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Abstract

Background
Given the clinical practice of prescribing physical rehabititatfor the treatment of VML

injuries, the present study examined the functional and histomorpholadmatiations in the
volumetric muscle loss (VML) injured muscle to physical rehabilitation.

Methods

Tibialis anterior muscle VML injury was created in Lewadsr (n = 32), and were random
assigned to either sedentary (SED) or physical rehabilitdRaiN) group. After 1 week,
RUN rats were given unlimited access to voluntary running wlesdler 1 or 7 weeks (2 or
8 weeks post-injury). At 2 weeks post-injury, TA muscles were Bgedefor moleculalr
analyses. At 8 weeks post-injury, the rats underwenivo function testing. The explanted
tissue was analyzed using histological and immunofluorescence procedures.

y

Results

The primary findings of the study are that physical rehabditain the form of voluntary
wheel running promotes ~ 17% improvement in maximal isometric tpapue a ~ 139
increase in weight of the injured muscle, but it did so without fsigmt morphological
adaptations (e.g., no hypertrophy and hyperplasia). Wheel runninggufated metaboli
genes (SIRT-1, PGCel only in the uninjured muscles, and a greater deposition of fibrous
tissue in the defect area of the injured muscle preceded by-sgulation of pro-fibroti
genes (Collagen I, TGF1). Therefore, it is plausible that the wheel running related
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functional improvements were due to improved force transmission and oetlem
regeneration.

Conclusions

This is the first study to demonstrate improvement in functionébqmeance of non-repaired
VML injured muscle with physical rehabilitation in the form of wafary wheel running.
This study provides information for the first time on the basiages in the VML injureq
muscle with physical rehabilitation, which may aid in the developnoénappropriate
physical rehabilitation regimen(s).
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Background

Volumetric muscle loss (VML) is the traumatic or surgiaadd of skeletal muscle due to
explosive munitions, bullet wounds, or surgical excision of a sarcoitta nesultant
functional impairment [1]. The indiscriminate nature of these ias@sults in the loss of
myofibers, their associated satellite cells, other resideld, deasal lamina as well as
intramuscular neural and vascular structures [2-7]. Following injbgy/,remaining muscle
undergoes continued damage, develops fibrosis, and likely has grosscarcitdterations.
These changes are presumed to be the result of the initiay imar subsequent chronic
overload on the remaining muscle as it attempts to compensate floss of a portion of the
muscle.

Currently, there is no defined surgical standard of care for \#liries. Clinically, these

wounds are often surgically repaired with a fascio-cutaneous amdimcle flaps.

Importantly, these procedures are not intended to restore muscle functioasfldechde has
seen significant advances in the development of tissue engineteategies for VML repair;

although the clinical utility of these therapies is not yelized [3-6,8-11]. Hence, physical
rehabilitation is the only therapeutic strategy for VML injuri@s least in the military
medical system [2,12]. However, physical rehabilitation is aimedstrengthening the
remaining injured muscle, but not at promoting muscle regeneration.

Physical rehabilitation has been investigated as a stradegyat acute muscle injuries (e.qg.,
contusion) [13], for the recovery of skeletal muscle damaged due {6@4d6é], pathological
(e.g., muscular dystrophy), and metabolic (e.g., diabetes) conditioh$8]. For acute
muscle injuries, it has been shown to accelerate muscle dfeadgeneration by modulating
the immune response, facilitating vascularization and the retdage-myogenic growth
factors, and reducing fibrosis [19-23]. In contrast, the results otlimieal and clinical
studies using physical rehabilitation to treat skeletal dardageto pathological conditions
have been mixed. A few have reported on its benefit to maintain mstsetegth [24] and
reduce susceptibility to contraction-induced injury [25]. While othergehreported it to
cause strain injuries [26,27], to be detrimental to muscle function §&&lor to have no
effect [29].



Unlike these muscle injuries and pathological conditions, VML injuneslve the frank loss
of muscle tissue with concomitant damage to intramuscular nengtaVascular structures.
Hence, there is a need to understand the response of VML injuredemasphysical

rehabilitation. Given the clinical practice of prescribing phaisicehabilitation for the
treatment of VML injuries, understanding the basic responses ofnjheed muscle to
increased activity may aid in the development of appropriate retaibii regimen(s). The
specific objectives of this study were to examine the functiamal histomorphological
adaptations in the VML injured muscle to physical rehabilitations Was performed using
an established rodent tibialis anterior muscle VML injury mo8@él][and voluntary wheel
running as model for physical rehabilitation.

Methods

Experimental design

A VML injury was created in the tibialis anterior (TA) musdf thirty two adult male Lewis
rats (3-4 months old; 325-350 grams; Harlan Laboratories, IN, USA)eagpsly detailed
[5-7]. The rats were then assigned to either sedentary)(8Ekhysical rehabilitation (RUN)
group and returned to individual cages (n = 8/group). After 1 wB&K\N rats were
transferred to individual chambers equipped with voluntary running whéelgayette
Instrument Company, Lafayette, IN, USA) and allowed unlimitedsactee the wheel for the
either 1 or 7 weeks (2 or 8 weeks post-injury). At 2 weeks post-jnjukymuscles were
harvested for molecular analyses. At 8 weeks post-injury, teeinaterwentn vivo function
testing as previously described followed by tissue harvest [5].

Animals

This study was conducted in compliance with the Animal Welface the Implementing
Animal Welfare Regulations, and in accordance with the princgdléise Guide for the Care
and Use of Laboratory Animals. All procedures were approved byAGe/C at the U.S.
Army Institute of Surgical Research. Rats were housed in aiwmnaaccredited by the
Association for Assessment and Accreditation of Laboratory Animal Geemnbtional.

VML injury model

The surgical procedure for creating VML in the rat TA muses performed as described
previously [5-7]. Briefly, using aseptic technique, a surgical def@s created in the middle
third of the TA muscle using a scalpel. The excised defeighivapproximated ~ 20% of the
estimated TA muscle weight.

In vivo functional analysis

The isometric contractile properties were determimedivo on anesthetized animals as
previously described [5]. The foot of the animal was strapped to a dtetpttached to a
dual-mode muscle lever system (Aurora Scientific Inc., ONa@a)) and the knee and ankle
positioned at right angles. Body temperature was maintained at 3BG. Functional
properties were first determined on the intact anterior crutedches, followed by on the
isolated TA. Isolation of the TA was accomplished by tenotomiziegeixtensor digitorum
longus (EDL) and extensor hallucis longus muscles above the retingonhile keeping the



tendon associated with the TA muscle including the retinaculum undidtulbaximal
isometric torque (fay was determined by stimulating the peroneal nerve using a Grass
stimulator (S88) at 150 Hz with a pulse-width of 0.1 ms across a range of volts®)¥3. (2

gRT-PCR

RNA was isolated from snap frozen cross sections of TA mtisatencluded the defect area
and the remaining muscle (50-100 mg) and reverse transcribed to Bidke Aliquots (2
uL) of cDNA were amplified with 200nM forward/reverse prime®(BR GreenER (Life
Technologies, NY, USA) in triplicate using a Bio-Rad CFX96 rircycler system. Non-
template control and no reverse transcriptase controls were rueabbr reaction. Gene
expression was normalized to 18S (housekeeping gene) to determingCihevalue.
Expression levels for mRNA transcript were determined b2 tH&™ method by normalizing
each group to the uninjured muscle of the SED group [5]. Primemnsetssynthesized by
Sigma-Aldrich DNA oligos design tool (Table 1).

Table 1 Nucleotide sequences of primers used for qRT-PCR

Gene Forward Sequence Reverse Sequence Amplicon Length (BP)
eMHC 5- TGGAGGACCAAATATGAGACG-3 5-CACCATCAAGTCCTCCACCT-3 180
Collagen-1  5-GACCAATGGGACCAGTCAGA-3 5-CTGGTGAACGTGGTGCAG-3 123
TGF-p1 5-GTCAGACATTCGGGAAGCA-3 5-CCAAGGTAACGCCAGGAAT-3 138
SIRT-1 5-GTTGACCTCCTCATTGTTATTGG-3 5-CGCAGTCTCCAAGAAGCTCT-3 151
PGC-la 5-CGTGTTCCCGATCACCATA-3 5-GTGTGCGGTGTCTGTAGTG-3 108
18S 5-GGCCCGAAGCGTTTACTT-3 5-ACCTCTAGCGGCGCAATAC-3 173

Histological and immunofluorescence procedures

TA muscles were embedded in a talcum-based gel and snap frozeonssee8um thick)
were stained with hematoxylin and eosin H&E) [6]. Immunofluorescestamed tissue
sections (~8&um thick) were probed for collagen | (1:500; EMD Millipore Corporatiwin),
USA), sarcomeric myosin (MF20; 1:10; Development Studies Hybridom&,BA, USA),
and nuclei (DAPI; 1:100; Life Technologies, NY, USA) [6]. Sectiovexe blocked in 5%
goat serum for 1 hour at room temperature and then incubated with yranabody
overnight at 4°C. Sections were then incubated in corresponding AlexafB8/596 labeled
secondary antibodies (1:200-1:500) for 1 hour, stained with DAPI and mountddatyea
assessments were made by observing three sections from 3 - 5 muscieser g

Quantification of centrally located nuclei

The total number of centrally located nuclei (CLN) were detesthfrom H & E stained
sections of uninjured and injured muscles (n = 6/group). Fifteen non-ovedapPOx
images were taken from the superficial, middle, and deep regidhs ofuscles. The percent
of the total number of CLN was obtained by normalizing number of €uMted to the total
number of fibers per image.

Quantification of intramuscular collagen

The area fraction of collagenous tissue exclusively within theaireng muscle (not in the
defect area) was determined from collagen | stained sedafamnsinjured (n = 3/group) and
injured muscles (n = 6/group). Fifteen non-overlapping 100x images talega from the



superficial, middle, and deep regions of the muscles. The images aanverted to 8-bit,
background subtracted and rescaled if necessary from 0 (pixel with value of Cejsta/2H5
(pixel with value of 255 is black) before a threshold was applied to each image mJmag

Morphological analysis

Individual fiber cross sectional area (CSA) were determinad frollagen | stained sections
of uninjured and injured muscles (n = 6/group). Fifteen non-overlapping hifges were
captured from each muscle, and measurements were manually obtangetimage J. Only
fibers between 50 and 8000m® were included in the analysis [30]. The frequency
distribution of fiber CSA was computed from individual fiber CSA rmeasents. Fiber
counts were obtained by manually counting the number of muscls fiserg Image J from
scanned H & E sections of the entire muscle (n = 5-6/group).

Statistical analysis

Dependent variables were analyzed using a one-way ANOVA opendent sampléstest.
Statistical significance was achieved at an alpha of 0.0% geiori. Values are means +
SEM. Statistical testing was done with Prism 5 (GraphPad, La Jolla, CA).

Results

Wheel running

All animals ran an average of 12 £ 1 km/week for 7 weeks. Running increased duringf the f
four weeks, and then tended to decrease thereafter. The distansgniiasantly higher at
all-time points compared to the first week (Figure 1AX(@.01). The maximum distance (16
+ 4 km) was comparable to that reported by Rodnick et al forindtse low-activity group
(14 - 35 km/week) [31].

Figure 1 Wheel running animals gained less weight throughout the study subset of the
animals was given access to voluntary running wheels one week post-injurysaatiowad
to run for 7 weekg¢A). At the end of 7 weeks, the animals in the RUN group were
significantly (~10%) lighter than animals from the SED gr{8p * # SED; p < 0.05.

Body weight

Despite similar mean body weights (BW) prior to injury, RdiNmals gained significantly
less weight throughout the study (Figure 1B). At the end ofttidyy SRUN animals were ~
10% lighter than the SED animals (Table 2) (p = 0.02). Due to diffeein BW, muscle
weight and T,axWere normalized to BW for statistical comparisons.



Table 2Body and muscle weight measurements

SED RUN
Parameters Uninjured Injured Uninjured Injured
Sample size 7 7
Body Weight at sacrifice (g) 424 +7 397 + F
TA Muscle weight (mg/g) 1.68+0.03 1.35+0.03 1.70+0.03 1.52+0.04

EDL Muscle weight (mg/g) ~ 0.41 + 0.001 0.50 + 0.001 0.43 + 0.001 0.47 + 0.001

* # uninjured (contralateral); & sedentary injured; £ sedentary. Values are mean = SEM; p
< 0.05.

Muscle weight

The TA weight of the injured limb in either group was signiiityless than the respective
uninjured (contralateral) muscles £p0.001) (Table 2). The TA weight of the injured limb
from the RUN group was ~13% heavier than that of the SED group(Q(1). The EDL
weight of the injured limb in the RUN group was 9% higher than that of the uninjaredpi

< 0.01). In contrast, the EDL weight of the injured limb from the SEdug was ~ 22%
higher than the uninjured limb (Table 2)<{®.001).

In vivo isometric strength

Prior to EDL tenotomy, Jax Of the uninjured and injured anterior crural muscle was similar
between groups, respectively (Table 3). VML injury produced a sgnif deficit of 25%
and 20% in the SED and RUN group, respectively (Tables30®01). After tenotomy, the
Tmax Of the isolated TA of the injured muscle in the SED and RUN grow3b8&0 and 20%
lower than the uninjured muscle, respectively<(9.001, Figure 2; Table 3). The injured
muscle in the RUN group generated 17% greatgx than the SED group 90.01). In order

to determine the imbalance in force created due VML injyry frior to EDL tenotomy was
normalized to Tax after tenotomy. VML injury created a 12% imbalance in forceclvinas
mitigated with wheel running ( 0.001) (Figure 3, Table 3).

Table 31n vivo contractile properties

SED RUN
T max Uninjured Injured Uninjured Injured
Anterior Crural Muscles (+EDL)
Nmm/kg body weight 765+21 558+18 76.1+19 61.0%24
TA Muscle (-EDL)
Nmm/kg body weight 62.7+2.0 40.3+1.7 59.8+20 47.3+1.6
EDL Muscle
T max (+EDL/-EDL) 0.81+0.020.72 +0.01 0.79+0.01 0.78 +0.01

* £ uninjured (contralateral); & sedentary injured. Values are mean + SEM; p < 0.05.



Figure 2 Physical rehabilitation in the form of voluntary wheel running improves n

vivo tibialis anterior muscle torque. Maximal isometric torque (@ 150Hz) of the tibialis
anterior muscle was assessedivo following distal extensor digitorum longus muscle

(EDL) tenotomy (see Methods). Average maximal isometric torque normalizedyto bod
weight is shown for the uninjured and injured muscle for the SED and RUN groups. Values
are mean = SEM. Sample size is listed in TableBuninjured (contralateral); 8 sedentary
injured; p < 0.05. All VML responses, regardless of group, were lesser than uninjured
contralateral values.

Figure 3 Physical rehabilitation in the form of voluntary wheel running mitigatesforce
imbalance developed as a result of VML injury Maximal isometric torque prior to
tenotomy of the EDL was normalized to the maximal isometric torque after tenofdhe
EDL. Values are mean + SEM. Sample size is listed in Table:3iiinjured (contralateral);
§ # sedentary injured; p < 0.05.

Morphological analysis

The muscle fiber cross-sectional area (CSA) including the freyudistribution profiles of
the uninjured and injured muscle was similar between groups (Figw@).4Ahe total
number of fibers in the injured muscle was ~35% lower than uninjuredlenimd there
were no differences between groups (Table 4).

Figure 4 Physical rehabilitation in the form of voluntary wheel running does not reult
in morphological adaptations (fiber cross-sectional area)00x non-overlapping images
from the injured muscle were analyzed for fiber cross-sectional @&8%) (mneasurements
(A). From these measurements, the fiber cross-sectional area CSA frequeénioytidin was
obtained for the uninjure@B) and injured muscléC) Values are mean £+ SEM. n = 6
muscles/group; p < 0.05.

Table 4 Morphological adaptations

SED RUN
Parameter Uninjured Injured Uninjured Injured
Fiber CSA (um?) 3271 £ 49 3093 + 47 3324 £ 52 3215+ 48
Total Fiber Number 8458 + 400 5772 + 446 9665 + 767 5970 £ 671

Values are mean + SEM.

Quialitative histological assessment

A fibrotic scar was formed in the defect area in either grolniciwwas more pronounced in
the RUN group (Figure 5A-B). The muscle fibers appeared taps®l around the injury site
in the SED group (Figure 5A), while they enclosed the scar in lthé gtoup (Figure 5B). In

either group, the area immediately adjacent to the defect nedtalisorganized muscle
fibers radiating inward from the injury site with evidence of filbeamage noted by the
presence of CLN (Figure 6A-B). The injured muscle in either ghag significantly more

fibers containing CLN than the uninjured muscle. The injured muscdleeiRUN group has

~50% more fibers with CLN than the SED group (Figure 6QG) ¢p04).



Figure 5 Physical rehabilitation in the form of voluntary wheel running prevents
collapsing of muscle fibersThe muscle fibers collapse around the injury site in the SED
group(A), while they enclose the fibrotic scar in the RUN gr@8)p In either group, the area
immediately adjacent to defect has disorganized muscle fibers. Scald @@um.

Figure 6 Physical rehabilitation in the form of voluntary wheel running exacerbats
chronic injury in the injured muscle. Uninjured contralateral (not shown) and injured
muscle of the SEIA) and RUN(B) groups were analyzed for the presence of centrally
located nuclei (white arrows) (Scale bar = 1i0). Inset images are high magnification
(200x) images in the injured muscle (Scale bar B Physical rehabilitation significantly
increased the presence of CLN in the injured muggjeValues are mean + SEM. n =6
/group; * denoteg uninjured (contralateral); 8§ denotésedentary injured; p < 0.05.

Intramuscular collagen

The percent collagen | exclusively within the remaining muses @alculated to examine
the extent of collagen deposition due to injury and/or running. The uninjussdienof the

RUN group had ~40% higher collagen | than the SED group Q®5, Figure 7C). There
were no differences in the intramuscular collagen content betweennjured muscles
(Figure 7A-B). However, the injured muscle of either group had0% 3nore collagen

deposition compared to the respective uninjured muscke®(@05). Qualitatively, there was
increased collagen deposition (fibrotic scar) in the defect @réhe RUN group than the
SED group (Figure 8A-B) with no muscle fiber regeneration in either grogpré-8C-D).

Figure 7 Physical rehabilitation in the form of wheel running does not exacerbatmjury
related intramuscular collagen contentUninjured contralaterglA, C) and injured muscle

(B, D) of SED and RUN groups, respectively were analyzed for intramuscularesollag
content(E). Scale bar = 10am. Only tissue within the injured muscle (not in the defect area)
was included for analysis. Values are mean = SEM. n = 3-6 muscles/group; * denotes
uninjured (contralateral); £ denotésedentary uninjured; p < 0.05.

Figure 8 Physical rehabilitation in the form of voluntary wheel running causes tk
development of a fibrotic scar in the defect area of the injured muscl&Vhole TA muscle
cross-sections of the injured muscle of the EPand RUN(B) groups are presented.

White dashed line illustrates the formation fibrotic scar in the injured musttie &UN
group(B). White dashed boxes indicate the approximate region where images werataken i
the defect area of the SEDB) and RUN(D) groups. No muscle regeneration was observed in
either group.

Acute gene expression

To gain insight into the acute effects of wheeling running onirtueed muscle, the gene
expression of myogenic (eMHC), fibrotic (Collagen |, T@&E; and metabolic markers
(SIRT-1, PGC-#&) was analyzed after one week of running (i.e., two weeks posiinjure
myogenic (Figure 9A) and fibrotic marker(s) (Figure 9Bv@re up-regulated in the injured
muscle, while metabolic markers were down-regulated in the injured mudwescompared
to uninjured muscle of the RUN group (Figure 9D-E).



Figure 9 Gene expression of myogenic and fibrotic markers is up regulated, while
metabolic markers are down regulated in the injured muscleTA muscles from SED and
RUN (one week of running) injured muscles were harvested two weeks post-injury. Tissue
samples comprised of defect area and the remaining muscle were assaggpee fexpression

of A) Embryonic heavy chain myosin (eMH@) Collagen | (Col 1)C) Transforming

growth factorfl (TGF{$1), D) Silent mating type information regulation 2 homolog-1
(SIRT-1) ancE) Peroxisome proliferator-activated receptor gamma co-activatpha al
(PGC-1n). Note: All gene expression data was normalized to SED uninjured. Values are
mean + SEM. n = 3-5 muscles/group; # dendtagured; p < 0.05.

Discussion

In the absence of a definitive regenerative therapy, physababilitation of the remaining
muscle mass is often the standard of care for VML. The sp&tijectives of this study were
to examine the functional and histomorphological adaptations in the injoustle to
physical rehabilitation. The primary findings of the study &g physical rehabilitation in
the form of voluntary wheel running promotes ~ 17% improvement in maxgsoaletric
torque, and a ~ 13% increase in weight of the injured muscle, bdtsbdvithout significant
morphological adaptations (e.g., no hypertrophy and hyperplasia)e Tihggovements
reflect a ~31% recovery of the functional deficit in this VMIlodhel that is on par with
functional benefits observed following the transplantation of decellularized ELCM [6

The general mechanism of functional recovery(rof VML injured muscle after physical
rehabilitation (i.e., voluntary wheel running) was investigated. Runnttigityg has been
shown to foster regeneration of injured muscle [5,32,33] and promote rogbsrt(i.e.,

increased protein synthesis or muscle weight) in muscle grafts [34,35]. Howethes, Study

running did not result in an increase in muscle fiber number (hypedptascross-sectional
area (hypertrophy) and did not increase embryonic myosin heauy e€k@ression acutely.
Wheel running did up-regulate genes involved in mitochondrial biogenesi3-(SIRGC-

1a), but only in uninjured muscles. Instead of muscle regeneration, gergdegosition of
fibrous tissue preceded by an up-regulation of pro-fibrotic gebekagen I, TGH1) was

observed in the defect area and therefore, it is plausible that wimning related functional
improvements were due to improved force transmission but not geneRigmously, using

the same VML model, we have shown a fibrotic scar formed tdueemodeling of an
extracellular matrix derived scaffold promoted functional reco\i€éryveeks post-injury [6].
Thus, it would appear that extracellular matrix deposition in tiectiarea of VML injured

muscle may be a positive adaptation for optimal transmission of fgecerated by the
remaining muscle tissue.

Strengthening of synergist muscles can partially compef@atee loss of function due to
VML injury. Compensatory hypertrophy after synergist muscletalas a well-described
adaptation [36-39]. In the anterior compartment, whole tibialis anterigrcle ablation has
been shown previously to promote a 20 - 25% increase in maximaldiotite EDL muscle
over a one-month period [40-42]. Similarly, herein a partial VMLhia TA muscle resulted
in a ~20 — 22% increase in EDL muscle weight and strengthdby eieeks post-injury in
sedentary rats. However, wheel running attenuated the compenssjpoyse of the EDL as
the TA muscle gained strength. Two clinical ramificationghafse findings are 1) the net
gain in function of the injured muscle unit may reflect the stfe@mgng of the injured
musculature, but the progressive weakening of the synergists aqig/si¢al rehabilitation



may mitigate secondary joint complications that arise from cbraynergist muscle
functional imbalances [43,44].

The prolonged pathophysiology in the remaining musculature following. V&vinot well
understood, raising questions regarding appropriate physical rédtainli regimen. A
consistent observation made among VML studies in our lab group is theuashpresence
of centrally located nuclei in the injured muscle fibers, indigatahronic injury and
remodeling [6,7]. Wheel running resulted in a two-fold increase in the muohlmntrally
located nuclei in the remaining (injured) muscle. It is plausie the already overloaded
injured TA muscle is further damaged due to repetitive loading duvheel running, and
that a physical rehabilitation regimen imposing greater ar@chl loads may be deleterious
to long-term functional outcomes. However, though limited to this rat e these
experimental conditions, these findings highlight that an improved stateling of the
pathophysiology of VML will be important in prescribing an apprajgriregimen of physical
rehabilitation for this indication.

Voluntary wheel running allows the animal to determine the frequemepsity, and volume
of activity and is a convenient and clinically relevant form ofgatal rehabilitation. Since,
voluntary wheel running stimulates low resistance aerobic iseeiit does not impose
sufficient load on the TA muscle to cause morphological adaptati®rseen in this study.
Hence, future work will examine resistance (e.g., ladder clig)bémd/or higher intensity
training (e.g., treadmill running) regimens, amongst others. &lyshabilitation can start
within days or weeks following surgery. Initiation of wheel runnotwge week post-injury
during the early phase of healing may not reflect all clinkcagnarios. Therefore, optimal
timing of initiating rehabilitation needs to be investigated.tlya3 A muscle is a non-load
bearing muscle, therefore future work is needed to examinkasichanges in load bearing
muscles.

Conclusions

This is the first pre-clinical study to demonstrate improvenmeifinctional performance of
non-repaired VML injured muscle with physical rehabilitation inftren of voluntary wheel
running. This study provides information for the first time on thecbalsanges in the VML
injured muscle with physical rehabilitation, which may aid in theettgment of appropriate
physical rehabilitation regimen(s).
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