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Abstract

The application of implantable biomaterials in reconstructive grafting is a common practice in
surgical fields such as orthopedics, maxillary and plastic surgery. This study explores the regenerative
response of skeletal muscle to a porous bovine collagen-based matrix (Osteovit®) in a volumetric
muscle loss injury model. Forty male Wistar rats were divided into four groups. Normal control
underwent no procedure and regenerative control had mepivacaine injected in the tibialis anterior
muscle to provoke a standard regenerative response. In the other two groups, a volumetric defect
was created in the tibialis anterior muscle; the fibrosis control had no treatment, while the collagen-
scaffolding group had a bone substitution matrix implanted. Animals were sacrificed at 21, 28, and
60 days post-procedure for histological, histochemical, immunohistochemical and histomorphometry
analysis to evaluate muscle architecture and myogenic regenerative response. Significant changes
in tissue architecture among groups, with a notable emphasis on the integration of the collagen
scaffold, were demonstrated. This was also confirmed at the histomorphometry analysis, which
found differences at the cross-sectional area, minor diameter and form factor values between groups.
The bone substitution matrix did not inhibit regeneration but promoted an abnormal one. This can
be explained by the excessive formation of connective tissue, which led to the genesis of
intramuscular tendons that may have interfered with the normal development of regenerative muscle
fibers. The findings highlight the need for further investigation into the cellular mechanisms
underlying skeletal muscle regeneration in response to implantable biomaterials.
Key Words: skeletal muscle, muscle regeneration, volumetric muscle loss, collagen matrix
scaffold, bone substitute, fibrosis.
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keletal muscle is well known for its high regenerative

capacity in response to injury, primarily owing to the
presence of myogenic progenitor cells, the satellite cells.!?
While there are some differences based on the type and
extent of the injury, the process of skeletal muscle tissue
damage and regeneration comprises a general sequence of
three overlapping stages: i) the destruction and
inflammation phase, ii) the regenerative phase,
characterized by the activation, differentiation, and fusion
of satellite cells, and iii) the maturation and remodeling
phase of the regenerated muscle.>*

The use of implantable biomaterials for reconstructive
grafting procedures is a standard technique utilized ac-
ross various surgical disciplines, such as orthopedics,
plastic surgery, and maxillofacial surgery, aimed at re-
pairing tissue or organ defects.” Understanding the tissue
response to these implants, with special attention to the
degree of histoarchitectural integration, is of significant
interest in the field of regenerative medicine within these
areas. In major injuries or traumas, both bones and mus-
cles can be affected simultaneously.® Because of this, the
use of implant materials in bone reconstruction can affect
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the regenerative capacity of adjacent injured muscles.
Notably, skeletal muscle has been reported to exhibit
host versus graft reactions, muscle atrophy, and an in-
crease in the slow myosin isoform following the intra-
muscular implantation of bone substitution materials.’
However, considering the great regenerative capacity of
skeletal muscle, it is surprising that no documentation
has been provided on how the regenerative response of
muscle fibers may be affected by the implantation of this
type of material.

In the present study, we examine the regenerative re-
sponse of skeletal muscle after the implantation of a po-
rous collagen type I (spongiosa) matrix of bovine origin
devoid of any antigenic element (Osteovit®) in a vol-
umetric muscle loss injury model. This material has been
successfully applied in orthopedic procedures to fill bone
defects.® In a previous study, we assessed the integration
of this material into skeletal muscle using ultrasound, en-
countering that both echogenicity and echotexture were
significantly altered.” However, to date, we had not ad-
dressed the histological substrate that explains this ultra-
sound pattern.

Material and Methods
Animals

All experiments were performed using male Wistar rats
weighing approximately 300 g. Animals were maintained
in cages at 22°C under a 12-h light/12-h dark cycle and
were allowed free access to food. All experimental proce-
dures were conducted following Directive 2010/63/EU of
the European Council and Parliament governing the pro-
tection and use of animals for scientific purposes. The
study was approved by the General Directorate of Agri-
cultural and Livestock Production of the Junta de Andal-
ucia (Ref. 07/09/2017/121), the Ethics Committee for
Animal Experimentation at the University of Cordoba
(Ref. 20171P/05).

Experimental procedures

A previously fixed sample cohort of forty male Wistar rats
(n=40), weighing 350+50g (mean+SD) was divided into
four groups: 1) Normal Control (NC), formed by rats (n=4)
that were not subjected to any manipulation; ii) Regener-
ative Control (RC), formed by rats (n=12) that were in-
jected intramuscularly into the tibialis anterior muscles
with 100 pl of mepivacaine hydrochloride 2% (Scandi-
nibsa®; Inibsa, Barcelona, Spain), a local anesthetic that
generates a myotoxic injury followed by a rapid and com-
plete regenerative response in skeletal muscle.'” The in-
jection was performed with a fine needle that was
introduced, from the distal region to the proximal region,
through the central portion of the muscle, releasing the
myotoxic as the needle was withdrawn; iii) Fibrosis Con-
trol (FC) formed by rats (n=12) that were only treated with
an absorbable hemostatic sponge (Gelita-Spon standard®,
Gelita-Medical®, Eberbach, Germany) after a volumetric
defect created in the tibialis anterior muscle; (iv) Collagen
Scaffold (CS) formed by rats (n=12) that were implanted

with a resorbable bovine collagen matrix (Osteovit®,
Braun, Spain) in a volumetric defect created in the tibialis
anterior muscle (Supplementary Figure 1).

To induce the volumetric defect in the FC and CS groups,
the procedure described in previous publications was fol-
lowed.”!! Briefly, the tibialis anterior muscles were ex-
posed, and a sterile punch (6 mm in diameter and 5 mm
in length) was used to perform a biopsy, removing a cy-
lindrical fragment of tissue from the central portion of the
muscle belly and creating a cavity (Supplementary Figure
1). During the procedure, a tourniquet was applied for 3-
4 minutes proximal to the excision site to reduce bleeding.
The wound site was then closed with surgical staples and
cleaned. Animals were given appropriate postoperatively
analgesia and antibiotic prophylaxis during the next three
days following the procedure. In RC, FC and CS groups,
animals were sacrificed after 21, 28 and 60 days of evo-
lution (4 rats each time). Rats from the NC group were
sacrificed after 60 days.

Histological analysis

Muscles were frozen in liquid nitrogen-cooled isopentane
(2-methylbutane; Sigma-Aldrich, St. Louis, MO, USA)
and then cut transversely into 8§ um cryosections on a
cryostat (Leica CM1850 UV, Leica Microsystems, Nuss-
loch, Germany).

The muscle sections were stained with histological, his-
tochemical, and immunohistochemical techniques using
standard methodology.!? Haematoxylin and Eosin (H&E)
staining was used for morphological analysis of skeletal
muscle fibers, and Masson’s trichrome stain was used to
examine connective tissue and fibrosis. With Herovici’s
polychrome staining, we differentiated between type I col-
lagen, (red-purple staining), and type III collagen (blue
staining), which can be used to study the remodelling re-
sponse of the extracellular matrix. We used the Nicotina-
mide dinucleotide tetrazolio reductase (NADH-tr)
histochemical technique to identify muscle fiber types and
cytoarchitectural changes. We also studied immunohisto-
chemical reactions with desmin (1:100, clone D33,
Dako®) to identify regenerating muscle fibers and cyto-
architectural changes and MyoD1 (1:50, clone 58A,
Dako®) to identify myogenic response.

Histomorphometric analysis

Samples corresponding to 60 days of evolution were pho-
tographed using a Nikon Eclipse E1000 microscope
(Nikon, Tokyo, Japan) incorporating a Sony DXC-990P
color video camera (Sony, Tokyo, Japan). Five fields (20x
magnification) representative of the injured area were
evaluated for each muscle. The images obtained for the
morphometric analysis were then transferred to a com-
puter and analyzed using Image J2 Fiji software (National
Institutes of Health, Bethesda, MD, USA)" for measure-
ment of fibrosis area (%) and the following morphometry
parameters of skeletal muscle fibers: cross-sectional area
(um?), minor diameter (um), and form factor or circularity
(0 through 1). Form factor is a shape descriptor that ranges
from 0 to 1 and establish how similar a particle is to a cir-
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cle. Any particle scoring «0» would be considered to have
an extremely irregular shape, and the value «1» would
represent a perfect circle). Color thresholding was per-
formed on the Herovici’s polychrome-stained samples to
identify areas corresponding to collagen types I and III
within the image. The results are expressed as a percent-
age calculated from the total of connective tissue.'*

The number of cytoarchitectural changes (fibers with in-
ternalized nuclei, split fibers, ring fibers, and whorled
fibers) was evaluated semiquantitatively in H&E,
NADHTtr, or anti-desmin stained sections under a light mi-
croscope. Each parameter was assigned a score 1 through
4 per microscopic field (100), whereby grade 1 (<25%),
grade 2 (26-50%), grade 3 (51-75%), and grade 4
(>76%).

Statistical analysis

Data is presented as meantstandard error of the mean
(SEM) for the total of areas evaluated for every histomor-
phometry parameter at each sample (cross-sectional area,
minor diameter, form factor and fibrosis). We conducted
a one-way ANOVA analysis of variance followed by the
Scheftfé or the Games-Howell post-hoc test. For non-nor-
mally distributed data, we performed a Kruskal-Wallis test
followed by Mann Whitney-U pairwise comparison. The
analysis of morphometric parameters was carried out
using the SPSS 25® statistical software package. We de-
fined significance as p<0.05.

Results

Perimysial septa separate the muscle fibers belonging to
the NC group into well-delimited fascicles. These fibers
displayed a polygonal morphology, have acidophilic sar-
coplasm, and possess peripheral nuclei. No signs of ne-
crosis or regeneration are observed. Normal muscle fibers
lack immunostaining for MyoD1 and desmin.

21 days

The muscles in the RC group displayed numerous fibers
with internalized nuclei and splitting muscle fibers, iden-
tifiable by their distinct profiles and invaginations. In con-
trast, the volumetric defect in the FC group was filled with
abundant fibro-adipose tissue, where a few small, isolated
regenerating muscle fibers could be seen near the edges
of the lesion.

In the CS group, the implantation area was occupied by
fibro-adipose tissue, and there was an inflammatory reac-
tion surrounding the implanted material. Additionally, re-
generating muscle fibers of uneven sizes and blood vessels
were present within the porous spaces of the implant. The
regenerating fibers displayed different intensities of des-
min staining and contained numerous MyoD1+ nuclei
(Figure 1).

28 days

Muscle samples from the RC group had regenerative mus-
cle fibers showing some variability in size and central and
internalized nuclei. No fibrosis foci were identified. The

absence of MyoD 1+ nuclei was constated, and only a few
muscle fibers strongly stained for desmin were occa-
sionally observed. Remarkably, in the FC group, there was
an area of fibrosis surrounded by small atrophic muscle
fibers bordering the edge of the lesion.

In the CS group, scattered rests of the implanted material
exhibiting a basophilic stain were identified surrounded
by fibro-adipose tissue as well as by regenerating muscle
fibers of variable size with internalized nuclei (Figure 2).
Notably, within the dense fibrous tissue, certain areas ex-
hibited a distinctly parallel orientation of both collagen
fibers and nuclei (Figure 2). The number of MyoD1+ nu-
clei and desmin+ muscle fibers was reduced.

60 days

The muscles belonging to the RC group showed muscle
fibers of polygonal or rounded morphology with internal-
ized nuclei and muscle fibers of variable size with com-
plementary profiles suggestive of splitting fibers. The
muscles of the FC group were characterized by the pres-
ence of a wide area of fibrosis with scattered small muscle
fibers. No changes or abnormal features were observed
with the NADH-tr and desmin antibody staining tech-
niques.

All samples from the CS group contained large intramus-
cular tendons at the implantation area (Figure 3). The sur-
rounding muscle fibers exhibited two different
histological patterns: i) adjacent zones with significant at-
rophy, together with marked endomysial and perimysial
fibrosis and absence of differentiation of muscle fiber
types (Supplementary Figure 2); and ii) areas with regen-
erated muscle fibers of different sizes with internalized
nuclei and inadequate fiber-type differentiation, but with
important abnormalities in their morphology and cyto-
architecture such as spiral fibers and ring fibers (Figure
4). Semi-quantitative analysis showed that cytoarchitec-
tural abnormalities in muscle fibers were more evident in
the CS group (Table 1).

Morphometric analysis revealed significant differences
(p<0.05) in the muscle fibers size of the NC group (Figure
Sa) concerning the groups FC and CS, which represented
a decrement of 79,5% (p<0.05) and 52% (p<0.05) in the
fiber cross-sectional area, respectively. The RC group
scored significantly higher in the cross-sectional area than
the FC and CS groups (Table 2). Values obtained for minor
diameter (Figure 5b) followed a similar pattern to that ob-
served in the cross-sectional area (Table 2). The shape de-
scriptor labelled as form factor (Figure 5c) had
significantly higher values in the NC group than in the CS
group, constituting a 29% (p<0.05) decrease in the cir-
cularity of myofibers (Table 2). No statistically significant
differences were found between the NC and the RC
groups nor between the FC and CS groups at any param-
eter (Figure 5 a-c) (Table 2).

The percentage of connective tissue per field was also
quantified, and a significant increment of 13% (p<0.05)
was observed between the NC and the CS groups. FC
group scored the highest fibrosis and differed significantly
in this parameter compared to the CS group, which
showed a 52% decrease (p<0.05) in the amount of con-
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nective tissue (Figure 5d). Image analysis of the sections
stained with Herovici’s polychrome revealed differences
in the percentages of collagen types I and III in the differ-
ent groups (Supplementary Figure 3): NC (6.6% vs
48.9%), CR (47.5% vs 52.5%), FC (80.3% vs 4.3%), and
CS (78.5 vs 11.9%).

Discussion

Our study demonstrated that the implanted matrix inte-
grated well into the lesion. It did not cause any capsular
reaction or hinder the regenerative response, which began
at the edges of the injury. This is confirmed by the pres-
ence of myogenic markers -MyoD1, and desmin- ob-
served on days 21 and 28. In contrast, there was virtually
no positive staining for these markers in the RC group at
that time. Given the injury mechanism, regeneration in the
RC group was already completed by day 20.!° This differ-
ence can be attributed to a prolonged degenerative-regen-
erative process in the setting of a volumetric mass loss.'
Based on our results, we believe that the muscle atrophy
that occurs after the application of bone replacement ma-

terial to skeletal muscle’ is a consequence of atrophy of
regenerative muscle fibers.

The myogenic response, progressing from the preserved
borders towards the implant, may be positively influenced
by matrix collagen type I composition. While some
studies have demonstrated that collagen scaffolding or
similar biomaterials can enhance skeletal muscle regen-
eration in volumetric lesions,'®!” other research presents
opposing views.'® Various investigations indicate that un-
treated volumetric defects are filled with fibrotic scarring
tissue rich in collagen type I, leading to a defective regen-
erative response.!? This observation aligns with our find-
ings in the FC group, where the fibrosis rate reached 75%.
Since the CS group only scored 36% for fibrosis, it is ev-
ident that muscle regeneration was not impeded. However,
the Herovici’s polychrome staining demonstrated that the
proportion of collagen type I was similar for the FC
(80.3%) and CS (78.5%) groups, differing from the RC
group (47.5%). Studies on fibrosis in dystrophic muscle
have reported that the production of collagen type I in-
hibits regeneration while promoting additional collagen
synthesis.?’ Furthermore, the absence of other components
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Figure 1. CS group. Twenty-one days postimplantation. (a) Regenerating muscle fibers of variable size and blood
vessels (white arrows) on the right, unstained collagen implant on the left (Os). A prominent inflammatory infiltrate
separates both elements. Black arrows indicate inflammatory and mononucleated desmint cells entering the implant.
(b) Detail of image (a) showing desmin+ muscle fibers of different sizes with internalized nuclei and small
mononucleated cells intensely stained with desmin. The white arrow points to a vascular lumen. Original magnification:
a, 20x; b, 40x.. (c¢) Collagen implant (Os) with a prominent inflammatory infiltrate (asterisk) and abundant MyoD I+
nuclei. (d) Detail of image (c) showing MyoD 1+ nuclei of regenerating muscle fibers and mononucleated cells. Original
magnification: a, ¢ 20x; b, d 40x. a, b Anti-desmin; ¢, d Anti-MyoD.
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in this matrix may restrain the development of the myo-
genic response. For instance, in vitro studies have shown
that modified type I collagen films with a combination of
Matrigel and laminin/entactin significantly enhance myo-
tube formation.?!

Given that the bone matrix implanted in our study is ex-
clusively made of type I collagen, the uninhibited regen-
eration could be justified, in our opinion, by its porous
nature, which may have facilitated the growth of regener-
ating muscle fibers and blood vessels inwards from the
periphery.?>% However, cytoarchitectural abnormalities in
the regenerated muscle fibers and significant areas with
fascicular atrophy indicate that the growth and devel-
opment of the regenerating muscle fibers were negatively

affected. The absence of alignment on the inside of the
scaffold may have contributed to this abnormal regener-
ative response.*

Central or internalized nuclei are frequently observed in
regenerated muscle fibers.?>?® Nevertheless, additional cy-
toarchitectural abnormalities such as ring fibers and
whorled fibers, as well as other of an irregular morphol-
ogy (as demonstrated by form factor shape descriptor), are
associated with impaired maturation. This phenomenon is
attributed to the development of muscle fibers in an ad-
verse tissue environment.'-?” Notably, collagen III con-
stituted 52.5% of the composition in the RC group,
whereas it comprised only 11.9% in the CS group. Given
that collagen I1I plays a crucial role in providing elasticity

Figure 2. CS group. Twenty-eight days postimplantation. (a) The collagen matrix rests appear as irvegular basophilic
fragments in the proximity of inflammatory cells, adipocytes, and areas of connective tissue with a certain degree of
orientation (arrowhead). (b) and (c) Insets of image (a) Regenerating muscle fibers of variable size and internalized nuclei
surrounding the remaining fragments of the implanted material. Original magnification: a, 10x; b, 20x, ¢, 40x. H&E.
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to the endomysium and perimysium,* the diminished
levels in the CS group may have hindered the remodeling
of the extracellular matrix during the regeneration process.
Consequently, this lack of collagen may have adversely
affected the growth and development of regenerating mus-
cle fibers. This has led to the regeneration of morphologi-
cally abnormal fibers and the atrophy of others due to
difficulties in their innervation. The excessive devel-
opment of connective tissue during regeneration stops re-
generative muscle fibers’ reinnervation by creating

physical barriers hindering nerve fibers’ growth.° In the
present study, a significant fascicular atrophy with marked
perimysial septa is indicative of a failure in the innervation
of regenerating muscle fibers, similar to that which occurs
in some neurogenic processes in human neuromuscular
pathology.’! All this explains the ultrasound pattern de-
scribed in a previous study.’

Along with the regenerative response of skeletal muscle
to the implantation of the osteogenic matrix, large intra-
muscular tendons were also seen in the samples of the CS

Figure 3. CS group. Sixty days postimplantation. (a) Panoramic image showing a pale-colored intramuscular tendon near
the surface of the muscle. (b) Inset of image (a). The asterisk marks the tendon surrounded by an extremely fascicle of
extremely atrophic muscle fibers with notable endomysial and perimysial fibrosis, including adipocytes. Original

magnification: a, 5x; b, 20x. H&E.
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group but not in the rest of the groups at 60 days. Accord-
ing to our observations, after 28 days of implantation, an
apparent arrangement in the orientation of fibrotic areas
takes place. This connective tissue rearrangement may in-
volve an underlying process of tendon neoformation out
of the implanted matrix. Therefore, we think that the ma-
trix used in our study could be of interest in the research
of the reconstruction of injured tendons in which collagen
compounds are used?? as well as for the study of the gen-
eration of new myotendinous junctions.

On the other hand, since Osteovit® is an osteogenic mate-
rial, intramuscular ossification could have occurred, espe-
cially considering the type of injury caused in which
significant regeneration and repair happened. Heterotopic
ossification in skeletal muscle is a problem of great inter-
est in sports traumatology. Likely, it is the result of an al-
teration of the biochemical or environmental signals in the
balance of skeletal muscle regeneration.** Although this
is a different situation from our experimental approach,
which combines a muscle injury and osteogenic matrix

Figure 4. CS group 60 days postimplantation. (a) The asterisk marks a tendon surrounded by muscle fibers of different
sizes, irregular morphology, and internalized nuclei. (b) The intramuscular tendon (*) appears unstained, with fibers of
very variable sizes that do not clearly differentiate fiber types (c) Regenerated muscle fibers of very heterogeneous size and
morphology (asterisk), including spiral fibers (arrows) and splitting fibers (arrowheads). (d) Regenerated muscle fibers
with central nuclei of abnormal size and morphology (asterisk); arrowheads indicate splitting fibers and arrow a ring fiber.
Inset: The striated pattern is evident in the periphery of the muscle fiber. Original magnification: a, 5x; b, 20x; ¢,20x;
d,20x. (a) and (c) Hematoxylin-eosin; (b) NADH-tr; (d) anti-desmin.
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implantation, in our case osteogenic differentiation is not uating the efficacy of different tissue reconstruction
generated in the abnormal regeneration process. strategies.’® We believe that the results obtained in this
Understanding the interrelationship and interdependence study confirm the importance of considering the impact
between soft tissues and the skeleton is not only essential that different biomaterials, used for regenerative purposes
for correctly assessing aging processes,** but also for eval- in other adjacent tissues and organs, have on tissue regen-

Table 1. Percentage of muscle fibers showing cytoarchitectural changes at 60 days.

NC RC FC SC
Fibers with internalized nuclei - 29.1% (2) 51.4% (3) 29.4% (2)
Splitting fibers - 3.79% (1) 3.13% (1) 13.3% (1)
Ring fibre - - - 0.98% (1)
Whorled fibers - - — 1.76% (1)

In brackets, each parameter was assigned a score 1 through 4 per microscopic field whereby gradel (<25%),
grade 2, 26-50%, grade 3,51-75%;, grade 4, >76%, —, no detected.

5000 a 70 b
a
E 4000 = 60
= S
3 § = 50
= 3000 2 8
- £ §
S E a0 >
3 2000 s
f c 30
g $ s §
S5 1000 20
0 10
NC RC FC cs NC RC FC cs
Group Group
1,00 c 100 ; d
80
5 80 =
8 S 60 #
£ § a2 §
2 s - £ *
60 = i 40
20
40 .
NC RC FC cs NG RC FC cs
Group Group

Figure 5. Bars represent the mean value of the morphometric parameters measured for each group. Error bars represent
mean +/- 2 SEM (standard error of the mean). Significance was set at p <0,05. (a) Myofiber cross-sectional area (um?2).
(b) Myofiber minor diameter (um). (c) Form factor is a shape descriptor that estimates how similar a particle is to a
perfect circle, ranging from 0 (absolute irregularity in shape) to 1 (a perfect circle). (d) The percentage of the area
occupied with fibrous tissue is out of the total. *Significant differences p <0,05 vs NC; ¥, significant differences p <0,05 vs
RC. *significant differences p <0,05 vs FC.
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Table 2. Histomorphometry parameters at 60 days.

Cross-sectional area (um?)  Minor diameter (um) Form factor Fibrosis (%)
NC 3529.86+237.11 51.77+1.82 0.67+0.01 13.26+0.82
RC 4119.54+370.57 54.23+3.15 0.65+0.02 14.92+2.14
FC 724.60+109.81% 16.41+1.38% 0.51£0.03%" 75.19+4.29%
CS 1704.43+382.71% 26.63+3.96% 0.54+0,03% 35.93+4.6%

Values are expressed as mean+SEM (standard error of mean). “Significance was set at p <0,05 vs NC;
§, significant differences p <0,05 vs RC; *, significant differences p <0,05 vs FC.

erative capacity. In this sense, the observations and data
from our work indicate that a material used for bone re-
construction hinders the correct evolution of regeneration
that occurs in a muscle injury. In our opinion, this could
be important when reconstructing a bone injury close to a
muscle injury. Since our study was conducted in a mouse
model, the potential translation of our results to humans
must always be approached with caution. In any case, we
thought it would be interesting to conduct this experiment
in an animal model that combines volumetric muscle in-
jury with bone injury, since both situations are combined
in combat wounds and major trauma.

In our opinion, this study has some limitations. First, we
did not include periods prior to 21 days, since, for com-
parative purposes, in a normal regenerative process (as in
the RC group), muscle fibers are fully regenerated 20 days
after the injury.!° This is a consequence of the fact that, in
volumetric deficit injuries, the degenerative and inflam-
matory processes are prolonged over time.'* Since in our
model, not only muscle fibers with significant cytoarchi-
tectural abnormalities but also new intramuscular tendons
were generated, it would be interesting to analyze pre-
vious periods to study the formation of new myotendinous
junctions to determine whether these may also present his-
tological abnormalities. We believe this question is of in-
terest in the field of sports traumatology, since the
myotendinous junction is the most frequent site of injury
and re-injury.® These questions will be addressed in our
laboratory in the near future.

Conclusions

Based on the present data, a collagen-based bone matrix
substitute can be fully integrated into skeletal muscles fol-
lowing implantation in a volumetric defect. This bio-
material does not inhibit the inherent regenerative capacity
of skeletal muscle, possibly due to its porous nature. Ho-
wever, it interferes with regenerative muscle fibers’ nor-
mal growth and development by promoting the fibrotic
aspect of the regenerative response. The identification of
large intramuscular tendons points towards a potential role
for this bone matrix substitute in tendon reconstruction
strategies that is yet to be explored.

List of abbreviations

NC, normal control group

RC, regenerative control group
FC, fibrotic control group

CS, collagen scaffold group
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Online supplementary material:

Supplementary Figure 1. (a) Volumetric defect in the tibialis anterior muscle, (b) bone substitution material, (c) collagen matrix implant within the volumetric

defect.

Supplementary Figure 2. CS group. Sixty days postimplantation. (a) The image shows a large tendon (asterisk) in the vicinity, of which there is significant
fascicular atrophy (lower left) compared to the normal muscle fibers on the right. (b) Inset of the image (a) with significant perimysial fibrosis separating
the atrophic muscle fascicles. (c) Fascicular atrophy and poor fiber-type differentiation. Original magnification: a, 10x; b, 40x;c, 20x. (a) and (b),

Masson's trichrome;, (c), NADH-tr.

Supplementary Figure 3. (a) NC group 60 days postimplantation, (b) RC group 60 days postimplantation, (c) FC group 60 days postimplantation, (d) CS
group. 60 days postimplantation. In NC, a higher percentage of type 1lI collagen is observed. In RC, the percentage of collagen I and Il is balanced. In
FC and CS, type I collagen is clearly predominant. Original magnification: 10x. Herovici’ polychrome staining.



