stained model in Fig. 3a,b had statistical significance. *p < 0.1, †p < 0.05, ‡p < 0.01.
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blue area denotes muscle fiber space, showing the volume and the degree of muscle injury. Based on the severity 
of injury to the soleus muscle, it can be qualitatively distinguished from the prominently distributed volume of 
muscle fiber space. The greater the atrophy, the higher the degree of atrophy of the muscle fibers.

Row A represents a segmented and visualized image of the targeted muscle fiber space (Figs. 4 and 5). Studies 
representing the ambiguous area of the degree of injury in 3D are rare. Mouse muscles and the degree of injury 
were expressed in 3D. Their specific internal structures were morphologically segmented and quantitatively ana-
lyzed38. Synchrotron radiation imaging provides higher resolution and higher contrast images. Further, it can 
provide images of the soft tissue of small mouse muscles with a total sample length or height of less than 1 cm. 
In addition, it differs from the existing tissue-imaging methods, as it can be used to determine the microinternal 
structure by projecting the sample as-is without sectioning process.

Row B represents a superposition of the 3D muscle images of the original data on row A to confirm the loca-
tion of the injury in the muscle (Figs. 4 and 5). The workstation and commercial program used to obtain these 
images facilitated simultaneous analysis of the axial, sagittal, and coronal planes of the samples, as well as image 
rendering. Line C shows this image representation. The volume of nerve injuries, in blue, was segmented using 
image-processing software. Compared with conventional microscopic images, the pattern and direction of the 
injury can also be observed in 3D, as the entire sample cross section can be confirmed in multiple locations. The 
degree of the injury and pattern of recovery for muscles are difficult to distinguish in these images, but can be 
quantified.

Quantitative analysis and interpretation for images results.  The 3D images acquired by synchro-
tron radiation imaging were composed of 300 seriate reconstructed images, including the belly region across the 
whole length of the soleus muscle samples. We were interested in the change in volume of muscle fiber space, 
where the nerve injury arises, and the muscle fibers following muscle injury in mice. Figure 6 shows the volume 

Figure 4.  3D reconstructed and volume-rendered images of the soleus muscle on days 1, 7, 14, and 21 following 
nerve injury (a) and non-injury (b) in Section models. White area denotes muscle fibers. Blue area indicates 
muscle fiber space. Changes in space depend on the degree of injury. Row A with blue segments, and row B 
data are superimposed from row A on the 3D-reconstructed origin data. Here, line C shows morphological 
shape and internal structure of the sample at the same time. The Section model showed prominent injury with 
increased time after the injury.
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of muscle fiber space segmented in blue (Figs. 4 and 5). The expressed volume is the sum of the number of pixels 
at the segmented regions per slice, based on changes in the muscle fiber space according to the degree of injury. 
The standard deviation reveals the degree of injury segmented per slice. The figures represent progressive injury 
for each sample based on day 1 (Fig. 6a,b). The graph expressing values below zero may appear nearly negative. 
That is, damage must have occurred to the soleus muscle. However, the muscle samples differ in survival time at 
1-week intervals, and thus, the injury in the surviving samples over 21 days showed a greater change compared 
with those 1 day after the nerve injury. Therefore, as the length of the bar graph decreases, the gradual increase in 
the muscle fiber space in the Section model represents severe injury. The Crush model showed eventual recovery. 
Thus, it is possible to analyze the degree of damage quantitatively in various muscle models of nerve injury.

In each sample, the difference between the Injury model and the corresponding Non-injury model was meas-
ured to confirm the degree of contralateral injury (Fig. 6c,d). The contralateral effect occurred on the opposite 
side from that left intact via neuropathic pain after peripheral nerve injury on one side of the same pain model39–

41. In this study, the sciatic nerve, one of the peripheral nerves of mice, was used. The right legs were not injured; 
only the left legs were subjected to surgical injury. Two models were developed from the same mouse sample. 
Two types of nerve injury were induced surgically. Thus, a total of four models were constructed to confirm the 
same contralateral effect in both muscles of the same mouse. Statistical analysis via independent t-test showed 
significant results in all corresponding models. The graphs quantitatively confirm the degree of injury between 
the left and right sides of the mouse soleus muscle (Fig. 6c,d). Although only one day elapsed after the injury, the 
difference in the degree of injury between left and right sides was high because of the large changes on the side 
subjected to injury. Seven days after injury, both models showed the severity of atrophy. Thus, the difference in the 
degree of injury was low (Fig. 6c). In the Section model, however, injury to the left leg 14 days after surgical injury 
sharply increased, and was worse 21 days after injury. The degree of injury markedly increased compared with the 
uninjured side. In the case of the Crush model, the damage in the injured side was also more severe than in the 

Figure 5.  3D reconstructed and volume-rendered images of the soleus muscle on days 1, 7, 14, and 21 
following nerve injury (a) and non-injury (b) in Crush models. White area denotes muscle fibers. Blue area is 
the muscle fiber space. Changes in space depend on the degree of injury. Row A with blue segments, and row B 
superimposes the data of row A on the 3D reconstructed origin data. Here, line C shows morphological shape 
and internal structure of the sample at the same time. The Crush model showed a gradual recovery after a 
specific period of time post-injury.
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non-injured side (Fig. 6d). The width of the injury also increased. After 14 days, the degree of injury between the 
legs in the model decreased.

Discussion
This study investigated the morphological changes and quantitatively analyzed the degree of injury in mouse 
soleus muscles using synchrotron radiation imaging. Conventional microscopy of tissue cross sections yields 
excellent resolution. However, only limited and partial cross sections are visible, which prevents reconstruction 
of the overall 3D structure. In small animal studies, micro-CT may be used. Micro-CT and synchrotron radiation 
imaging use X-rays highly effectively. High-contrast internal imaging is facilitated by a relatively simple sample 
procedure, and 3D reconstruction and quantitative evaluation. However, the synchrotron radiation technology 
yields higher resolution than micro-CT, and the X-ray wavelength band of monochromatic light can be selected 
according to user needs, even with the same X-ray synchrotron source. Using these radiological techniques, ani-
mal experiments were conducted to obtain mouse soleus muscles for various types of nerve injuries, and 3D quan-
titative image analysis was performed to confirm the muscle condition and degree of injury in muscular diagnosis.

Finally, the 3D images obtained in this study were segmented into muscle fiber spaces to confirm the degree of 
atrophy of the soleus models with nerve injury. The degree of injury in each model was similar to that reported in 
previous studies. We also objectively analyzed the degree of muscle injury based on 3D data. In addition, injury 
to the peripheral nerve was analyzed quantitatively to confirm the contralateral effect on the non-injured side.

The numerical data showed some inconsistencies compared with the results of previous studies. Damage 
induced by sample extraction is difficult to handle realistically. Ideally, the same object should be evaluated at all 
time periods. This study proposed a method to quantitatively and visually analyze the 3D morphology of mus-
cle tissue injury weekly using mice as the experimental subjects. It is practically impossible to use all the same 
parameters in this study. We used only 30 g mouse samples to conduct experiments under similar conditions. Our 
investigators with anatomical expertise extracted only the soleus muscle. However, the size of the body part varied 
slightly for each object, and sample variation was inevitable.

The number of laboratory animals used to perform 3D quantification of the muscle injury may have been low. 
As described above, synchrotron radiation imaging allows 3D reconstruction of the sample to full height, i.e., 
the number of tomography images acquired from a single sample with one-time synchrotron X-ray imaging can 
reach several hundred to several thousand slices. Although it is likely to yield results close to the those from ana-
lyzing the deviation of data obtained from many objects, quantitative comparison with large image data derived 
from only a single object might be adequate, consistent with our approach. Therefore, our method can be utilized 
as a diagnostic tool that recognizes the single original object condition for precise diagnosis considering various 
factors. In addition, it is possible to comprehend the elaborate pattern features of the sample as a large number 
of image data can be acquired. Quantification of the extent of nerve injury based on data acquired from multiple 
objects is not our goal.

Figure 6.  Graphs showing quantitative analysis of the volume of muscle fiber space segmented in 3D volume-
rendered image. (a,b) Each sample is confirmed for progressive injury based on 1-day measurement. The length 
of the bar graph can confirm the extent or the pattern of recovery. In the figure, Crush (C), Section (S), and each 
Non-injury (N.C and N.S) model names are indicated by the first alphabets for brevity. (c,d) Data on the x-axis 
represent the degree of injury due to contralateral effect by measuring the difference between the Injury model 
and the corresponding Non-injury model. Graphs on both sides represent Section models with sustained injury, 
and Crush models with recovery patterns after a specific period. Independent sample t-tests were performed to 
determine statistically significant differences in the degree of injury between groups. ‡p < 0.01.
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Based on these animal experiments, it is possible to develop an automated system to objectively diagnose 
the degree of nerve injury in muscles in standardized animal studies. Further medical research conducted using 
synchrotron radiation can promote the development of cutting-edge medical technology for global applications. 
In addition, a 3D quantitative diagnostic method for the degree of injury to muscles may have a ripple effect in 
various lesions or fields. Above all, it is possible to confirm the advantages of this method using experimental 
animals and establish its reliability. In addition, it can promote the continuous development of the latest medical 
reference and diagnostic systems for disease recovery and treatment to highlight complex disease mechanisms.

In addition, because our synchrotron radiation technique generates extremely small micro-scale internal 
structure images, it can contribute to research and development of innovative new drugs for the diagnosis and 
treatment of muscle diseases via quantitative and objective analytical techniques. For example, it can be used 
to provide basic data for the development of revolutionary medicines by investigating the injury mechanism of 
degenerative disorders such as osteoporosis and arthritis. Thus, microstructural analysis can be used to deter-
mine 3D factors on the order of several microscale units in various muscle tissue injuries to develop new criteria 
enabling the use of synchrotron radiation in related studies when there is a lack of analytical equipment. Basic 
research for the quantitative diagnostic analysis of nerve-injured muscle tissue can also be applied in medical 
diagnostic imaging of other diseases.

Furthermore, the synchrotron source can be used to diagnose biosamples of disease models; related techno-
logical studies continue to this day42. It has been mentioned that clinic feasibility is expected in specific medical 
imaging, such as breast CT imaging, through the use and development of synchrotron source-based compact 
light sources43. Although they may be difficult to use in clinical practice, owing to the practical limitations of syn-
chrotron facilities, synchrotron images could provide a gold standard for evaluating image quality to understand 
the nature of samples44.

Finally, with regard to muscle contraction, there are still technical difficulties to identify molecular-scale bio-
materials, such as the combination of myosin-binding protein and actin, and to understand the interaction of sar-
comere structures. Because theories remain unproven regarding a physical mechanism related to sliding between 
actin and myosin filaments, which exist at intervals of approximately 45 nm in the mouse sample, electron micro-
graphs have been used commonly to investigate this45. Therefore, we plan to research the possibility of confirming 
the existence of these structures in the future using high-resolution X-ray images with this synchrotron imaging 
method.

Methods
Ethics statement and experimental animals.  Ethical approval was obtained from the Institutional 
Animal Care Use Committee of the Soonchunhyang University (SCH IACUC) of the Republic of Korea (approval 
number: SCH18-0021). All animal experiments were performed in accordance with the relevant named guide-
lines and regulations. The experimental animals used were eight-week-old ICR mice. Male mice weighing 30 g 
each were used to avoid the possibility of pregnancy.

Mice were classified into four groups of six (n = 24). The nerve controlling the soleus muscle differed in the 
mechanism of injury. The sciatic nerve was located laterally on the tensor fascia latae muscle was one of the 
peripheral nerves subjected to nerve injury. The soleus muscles in the left leg of the mouse in the Injury group 
were subjected to sciatic nerve injury. These were divided into two model groups: The model obtained by cutting 
the nerve was called Section, and the other, obtained by crushing the nerve for 15 s, was called Crush34,46–49. The 
soleus muscles of the right leg in the mouse with the intact nerve were assigned to the Non-injury groups. They 
were also categorized into the contralateral sides in the leg of the soleus muscle model in the Section and Crush 
models. Surgery was performed on the same day in all animals to injure the nerve. All the mice were sacrificed 
to acquire samples after surviving for 1, 7, 14, and 21 days after surgery. The one-week interval difference after 
injury was to determine the degree of muscle nerve injury, recovery, and developmental level in the experimental 
animals.

Sample preparation.  Sample staining was processed with PTA and hematoxylin and eosin. It is difficult 
to acquire sharp or clear X-ray images without staining the muscles of the soft tissues prior to imaging. This is 
because the X-ray absorption of the elements that compose the tissue is low. Therefore, PTA staining was used to 
enhance the contrast of tissues. Dehydration increased the reagent permeation into the tissue. The same exper-
imental conditions showed the same artifacts. The PTA reagent (Quintiles, Surrey, UK) was prepared at a con-
centration of 0.3%28. H&E staining was performed to analyze the histological images by first treating the soleus 
muscles with formalin and washing sufficiently under flowing water, followed by dehydration from low-density 
ethanol to a high-density gradient to prevent twisting. After they were cleaned with Xylene, the samples were 
fixed with paraffin tissue and sectioned with a microtome into 4-μm-thick slices. The remaining paraffin was 
adhered to the slide and removed with xylene and ethanol. The slices were subjected to H & E staining using 
VENTANA HE 500 (Roche, USA).

Synchrotron radiation.  The experimental site in this study was the three-generation Pohang Light Source 
(PLS-II) of the Pohang Accelerator Laboratory (PAL) located in Pohang, South Korea. The synchrotron electron 
energy was 3.0 GeV and the experimental beamline was 6C Bio Medical Imaging (BMI) (Fig. 7). Absorption and 
phase-contrast X-ray imaging were performed in the 6C beamline. Using the multi-pole wiggler, monochro-
matic X-rays of 10 to 60 keV were generated with excellent transmission. In this experiment, synchrotron-based 
phase-contrast X-ray tomography imaging was performed, and a 30 keV X-ray beam was selected with wave-
length tunability of monochromatic light.

The X-ray beam emitted in the direction of the arrow in the red line illuminated the sample positioned on the 
rotation stage (Fig. 7). The light transmitted through the sample revealed the details of the sample tissue. When 

https://doi.org/10.1038/s41598-020-61599-7


9Scientific Reports |         (2020) 10:4555  | https://doi.org/10.1038/s41598-020-61599-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

the light was focused on the scintillator screen attached to the optical microscope, it was visualized according to 
the phase-contrast information of the light based on the internal structure of the sample. This image was magni-
fied by a microscope objective lens (UPLSAPOO4X, Olympus, Japan), and the spatial distribution of the sample 
with respect to the X-ray intensity was recorded through a camera with an attached microscope. The X-ray imag-
ing microscopes (Optic Peter, Lentilly, France) were equipped with CMOS cameras (Zyla Andor, Belfast, UK). 
The objective lens used 4× magnification. The resolution was 1.625 µm. The exposure time was 500 ms during the 
projection, and the distance between the microscope camera and the sample was 15 cm.

CT reconstruction was performed using the Octopus Program (Inside Matters, Aalst, Belgium)50,51. Symmetry 
around the axis of rotation could be expected in the best reconstruction. The AMIRA program was used for 3D 
visualization and analysis. Our performance process is as follows21,52.

	(1).	 In all steps, some areas were manually segmented and post-processed using the brush tool.
	(2).	 The median and non-local means filters were used for noise removal. The median filter is often used for 

pre-processing in image enhancement, such as edge detection53. The non-local means filter is characterized 
by preserving the edges using gradient information extracted from the image54,55. In this study, we tried to 
segment the muscle fibers and muscle fiber spaces to determine the degree of muscle injury. However, the 
boundaries of the structures were not clear, and there were areas where segmentation was difficult. There-
fore, the combination of both improves the image boundary and removes the noise effectively.

	(3).	 The initial approach is to label the muscle fiber space with a seed point using the magic wand tool. Because 
this area is considered similar to the background intensity, an image-segmentation method based on 
region growing was selected53 and inverted, and then the muscle fiber was labeled.

	(4).	 Noise generated after segmentation was removed by applying island removal.
	(5).	 Next, we applied closing to the segmented muscle fiber, which preserves the shape and size of the object53, 

and performed hole filling to obtain the 3D contours of the muscle bundles56.
	(6).	 The muscle fiber space was obtained by subtracting the muscle fiber data obtained in step 3 from the con-

tour 3D data. This was performed with the top-hat transform as a local thresholding tool.

Statistical processing.  The statistical program used in this study was IBM SPSS Statistics 21(IBM, New 
York, USA). We performed an independent-sample t-test to identify the degree of differences between groups for 
each muscle model within a specific time period after nerve injury and determined that it was significant.

Figure 7.  Phase-contrast hard X-ray microscopy of PLS 6C beamline. A monochromatic X-ray beam emitted 
along the red dotted line (a) was used to block the tube entrance with blu-tack, a fixing adhesion rubber. 
(b) Pipette tip (0.5 to 10 μl). (c) Soleus muscle sample of an experimental animal mouse. (d) Magnetic base 
provided by 6C BMI. (e) Stage rotating 360 degrees. The enlarged image reveals the sample used in this study 
located in the tube. The scale bar is 5 mm.

https://doi.org/10.1038/s41598-020-61599-7


1 0Scientific Reports |         (2020) 10:4555  | https://doi.org/10.1038/s41598-020-61599-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

Received: 27 August 2019; Accepted: 27 February 2020;
Published: xx xx xxxx

References
	 1.	 Rutherford, D. J., Moreside, J. & Wong, I. Differences in hip joint biomechanics and muscle activation in individuals with 

femoroacetabular impingement compared with healthy, asymptomatic individuals: is level-ground gait analysis enough? 
Orthopaedic J. Sports Med. 6, 2325967118769829 (2018).

	 2.	 Schwemmer, U. et al. Sonographic imaging of the sciatic nerve and its division in the popliteal fossa in children. Pediat. Anesth. 14, 
1005–1008 (2004).

	 3.	 Jaeckle, K. A. Nerve plexus metastases. Neurol. Clin. 9, 857–866 (1991).
	 4.	 Greaves, P. et al. Proliferative and non-proliferative lesions of the rat and mouse soft tissue, skeletal muscle and mesothelium. J. 

Toxicol. Pathol. 26, 1S–26S (2013).
	 5.	 Pereira, M. G. et al. Leucine supplementation improves regeneration of skeletal muscles from old rats. Exp. Gerontol. 72, 269–277 

(2015).
	 6.	 Yu, J. G., Liu, J. X., Carlsson, L., Thornell, L. E. & Stål, P. S. Re-evaluation of sarcolemma injury and muscle swelling in human 

skeletal muscles after eccentric exercise. PLoS One 8, e62056 (2013).
	 7.	 Mirji, S., Badiger, N. M., Kulkarni, S. S., Gai, P. B. & Tiwari, M. K. Measurement of linear attenuation coefficients of normal and 

malignant breast tissues using synchrotron radiation. X‐Ray Spectrometry 45, 185–189 (2016).
	 8.	 Yue, L. et al. 4‐Aminopyridine attenuates muscle atrophy after sciatic nerve crush injury in mice. Muscle Nerve 60, 192–201 (2019).
	 9.	 Klein, M. G. et al. Muscle atrophy and regeneration associated with behavioural loss and recovery of function after sciatic nerve 

crush. Acta Physiologica 227, e13335 (2019).
	10.	 Zainul, Z. et al. Collagen XIII is required for neuromuscular synapse regeneration and functional recovery after peripheral nerve 

injury. J. Neurosci. 38, 4243–4258 (2018).
	11.	 Qiu, J. et al. Mechanistic role of reactive oxygen species and therapeutic potential of antioxidants in denervation-or fasting-induced 

skeletal muscle atrophy. Front. Physiol. 9 (2018).
	12.	 Bendszus, M. & Stoll, G. Technology insight: visualizing peripheral nerve injury using MRI. Nat. Rev. Neurol. 1, 45–53 (2005).
	13.	 Bak, D. H. et al. A comparison study of prabotulinumtoxinA vs onabotulinumtoxinA in myostatin‐deficient mice with muscle 

hypertrophy. Basic. Clin. Pharmacol. Toxicol. 124, 491–499 (2019).
	14.	 Kim, J. C. et al. Concurrent treatment with ursolic acid and low-intensity treadmill exercise improves muscle atrophy and related 

outcomes in rats. Korean J. Physiol. Pharmacol. 22, 427–436 (2018).
	15.	 Lee, Y. H. et al. Anti-skeletal muscle atrophy effect of Oenothera odorata root extract via reactive oxygen species-dependent 

signaling pathways in cellular and mouse model. Biochem. Mol. Biol. 80, 80–88 (2016).
	16.	 Chen, F. et al. Nanoscale imaging of RNA with expansion microscopy. Nat. methods 13, 679–684 (2016).
	17.	 Constantinides, V. C. et al. Diagnostic Accuracy of Muscle Biopsy and Electromyography in 123 Patients with Neuromuscular 

Disorders. In vivo 32, 1647–1652 (2018).
	18.	 Elmore, J. G. et al. Diagnostic concordance among pathologists interpreting breast biopsy specimens. Jama Netw. 313, 1122–1132 

(2015).
	19.	 Schambach, S. J., Bag, S., Schilling, L., Groden, C. & Brockmann, M. A. Application of micro-CT in small animal imaging. Methods 

50, 2–13 (2010).
	20.	 Zebaze, R. et al. Increased cortical porosity is associated with daily, not weekly, administration of equivalent doses of teriparatide. 

Bone 99, 80–84 (2017).
	21.	 Lim, J. H. et al. Station for structural studies on macro objects: Beamline 6C bio medical imaging at the Pohang Light Source-II. 

Biodesign 5, 53–61 (2017).
	22.	 Lim, J., Kim, H. & Park, S. Y. Hard X-ray nanotomography beamline 7C XNI at PLS-II. J. Synchrotron Radiat. 21, 827–831 (2014).
	23.	 Zhao, Y., Sun, Y., Liu, S., Chen, Z. & Yuan, L. Pore structure characterization of coal by synchrotron radiation nano-CT. Fuel 215, 

102–110 (2018).
	24.	 Chen, T.-Y. et al. Full-field microimaging with 8 keV X-rays achieves a spatial resolutions better than 20 nm. Opt. Express 19, 

19919–19924 (2011).
	25.	 Ponomarenko, O. et al. Synchrotron X-ray absorption spectroscopy analysis of arsenic chemical speciation in human nail clippings. 

Environ. Chem. 11, 632–643 (2014).
	26.	 Chang, S. et al. Synchrotron x-ray imaging of pulmonary alveoli in respiration in live intact mice. Sci. Rep. 5, 8760 (2015).
	27.	 Israelsson, A., Eriksson, M. & Pettersson, H. On the distribution of uranium in hair: Non-destructive analysis using synchrotron 

radiation induced X-ray fluorescence microprobe techniques. Spectrochimica Acta Part. B: At. Spectrosc. 108, 28–34 (2015).
	28.	 Jang, S. H., Lim, J. H. & Lee, O. S. Phase‐contrast hard X‐ray microscopy using synchrotron radiation for the properties of skeletal 

muscle in mouse hind limbs. Microscopy Res. Tech. 80, 1221–1228 (2017).
	29.	 Lee, J. W. & Lee, O. S. Usefulness of hard X‐ray microscope using synchrotron radiation for the structure analysis of insects. 

Microscopy Res. Tech. 81, 292–297 (2018).
	30.	 Kim, T. W., Ahn, C. B. & Lee, O. S. Image segmentation by graph cut for radiation images of small animal blood vessels. Microscopy 

Res. Tech. 81, 1506–1512 (2018).
	31.	 Kim, S. B., Jang, S. H. & Lee, O. S. Usefulness of synchrotron radiation for three‐dimensional microstructure analysis of the mouse 

tibia. Microscopy Res. Tech. 82, 564–571 (2019).
	32.	 Núñez, J. A. et al. Simultaneous visualisation of calcified bone microstructure and intracortical vasculature using synchrotron X-ray 

phase contrast-enhanced tomography. Sci. Rep. 7, 13289 (2017).
	33.	 Zeller Plumhoff, B. et al. Phase contrast synchrotron radiation computed tomography of muscle spindles in the mouse soleus 

muscle. J. Anat. 230, 859–865 (2017).
	34.	 Wiberg, R., Jonsson, S., Novikova, L. N. & Kingham, P. J. Investigation of the expression of myogenic transcription factors, 

microRNAs and muscle-specific E3 ubiquitin ligases in the medial gastrocnemius and soleus muscles following peripheral nerve 
injury. PLoS One 10, e0142699 (2015).

	35.	 Oyaizu, T. et al. Hyperbaric oxygen reduces inflammation, oxygenates injured muscle, and regenerates skeletal muscle via 
macrophage and satellite cell activation. Sci. Rep. 8, 1288 (2018).

	36.	 Sin, T. K. et al. SIRT1-dependent myoprotective effects of resveratrol on muscle injury induced by compression. Front. Physiol. 6, 293 
(2015).

	37.	 Fernandes, T. L., Pedrinelli, A. & Hernandez, A. J. Muscle injury: physiopathology, diagnostic, treatment and clinical presentation. 
Rev. Brasileira de. Ortopedia 46, 247–255 (2011).

	38.	 Carlton, R. R. & Adler, A. M. Principles of radiographic imaging: an art and a science. Vol. 5 (Cengage Learning, 2012).
	39.	 Koltzenburg, M., Wall, P. D. & McMahon, S. B. Does the right side know what the left is doing? Trends Neurosci. 22, 122–127 (1999).
	40.	 Challa, S. R. Surgical animal models of neuropathic pain: Pros and Cons. Int. J. Neurosci. 125, 170–174 (2015).
	41.	 Baron, R., Binder, A. & Wasner, G. Neuropathic pain: diagnosis, pathophysiological mechanisms, and treatment. Lancet Neurol. 9, 

807–819 (2010).
	42.	 Jud, C. et al. Trabecular bone anisotropy imaging with a compact laser-undulator synchrotron x-ray source. Sci. Rep. 7, 1–6 (2017).

https://doi.org/10.1038/s41598-020-61599-7


1 1Scientific Reports |         (2020) 10:4555  | https://doi.org/10.1038/s41598-020-61599-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

	43.	 Pacilè, S. et al. Free propagation phase-contrast breast CT provides higher image quality than cone-beam breast-CT at low radiation 
doses: a feasibility study on human mastectomies. Sci. Rep. 9, 1–7 (2019).

	44.	 Brombal, L. et al. Image quality comparison between a phase-contrast synchrotron radiation breast CT and a clinical breast CT: a 
phantom based study. Sci. Rep. 9, 1–12 (2019).

	45.	 Luther, P. K. et al. Direct visualization of myosin-binding protein C bridging myosin and actin filaments in intact muscle. Proc. Natl 
Acad. Sci. 108, 11423–11428 (2011).

	46.	 Tamaddonfard, E., Farshid, A. A., Ahmadian, E. & Hamidhoseyni, A. Crocin enhanced functional recovery after sciatic nerve crush 
injury in rats. Iran. J. basic. Med. Sci. 16, 83–90 (2013).

	47.	 Rhee, M. H. & Kim, J. S. Muscle recovery after sciatic nerve crush injury in rats by different loading swimming exercise. J. Korean 
Soc. Phys. Med. 8, 525–532 (2013).

	48.	 Wang, C. Z. et al. Low-level laser irradiation improves functional recovery and nerve regeneration in sciatic nerve crush rat injury 
model. PLoS One 9, e103348 (2014).

	49.	 Fitts, R. H. Cellular mechanisms of muscle fatigue. Physiological Rev. 74, 49–94 (1994).
	50.	 Dierick, M., Masschaele, B. & Van Hoorebeke, L. Octopus, a fast and user-friendly tomographic reconstruction package developed 

in LabView®. Meas. Sci. Technol. 15, 1366 (2004).
	51.	 Vlassenbroeck, J. et al. Octopus 8: A High Performance Tomographic Reconstruction Package for X‐ray Tube and Synchrotron 

micro‐CT. Advances in X‐ray Tomography for Geomater., 167–173 (2006).
	52.	 de Castro Fonseca, M. et al. High-resolution synchrotron-based X-ray microtomography as a tool to unveil the three-dimensional 

neuronal architecture of the brain. Sci. Rep. 8, 1–13 (2018).
	53.	 Gonzalez, R. C., Woods, R. E. & Eddins, S. L. Digital image processing using MATLAB. (Pearson Education India, 2004).
	54.	 Aum, J., Kim, J.-h & Jeong, J. Effective speckle noise suppression in optical coherence tomography images using nonlocal means 

denoising filter with double Gaussian anisotropic kernels. Appl. Opt. 54, D43–D50 (2015).
	55.	 Buades, A., Coll, B. & Morel, J.-M. In 2005 IEEE Computer Society Conference on Computer Vision and Pattern Recognition 

(CVPR'05). 60–65 (IEEE).
	56.	 Somasundaram, K. & Kalaiselvi, T. In National conference on image processing (NCIMP). 110–115.

Acknowledgements
This work was supported by the Soonchunhyang University Research Fund and the National Research Foundation 
of Korea(NRF) grant funded by the Korea government(MSIT) (2019R1F1A1058827).

Author contributions
O.L. conceived of the study in consultation with S.J., S.L. and J.L.; J.L. and O.L. performed the analyses; S.J. 
performed additional analyses; S.L. provided text/references on specific data. All authors contributed to the 
manuscript and reviewed the final submission.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to O.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-61599-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synchrotron radiation imaging analysis of neural damage in mouse soleus muscle

	Results

	Muscle weight. 
	Muscle shape image using microscope. 
	Analysis of histological microscopic imaging. 
	Three-dimensional visualization of mouse soleus muscles. 
	Quantitative analysis and interpretation for images results. 

	Discussion

	Methods

	Ethics statement and experimental animals. 
	Sample preparation. 
	Synchrotron radiation. 
	Statistical processing. 

	Acknowledgements

	Figure 1 The degree of nerve injury for mouse soleus muscles was represented at 1-week intervals.
	Figure 2 Microscope images of mouse soleus muscle.
	Figure 3 (a,b) Various models of nerve injury involving the mouse soleus muscle.
	Figure 4 3D reconstructed and volume-rendered images of the soleus muscle on days 1, 7, 14, and 21 following nerve injury (a) and non-injury (b) in Section models.
	Figure 5 3D reconstructed and volume-rendered images of the soleus muscle on days 1, 7, 14, and 21 following nerve injury (a) and non-injury (b) in Crush models.
	Figure 6 Graphs showing quantitative analysis of the volume of muscle fiber space segmented in 3D volume-rendered image.
	Figure 7 Phase-contrast hard X-ray microscopy of PLS 6C beamline.




