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Abstract: Skeletal muscle injuries that occur from traumatic incidents, such as those caused by car
accidents or surgical resections, or from injuries sustained on the battlefield, result in the loss of
functionality of the injured muscle. To understand skeletal muscle regeneration and to better treat
these large scale injuries, termed volumetric muscle loss (VML), in vivo injury models exploring the
innate mechanisms of muscle injury and repair are essential for the creation of clinically applicable
treatments. While the end result of a muscle injury is often the destruction of muscle tissue, the manner
in which these injuries are induced as well as the response from the innate repair mechanisms found
in muscle in each animal models can vary. This targeted review describes injury models that assess
both skeletal muscle regeneration (i.e., the response of muscle to myotoxin or ischemic injury) and
skeletal muscle repair (i.e., VML injury). We aimed to summarize the injury models used in the
field of skeletal muscle tissue engineering, paying particular attention to strategies to induce muscle
damage and how to standardize injury conditions for future experiments.
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1. Introduction

Skeletal muscle is responsible for the coordinated locomotion of the skeleton, resulting in
ambulation of the organism. This highly aligned organ has an innate repair mechanism, which supports
day-to-day function and facilitates recovery from small injuries (for details, see [1,2]). However,
larger injuries, classified as volumetric muscle loss (VML), overwhelm this innate repair mechanism and
result in the complete removal of at least 20% of muscle by mass, leading to dysfunctional and incomplete
functional repair [1]. Skeletal muscle is comprised of several tissues, namely, myofibers, blood vessels,
nerves, and connective tissue, making it a complex organ that is not easily regenerated in situ after
traumatic injury. Inadequate regeneration will lead to inefficient transmission of force, which will
result in loss of function and a reduction in the patient’s quality of life. Investigators have developed
a variety of scaffold and cell-based interventions to advance skeletal muscle tissue engineering and
address this growing need. While a systematic review of these numerous strategies is outside the
scope of this review (for an overview, see [2–6]), a common question is how to assess the applicability
of these strategies. To this end, a variety of animal models have been developed to study skeletal
muscle repair and regeneration (Figure 1).

In this review, we critically assess recent injury models designed to study muscle regeneration
(e.g., myotoxins or ischemia), as these methods have identified mechanistic steps important for skeletal
muscle regeneration and are incredibly useful to determine the effects of cells or soluble factors on
muscle regeneration (Figure 1, regeneration). We next focus on VML injury models, which assess
skeletal muscle repair after traumatic injury (Figure 1, repair). We distinguish repair from regeneration,
because while myotoxin injuries can regenerate with high fidelity to their original, uninjured state,
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VML injuries cannot spontaneously regenerate, and to date clinical interventions have not resulted in
complete functional recovery [7]. Therefore, repair in this case refers to our ability to augment skeletal
muscle force production, often by mimicking processes found in regeneration. While many of these
methods are similar, there can be small differences in protocols that make comparison between studies
difficult. We will summarize advantages of each of these methodologies, and discuss the need to
establish common injury procedures, particularly for VML injury models to maximize comparisons
between studies to be able to ultimately translate tissue engineered strategies for skeletal muscle
regeneration into the clinic.
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Figure 1. Injury models used to assess skeletal muscle regeneration and repair. Injury induction for
regenerative models (“regeneration”) regenerate with high fidelity after recovery, while repair models
(“repair”) result in some nascent myofibers interspersed with fibrotic tissue.

2. Myotoxins

Myotoxins are a family of proteins commonly found in snake venoms that result in massive
amounts of myolysis and necrosis. Cardiotoxin (CTX), a specific myotoxin derived from cobras,
renders the cell membrane more permeable to ion influx, destroying large regions of the muscle and
significantly impacting functional outputs [8]. Myotoxin-induced injury models are typically utilized
to study regeneration because while the toxin completely destroys the muscle fibers, it leaves the
extracellular matrix (ECM) intact and does not specifically target satellite cells, allowing them to
regenerate the tissue [9–11]. The muscle is able to recover most of its original contractile parameters
(maximum tetanic force, contraction time, and maximum power) 10 days after injury, and after 3 weeks
there are no differences in the contractile properties [9]. CTX is typically injected directly into the belly of
a muscle, such as the tibialis anterior (TA). This intramuscular injection is a relatively simple procedure,
resulting in a reproducible and consistent injury model [12]. Further, the relatively small size of the TA
ensures a greater portion of the muscle will be damaged by the toxin, generating a severe injury [13].
The combination of a fast recovery time with acute, localized damage makes myotoxin models ideal to
answer mechanistic molecular questions regarding skeletal muscle regeneration (Table 1). For example,
the role of glycans, such as Galgt1, in skeletal muscle regeneration was identified by comparing
regeneration in normal and Galgt1-deficient mice after CTX injury [14]. Despite observing regeneration
in both models, the myofiber diameter in Galgt1-deficient mice was significantly smaller 2 weeks after
recovery, demonstrating the importance of Galgt1 in regeneration and that it may be targeted when
there is insufficient or slow regeneration [14]. In addition to cell surface receptors, this platform allows
for the study of soluble factors, such as angiopoietin-1 (Ang-1). Fourteen days after CTX injection
into the TA muscle, exogenous Ang-1 significantly increased muscle contractility, fiber regeneration,
and capillary density [15]. Anti-inflammatory compounds such as thymol were found to accelerate
skeletal muscle regeneration by observing a reduction in the number of mast cells and a decrease
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in the final percent of collagen after CTX injection into the gastrocnemius muscle [16]. However,
while myotoxin injection is an ideal model to understand the underlying mechanisms of skeletal
muscle regeneration, it is unable to model the frank loss of tissue that occurs in traumatic injury, such
as those presenting from VML, limiting its relevance for clinical injuries.

Table 1. Summary of recent studies utilizing cardiotoxin (CTX) injuries to study skeletal muscle
tissue regeneration.

Injury Model Treatment Results Reference

Mice
CTX gastrocnemius muscle Thymol Significant decrease in the number of mast cells

and the final percent of collagen after 10 days. [16]

Mice
CTX TA muscle Ang-1 Ang-1 increases muscle contractility, fiber

regeneration, and capillary density after 14 days. [15]

Mice
CTX TA muscle Galgt1

Galgt1 expression resulted in larger myofiber
diameters and more markers of muscle

regeneration after 2–4 weeks.
[14]

Mice
CTX TA muscle

Glycosaminoglycan
mimetics

Injection of mimetics increased nuclei per
myofiber and enhanced capillary formation

within muscles.
[17]

Abbreviations: CTX (cardiotoxin), TA (tibialis anterior), Ang-1 (angiopoietin 1).

3. Ischemia

Ischemia is a result of loss of blood flow and oxygen in the body. Ischemia models, specifically
those that involve a permanent ligation of vessels leading to muscles, result in muscle loss and relatively
low levels of spontaneous functional recovery compared to other injury models [18]. Borselli et al.
compared muscle recovery following a permanent ligation of the TA and gracilis muscles with and
without growth factor-loaded hydrogels to show that delivery of exogenous vascular endothelial
growth factor (VEGF) and insulin-like growth factor 1 (IGF1) accelerated muscle recovery (Table 2) [18].
This recovery was observed by measuring significant increases in myofiber diameter as well as tetanic
force with respect to hydrogels without VEGF or IGF1, 2 and 7 weeks after injury [18]. In a similar
study, delivery of exogenous VEGF was shown to improve muscle recovery after ischemia by delaying
axonal degeneration and increasing proliferation of neural progenitor cells, thereby maintaining muscle
innervation [19]. Ischemia/reperfusion (IR) injury models differ from permanent ligation in that blood
flow is reestablished after several hours of acute ischemia, which can result in swelling, destruction of
the capillary network, and even organ failure [20,21]. Skeletal muscle is particularly vulnerable to IR
injury, and efforts to mitigate tissue damage include the injection of bone marrow cells (BMCs) into mice
2 days after IR injury. An improvement in maximal tetanic torque was observed 16 days post-injury,
as well as a faster rate of force production and a decrease in fibers with centrally located nuclei,
demonstrating that injected BMCs aided regeneration [20]. Another study injected exogenous sonic
hedgehog (Shh) to the hindlimb at the onset of ischemia and observed that the delivered Shh enhanced
recovery, reduced fibrosis, and inhibited apoptosis [22]. IR models are not as widely used to study
muscle regeneration because they are less efficient at muscle recovery than injection of myotoxins [23].
For example, there was delayed fatigue resistance and muscle weight in the IR model when compared
to myotoxic models, even though the muscle fibers were initially completely destroyed in both [23].
Despite these limitations, IR injuries can mimic surgical transfers of muscle, which is of significance for
tissue transfer techniques for traumatic injuries.
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Table 2. Recent studies utilizing ischemia (ligation and ischemia/reperfusion (IR)) to study skeletal
muscle regeneration.

Injury Model Treatment Results Reference

Mice
Ischemia ligation

Hindlimb
VEGF and IGF1 Improvement in vasculature as well as muscle

contractility and myofiber diameter after 7 weeks. [18]

Mice
Ischemia ligation

TA muscle
VEGF

Enhanced vascularization of muscle,
leading to expression of neurotrophic factors

to maintain innervation.
[19]

Mice
IR

Upper hindlimb
Bone marrow cells

After 4 weeks, there was an increase in maximal
tetanic torque and force production and a decrease in

centrally located nuclei.
[20]

Rats
IR

Upper hindlimb
Vagus nerve stimulation

Stimulation led to reduction in apoptosis and
inflammation, as well as protection of vascular

endothelial function.
[24]

Mice
IR

Hindlimb
Shh Improved myofiber recovery, inhibited apoptosis,

and reduced fibrosis. [22]

Abbreviations: VEGF (vascular endothelial growth factor), IGF1 (insulin-like growth factor 1), TA (tibialis anterior),
IR (ischemia/reperfusion), Shh (sonic hedgehog).

4. VML Injury Models

Increased attention in recent years has been focused on exploring treatment options for volumetric
muscle loss (VML) and as such there have been numerous efforts to characterize and define animal
models. However, there is a large amount of variation in the experimental setup between each
study, including animal species/strain, the location of VML injury, and the extent of the VML injury
induced. We briefly summarize animal models used for VML (Table 3), highlighting characteristics
that could be conserved between studies to properly allow for comparisons between multiple studies
(for a comparison of studies using meta-data analysis, see [25]).

Table 3. Selection of recent volumetric muscle loss (VML) studies to study the skeletal muscle repair.

Animal Model Location Injury Size Treatment Results Reference

IC and ID mice TA
2 mm biopsy
punch (20%

by mass)

Minced muscle
from GFP+ mice

Muscle repair response was
similar in both strains despite

no improvement in TA
muscle strength.

[26]

ID mice TA
4 × 2 × 2 mm3

(50% reduction
in force)

Crosslinked fibrin
microthreads

loaded with HGF

Recovery of 200% of force
production and sustained

angiogenesis after 2 months.
[27]

ID mice TA 2 × 7 × 2 mm3

(40% by mass)

Human
MuSC+/MRC+

constructs

Increase in functional recovery
with exercise and improved

vascularization and innervation
after 1 month.

[28]

IC rats TA 10 × 5 × 7 mm3

(20% by mass)
BAM or TEMR

Significant functional recovery in
TEMR responders, with mature
muscle found in injury site after

6 months.

[29]

IC rats TA 30% by volume
(longitudinal cut) SMUs

Significant functional recovery
with evidence of nerve and blood

vessel infiltration within SMU
after 1 month.

[30]

IC rats TA
8 × 3 mm2 deep
biopsy punch
(20% by mass)

Muscle-derived
ECM with

minced muscle

Significant functional recovery
and reduced fibrotic response. [31]

IC rats LD 1.5 × 1.1 cm2

(13% by mass)
BAM or TEMR

Recovery of 71% of force
production; enhanced

angiogenesis after 2 months.
[32]
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Table 3. Cont.

Animal Model Location Injury Size Treatment Results Reference

IC rats Q 8 mm
biopsy punch Muscle autograft No significant recovery of

muscle function. [33]

IC mice Q

2, 3, or 4 mm
biopsy punch,
full thickness

(5%, 15%, or 30%
by mass)

No treatment Threshold for VML defect was
3 mm biopsy punch. [34]

Yorkshire-cross
pigs PT 3 × 3 × 1.5 cm3

(20% by mass)
Autologous

minced muscle

32% strength increase after
4 months; extensive fibrotic

tissue deposition.
[35]

Polypay sheep PT 30% by volume
(longitudinal cut) SMUs + ENCs Implants significantly increased

force production after 3 months. [36]

Abbreviations: IC (immunocompetent), ID (immunodeficient), TA (tibialis anterior), LD (latissimus dorsi),
Q (quadriceps), PT (peroneous tertius), GFP (green fluorescent protein), HGF (hepatocyte growth factor),
MuSC (muscle stem cell), MRC (muscle resident cell), BAM (bladder acellular matrix), TEMR (tissue-engineered
muscle repair), SMU (skeletal muscle unit), ECM (extracellular matrix), ENC (engineered neural conduit),
VML (volumetric muscle loss).

4.1. Animal Species Used in VML Studies

The most common animals employed in VML studies are rodents (mice and rats), although larger
mammals such as sheep, canines, and pigs have also been studied due to their clinically relevant
size [36,37]. Approximately 88% of studies examining decellularized extracellular matrix (ECM)
implant materials on VML injuries utilized mouse or rat models, while only 12% utilized larger animal
models such as sheep, dogs, and pigs [37]. Generally, variations in animal strains can be accredited
to the nature of the construct being studied. In studies utilizing xenogeneic cells, immunodeficient
animals are required to mitigate transplant rejection [26,28,38]. Human cell sources are commonly
used to maximize the translational impact, focusing on the integration of skeletal muscle mimetics into
the host. In this way, Page et al. implanted human myoblast-seeded fibrin microthreads into the tibialis
anterior (TA) muscle of mice, observing functional recovery as well as human myoblast engraftment
with host tissue [39]. Scaffolds seeded with human myogenic stem cells (HMuSCs) and human muscle
resident cells (HMRCs; non-myogenic muscle cells) were implanted into the TA, resulting in new
muscle formation and minimal scarring. Importantly, scaffolds seeded with either human-sourced or
autologous (mouse) cells resulted in similar recovery, highlighting the translational feasibility assessing
engraftment into host tissues [28]. Separately, to dissect the contribution of immune cells in the repair
of VML injuries, minced autologous muscle tissue was implanted into wild-type and athymic mice [26].
In this way, it was demonstrated that immune cells play an important role in satellite cell proliferation
in VML injuries (for a comprehensive review, see [40]) and that the overall modulation of the immune
response may be necessary [26]. While immunodeficient animals are necessary to study the integration
and repair of xenogeneic cell-seeded scaffolds, these animal models alone cannot provide insight into
how cells, scaffolds, and host tissues will integrate into a fully functioning biological system.

Immunocompetent mouse and rat models are used in studies where the risk of a systemic
adaptive immune response is reduced, as well as to increase clinical relevance. Bladder acellular
matrices (BAMs) seeded with allogenic muscle progenitor cells (MPCs), called tissue-engineered
muscle repair (TEMR), elicited no adverse immune reactions in Lewis rats who responded positively
to the implant [29]. The presence of macrophages 24 weeks post injury within the VML injury site
indicated that, while an immune response did occur, it had stabilized and was conducive to muscle
repair and regeneration [29]. Another treatment option under investigation is the implantation of
decellularized scaffolds seeded with autologous minced muscle tissue. Implanting these materials
into the TA of Fischer 344 rats improved muscle mass and reduced fibrosis without any notable
inflammatory response [31].
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While mouse and rat models provide insight into evaluating repair mechanisms for the treatment
of VML injuries, their clinical relevance is limited by the small size of both the muscles and the
injuries. These injuries do not accurately recapitulate the clinical scenario where defects are in the
order of cubic inches rather than cubic millimeters, approximately 1000× times larger. For example,
the implantation of skeletal muscle units (SMUs) into a rat TA VML injury resulted in improved force
production, innervation, and vascularization throughout the construct [30]. To translate these findings
towards clinically relevant injuries, researchers implanted allogeneic SMUs into a VML injury in the
peroneus tertius muscle of sheep. Sheep implanted with SMUs and engineered neural conduits (ENC;
SMU+ENC) maintained increased muscle mass and increased muscle contraction 3 months post injury
compared to sheep who did not receive treatment [36]. While the results of this study demonstrated
that implantation of SMU+ENC scaffolds improved VML recovery, the extent of force recovery was
less than that observed in the prior rat studies, possibly a result of the increased reliance on the
diffusion of nutrients into the implanted construct [36]. In a similar series of studies, minced autologous
muscle tissue was implanted into a VML defect in the peroneus tertius muscle of Yorkshire-cross pigs,
after initial results in rat models showed that the implantation of autologous minced tissue resulted
in improved functional recovery and muscle regeneration [26]. While autologous tissue implants
restored 32% of strength lost from the VML injury, the size of the defect limited the repair capabilities
in pigs [35]. Despite the positive results observed in both rat VML models, the relative amount of
functional recovery and regeneration was reduced in larger models.

With the majority of VML studies utilizing mice and rats, the utilization of larger animals
could overcome a significant barrier in the design and interpretation of VML studies. While clearly
biologically more relevant, there are relatively few large animal models, making comparisons to related
studies difficult. The usage of larger animal models is also limited by the price, facilities, and materials
required to care for them. In this way, pioneering new animal models is limited by both the lack
of studies, as well as the increased cost required. Although large animals may be more biologically
relevant to human VML injuries, the requirements to study such do not always make them a viable
option, particularly for smaller laboratories.

4.2. Variations in Muscle Group

VML injuries have been induced in a variety of muscle groups including the TA [28,41],
quadriceps femoris [33,34], and latissimus dorsi (LD) [42,43]. The most commonly used muscle
in VML studies is the TA, most likely due to the fact that it is easy to access and the metrics for
testing its functional capabilities have been well established. In all studies, the main assessment of
muscle repair is functional recovery via measuring torque production by hindlimbs with and without
VML injuries [41]. While functional recovery remains the principle assessment, the methodologies
can change because of both the differences in the anatomical structure and location of these muscles.
In the LD, functional measurements were evaluated by removing the entire muscle and measuring
its contractile force in vitro [43] or by keeping the muscle intact and measuring the isometric force in
situ by affixing the insertion tendon to a load cell [42]. Functional recovery of the quadriceps femoris
was also determined by measuring the tetanic torque of the limb in situ but was also determined by
measuring changes in the gait of the rats over several weeks [33]. While functional recovery was
observed in each of these studies, the extent to which recovery occurred in the quadriceps femoris
was less than that of the other two muscle groups, potentially due to collateral injury of the nerves
surrounding the muscle [33].

While all of these muscles are composed of the same cellular components, the variation in muscle
organization and function presents different design considerations for researchers. For instance,
the TA is fusiform and circumpennate; the LD is unipennate; and the rectus femoris, one of
the muscles in the quadriceps, is bipennate, which will impact fiber organization and force
transmission [44,45]. These different structural characteristics highlight an underlying difference
in myofiber organization—circumpennate muscles are cylindrical and converge to a central tendon,
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unipennate muscles extend outward from one side of a tendon in a feather-like pattern, and bipennate
muscles are similar to unipennate muscles but have myofibers connecting to both sides of the tendon.
In many cases, researchers attempt to maximize linear alignment of myofibers, under the assumption
that all muscles are fusiform or unipennate, and therefore do not adjust for variations in myofiber
alignment for different anatomies. Ultimately, while studies may utilize similar materials and methods
to repair VML injuries, the anatomy and orientation of the muscle fibers may impact the degree of
recovery, confounding results and comparisons between studies utilizing different muscle groups.

4.3. Size and Induction of Injury

By definition, VML is induced by the removal of muscle tissue; however, researchers achieve such
via a variety of different tools and procedures. The removal of 40% of the TA resulted in a 40% loss in
functional strength compared to controls [28], while a study utilizing the same model found that the
removal of 30–50% of the TA muscle resulted in a 30% loss in functional strength [46]. Small variations
in tissue removal can impact functional outcomes, and it is important to note that there is no universal
linear relationship between tissue removal and force reduction; these parameters are based on many
factors such as the geometry of the injury and the muscle anatomy [32]. In some studies, as little as 20%
of the TA muscle was removed [47], while in others as much as 75% of the quadriceps compartment
was removed [48]. Some studies report the removal of defined volumes, such as the removal of
4 × 2 × 2 mm3 of tissue in the mouse TA using iris scissors and wedge resection [27,38], or a 2 mm
biopsy punch in the same muscle group [26]. The use of a stencil allows for repeatable injuries,
as well as assisting readers in understanding the size of the injury [28]; however, some studies do
not clearly define these geometries. An augmentation to this strategy has been to remove a specific
dimension of muscle and report the functional reduction of the muscle group as the final metric for
injury induction [27]. An alternative strategy removes 20% by mass from the middle third of the TA on
the basis of a linear-regression model that determines the mass of the muscle removed in relation to the
total body weight of the animal [49]. While all these approaches report a certain percentage of muscle
removal, the method of removal may likely result in inconsistencies between the actual percent of
muscle removed, therefore making cross-study comparisons difficult [25]. While there does not appear
to be significant variation in the results on the basis of these varying methodologies, the practice of
removing defined amounts (i.e., length ×width × height measurements) of muscle tissue to induce
VML injury seems to be a more preferred method.

In addition to variations in the amount of removed muscle mass, the treatment of other muscles
in the same compartment can impact the injury model. Several studies mechanically isolate the TA
from the other anterior crural muscles to prevent these muscles from compensating for the injury [49].
A separate approach has been to leave these other muscles intact, instead directly stimulating the surface
of the muscle of interest [27,48]. While this approach does not induce injuries of multiple muscles, it
requires additional controls such as age-matched animals to ensure that muscle compensation is not
occurring. The aim of ablating muscles in a similar compartment to the muscle of interest (e.g., the TA
and the other anterior crural muscles) is to eliminate the possibility of the other muscles to strengthen
and compensate for the injured muscle via hypertrophy. Quarta et al. described several studies that
demonstrated that the effects of this hypertrophic mechanism are minimal in mice, even when the
muscles surrounding the TA are not removed [28]. Ultimately, the ablation of muscles in the same
compartment may not be necessary; however, care must be taken to confirm this in the experimental
design by utilizing additional controls to confirm that there is no hypertrophy of the muscles around
the injured muscle.

5. Summary and Future Considerations

Many injury models have been developed to answer fundamental questions in the field, ranging
from mechanistic processes underlying regeneration to the repair of traumatic injuries. The use
of regenerative injury models, such as myotoxins, should be reserved for mechanistic questions
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regarding skeletal muscle regeneration, as they destroy muscle fibers while leaving the ECM intact.
Ischemia/reperfusion models may be relevant to enhance the survival of tissue transfer techniques.
VML injuries are relevant to assess skeletal muscle repair, which involves the frank loss of tissue.
To enable more direct comparisons between VML studies, we make the following recommendations
as investigators continue to innovate and improve scaffold- and/or cell-based interventions: (1) the
presentation of as much information as possible regarding the induction of the VML injury (i.e.,
wound dimensions, mass of tissue loss, and reduction of force output) would greatly increase both
the repeatability of each injury model, as well as comparing newer studies with existing literature.
Where possible, each axis of the wound dimensions should be defined (e.g., length × width × height),
and should provide information regarding the origin of the injury, as many muscle geometries will
be impacted by the location of the injury. (2) Forces should be recorded before and after injury,
with an option to utilize reduction of force output as an additional metric for injury induction.
(3) Utilization of immunocompetent animals where possible to maximize clinical relevance of the
immune system. Of course, where there is an overt risk of a systemic adaptive immune response,
such as the use of human cells within rodents, immunodeficient animals are necessary. (4) While
a cross-comparison between two specific strains of mice did not reveal differences in functional recovery
after injury [26], care and conservation in the selection of animal strains is necessary to ensure molecular
differences between strains do not confound results between studies. (5) Investigators can choose to
measure functional recovery via force recordings in vivo, in situ, or in vitro; however, care needs to be
taken to clearly articulate the selected force collection method. Where appropriate, additional controls
to account for hypertrophy and compensation from other muscles within the same compartment is
necessary. (6) Small animals remain the primary vehicle to assess VML repair, and while it is important
to consider the repair of different muscle groups, care needs to be taken to account for differences
in myofiber organization, which presents unique engineering challenges to account for differences
in anatomy between muscles. For example, the TA, the LD, and the quadriceps each have distinct
geometries, and therefore comparison between them will be difficult, at best. (7) Scaling up treatment
options from these smaller injuries to clinically sized defects remains one of the most significant
challenges in the field, despite the many innovative advances in skeletal muscle tissue engineering
to date.
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