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Duchenne muscular dystrophy (DMD) is characterized by progressive skeletal muscle degeneration

and weakness. DMD is the most common muscular dystrophy; commonly diagnosed in childhood, it
has a deadly outcome, typically for respiratory or cardiac failure. In spite of a longer disease course,
obtained in recent years thanks to palliative pharmacological treatments, DMD remains one of the
foremost public health challenges. The intricate interaction between dysfunctional skeletal muscle
fibers and the resident different cell types, including inflammatory and fibroadipogenic progenitors,
directly contributes to the progression of the disease, affecting its severity. In this study, we used

the remarkable precision of X-ray phase-contrast tomography (XPCT) to conduct an unprecedented
three-dimensional (3D) examination of skeletal muscle architecture, comparing healthy and dystrophic
mdx mice. The morphological features observed in XPCT images were compared to conventional
histological sections, corroborated by morphometric evaluation of bidimensional parameters. Through
XPCT, we followed the spatial disposition of degenerating or distorted dystrophic myofibers along

a length of approximately 1.3 mm. In addition, the exploitation of micro-XPCT, unveiled significant
quantitative differences between healthy and mdx muscles in numerous 3D parameters, such as
myofiber length, variability in myofiber caliber, myofiber volume, and the volume of interstitial

tissues and cells. We propose XPCT as a novel imaging tool for the ex vivo characterization of the fine
architecture of dystrophic muscles: this approach is particularly relevant to highlight the outcomes of a
treatment in pre-clinical models and provides the structural bases underlying the functional features of
the diseased skeletal muscle.

Duchenne muscular dystrophy (DMD) is a X-linked, neurodegenerative disorder characterized by progressive
muscle wasting. It is still an uncurable disease and, in spite of the ameliorated prognosis characteristic of the
most recent years, it leads to premature death of patients, around the age of 40. Whilst DMD is considered a
rare disease, with an incidence of 1:3500 born males, the estimated worldwide prevalence is important, with
4.8 per 100,000 people’. Given its degenerative nature, this disease has a very heavy burden for the patients and
their families. DMD is caused by mutations in the DMD gene?, which encodes for the dystrophin protein, an
important linker between intracellular cytoskeleton and extracellular matrix. The absence of dystrophin alters
the assembly of the dystrophin/glycoprotein complex, leading to contraction-induced sarcolemma damage and
the consequent degeneration and death of myofibers. In the early stages of the disease, DMD progression is
characterized by cycles of myofiber necrosis, inflammation and regeneration, followed by loss of myofibers and
replacement with fibrotic and adipose tissues at later stages. Indeed, the exhaustion of the satellite cell pool, i.e.
the muscle stem cell reservoir, leads to insufficient muscle regeneration in humans, from the childhood on and
ultimately to death for a respiratory crisis or cardiac dysfunction. Despite the enormous research progresses over
the years in defining the mechanisms underlying this devasting disease and developing therapeutic approaches
with promising results in preclinical studies’, DMD is an uncurable disease, yet.

The most widely used murine model to study DMD is the mdx mouse. In the early 80’, a spontaneous
mutation (mdx) in a C57BL/10ScSn mouse colony produced higher levels of circulating enzymes indicative of
muscle damage and induced histological features similar to human muscular dystrophy, such as variation in fiber
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size, degeneration and necrosis of some fibers, marked presence of inflammatory cells in place of lost fibers and
fibers with central nuclei*. Later, it was demonstrated that the mdx mouse has a single base substitution within
an exon of the dimd gene, which causes premature termination of the translation of the protein dystrophin®. The
lack of dystrophin causes the loss of the dystrophin-associated glycoprotein complex in mdx mice®, as well as in
DMD patients’, and consequent sarcolemma leakage. Since the discovery of this mutant colony, mdx mice have
been used in many studies all over the world as a tool to understand the signaling pathways underlying DMD and
to test in preclinical studies novel therapeutic approaches. To this regard, mdx mice were used in the first study
of cell therapy approach?, in the first research on exon skipping with morpholino antisense oligonucleotide’,
and even in the new approaches of gene therapy based on CRISPR technology'’. Several promising therapies are
currently under investigation for DMD, ranging from gene therapies to the treatment of secondary consequences
of the lack of dystrophin!®. Among the primary therapeutic approaches, antisense oligonucleotides have
been employed to induce exon skipping!!, while CRISPR-mediated gene editing represents a novel approach
for repairing the DMD gene'?, and adeno-associated viral vectors are currently used to deliver recombinant
micro-dystrophin to replace the mutated dystrophin gene'®. Concomitantly, several drug therapies focusing
on the secondary effects derived from dystrophin deficiency have been proposed: from the corticosteroids'?,
the gold standard of care for the treatment of DMD, to the newly FDA-approved histone deacetylase inhibitor
givinostat'>!6. The current idea for the development of secondary therapies is that the contribution of altered
resident or infiltrating cells, including fibroadipogenic progenitors (FAPs) and inflammatory cells, significantly
affect the progression of DMD. Understanding the intricate crosstalk between the skeletal muscle fibers and the
surrounding environment has opened new possibilities for therapeutic interventions.

In order to evaluate the outcomes of the numerous therapeutic approaches above, there is an unmet need to
assess DMD pathology in mdx mice with new techniques to overcome the limitations of the histological analysis
in providing a comprehensive morphological characterization of the muscle phenotype. This issue becomes
more relevant as the therapeutical approaches get closer to clinical trials: mesoangioblast-based therapies had
to be proven efficient in dog before being approved for humans on the basis that scaling up the therapy could
represent a problem per se!”.

X-ray Phase Contrast Tomography (XPCT) represents a breakthrough in the quality of biomedical
imaging, providing detailed insights into morphological features that remain elusive to conventional 2D
imaging techniques and other traditional 3D methodologies'®*°. Indeed, XPCT provides an excellent and
highly sensitive tool for the 3D study of ex vivo biological soft tissues without the need to slice, stain or subject
biological samples into intensive tissue processing. A major advantage of XPCT is that it enables multi-scale
imaging from single cells to whole organs, allowing for the continuous visualization of structural details
across different spatial scales. Noticeably, XPCT is a phase-sensitive approach that significantly enhances the
visualization of soft tissue structures that exhibit minimal absorption contrast in conventional X-ray imaging.
Although section-based 2D imaging, such as immunohistochemistry and electron microscopy, provide high
magnification, and high-resolution images, it requires destructive sample preparation, including cutting samples
into thin slices?!"?2. Additionally, these 2D imaging methods can only analyze thin sample sections and may lead
to data misinterpretation due to the absence of three-dimensional information, which is only available through
serial sectioning. This is particularly relevant for skeletal muscle tissue, which is formed by multinucleated cells,
named myofibers, spanning the whole muscle length, thus being gigantic cells. Another major feature of the
skeletal muscle tissue is its highly hierarchical organization, characterized by a complex architecture that is
essential for the functional output. As the muscles studied gets bigger and bigger it is of pivotal importance to
provide techniques that encompass a big amount of muscle to support the results. In previous studies, we have
demonstrated the ability of XPCT to image the three-dimensional distribution of disease-relevant anatomical
features - e.g. inflammatory cells, vessels, tissue degeneration, calcifications - along with their interaction with
the surrounding microenvironment, in anatomical regions of interest in humans and in animal models of
neurodegenerative diseases'®!%2>2%, This paper presents a groundbreaking application of micro-X-ray phase-
contrast tomography (XPCT) to unveil and investigate the 3D skeletal muscle architecture and its alterations in
muscular dystrophy, producing 1-micron thick virtual slices covering a depth of about 1.3 mm per scan, without
tissue manipulation such as slicing or labeling. For the first time, high-resolution 3D analysis has provided
unprecedented skeletal muscle details of the dystrophic muscle, allowing us to execute reliable qualitative and
quantitative measurements on intramuscular alterations occurring in DMD murine skeletal muscle.

Results

XPCT identifies the main histological features of healthy and dystrophic skeletal muscle

To deeply investigate the morphological changes occurring in the skeletal muscle of dystrophic mdx mice, we
analyzed one of the most affected hindlimb skeletal muscle, i.e. the Gastrocnemius (GA), of five healthy wild-
type (CTR) and five mdx mice were analyzed by XPCT. Muscles were isolated at 9 weeks of age, since this
corresponds to an acute phase of the disease, embedded in paraffin and analyzed at the ANATOMIX beamline of
the synchrotron of Soleil, Saint Aubin (FR). The XPCT images of the GA muscles in transverse and longitudinal
sections clearly showed prominent differences in the shape and structural organization of mdx myofibers, when
compared to the healthy, wild-type ones (Fig. 1A). Contrary to other imaging techniques, the high resolution of
the XPCT images allowed us to discriminate the boundaries of each myofiber, thus highlighting the pathological
features present in DMD muscles. Indeed, CTR muscles present myofibers homogeneous in size and intimately
in contact with each other in traverse sections. Consistently, the myofibers are well-organized in parallel bundles
in longitudinal sections. On the contrary, in transverse sections mdx muscles exhibit hypertrophied fibers co-
existing with foci of small new-born myofibers - i.e. with central myonuclei?® - at various stages of maturation; in
addition, the presence of degenerating/swollen myofibers and infiltrating mononucleated cells in the interstitial
space among the myofibers leads to a high variability of muscle fiber size and a profound heterogeneity of
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Fig. 1. X-ray phase-contrast tomography (XPCT) images recapitulate the skeletal muscle features of traditional
histological analysis. (A) Representative images of transverse or longitudinal sections stained with hematoxylin
and eosin and XPCT images of tomographic slices of GA muscles of wild-type (CTR) and dystrophic mice
(mdx) at 9 weeks of age. White arrows indicate centrally nucleated myofibers; red arrows indicate degenerating
myofibers. Scale bars: 50 um for XPCT images and 100 um for cryosections. Quantification of myofiber

size by (B) cross-sectional area or (C) minimum Feret’s diameter, and relative variance coefficients, of H&E
cryosections (n=4 muscles per genotype) and XPCT slices (n =5 muscles per genotype). Results are shown as
mean *sem. *p <0.05; #p <0.01; $p < 0.005 by Student’s t-test.
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the muscle sections (Fig. 1A). Longitudinal sections of mdx muscles in XPCT highlighted size changes along
the longitudinal axis of single fibers, which showed a heterogeneous and irregular caliber, thus corroborating
the finding of a disorganized architecture of dystrophic muscle. We also observed the presence of infiltrating
mononucleated cells, indicative of muscle inflammation (Fig. 1A).

To assess the observed alterations, a morphometric quantification of the myofiber cross-sectional size was
performed in parallel, on H&E-stained cryosections and on a single tomographic slice. For each myofiber we
measured two different geometrical parameters: the myofiber cross-sectional area and the minimum Feret’s
diameter, as a parameter very insensitive to myofiber orientation?®. The myofiber size distribution between CTR
and mdx muscles presents a similar profile, for both these parameters, and independently of the section analyzed
(i.e. classical histology or XPCT). Indeed, when compared to controls, the mdx muscles display an increase
in both the smaller and bigger myofiber classes, mirroring the presence of newborn small myofibers and of
bigger hypertrophic ones (Fig. 1B and C). Importantly, the variance coefficient of muscle fiber size calculated
for both parameters, which reflects the variability of fiber size, is significantly higher in mdx muscles compared
to control ones, formally demonstrating the higher heterogeneity of the muscle fiber size commonly associated
with dystrophy (Fig. 1B and C).

The data obtained from morphological and morphometric analyses performed on a single tomographic
slice of skeletal muscle recapitulates the major features highlighted by a classical histological analysis and
are consistent with the data reported in the literature?’, thereby confirming the validity of this technique in
discriminating against the histopathological features of dystrophic muscles.

XPCT allows detailed 3D analyses of single dystrophic myofibers

An enormous potential of XPCT lies in the possibility of following specific fibers in the three dimensions,
exploiting tomographic slices in both transverse and longitudinal orientations. The possibility to observe a fiber
along its longitudinal axis for many millimeters is particularly relevant for a tissue such as the skeletal muscle,
which is characterized by very long cells, the myofibers, which attain several centimeters in length. In addition,
this is crucial to highlight the prevalent pathophysiological features of muscle dystrophy, such as fiber splitting,
i.e. the longitudinal halving of a fiber, or focal damage, i.e. localized muscle fiber swamps. Indeed, the use of
two-dimensional imaging is often inadequate for detecting these features. XPCT allowed the identification of all
degenerating fibers within the analyzed volumes, thus enabling their classification according to the specific type
of degeneration exhibited. For instance, we report a case of a degenerating myofiber that disappears (Fig. 2A),
as well as a Y-shaped myofiber — which may result from the fusion of two regenerating myofibers or, vice versa,
from the splitting of a single myofiber (Fig. 2B).

Importantly, we were able to fully reconstruct the 3D behavior of apparently splitting myofibers (Fig. 3A-D).
This feature is a signature of muscle dystrophy, generally visualized by using serial sectioning and reconstruction
techniques, and importantly increases with age and correlates with muscle functional deficit*®. Coherently, we
have never observed splitting myofibers in CTR muscles. Worth noting, the fact that muscles remain intact
during the XPCT analysis makes it unlikely that the presence of splitting fibers is a preparation artifact. We found
that about 50% of the analyzed mdx myofibers were splitted: in most cases, the two halves of the splitted fiber
fused back together to restore the size of the original fiber, while in very few cases one of the halves degenerated
(Fig. 3E).

3D morphometric quantification of muscle architecture thanks to XPCT
We performed additional morphometric analyses of about 80 myofibers per sample, selected in three 1.3 mm
thick volumes of interest. After semi-manual segmentation of the muscle fibers, several parameters useful to
describe the morphological changes typical of the disease condition were quantified. Firstly, mdx myofibers
resulted to be significantly shorter than healthy fibers (Fig. 4A). Secondly, mdx muscles present a higher
irregularity of the myofiber caliber, along with the single myofiber, when compared to the healthy ones (Fig. 4B).
Thirdly, mdx muscles display also a significantly higher average cross-section area (i.e. fiber volume normalized
to fiber length) (Fig. 4C). When this parameter is displayed as a fiber distribution, we can appreciate that while
healthy muscles present a peak of myofibers around 400-600 um?, the profile of mdx myofiber distribution is
altered, with a significantly higher percentage of hypertrophic fibers bigger than 800 um? (Fig. 4D).
Importantly, similarly to classical histological sections stained with Masson’s trichrome (Fig. 4E), XPCT
allowed us to visualize, and thus quantify, the endomysium, i.e. the tissue around single myofibers, consist of in
interstitial connective tissue and infiltrating cells, as shown by the 3D rendering of a representative portion of
CTR and mdx muscles (Fig. 4F). Since muscle inflammation, which occurs in the connective tissue, is a hallmark
of muscle dystrophy, we intended to obtain an objective, reliable parameter to quantify the muscle interstitial
tissue. Connective tissue and infiltrating cells appear as very bright objects within the tomographic volume.
Thus, their quantification could be performed by segmentation through the setting of an intensity threshold.
With this approach, we found that mdx muscles have a significantly higher volume of interstitial tissue than
CTR muscles (Fig. 4G).

Discussion

There is an urgent demand for sensitive, objective, endpoints and parameters to assess the efficacy of novel
therapies for the treatment of DMD and the development of novel techniques to better characterize dystrophic
muscles is still a major goal of the worldwide medical research?*=32. In terms of non-invasive imaging techniques
used to study skeletal muscle, magnetic resonance imaging (MRI) provides measures in vivo/ex vivo to assess
local or generalized disease severity**~*°. Decades ago, contrast agent-enhanced magnetic resonance has
been used to study muscle fiber damage in different animal models of muscle dystrophy®, having the merit
of pointing out the importance of non-invasive, tridimensional approaches to study the progression of the
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Fig. 2. XPCT allows to follow the fate of a degenerating or fusing fiber. (A) Transverse and longitudinal
sequences of XPCT slices showing a degenerating fiber. The sequences visually track the same fiber within

the volume. The degenerating fiber (in yellow) is indicated by the dashed squares in the transverse cross-
sectional view; the location of the images of the transverse sequence are indicated with a white dashed line in
the longitudinal sequence, where the degenerating fiber is highlighted in yellow. Scale bar: 25 um. (B) XPCT
images of a couple of fusing or splitting myofibers in transverse and longitudinal virtual sections of an mdx
muscle. The white dashed squares visually help to follow the fibers in the transverse view images. The pale blue
and salmon colors help to identify the two splitting/fusing fibers. Scale bar: 25 ym.
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Fig. 3. 3D renderings of different types of muscle fiber splitting in intact dystrophic muscles. Representative
3D renderings of myofibers splitting into two or more components. Scale bar =100 pum. (A) One splitting
myofiber in which the two halves are separated. (B) A splitting myofiber where one half is interrupted (light
blue), while the opposing half maintains its continuity (blue). (C) A splitted myofiber (blue) whose two halves
fuse back together about 400 um away from the initial event. (D) One myofiber (blue) splitting into three
distinct fibers (blue, red, yellow) that subsequently fuse back together. (E) Quantification of splitted myofibers
(red), relative to the total analyzed myofibers (blue), in mdx muscles. In yellow: splitted myofibers where

the two halves of the splitted fiber fused back together; in light blue: splitted myofiber where one halves is
degenerating.

pathology and the impact of potential therapeutic interventions. However, MRI provides low resolution images
of skeletal muscles from which it is possible to extrapolate only the cross section or the total volume of the entire
muscle/leg, differently from XPCT, which allows to visualize and analyze single myofibers. Although MRI has
relevant potential applicability in therapeutic screening studies of muscle diseases, it is clearly less suitable for
preclinical studies in animal models, where we need to assess fine structural changes, as the resolution is two-
orders of magnitude lower than XPCT. Similarly, computed tomography, a well-established diagnostic imaging
technique, can serve as a valid tool for the quantitative assessment of skeletal muscle mass in patients®”%, but it
does not reach the microscale resolution precluding the detection of pathological alterations at the fiber level.
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Fig. 4. XPCT-derived quantitative parameters representative of dystrophic muscles. Quantification of (A)
myofiber’s length and (B) variability along single myofiber caliber of CTR and mdx muscles. Data are expressed
as mean + sem; # =5 mice per each genotype; *p <0.05 by Student’s t test. (C) Quantification of myofiber
volume normalized to myofiber length. Data are expressed as mean + sem; n=5 mice per each genotype;
*p<0.05 by Students t test. (D) Myofiber volume distribution indicating the wider profile of mdx myofiber’s
volume, with the presence of hypertrophic myofibers, when compared to CTR one. n=5 mice per genotype;
*p<0.05 by Students t test. (E) Representative picture of CTR and mdx GA muscle cryosections stained with
Massons trichrome. Scale bar: 100 pm. (F) 3D rendering of myofiber interstitial tissues and cells in CTR and
mdx muscles. (G) Quantification of interstitial tissue and cells surrounding myofibers. Data are expressed as
mean * sem; # =5 mice per each genotype; *p <0.05 by Student’s t test.

Ultrasonography may be another useful, non-invasive alternative to assess skeletal muscle changes in vivo®,
but it suffers the same low resolution as MRI compared to that achievable with XPCT. High-resolution X-ray
microtomography, instead, is suitable for a quantitative ex vivo analysis with single-cell resolution of biological
samples with different densities***!. However, visualizing soft tissue remains challenging due to the low intrinsic
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attenuation contrast between the examined structures. Consequently, staining with heavy elements such as iodine,
tungsten, or osmium-based compounds is necessary to enhance contrast*?. These contrast staining procedures
are often complex, time-consuming and irreversible, thus excluding the investigation of the sample with further
experimental techniques. Most importantly, for a meaningful healthy-diseased comparison, it is crucial that the
sample remains in the most physiological state possible during the analysis. Imaging analysis of ex vivo skeletal
muscles has been performed by optical coherence tomography**4%. This is a non-invasive and in vivo technique -
different from XPCT - that enables 3D imaging of biological tissue with a resolution of 1-20 um at depths up to 1
~ 2 mm. However, it still lacks the capability to detect individual fibers. Dystrophic myofibers have been studied
also by second harmonic generation (SHG) microscopy or multispectral optoacoustic tomography (MSOT),
specifically for visualizing collagen deposition>*® and sarcomeric ultrastructure?®. While these approaches
are important to implement imaging databases to diagnose and monitor specific morphological alterations in
DMD, being non-invasive and label-free, they provide complementary information to XPCT, which allows the
morphological identification of the main histological features of muscle samples. To show the potential of XPCT
for the investigation of dystrophic muscle, we analyzed the skeletal muscle of mdx mice, since this mouse model
has been greatly characterized by histological, biochemical and molecular analyses*”#”#, OQur analysis not only
revealed the unprecedented level of resolution that is applicable to the study of dystrophy but also demonstrated
the feasibility of applying XPCT to the study of soft tissues such as connective tissue and inflammatory cells.

In particular, here we show that XPCT images allow the morphological identification of DMD features of
9-week-old mdx mice, including numerous muscle fibers with central nuclei, indicative of regenerating muscle
cells, dispersed hypertrophic fibers, some swollen and degenerating fibers, in line with previous observation of
mdx muscles*, and similarly to the human disease®. Qualitative and quantitative analyses performed on XPCT
images are comparable to those obtained by the traditional histological analysis performed on muscle sections
stained by hematoxylin and eosin. Indeed, morphometric quantification of myofiber size, and the relative
variance coefficient, validated the qualitative description of great variation in muscle fiber shapes and diameters,
as also described in*2627484%_ Such irregularity of fiber size in dystrophic muscles likely depends in part on the
small diameter of newborn myofibers and on the splitted or malformed regenerating ones*®-1.

In addition to all the above, XPCT appeared to be essential to highlight the phenomenon of splitted or
branched myofibers, present only in mdx muscles, a well-established hallmark of muscle dystrophy>2. Branched
myofibers appear during muscle regeneration and are more fragile and functionally compromised than the
normal ones™~>°. The presence of splitted fibers, as well as of hypertrophic and atrophied ones, positively
correlates with the age of mdx muscles and with the progression of DMD pathology®®. Thus, the evaluation and
quantification of these parameters is crucial to determining any potential benefits of a therapeutic approach in
preclinical studies. The first cinematographic reconstruction from serial sections described a pattern of complex
splitting and recombination of mdx fibers, in a confined and small area of dystrophic muscles®®. A more accurate
reconstruction of 5 to 6 mm long muscle biopsies of two DMD patients, through 1000 to 1200 histological
sections, first described splitted dystrophic fibers in human patients®. Alternatively, splitting myofibers have
been studied on isolated myofibers in vitro?®8. As a better alternative to following a specific myofiber along
the z axis in 2D images, XPCT allows the 3D rendering of altered myofibers, especially the complex and
irregular architecture of branching mdx myofibers. Within the 1.3 mm-thick tomographic volumes, thanks to
XPCT we could distinguished between subtle alterations, consisting of myofibers that branched once and then
remained with two separated halves, or splitted myofibers that lost one of the two halves, or myofibers that
branched several times or that formed 3 branches from one single myofiber. Among the speculative causes of
branched myofiber, several alternatives have been proposed: defects in fusion of two myoblasts®**?, or of two
myofibers®, failure of myoblast migration®!, deficiencies in the residual basement membrane which is no longer
able to properly confined and control muscle stem cell migration®?, presence of cellular debris that physically
impedes the formation of linear myofibers®2. From the morphological evaluation of splitting myofibers with
the surrounding interstitial tissue by XPCT and considering that such phenomenon is often recapitulated in
vitro during the differentiation of dystrophic muscle cells into myofibers®, we believe that malformed myofibers
depend on intrinsic defects of dystrophic muscle cells, due to aberrant cell fusion or dysfunctional sarcolemma,
in line with recent findings®*.

Besides the qualitative description of myofiber abnormalities, XPCT analysis allows the morphometric
quantification of several volumetric parameters that discriminate between healthy and dystrophic muscles, i.e.
myofiber length, the variability in myofiber caliber, myofiber volume/length, and the volume of interstitial tissue.
Of note, the myofiber average cross-sectional area was obtained by normalizing the myofiber volume to the
fiber length in Fig. 4; in this way, we obtained a myofiber area distribution which nicely correlates with that one
measured on XPCT tomographic slices in Fig. 1. The absence of the smallest classes of regenerating fibers in
mdx muscles depends on the fact that for the volumetric measurements we needed to select fibers long at least
1.3 mm, not malformed or degenerating.

While XPCT has been used to study the 3D morphological alterations of several tissues in different diseases,
including the spinal cords of a mouse model of Amyotrophic Lateral Sclerosis®®, brain® or gut! of murine
models of Alzheimer’s disease, lungs®’ of a mouse model of allergic asthma, few studies reported XPCT to
study skeletal muscle tissue. XPCT and micro-computed tomography (micro-CT) have been engaged for a
merely qualitative description of skeletal muscle morphology of zebrafish®, and for a quantitative description
of patients with cerebral palsy®®, but very few morphological parameters were measured. In a recent study of
Pingel et al.”%, micro-CT has been used to visualize, describe and quantify some 3D myofiber features - i.e.
fiber splitting, buckling, diameter, shape, and straightness - of three muscle biopsies: one from a healthy control
man and two from individuals affected by different degrees of muscle atrophy. Despite the identification of
quantifiable morphological features describing changes in 3D muscle architecture and organization, this study
lacks statistics, and any conclusions on the use of such parameters as descriptive or representative of muscle
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atrophy should be corroborated by additional analyses on other muscle biopsies, categorized by disease, age and
sex. In the present study, a step forward on establishing XPCT as a valid tool for medical research has been taken,
by providing statistics and conclusions on numerous 3D parameters able to discriminate between healthy and
dystrophic muscles. XPCT represents a breakthrough approach for studies on the mechanisms underlying the
pathology or to assess the effects of innovative therapies in preclinical models as well as in pilot clinical studies.

Although XPCT offers many advantages, several factors currently limit its routine clinical use compared
to MRI and CT. High-resolution XPCT often requires specialized X-ray sources, detectors, and advanced
reconstruction software. While radiation doses can be optimized, repeated scans may still increase patient
exposure, whereas CT protocols are well-standardized to minimize risk. XPCT scans are computationally
demanding, and data analysis requires specialized expertise. Additionally, high-resolution imaging typically
covers only small tissue volumes, and XPCT remains largely a research tool with limited clinical approval.
However, recent developments in laboratory-based XPCT systems and Al-driven data processing are rapidly
addressing these challenges. Automated workflows are reducing analysis times, and machine learning is
simplifying image reconstruction and interpretation, lowering expertise requirements. The growing availability
of compact, user-friendly XPCT systems and collaborative imaging networks is expanding accessibility beyond
synchrotron facilities. Together, these advances are paving the way for broader clinical adoption, potentially
transforming XPCT from a specialized research tool into a practical diagnostic method for biopsy-based disease
assessment and therapeutic monitoring.

In conclusion, the 3D, highly-resolved imaging provided by XPCT represents an optimal tool for the ex vivo
characterization of the fine architecture of dystrophic muscles. Therefore, XPCT can considerably contribute to
the advancement of preclinical studies on DMD.

Methods

Mice

To study the differences between healthy and dystrophic muscles, C57BL/10ScSn and C57BL/10ScSn-Dmd™/]
(named mdx) from the Jackson Laboratory were used. In all the experiments, 9-week-old male mice were
compared. Five animals per experimental group were used. Animals were housed in groups of 4-5 mice/cage in
standard conditions with free access to food and water, at constant temperature (21°-23° C) and relative humidity
(50%), with regular 12 h light cycle (light 7AM-7PM). Euthanasia by cervical dislocation was used right before
tissue collection. Mice were treated in strict accordance with the guidelines of the Institutional Animal Care and
Use Committee, as well as national and European legislation, throughout the experiments. Animal protocols
were approved by the Italian Ministry of Health (authorization # 538/2021-PR with the extension 82945.65.
EXT.34 and # 485/2024-PR). We confirm the study is reported in accordance with ARRIVE guidelines.

Histological analyses

GA muscles were dissected, embedded in tissue freezing medium (Leica), and frozen in isopentane pre-cooled
with liquid nitrogen. Cross- and longitudinal-sections with a thickness of 9 ym in the mid-belly of GA muscles
were obtained by using a Leica cryostat. Hematoxylin and eosin staining was performed according to the
manufacturer’s instructions (Sigma-Aldrich).

Sample preparation for XPCT
GA muscles were isolated, chemically fixed in formalin over-night, dehydrated with increasing concentrations
of ethanol and embedded in paraffin.

Acquisition of XPCT data

Samples were analyzed at the ANATOMIX beamline of the synchrotron of Soleil, Saint Aubin (FR). The XPCT
experiment was performed in free-space propagation mode. Samples were mounted and scanned with a filtered
white beam with an energy spectrum peaking around 22 keV. The detector was an indirect system consisting of a
lutetium aluminum garnet scintillator coupled via a lens system (magnification 10x) to a Hamamatsu Orca Flash
4.0 camera [sensor type, complementary metal-oxide semiconductor (CMOS); sensor array size, 2048 x 2048
pixels; physical pixel size, 6.5 pm; and 16-bit nominal dynamic range]. The measurements were acquired with
an effective pixel size of 0.65 pm, at a propagation distance between sample and detector of 27 mm, an exposure
time of 30 ms per projection radiograph. The tomography was produced by means of 5000 projections over
360° of rotation, in extended field-of-view (FOV) mode, an acquisition method which allows to almost double
the effective horizontal width of the FOV of the detector. The rotation axis is moved close to either left or right
side of the FOV and a dataset of projections, having size equal to the detector FOV, is collected over 360°. After
properly stitching the sinograms, the reconstruction procedure can be performed as usual. The final FOV is
around 2.5 mm x 1.3 mm, resulting in tomographic slices of area of about 2.5 mm x 2.5 mm.

XPCT data processing
Data pre-processing, phase retrieval with Paganin’s method”! and tomographic reconstruction were performed
using the standard data processing pipeline at the beamline, based on a Python script as a user front-end and for
pre-processing and the PyHST2 software package’? as the backend for the tomographic reconstruction. During
phase retrieval step, a §/p ratio of 120 was applied to optimize image contrast and enhance visualization for
subsequent segmentation.

Morphometric analyses
The analysis of XPCT data was performed on three representative volumes of 2.5 2.5 x 1.3 mm per muscle. For
each sample, about 80 myofibers were considered.
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Muscle fibers were segmented using a semi-automatic approach. Specifically, for each fiber, the cross-section
was manually outlined every 50 slices (corresponding to ~30 pm), after which interpolation was applied to
segment the entire fiber within the volume. This approach provided accurate fiber tracing while reducing the
amount of manual work required. Fiber size was then quantified through the measure of the myofiber cross-
sectional area and the minimum Feret’s diameter, which is defined as the minimum distance between parallel
tangents at opposing borders of the muscle fiber. The variance coeflicient of the myofiber size was calculated as
(standard deviation of the muscle fiber size/mean muscle fiber size) x1000%.

Fiber length was calculated as the summed Euclidean distance between the centroids of the cross-sections
taken at equidistant positions (sampled at 30 um) along the fiber. To quantify the variability of the myofiber
caliber of each fiber, minimum Ferets diameter standard deviation was used. The distribution of the average
cross-sectional area was obtained from the volumes of the individual fibers normalized by their length.

To quantify the interstitial tissue and infiltrating cells, we used the image processing package Fiji. Specifically,
three regions of interest of about 500 x 500 x 500 pm?> were chosen in each volume/ sample. A segmentation
based on intensity thresholding was performed by using Fiji’s iterative implementation of Kittler and Illingworth’s
Minimum Error thresholding’® to quantify the volume occupied by infiltrating cells and interstitial tissue. Then
the measured volume was normalized to the entire volume of the region of interest and then expressed as a
percentage.

Statistics

Statistical significance between the two groups of n=5 CTR or mdx mice was determined by using two-tailed
Student’s t-test. All values were expressed as mean +standard error of the mean (SEM). All the graphs and
statistical analyses were performed by using GraphPad Prism 6 software.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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