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SUMMARY
Background. Animal models of muscle injury have primarily relied on methods which 
do not mimic the chronic scarring that typically occurs adjacent to the myotendinous 
junction (MTJ). The goal of this study was three-fold: (i) to create a strain-induced in 
vivo model of rectus femoris MTJ injury in rats; (ii) to document clinical manifestations 
of injury using longitudinal tracking of individual animals via voluntary and compulso-
ry (treadmill) mobility analyses and (iii) to validate and assess the model for persistent 
scarring through serial histologic assessment and development of a semi-quantitative 
grading scheme to characterize injury response over time.
Methods. Strain-induced MTJ injury was generated in male Sprague Dawley rats via 
needle tension directed along the transverse axis between the rectus femoris muscle 
and distal tendon that attaches to the patella. Animals received mobility assessments 
(gait analysis using a DigiGait Treadmill System and weight bearing using a Tekscan 
Rodent Walkway System) at days 0, 1, 3, 6, 13, 20, and 27 of the experimental protocol. 
Rats were euthanized at 1, 3, 7, 14, and 28 days post-injury (n = 6 rats per time-point) 
and hindlimbs were processed for histology. 
Results. Significant changes in locomotor parameters included injured and contralat-
eral limb paw area, max dA/dt (limb deceleration/breaking time), stride time, stance 
time, force time impulse, and fore/hind symmetry, and injured limb maximum force.  
The most significant and consistent histologic finding was a pathologic fibrotic adhe-
sive lesion at the muscle and tendon interface along the proximal aspect of the patella 
just distal to the injury site. This lesion was composed of reactive fibroblasts, disorga-
nized collagen fibers, vascular profiles, and a myxomatous ground substance stroma.
Conclusions. This work is the first to characterize the clinical and pathologic develop-
ment of a chronic model of rectus femoris MTJ injury, which resulted in altered mobil-
ity likely caused by a strain-induced fibrotic scar along the anterior patella. Notably, 
both the functional and pathologic changes recapitulated the course of injury progres-
sion similar to what is described in humans. This work provides a unique model to 
study MTJ injury mechanisms for the identification of enhanced treatment options for 
patients who suffer from activity-related muscle conditions.
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ABBREVIATIONS
MTJ: Myotendinous Junction
EDTA: Ethylenediaminetetraacetic Acid
H & E: Hematoxylin and Eosin

BACKGROUND
The myotendinous junction (MTJ) is as a highly specialized 
transition zone composed of many interacting tendinous and 
muscular filaments that contribute to physiologic adhesion 
and anchoring (1). This site is responsible for the transmis-
sion of force between the muscle, tendon, and bone, which 
ultimately dictates skeletal movement and gait patterns. As 
the connection between two different tissue types, the MTJ 
represents the weakest link along the greater muscle-tendon 
unit, making it highly vulnerable to tension-induced impair-
ment (2, 3). Activities that induce eccentric loading, such 
as high speed running and kicking, pose an increased risk 
of MTJ injury (4). While the mechanical contributions of 
MTJ strains (stretch) during eccentric loading are fairly well 
described (4, 5), little is known about the clinical (gait and 
weight bearing parameters) or structural (histopathologic) 
responses to injury. 
The quadriceps, hamstrings, and gastrocnemius muscles are 
uniquely prone to MTJ injury due to their superficial loca-
tion and extension across two joints (2, 6). Indeed, lower 
limb orthopedic injuries affect 25-48% (7-9), 62.4% (10), 
and 32.3% (11) of military, athletic, and occupational popula-
tions, respectively, with strains of the aforementioned muscles 
accounting for the majority of these conditions. Depending 
on the severity of MTJ injury, patients present with swelling, 
tenderness, and pain (12). Due to the complicated structural 
organization and cell signaling at the MTJ, endogenous heal-
ing for structural and functional recovery is difficult. Current 
treatment regimens for MTJ injuries remain conservative 
and include the RICE method (rest, ice (cold), compression, 
elevation) followed by gradual exposure to physical exercise 
modalities (2). If not addressed, persistent scarring within the 
muscle directly adjacent to the MTJ can lead to reduced flex-
ibility, weakness, and muscle atrophy, making previous inju-
ries a leading risk factor associated with recurrence (7, 13, 
14). Therefore, the controlled study of MTJ injury progres-
sion in a clinically relevant pre-clinical model may allow for 
the development of novel therapeutics and treatment strate-
gies for patients who suffer from such injuries. 
Animal models of muscle injury include chemical (15), trau-
matic (16, 17), acute high intensity exercise (18), contusion 
(19-21), contraction (22), and ischemia-reperfusion (23) 
methods (for a summary of published models see appendix 1). 
While valuable, the majority of current models do not specifi-

cally target the MTJ, a common site of clinical strain-induced 
activity-related injuries (2, 3). Recently, a model of gastroc-
nemius MTJ injury was developed in the rat (24). Through 
a needle core puncture directed along the transverse axis of 
the MTJ, grade I-II muscle lesions were generated as early 
as 1 day post-injury. Of note, muscle lesions in this model 
resolved by 26-46 days post-injury. Similarly, models that 
utilize mechanically and tetanically induced strain injuries 
(25, 26) replicate acute muscle damage near the MTJ without 
longer term lesion development. While these provide suitable 
models of inherent muscle regeneration and healing, a model 
that recapitulates the persistent scarring seen clinically would 
be advantageous for testing new methods of clinical manage-
ment and reduction of re-injury rates. Therefore, the devel-
opment of a chronic animal model is needed to better char-
acterize factors leading to high re-injury rates and investigate 
interventions that may expedite patient recovery. 
While gastrocnemius MTJ injury (24) has been studied to 
date, no published reports exist that employ an animal model 
of quadriceps MTJ injury. The most commonly reported site 
of quadriceps MTJ injury in humans is the distal MTJ of the 
rectus femoris muscle belly where it inserts on the proximal 
aspect of the knee joint (4, 27, 28). More specifically, given its 
short length, MTJ injuries of the rectus femoris usually occur 
near the osteotendinous junction approximately 2cm from the 
insertion of the quadriceps tendon on the patella (29). Indeed, 
as a bipennate muscle with short muscle fibers, a steep oblique 
tendon attachment, and a large MTJ transition zone (30), the 
rectus femoris is highly susceptible to strain during stretch-
ing (31). Owing to this, the goal of this study was to create 
a strain-induced in vivo model of rectus femoris MTJ injury 
in rats. Findings were characterized by: (i) documenting clini-
cal manifestations and progression of injury using longitudinal 
tracking of individual animals via voluntary and compulsory 
(treadmill) mobility analysis; and (ii) validating and assessing 
the model for persistent scaring through temporal histolog-
ic assessment and establishment of a semi-quantitative grad-
ing scheme to characterize injury response over time. The 
controlled study and application of this model of MTJ inju-
ry may allow for the development of novel therapeutics and 
treatment strategies for patients who suffer from such injuries.

MATERIALS AND METHODS

Animals
All procedures were approved by the University’s Insti-
tutional Animal Care and Use Committee (Protocol 
#16-6927A),were performed in accordance with the NIH 
Guide for the Care and Use of Laboratory Animals, and 
were in accordance with the MLTJ guidelines (32). Thir-
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ty (30) male Sprague Dawley rats were purchased from a 
commercial vendor (Charles River Laboratory, Wilmington, 
MA) at 70 days of age and allowed to acclimate to the vivar-
ium for 14 days. A single sex was chosen to standardize the 
model as (i) injury severity was dictated by the needle size 
relative to the targeted region, (ii) rectus femoris injury in 
males is better characterized clinically, and (iii) due to their 
size, males offered a larger targeted area for initial model 
development. Animals were monitored daily by a veterinar-
ian. All rats were housed singly in solid bottom cages with 
corncob bedding and were maintained at 22-24 °C on a 12 
h light/dark cycle. Commercially available irradiated water 
and food were available ad libitum during the experiments. 

Rectus Femoris Injury 
at the Myotendinous Junction
Animals were anesthetized using a mixture of isoflurane and 
oxygen (2-4%) and both limbs were shaved and surgically 
prepped using chlorohexidine and isopropyl alcohol. The 
surgical region of interest was visualized via a 1 cm incision 

along anterior aspect of the knee. Strain-induced MTJ inju-
ry was generated on the right hind limb via needle tension 
(using an 18G hypodermic needle) that was directed along 
the transverse axis between the rectus femoris muscle and 
quadriceps tendon (figure 1 A and see appendix 2). Specif-
ically, this injury focused on tissue plane separation and 
stretching (6) to induce strain between the tendon/muscle 
and surrounding structures, as contrasted to a coring needle 
puncture biopsy utilized in previous reports (24). For 
matched comparisons and clinical translatability, the left limb 
was utilized as a sham surgery control, receiving an anterior 
superficial surgical incision without subsequent needle inju-
ry. Rats were randomized to end-points and sacrificed at 
either day 1, 3, 7, 14, and 28 days post-injury (n = 6/time-
point; see figure 1 B) in accordance with approved protocols 
(CO2 inhalation with confirmatory cervical dislocation).

Mobility assessments 
The 28 day time-point rats underwent compulsory gait 
analysis using a DigiGait Treadmill System (Mouse Specif-

Figure 1. (A) Strain induced MTJ injury generated via 18G needle tension directed along the transverse axis of the MTJ. (B) 
Experimental time-course following injury. Rats were euthanized at 1, 3, 7, 14, and 28 days post-injury (n = 6/time-point) and 
their limbs taken for histology. Animals harvested for the 28 day time-point received mobility assessments (marked with M) at 
days 0, 1, 3, 6, 13, 20, and 27 of the experimental protocol. (C) Anatomic location of quadriceps distal MTJ injury (from BioRen-
der) with a representative H&E stained section demonstrating a naïve/control MTJ. The injury site in this model occurred where 
the MTJ anchors the distal quadriceps muscle belly to the proximal patellar tendon.
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ics, Framingham, MA) and voluntary weight bearing using 
a Tekscan Rodent Walkway System (South Boston, MA) on 
Days 0, 1, 3, 6, 13, 20, and 27 of the experimental proto-
col. Prior to start of the experiments, rats were acclimat-
ed to both systems over one week. For gait analysis, rats 
were run for three consecutive replicates per time-point 
on a flat treadmill at 30 cm/sec, and videos were analyzed 
for 22 gait parameters including stride length, % swing 
stride, % stance stride, % brake stride, % propel stride, 
and stride frequency. For weight bearing, rats were allowed 
to walk voluntarily over the Tekscan walkway for 3 times/
day, and videos were analyzed for 12 weight bearing and 
gait parameters including maximum force, force time 
impulse, and maximum force symmetry values (front/hind, 
left/right, left front/right front, left hind/right hind). For 
both gait analysis and weight bearing, the three runs taken 
at each time-point were averaged and utilized for statisti-
cal comparisons. For information regarding how specific 
mobility parameters were calculated see equipment specific 
manuals.  

Histology and Histopathology
Following euthanasia, hind limbs were removed at the 
coxofemoral joint and placed into 10% neutral buffered 
formalin for 48 hours. Limbs were then transferred to a 
10% solution of ethylenediaminetetraacetic acid (EDTA) at 
pH 7 for decalcification. EDTA was replaced twice weekly 
for 8-10 weeks. Limbs were trimmed in the sagittal plane, 
routinely processed and embedded, sectioned at 5um, and 
stained with hematoxylin and eosin (H&E). Histologic 
sections were evaluated by one author blinded to the groups.
A semi-quantitative grading scheme was developed to char-
acterize injury-related histologic changes associated with 
needle puncture.  The three sites assessed included: 1) the 
MTJ at the needle insertion/injury site; 2) the MTJ imme-
diately distal to the injury site; and 3) the MTJ immediately 
proximal to the injury site (figure 1 C).  At each location, the 
following parameters were scored: 1) lesion size, 2) degree of 
fibrosis (a measure of scarring), 3) ground substance (myxo-
matous degeneration), and 4) vascularity, with each having 
an allowable score of 0-3. Additionally, secondary chang-
es were documented including: bursal cellularity/vascular-
ity, and the presence or absence of reactive synovium and 
joint space effusion, with each having an allowable score of 
0-2. Animals were assessed for the aforementioned histo-
logic changes at days 1, 3, 7, 14, and 28 post-surgery (n = 6 
males per group). Based on the degree of injury-associated 
pathology in each individual animal, the minimum possible 
score was 0 and the maximum possible score was 41. The 
histopathology grading scheme is provided in appendix 3. 

Statistics
The experimental sample size (6 animals per time-point) 
was calculated using GPower Version 3.1.1 (33). Specifi-
cally, an a-priori power analysis was conducted using pilot 
gait data (stride length) obtained using this injury model in 
rats. This power analysis resulted in a power of 80%, using 
a 95% confidence interval and typical standard deviation of 
1.00 within groups. All post-hoc statistics were conducted 
in GraphPad Prism 8.3.0 (San Diego, CA). For gait analy-
sis and weight bearing parameters that quantify individual 
limb changes (stride length, % swing stride, etc.), groups 
were compared using a repeated measures, mixed effects 
analysis with limb (injured right hind, sham left hind, right 
fore, and left fore), time (days 0, 1, 3, 6, 13, 20, and 27 
post-op) and limb/time interaction factors. Tukey’s post-
hoc tests were used to compare individual groups when the 
factors (limb, time, and limb/time) showed significance. For 
gait analysis and weight bearing parameters that demon-
strate the relationship between limbs (e.g. stance factor, 
step angle, overlap distance, paw placement positioning, 
and weight bearing symmetry parameters), a repeated 
measures One-Way ANOVA with Tukey’s post-hoc tests 
was utilized. For all graded pathology parameters, time-
points were compared using a Kruskal-Wallis non-para-
metric One-Way ANOVA with Dunn’s post-hoc tests. For 
correlation between parameters, a Pearson Correlation 
Analysis was conducted. Significance was set to p < 0.05 
for all comparisons. 

RESULTS

Mobility assessments 
For treadmill-based gait analysis parameters, paw area 
significantly increased over time for both the injured right 
hind and sham left hind limbs (figure 2 A). This was asso-
ciated with a greater Max dA/dt (increased deceleration or 
breaking time during the stance phase) over time for both 
hind limbs (figure 2 B). Representative paw area output 
curves qualitatively demonstrate altered stance phase param-
eters up to 27 days post-injury (figure 2 C). No statistical-
ly significant differences were found for stride length (cm), 
%swing stride, %brake stride, %brake stance, %propel 
stride, %propel stance, %stance stride, stance/swing, stride 
frequency (steps/sec), absolute paw angle (degrees), min 
dA/dt (cm2/sec), gait symmetry, ataxia coefficient, midline 
distance (cm), axis distance (cm), stance width (cm), stance 
factor, step angle (degrees), overlap distance (cm), or paw 
placement positioning (cm). 
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For voluntary weight bearing parameters, a decrease in maxi-
mum force was seen in the injured right hind limb out to 27 
days post-injury, but not the sham left hind limb (figure 3 A). 
Importantly, no appreciable correlation (p = 0.36, R2 = 0.02) 
was found between maximum force and maximum veloci-
ty, demonstrating that animal speed did not dictate force 
measurements. Increases in the force time impulse increased 
for both the injured right hind and sham left hind limbs; 
however, this normalized by 27 days post-injury (figure 3 

B). Interestingly, altered hind limb loading was associat-
ed with an increase to the fore/hind limb symmetry value, 
suggesting decreased hind limb loading was associated with 
increased fore limb loading (figure 3 C). In contrast to oblig-
atory treadmill walking at a set speed (where no differences 
in temporal parameters of the stride and stance phases were 
appreciated), voluntary walking demonstrated a significant-
ly increased stride time (figure 3 D) and stance time (figure 
3 E) out to 27 and 20 days post-injury, respectively, with 
peaks at 6 days post-injury. These changes were associated 
with a decreased stride velocity (figure 3 F) at 6 days post-in-
jury with normalization by 27 days post-injury. No signifi-
cant differences were found for maximum peak pressure 
(MPa), maximum force left/right symmetry, maximum force 
left hind/right hind symmetry, stride length (cm) swing time 
(sec), stride acceleration (cm2/sec).

Histology and Histopathology
For rectus femoris MTJ injury, a novel grading scheme was 
developed that separately and cumulatively assessed the 
following regions of the MTJ: 1) needle injury site; 2) MTJ 
proximal to the injury site; and 3) MTJ distal to the injury 
site. The joint, synovium, and bursa were also evaluated (see 
appendix 3). Of note, the following descriptions are for the 
injured right hind limbs, with no pathologies appreciated in 
the sham left hind limbs at all time-points (score of 0 for all 
parameters). 
Overall, the most significant and consistent qualitative find-
ing was a pathologic fibrotic adhesive lesion at the muscle 
and tendon interface along the anterior/cranial aspect of the 
patella (figure 4) at the MTJ distal to the injury site. This 
lesion typically measured 25-400 um and was composed of 
reactive fibroblasts and disorganized collagen fibers, vari-
ably prominent myxomatous ground substance stroma, 
and vascular profiles. When focusing on individual param-
eters that may contribute to these findings, lesion size (p = 
0.34), vascularity (p = 0.33), and fibrosis (p = 0.06) at the 
MTJ distal to the injury site were not significantly differ-
ent between time-points. However, the ground substance (p 
= 0.02) (see appendix 4) score was significant at the MTJ 
distal to the injury site, suggesting that this parameter may 
have the greatest contribution to the injury response and the 
overall pathology score. 
In spite of the finding that the MTJ distal to the injury site 
progressively worsened over time, no significant differences 
were appreciated for the total injury score (figure 5 F, p = 
0.18), the MTJ proximal to the injury site (figure 5 A, p = 
0.10), MTJ injury site (figure 5 B, p = 0.54), or MTJ distal 
to the injury site (figure 5 C, p = 0.11). When considering 
the individual components which made up these scores, 

Figure 2. Treadmill based gait analysis parameters (Digi-
gait Treadmill System) following quadriceps MTJ injury in the 
right hind limbs of rats. Significant spatiotemporal parame-
ters include (A) paw area (cm2) and (B) Max dA/dt (cm2/sec). 
Significance differences over time marked (*p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001) with right hind (injured) 
differences in black at the top and left hind (sham) differenc-
es in grey at the bottom. No statistically relevant differences 
between hind limbs were noted. Values are represented as 
Mean +/- Standard Deviation. (C) Representative output paw 
area curves demonstrating altered stance phase parameters 
at 27 days post-injury.
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no significant differences in lesion size, fibrosis, ground 
substance, and vascularity were appreciated at the MTJ 
injury site. For the MTJ proximal to injury site, a significant 
decrease in fibrosis (p = 0.02; between 1 day post-injury and 
both 7 and 28 days post-injury) was seen, with no significant 
changes in lesion size (p = 0.15), vascularity (p = 0.20), and 
ground substance. It was observed that the changes at the 
MTJ injury site and MTJ proximal to the needle site were 
subtle and the biological relevance of these findings remains 
undetermined. 
With respect to secondary pathology changes, no signifi-
cant differences between time-points were appreciated for 
the synovium (p = 0.84). However, significant differences 
were appreciated for joint space effusion (figure 4 D and 
see appendix 5) and bursa (figure 4 E and see appendix 
6), although the pathology at both these sites seemed to 
decrease over time. 

DISCUSSION
This animal model utilized needle tension to produce strain 
along the tendon-MTJ-muscle interface, a common site 
of impairment clinically (2, 3). Importantly, this work has 
resulted in a chronic model (up to 28 days post-injury) that 
histologically recapitulates muscle lesions adjacent to the 
MTJ in contrast to published models which focus on acute 
muscle injury (24-26). Therefore, this translational model of 
MTJ injury can be used for the study of aberrant or delayed 
healing and chronic scarring that may lead to high re-injury 
rates. Importantly, this strain-induced model also results in 
mobility changes associated with injured limb disuse, which 
can be used to study how therapeutics and rehabilitation 
strategies not only effect injury pathology but also mitigate 
decreased activity related to pain in clinical populations.       
The major symptom and chief complaint of patients with 
muscle injuries is altered and/or painful mobility, yet there 
are few pre-clinical models which study functional alter-

Figure 3. Voluntary weight bearing and gait parameters (Tekscan Rodent Walkway System) following quadriceps MTJ injury in 
the right hind limbs of rats. Significant parameters over time include (A) maximum force (% body weight (bw)), (B) force time 
impulse (FTI; % bw/sec), (C) maximum force fore/hind symmetry, (D) stride time (sec), (E) stance time (sec), and (F) stride veloc-
ity. Significance differences over time marked (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) and no statistically relevant 
between limb differences were noted.  Values are represented as Mean +/- Standard Deviation with right hind (injured) differ-
ences in black at the top and left hind (sham) differences in grey at the bottom.
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Figure 5. Individual MTJ Site Scores and Total MTJ Injury Score for the injured right hind limbs at 1, 3, 7, 14, and 28 days 
post-surgery. Injury scores for (A) MTJ proximal to the injury site, (B) MTJ at the injury site, (C) MTJ distal to injury site, as well as 
secondary changes within the (D) joint space and (E) bursa. (F) Total MTJ injury score reflects the sum of all pathology scores, 
with the maximal/maximum range of the scoring scheme provided on the y axis. Values are represented as Median with Range
and individual animals marked. Significant differences over time marked (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Figure 4. Representative photomicrographs of injury-associated pathology at the MTJ distal to the injury site. (A-E) Representa-
tive photomicrographs of an MTJ distal pathology score of 4. (A) Distal to the injury site along the anterior surface of the patella 
the MTJ and associated fascial planes are expanded by a linear proliferation of fibrous connective tissue, H&E, 2X. (B) Higher 
magnification, H&E, 4X. (C) The fibrous connective tissue proliferation measures 75 um, H&E, 10X. (D) Higher magnification, H&E, 
20X. (E) Higher magnification, H&E, 40X. (F-J) Representative photomicrographs of a MTJ distal pathology score of 7. (F) The MTJ 
distal to the injury site is expanded by a large adhesion composed of fibrous connective tissue, H&E, 2X. (G) Higher magnifica-
tion, H&E, 4X. (H) The fibrous adhesion measures 100um, H&E, 10X. (I) Higher magnification, H&E, 20X. (J) Higher magnification, 
H&E, 40X. (K-O) Representative photomicrographs of an MTJ distal pathology score of 9. (K) Distal to the injury site the MTJ is 
markedly expanded and effaced by haphazardly arranged fibrous connective tissue, H&E, 2X. (L) Higher magnification, H&E, 4X. 
(M) Fibrous connective tissue is accompanied by a myxomatous stroma which disrupt collagen fibers and support few vascular 
profiles, H&E, 10X. (N) Higher magnification, H&E, 20X. (O) Higher magnification, H&E, 40X. F = femur; P = patella.
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ations in gait and/or weight bearing. Many studies focus on 
changes to muscle force production (22, 24-26); however, a 
direct association to limb alterations has not been established. 
Indeed, previous studies have shown that locomotive changes 
following injury precede muscle force changes (20), suggest-
ing that re-establishment of functional mobility may initiate 
muscle activation and subsequent force production. There-
fore, mobility measures may more accurately demonstrate 
early symptom modifications post-injury. Mobility in pre-clin-
ical models can be studied using spatial (position-based), 
temporal (time-based), or kinetic (force-based) methods. To 
the authors’ knowledge, this is the first study quantitatively 
analyzing all forms of functional mobility alterations using 
both voluntary and compulsory methods (temporal, spatial, 
and weight bearing) in an animal model of MTJ injury. In this 
study, the longitudinal tracking of individual animals through-
out the experimental time-course using multiple methods has 
provided a comprehensive understanding of clinical manifes-
tations of rectus femoris-specific MTJ injury.
With respect to temporal and spatial movement parameters, 
there were decreases in temporal parameters with voluntary 
movement (decreased velocity and increased stance time and 
stride time which peaks at 6 days post-injury) in the current 
model. Indeed, non-invasive kinetic methods to evaluate 
weight bearing distribution have been shown to sensitive-
ly predict limb dysfunction post-injury (34). With respect 
to weight bearing, subjective gait scoring following muscle 
contusion injury demonstrated decrease limb loading in 
a mouse model (21). As a less severe model was utilized in 
the current study, quantitative dynamic weight bearing was 
undertaken, and similar results were obtained. Rats placed 
less weight on their hind limbs over time (decreased maxi-
mum force and increased force time impulse) and shifted their 
weight to their forelimbs (increased maximum force for fore/
hind limb symmetry). Clinically, rectus femoris injury of the 
quadriceps muscle group typically occurs during the swing 
phase due to eccentric contractions of the muscle that occur 
during that portion of the gait cycle (4). Following rectus 
femoris MTJ injury in this study, animals were avoiding limb 
rotation (swing phase), which was associated with decreased 
animal movement. Therefore, it is likely that animals post-inju-
ry are attempting to avoid this swing phase to minimize rectus 
femoris muscle contraction. Of note, the functional mobility 
changes seen in the injured hind limb are also occurring in the 
contralateral hind limb that received a sham surgery. 
Interestingly, no changes in temporal parameters were seen 
post-injury with compulsory treadmill-based gait analysis. 
Given the set treadmill speed and the fact that only data 
where the animal maintained speed with the treadmill were 
utilized for analysis, it can be difficult to appreciate natural 
gait differences. However, alterations in spatial parameters 

were documented with this obligatory method. Specifically, 
rats exhibited increased paw area and altered spatiotemporal 
parameters including increased Max dA/dt (impaired brak-
ing capacity). Collectively, our results suggest that following 
strain-induced MTJ injury, rats are favoring the stance phase 
to minimize limb rotation and movement during the swing 
phase. These results are corroborated by previous reports. 
Changes in ankle angle and calcaneus height have been 
shown in contusion models of anterior tibialis muscle injury 
(20), suggesting impaired joint rotation/movement. Addi-
tionally, voluntary walking impairment has previously been 
shown (19) in a rat model of traumatic muscle injury. In this 
study, treadmill-based walking trials were performed in trip-
licate to assess reproducibility in our clinical assessments. 
This necessitated 10 minutes of animal activity per time-
point, which was divided into short segments of non-strenu-
ous compulsory movement followed by resting periods. We 
do not anticipate this level of movement modulated tissue 
remodeling in our model as more intense long term (> 60 
minutes/day for 3-16 weeks) running protocols are typical-
ly utilized to induce muscle and tendon injury in rodents 
(18, 35, 36). Along this vein, more intense running protocols 
may be employed in future investigations to assess if chron-
ic MTJ scarring, a unique characteristic of this model, may 
lead to high re-injury rates.  
To determine a relationship between the observed mobility 
alterations and histoanatomic manifestations of injury, we 
created a semi-quantitative grading scheme to character-
ize the inflammatory and structural response to MTJ inju-
ry throughout the experimental time-course. Our approach 
was to evaluate not only the MTJ but also nearby structures 
to gain a comprehensive understanding of how the entire 
region is responding to needle injury and to identify key 
contributors to injury progression. The grading scheme 
included evaluation of the needle puncture site, the region 
proximal and distal to the needle site, as well as nearby fat 
pads, bursa, synovial membranes, and knee joint spaces. 
Currently there is a lack of histopathologic data describ-
ing the acute and chronic manifestations of MTJ injuries 
in humans. Clinicians tend to rely on magnetic resonance 
imaging for injury evaluation and studies have demonstrat-
ed the presence of hemorrhage, edema, fatty infiltration, 
and muscle atrophy directly adjacent to the MTJ (6). Simi-
larly, we have documented acute mixed inflammation and 
edema acutely after injury. In the later stages of healing, we 
see more chronic changes including: fibrosis, vasculariza-
tion, and secondary changes to nearby structures including 
the joint space, bursae, and synovium. 
The most striking and consistent qualitative histologic find-
ing was a fairly large (50-300 um) adhesive lesion along 
the MTJ distal to the needle injury site 28 days post injury, 
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which resulted in a significantly increased ground substance 
score at this time-point. It is anticipated that the develop-
ment of this lesion was associated with an aberrant healing 
response resulting in early chronic injury progression (2). 
In regards to normal tissue healing, an initial injury (inde-
pendent of severity) is followed by: (i) an inflammatory cell 
reaction and formation of a hematoma; (ii) phagocytosis of 
the damaged tissue (iii) repair and/or regeneration of myofi-
bers; and lastly (iv) reorganization and remodeling with the 
aim of full functional recovery (2). Tissue regeneration at 
the MTJ can be particularly difficult due to the complex 
organization and anchoring between muscle myofibers and 
tendon collagen fibers (1). Indeed, in the current model, 
an excessive and disorganized fibroblastic response with 
diminished remodeling was seen as evidenced by the gener-
ation of a fibrotic scar 28 days post injury, which mimics the 
repair phase following muscle injury (2). 
When identifying associations between histology and gait 
pattern outcome measures, it is noteworthy that the bursa 
score peaks at 7 days post-injury, which corresponds to 
decreases in voluntary movement at 6 days post-injury. 
Therefore, this may be a critical timeframe to target the local 
microenvironment towards a reparative vs delayed/dysregu-
lated healing process. Cellular and tissue level variations at 
this time-point may identify pathways that could be manipu-
lated for organized healing. Future work is needed to investi-
gate the functional role of these structures and the influence 
they may have on resident progenitor cells such as skeletal 
muscle satellite cells, fibroadipogenic precursors, interstitial 
tenocytes, fibroblasts, nerves, endothelial cells and inflamma-
tory cells. As many of these cells types were present in both 
injured and sham limbs natively and at different time points 
post-injury their specific role in driving the histoanatomic 
manifestations of injury progression requires further study. 
Rats were chosen due to their large size (relative to mice), 
inherent exercise ability for mobility outcomes, and the 
fact that the Crl:CD(SD) rats are an outbred strain. Weight 
and skeletal measurements taken during the experimental 
time-course also demonstrate that rats were still growing, 
with skeletal maturity obtained at 16 weeks of age. There-
fore, the results presented here are particularly relevant 
for adolescents and young adults (13-22 years of age) who 

experience MTJ associated sports-injuries. Notably, multi-
ple prospective studies have identified that age is not a risk 
factor for quadriceps MTJ specifically, unlike in other MTJ 
etiologies (14, 37, 38). Future studies will determine wheth-
er age plays a significant role in quadriceps MTJ injury and 
healing with this model. 
Caveats of this study include the use of the contralateral limb 
as a control for both mobility and histopathological assess-
ments. While this was undertaken due to clinical applica-
bility, no significant changes between the injured right hind 
and contralateral sham limb were appreciated. Therefore, 
further study on the compensatory effects in quadruped 
animals is warranted to fully characterize this model. Addi-
tionally, all outcomes demonstrate sustained changes out to 
28 days post-injury. Future directions include characteriz-
ing the injury at later (56 and 120 day) time-points to eval-
uate histologic changes (we suspect there will be adhesion 
contracture and remodeling) and mobility alterations later 
on throughout the repair process. Based on our findings 
out to 28 days post-injury, we anticipate that, while mobil-
ity measurements may normalize at 56 and 120 day time-
points, pathologic and scored features may be more distinct 
during these later stages of chronic tissue remodeling.  
The authors acknowledge that the exact strain which was 
induced during injury was not directly measured. Howev-
er, the use of an 18G needle provided consistency among 
animals and dictated the degree of tissue plane separation 
as no excessive force was utilized.  
The results from this study demonstrate the development of 
a chronic model of rectus femoris MTJ injury, altered mobil-
ity, and strain-induced fibrotic scarring along the anterior 
patella. Notably, these pathologic and functional changes 
recapitulate the course of injury progression similar to what 
is described in humans (4, 27, 28). Collectively, this work 
provides a unique pre-clinical model to study quadriceps 
MTJ injury mechanisms for the identification of enhanced 
treatment options for patients who suffer from such activi-
ty-related muscle conditions.
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SUPPLEMENTS

Appendix 1. Comparison of published rodent and rabbit animal models targeting muscle injury. 

Reference Species Injury Induction Model Characteristics
Muscle Group Targets MTJ

(Y/N)
Muscle 
Lesion (Y/N)

Muscle Lesion Resolution 
Time-Point (days)

(15) Mouse Chemical Tibialis Anterior N Y 14 days

(16) Mouse Traumatic Tibialis Anterior N Y 6-10 days

(17) Mouse Traumatic Quadriceps N Y Not Determined, >28 days

(18) Mouse Acute High 
Intensity Exercise

Quadriceps N N N/A

(19) Rat Contusion Tibialis Anterior N N N/A

(20) Rat Contusion Gastrocnemius N Y 28 days

(21) Mouse Contusion Tibialis Anterior N Y Not Determined, > 7 days

(22) Mouse/Rat Contraction Quadriceps N Y 8 days

(23) Mouse Ischemia-
Reperfusion

Gastrocnemius N Y 28 days

(24) Rat Traumatic Gastrocnemius Y Y 26-46 days

(25) Rabbit Mechanical Tibialis Anterior Y N N/A

(26) Mice Tetanic Gastrocnemius Y N N/A

Current Rat Strain Quadriceps Y Y Not Determined, >28 days
Grey shading denotes model characteristics that match the current model.

Appendix 2. Representative image of the generation of strain-induced MTJ injury in the quadriceps.
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Appendix 3. Histopathologic grading scale for quadriceps MTJ injury pathology. The MTJ injury site, MTJ proximal to the 
injury site, and MTJ distal to the injury site were each graded independently on a scale of 0-3pts, with a maximum score of 
12 possible for each site. The synovium, bursa, and joint were graded separately on a scale of 0-2pts each. Total MTJ injury 
score consisted of the sum of all sites and parameters with a maximum score of 41 possible.

Score 0 1 2 3

MTJ Injury Sites (0-3pts)
Size Normal/

Inconspicuous
Mild (lesion measured
between 0-75um) Moderate 

(lesion measured 
between 75-150um)

Marked (lesion measured 
greater than 150um)

Ground Substance Absent/
Normal

Mild myxomatous 
degeneration 
mildly separating 
collagen bundles

Moderate myxomatous 
degeneration disrupting 
or effacing collagen fiber 
organization

Marked myxomatous 
degeneration effacing collagen 
bundles with cartilaginous 
and/or osseous metaplasia 
and or enthesophytes at 
tendon insertion

Fibrosis Normal Mildly increased numbers 
of interstitial fibroblasts 
with maintenance of fiber 
organization

Fibroblasts disrupt 
collagen fiber 
organization and/or fiber 
polarization

Fibroblasts efface 
collagen fibers

Vascularity Normal 1-2 cross-sectional 
vascular profiles per high 
powered field

3-6 cross-sectional 
vascular profiles per high 
powered field

Over 7 cross-sectional vascular 
profiles per high powered field

Joint Space, Bursa, and Synovium (0-2pts)
Joint 
Space Effusion

Normal Proteinaceous fluid Intracapsular leukocytes 
+/- proteinaceous fluid

N/A

Bursa Normal Hypercellularity Vascularization +/- 
hypercellularity

N/A

Synovium Normal Hypertrophied/reactive 
and/or hyperplastic 
synoviocytes

N/A N/A
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Supplemental 6: Representative photomicrographs of MTJ ground substance pathology distal to the injury site. (A-E) 
Representative photomicrographs of MTJ ground substance score of 1. (A) Distal to the needle injury site along the 
anterior surface of the patella (marked with P) the MTJ is expanded by a linear proliferation of fibrous connective tissue 
which is accompanied by a mild basophilic myxomatous stroma, H&E, 4X. (B) Higher magnification, H&E, 10X. (C) 
Higher magnification, H&E, 20X. (D) Higher magnification, H&E, 40X. (E) Myxomatous degeneration mildly 
separates collagen fibers, H&E, 60X. (F-J) Representative photomicrographs of MTJ ground substances score of 2. (F) 
The MTJ distal to the injury site is effaced by a bed of fibrous connective tissue, H&E, 4X. (G) Higher magnification, 
H&E, 10X. (H) Higher magnification, H&E, 20X.  (I) Higher magnification, H&E, 40X. (J) Fibrous connective tissue is 
accompanied by a moderate amount of myxomatous ground substance, H&E, 60X. (K-O) Representative 
photomicrographs of MTJ ground substance score of 3. (K) The MTJ distal to the injury site is markedly expanded and 
effaced by haphazardly arranged fibrous connective tissue, H&E, 4X. (L) Higher magnification, H&E, 10X. (M) 
Fibrous connective tissue is accompanied by a prominent basophilic myxomatous stroma, H&E, 20X. (N) Higher 
magnification, H&E, 40X. (O) Higher magnification, H&E, 60X. (P) MTJ distal to the injury site ground substance 
scores for the injured right hind limbs at 1, 3, 7, 14, and 28 days post-surgery. Values are represented as Median with 
Range and individual animals marked. Trend p-values are stated with significance differences over time marked 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Appendix 4. Representative photomicrographs of MTJ ground substance pathology distal to the injury site. (A-E) Represen-
tative photomicrographs of MTJ ground substance score of 1. (A) Distal to the needle injury site along the anterior surface of 
the patella (marked with P) the MTJ is expanded by a linear proliferation of fibrous connective tissue which is accompanied by 
a mild basophilic myxomatous stroma, H&E, 4X. (B) Higher magnification, H&E, 10X. (C) Higher magnification, H&E, 20X. (D) 
Higher magnification, H&E, 40X. (E) Myxomatous degeneration mildly separates collagen fibers, H&E, 60X. (F-J) Representa-
tive photomicrographs of MTJ ground substances score of 2. (F) The MTJ distal to the injury site is effaced by a bed of fibrous 
connective tissue, H&E, 4X. (G) Higher magnification, H&E, 10X. (H) Higher magnification, H&E, 20X. (I) Higher magnification, 
H&E, 40X. (J) Fibrous connective tissue is accompanied by a moderate amount of myxomatous ground substance, H&E, 60X. 
(K-O) Representative photomicrographs of MTJ ground substance score of 3. (K) The MTJ distal to the injury site is markedly 
expanded and effaced by haphazardly arranged fibrous connective tissue, H&E, 4X. (L) Higher magnification, H&E, 10X. (M) 
Fibrous connective tissue is accompanied by a prominent basophilic myxomatous stroma, H&E, 20X. (N) Higher magnifica-
tion, H&E, 40X. (O) Higher magnification, H&E, 60X. (P) MTJ distal to the injury site ground substance scores for the injured 
right hind limbs at 1, 3, 7, 14, and 28 days post-surgery. Values are represented as Median with Range and individual animals 
marked. Significant differences over time marked (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Supplemental 7: Representative photomicrographs of joint effusion pathology. (A-B) 
Representative photomicrographs of joint effusion score of 1. (A) Within the joint space is a 
moderate amount of eosinophilic proteinaceous fluid, H&E, 20X. (B) Higher magnification, 
H&E, 60X. (C-D) Representative photomicrographs of joint effusion score of 2. (C) Within 
the joint space is a moderate amount of eosinophilic proteinaceous fluid which supports few 
variably degenerate leukocytes (arrows), H&E, 20X. (D) Higher magnification, H&E, 60X.

Appendix 5. Representative photomicrographs of joint effusion pathology. (A-B) Representative photomicrographs of joint 
effusion score of 1. (A) Within the joint space is a moderate amount of eosinophilic proteinaceous fluid, H&E, 20X. (B) Higher 
magnification, H&E, 60X. (C-D) Representative photomicrographs of joint effusion score of 2. (C) Within the joint space is a 
moderate amount of eosinophilic proteinaceous fluid which supports few variably degenerate leukocytes (arrows), H&E, 20X. 
(D) Higher magnification, H&E, 60X.
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Supplemental 8: Representative photomicrographs of bursal pathology. (A-C) 
Representative photomicrographs of bursal pathology score of 1. A. The proximal, 
anterior, and distal aspect of the bursa is hypercellular, H&E, 2X. (B) Higher 
magnification, H&E, 10X. (C) Higher magnification, H&E, 40X. (D-F) 
Representative photomicrographs of bursal pathology score of 2. (D) The distal and 
proximal aspect of the bursal contains increased numbers of reactive spindle cells 
accompanied by moderate numbers of vascular profiles, H&E, 2X. (E) Higher 
magnification, H&E, 10X. (F) Higher magnification, H&E, 40X.

Appendix 6. Representative photomicrographs of bursal pathology. (A-C) Representative photomicrographs of bursal patholo-
gy score of 1. A. The proximal, anterior, and distal aspect of the bursa is hypercellular, H&E, 2X. (B) Higher magnification, H&E, 
10X. (C) Higher magnification, H&E, 40X. (D-F) Representative photomicrographs of bursal pathology score of 2. (D) The distal 
and proximal aspect of the bursal contains increased numbers of reactive spindle cells accompanied by moderate numbers of 
vascular profiles, H&E, 2X. (E) Higher magnification, H&E, 10X. (F) Higher magnification, H&E, 40X.


