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Abstract

Kinematic and kinetic changes following anterior cruciate ligament (ACL) rupture and 

reconstruction (ACLR) have been fundamental to the understanding of mechanical disrupted load 

as it contributes to the development of posttraumatic osteoarthritis. These analyses overlook the 

potential contribution of muscle activity as it relates to the joint loading environment. Males and 

females classified as non-copers present with unique knee kinematics and kinetics after ACL 

injury. The purpose of this study was to perform sex-specific analyses in these individuals to 

explore muscle activity timing during gait after ACL rupture. Thirty-nine participants (12 females, 

27 males) were enrolled. Muscle activity during gait was evaluated before and after pre-operative 

physical therapy, and six months after ACLR. Surface electromyography data were evaluated to 

determine timing (e.g., the time the muscle activity begins (‘On’) and ends (‘Off’)) for seven 

muscles: vastus lateralis and medialis (VL, VM), lateral and medial hamstrings (LH, MH), lateral 

and medial gastrocnemius (LG, MG), and soleus (SOL). General linear models with generalized 

estimating equations detected the effects of limb and time for muscle activity timing. Males 

presented with more limb asymmetries before and after pre-operative PT in the VL On (p < 0.001) 

and Off (p = 0.007), VM On and Off (p < 0.001), and MH off (p < 0.001), but all limb differences 

resolved by six months post ACLR. Changes in muscle activity in males were pervasive over 

time in both limbs. Females presented with no interlimb differences pre-operatively, and only 

involved limb VL off (p = 0.027) and VM off (p = 0.003) and the LH off in both limbs (p < 
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0.038) changed over time. Our data indicate that inter-limb differences in muscle activity across 

time points and changes in muscle activity timing over the course of physical therapy were sex 

specific. Males presented with more inter-limb differences in muscle activity across time points, 

and females presented with fewer asymmetries before and after pre-operative physical therapy. 

These data support that sex-specific adaptations should be taken into consideration when assessing 

biomechanical changes after ACLR.
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1. Introduction

Aberrant knee mechanics during gait predominate in both males and females after anterior 

cruciate ligament (ACL) rupture, persist up to 2 years after ACL reconstruction (ALCR),

(Capin et al., 2017a; Capin et al., 2017b; Capin et al., 2019) and are associated with the 

subsequent development of posttraumatic osteoarthritis (PTOA). The predominant theory 

linking aberrant mechanics to PTOA is by way of altered load (i. e., contact force) 

distribution within the knee joint.(Pfeiffer et al., 2019; Saxby et al., 2019; Wellsandt et 

al., 2016, Andriacchi et al., 2004) Alterations in knee mechanics during gait after ACLR 

are characterized by reduced knee joint excursion during stance (i.e., stiff knee strategy) and 

underloading of the medial tibiofemoral compartment of the knee joint leading to interlimb 

asymmetries.(Hart et al., 2016; Khandha et al., 2017; Wellsandt et al., 2016) Studies of 

the longitudinal kinematic and kinetic changes following injury and ACLR have been 

fundamental to the investigation of disrupted load as an instigator factor in the development 

of PTOA, but overlook the potential contribution of muscle activity to this pathogenic 

pathway.

Altered muscle activity patterns, like altered knee kinematics and kinetics, are a hallmark 

feature of gait in those post-ACL injury and contribute directly to the contact forces 

experienced at the articular surfaces.(Hurd and Snyder-Mackler, 2007; Rudolph et al., 2001) 

Muscle timing variables (i.e., onset and offset) provide insight into neuromuscular changes 

after ACL injury and ACLR. Further, identifying the changes in timing of muscle activity 

over clinically important time points may provide information to quantify neuromuscular 

changes over the course of rehabilitation. Knowledge of specific changes over time will 

deepen our understanding of biomechanical adaptations after knee joint injury and may 

provide specific time- and muscle group- based targets for rehabilitation intervention.

Non-copers are an ideal subgroup of ACL-injured athletes to study how muscle activity 

patterns may change during the course of recovery. A ‘non-coper’ is a term used to describe 

individuals with continued dynamic knee instability during a functional screening exam after 

ACL rupture.(Rudolph et al., 2001, 1998) This subgroup of ACL-injured athletes present 

with a stiff knee gait (i.e., reduced knee excursion and internal knee extension moment, 

increased muscle co-contraction) compared to better-performing ACL-deficient individuals 

and uninjured counterparts.(Fitzgerald et al., 2000; Rudolph et al., 2001, 1998) Non-copers 
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initiate muscle activity of the medial gastrocnemius sooner and delay the relaxation of 

the lateral hamstring compared to their copers (i.e., better-performing) and uninjured 

counterparts.(Rudolph et al., 2001) Given that non-copers’ altered muscle activation patterns 

and stiff knee strategy are unsuccessful in stabilizing the knee,(Hurd and Snyder-Mackler, 

2007) further exploration of sex-specific muscle activity may reflect the role muscle timing 

plays in the neuromuscular impairments that contribute to the persistence of asymmetric gait 

patterns.

Our previous work evaluating sex-specific changes in the gait mechanics of non-copers 

following ACL injury provided early evidence that males and females demonstrate unique 

kinematic and kinetic adaptations prior to and after ACLR.(Di Stasi et al., 2015) In that 

study, females demonstrated improved symmetry in knee mechanics after pre-operative 

physical therapy compared to their male counterparts.(Di Stasi et al., 2015) However, at 

six months after ACLR, only females demonstrated a worsening of limb asymmetries 

in knee excursions and internal knee extension moments.(Di Stasi et al., 2015) While 

these observed sex differences in gait kinematics and kinetics are an important step in 

understanding differential responses between males and females, the contributions of muscle 

activity to disrupted gait mechanics cannot be assumed without direct measurement. A 

sex-specific analysis on muscle activity in this same cohort enables a deeper understanding 

of neuromuscular impairments underlying gait asymmetries and may offer new targets for 

rehabilitation.

Therefore, the purpose of this study was to determine if muscle activity timing during gait 

corroborated previously reported sex-specific kinematic and kinetic findings of Di Stasi et 

al. (Di Stasi et al., 2015) in the same cohort of non-copers at three clinically important 

time frames (acutely after ACL rupture, after pre-operative PT, six months after ACLR). 

Based on previously reported gait comparisons in this patient population,(Di Stasi et al., 

2015) we hypothesized that females will demonstrate a greater number of limb asymmetries 

at baseline that will diminish following training and return six months post-operatively, 

whereas males will have fewer limb asymmetries at six months post ACLR.

2. Methods

This secondary analysis includes 39 participants (12 females, 27 males) from a larger 

randomized controlled trial (Level II evidence).(Di Stasi et al., 2015) Athletes were included 

if they participated in Level I or II sports prior to injury (Hefti et al., 1993) and presented 

with >3 mm side-to-side difference in ACL laxity using KT-1000 (MEDmetric Corp., 

San Diego, CA) testing.(Daniel et al., 1985) ACL rupture was confirmed using magnetic 

resonance imaging. Athletes were excluded from participation in the study if they had 

concomitant knee ligament injuries (e.g., PCL, MCL, LCL), repairable meniscus tear, or 

chondral lesions > 1 cm2. The Institutional Review Board of the University of Delaware 

approved this study, and informed consent was obtained from all participants. Data were 

collected initially when participants were screened and classified as non-copers(Fitzgerald 

et al., 2000) (initial screening), after pre-operative physical therapy, and six months after 

ACLR. After the initial data collection all participants completed ten sessions of progressive 

pre-operative rehabilitation emphasizing restoration of symmetric knee range of motion 
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and quadriceps strength,(Manal and Snyder-Mackler, 1996) and 18 participants received 

additional pre-operative perturbation training.(Fitzgerald et al., 2000) We performed a 

preliminary analysis to test differences in muscle timing between those who received 

traditional physical therapy and those who had traditional physical therapy augmented by 

perturbation training and found no differences, thus groups were collapsed for the purpose 

of this study. A second data collection occurred after pre-operative physical therapy and 

a third data collection occurred at six months after ACLR. All 39 participants underwent 

ACLR with either a hamstrings autograft or soft tissue allograft. Post-ACLR rehabilitation 

followed a standardized, criterion-based physical therapy protocol focusing on resolving 

effusion, range of motion, and strength deficits and restoring functional impairments.(Adams 

et al., 2012; Manal and Snyder-Mackler, 1996) Objective testing was completed throughout 

the course of rehabilitation to determine progress towards goals and discharge for return to 

sport.

2.1. Electromyography during gait analysis

An embedded six-component force plate (Model 6090, Bertec Corporation, Worthington, 

OH) was used to capture the stance phase of gait, and a portable electromyography (EMG) 

unit (Motion Labs Systems, Baton Rouge, LA) and surface electrode were used to capture 

muscle timing. Gait speed was controlled and maintained at ± 5 % for each participant’s 

mean speed. Successful trials were only included if the participant had one foot cleanly 

strike the force plate at a time.

Participants were first prepared for EMG with isopropyl alcohol and non-sterile gauze pads 

used to clean the skin prior to the application of pre-amplified stainless steel dipole surface 

electrodes (12 mm disk diameter, 20 mm inter-electrode spacing, input impedance > 100 

mΩ, CMRR > 100 dB at 65 Hz). Electrodes were placed mid-muscle belly and parallel 

to muscle fibers for optimum signal collection. Data were collected from seven muscles 

bilaterally: vastus lateralis and medialis (VL, VM), lateral and medial hamstrings (LH, 

MH), lateral and medial gastrocnemius (LG, MG), and soleus (SOL). Maximal voluntary 

isometric contractions (MVIC) and a resting trial were collected for 4 s for each muscle 

group prior to walking gait trials. The EMG signals were visually inspected after each 

trial to verify electrode placement and adjust channel gains to avoid signal clipping. EMG 

data were bandpass filtered in the backpack unit from 20 to 2000 Hz, with an anti-aliasing 

filter of 1000 Hz and output voltage of ± 5 V. All analog data were converted to digital 

signals with a 16-bit A to D board. EMG data were post-processed using the Professional 

Version of Visual3D (C-Motion, Inc., Germantown, MD) with customized scripts created in 

a LabVIEW program (National Instruments, Austin, TX). Initial contact and toe-off were 

determined by a force plate threshold of 50 N. Five walking trials were time normalized to 

100 % of stance and averaged for statistical analyses.

Time-normalized EMG data were synced with gait data. Raw EMG data were band-pass 

filtered from 20 to 350 Hz, corrected for DC offset, highpass filtered at 20 Hz to remove 

artifact, and full wave rectified. Data were low-pass filtered with a bidirectional 4th order 

Butterworth filter with a frequency cutoff of 20 Hz to create a linear envelope. Muscle 

timing variables (i.e., onset and offset) were determined in the custom LabVIEW program. 
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Muscles were determined to be On when the respective muscle signal reached 2.5 times 

its mean resting value, and Off when the signal dropped below 2.5 times its mean resting 

value across three frames of data. Muscle timing variables (On, Off) from seven individual 

muscles (VL, VM, LH, MH, LG, MG, and SOL) for both limbs within males and females 

at each time point were confirmed using a previously validated visual inspection method.

(Hodges and Bui, 1996) For reference, positive On times are relative to after initial contact 

with the force plate has occurred, while negative values indicate milliseconds prior to 

contacting the force plate.

2.2. Statistical analysis

Statistical analyses were performed using SPSS Version 26 (SPSS, IBM, Chicago, IL). 

Numerical EMG data were analyzed using parametric statistics; however nonparametric 

analyses were used when assumptions of statistical tests were violated. Alpha was set at 0.05 

a priori.

2.3. Effect of limb and time within sex

Generalized linear models with generalized estimating equations were used to detect the 

effects of limb (involved, uninvolved) and time (baseline, after pre-operative physical 

therapy, six months post-ACLR) for muscle activity timing variables of interest, run 

separately for each sex. This statistical approach was determined a priori supported by 

previously published kinematic and kinetic findings from this patient population.(Di Stasi et 

al., 2015) Significant interactions were followed by planned post hoc pairwise comparisons 

to compare inter-limb differences at each time point and individual limb differences over 

time, adjusted for multiple comparisons using a least significant differences correction. 

When no significant interactions were found, significant main effects of limb or time were 

reported.

3. Results

No significant differences were found for age, body size, time from injury, or gait speed 

between male and female non-copers before pre-operative physical therapy (p ≥ 0.078) 

(Table 1). Results were presented as interlimb differences, involved limb changes over time, 

and uninvolved limb changes over time (Table 2). A summary of results can be found in 

Table 3.

3.1. Males: limbs over time

Vastus Lateralis (VL): There were significant limb by time interactions for VL On (p 

< 0.001) and Off (p = 0.007). The involved limb turned On earlier and Off later when 

compared to the uninvolved limb at both pre-operative time points (p ≤ 0.006) (Table 2, Fig. 

1). No limb differences were present six months post-ACLR for VL On and Off (p ≥ 0.553). 

The VL on the involved limb turned On earlier at baseline when compared to both follow-up 

time points (p ≤ 0.049). The VL on the involved limb turn Off sooner six months post ACLR 

when compared to each pre-operative time point (p ≤ 0.032). VL timing on the uninvolved 

limb did not significantly change over time (p ≥ 0.054).
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Vastus Medialis (VM): There was a significant limb by time interaction for VM On (p < 

0.001) and VM Off (p < 0.001). The involved limb turned On earlier and Off later compared 

to the uninvolved limb at each pre-operative PT time point (p ≤ 0.006). No limb differences 

were seen at six months for VM On or Off (p ≥ 0.127). The VM on the involved limb turned 

On earlier at six months post ACLR when compared to both pre-operative timepoints (p ≤ 

0.033). The VM of the involved limb turned Off later at baseline when compared to both 

follow-up time points (p ≤ 0.035), The VM of the uninvolved limb turned On earlier at six 

months when compared to after pre-operative PT (p = 0.041). The VM of the uninvolved 

limb turned Off earlier after pre-operative PT compared to baseline (p = 0.046).

Lateral Hamstring (LH): No significant limb by time interactions were found for LH 

On (p ≥ 0.172) No significant limb by time interaction was seen for LH Off (p = 0.361), 

however there was a main effect of time such that LH turned Off later at baseline when 

compared to both follow-up time points (p ≤ 0.028).

Medial Hamstring (MH): No significant interactions or main effects were found for MH 

On (p ≥ 0.286). There was a significant time by limb interaction was found for MH Off (p 

< 0.001). The MH of the involved limb turned Off later than the uninvolved limb at both 

pre-operative time points (p < 0.001). The MH of the involved limb turned Off earlier at six 

months when compared to baseline (p = 0.034); however, the uninvolved limb turned Off 

later at six months compared to after pre-operative PT (p = 0.012).

Lateral Gastrocnemius (LG) and Medial Gastrocnemius (MG): No significant limb 

by time interactions or main effects were found for LG and MG On or Off (p ≥ 0.088).

Soleus (SOL): There was a significant time by limb interaction found for SOL On (p = 

0.021) but not for SOL Off (p = 0.703). There were no limb differences for SOL On (p ≥ 

0.077). The SOL of the uninvolved limb turned On earlier following pre-operative PT when 

compared to both baseline and six months post-ACLR (p ≤ 0.014). The involved SOL On 

did not change over time (p ≥ 0.383).

3.2. Females: Limbs over time

Vastus Lateralis (VL): No significant interactions or main effects were found for VL On 

(p > 0.201). There was a significant time by limb interaction for VL Off (p = 0.027). There 

were no limb differences for VL Off (p ≥ 0.195). The involved limb turned Off earlier at six 

months compared to both pre-operative time points (p ≤ 0.015) (Table 2, Fig. 1).

Vastus Medialis (VM): No significant interactions or main effects were found for VM On 

(p ≥ 0.096). There was a time and limb interaction for VM Off (p = 0.003). There were no 

limb differences for the VM Off (p ≥ 0.054). The VM of the involved limb turned Off earlier 

at six months after ACLR than at baseline (p = 0.014).

Lateral Hamstring (LH), Medial Hamstring (MH), Medial Gastrocnemius (MG) 
and Soleus (SOL): There was a main effect of time for LH Off such that the LH turned 

Off earlier at six months compared to both pre-operative timepoints (p = 0.013). There was 
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no significant interactions for On or Off for LH, MH, MG or SOL muscles activity (p ≥ 

0.076). There were no significant main effects for LH On, MH On and Off, MG On and Off, 

or SOL On and Off (p ≥ 0.057).

Lateral Gastrocnemius (LG): No significant interactions or main effects were found for 

LG On (p ≥ 0.059). There was a limb by time interaction found for LG Off (p = 0.012). 

There were no limb differences for LG Off (p ≥ 0.239). LG On and Off did not change over 

time in either limb (p ≥ 0.180).

4. Discussion

The purpose of this secondary analysis was to evaluate muscle timing changes in males 

and females after ACL injury and reconstruction. Our aim was to determine whether 

muscle activity corroborated previously reported sex-specific kinematic and kinetic findings 

in the same group of 39 non-copers after ACL injury at three clinically important time 

points. In the current study, females and males demonstrated unique patterns of muscle 

activity, however these limb behaviors did not follow similar patterns to those seen in their 

kinematics and kinetics,(Di Stasi et al., 2015) and did not support our hypotheses that 

females would demonstrate more asymmetries than males following ACLR.

Our exploratory analyses elucidated how muscle activity during gait may be influenced 

by surgical reconstruction and rehabilitation, and identified that female participants were 

walking with relatively symmetric muscle activity-six month-post operatively, a time that 

they are often beginning to engage in higher level running, agility, and sports-specific tasks 

to prepare for return to sport. In these females at six months, the involved limb quadriceps 

(VL and VM) Off time was significantly earlier compared to the baseline timepoint. These 

changes in muscle activity timing of the females suggest adaptations in the involved 

limb’s quadriceps activity, whereas the lateral hamstring activity was changing similarly 

in both limbs across time. Our current study’s findings are different from the kinematic and 

kinetic findings in the same population,(Di Stasi et al., 2015) where females presented with 

asymmetrical movement patterns at baseline, demonstrated improvements in gait symmetry 

after pre-operative physical therapy, but then became increasingly asymmetric in joint 

excursions and knee joint moment at the six month time point.

Males in this cohort presented with different quadriceps and hamstring muscle activity 

between limbs prior to ACLR (pre- and post-training), whereas muscle timing did not differ 

between limbs pre-operatively in females (Table 2). This group of males demonstrated 

prolonged quadriceps and hamstring activity in the involved limb pre-operatively. It 

is possible this prolonged muscle activity in the involved knee prior to surgery is 

a compensatory strategy for stabilization, as non-copers are characterized by dynamic 

instability at the knee joint.(Hurd and Snyder-Mackler, 2007; Khandha et al., 2019; Rudolph 

et al., 2001) Six months after ACLR, the interlimb differences in quadriceps muscle timing 

and medial hamstrings off time identified prior to surgery resolved. Quadriceps activity 

shortened in length over time and became more like the quadriceps muscle timing on 

the uninvolved limb. The lateral and medial hamstrings followed a similar pattern of 

prolonged activity prior to surgery, suggesting a co-contraction stabilization strategy. The 
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impact of increased muscle co-contraction on joint health is not fully understood, as some 

studies have suggested quadriceps and hamstrings co-contraction increases tibiofemoral 

joint compression, (Tsai et al., 2012) while others show no increase in medial compartment 

contact forces.(Khandha et al., 2019) Achieving a shorter duration of muscle activity in 

males post-operatively may be indicative of more muscular control of the knee joint during 

gait.(McGibbon and Krebs, 2004; Rudolph et al., 2001).

While there was an indication of improvement in our sample with pre-operative physical 

therapy, asymmetries were prevalent in males despite pre-operative physical therapy. This 

may suggest that the 5-week rehabilitation program was not enough for males to respond, or 

perhaps ACLR, a restoration of passive stability, was necessary to restore limb symmetry in 

male’s muscle activity. Continued gait asymmetries in muscle timing for males is consistent 

with literature supporting persistent gait asymmetries for up to 2 years after surgery.(Capin 

et al., 2019; Ito et al., 2021) Additionally, during a landing task, male athletes after 

ACLR demonstrated longer preimpact EMG duration in both the knee flexors and extensors 

compared to an uninjured control group. (Rocchi et al., 2020) These findings support our 

data suggesting changes in motor control strategies of the involved limb in male athletes. 

Other studies have shown similar results of early muscle onset in individuals after ACLR 

during functional tests,(Gokeler et al., 2010; Theisen et al., 2016) however no previous 

studies have explored sex-specific muscle timing during gait longitudinally over the course 

of rehabilitation.

Muscle activation findings did not corroborate the kinematic and kinetic asymmetries 

reported in this same cohort of non-copers.(Di Stasi et al., 2015) Combined data from these 

studies suggest both sexes have asymmetric gait biomechanics, but primarily males may 

have asymmetric muscle activity. While gait adaptations may be beneficial in the short-term 

(e.g., increase stability, reduce demand on the quadriceps), there may be negative long-term 

consequences, such as the subsequent development of post-traumatic osteoarthritis,(Hart et 

al., 2016; Wellsandt et al., 2016) to asymmetric gait becoming a learned pattern. Further 

research is required to understand how muscle activity in males after pre-operative physical 

therapy may relate to uninjured individuals. Without data from a matched, uninjured cohort, 

we cannot discern whether changes in muscle timing were induced by rehabilitation, time 

alone, or the combination of both. However, we note that for both males and females, muscle 

activity timing changed in a way that appears closer to that of an uninjured gait pattern (i.e., 

shortened over time) and therefore may be improving.

Our previous study of joint kinematics and kinetics identified large gait asymmetries in 

only the women at six months, including lower internal knee extension moments and knee 

joint excursions on the involved limb.(Di Stasi et al., 2015) The adaptations related to 

the timing of the muscle activity and inter-limb comparisons in the current study seem 

to follow a different pattern, suggesting that identifying meaningful sex-specific changes 

in muscle activity is an important step in further understanding the biomechanical profile 

during walking after ACLR. A recent systematic review of knee muscle activity in patients 

after ACL injury found that collapsed across sexes, individuals after ACL rupture found 

both increased and reduced muscle timing activity of the quadriceps, and increased activity 

of the hamstrings during gait.(Shanbehzadeh et al., 2017) Our results, taken with these 
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data, suggest individuals after ACL rupture, regardless of sex, show seemingly different 

neuromuscular strategies when assessing electromyography than kinematics and kinetics. 

Though these data may seem conflicting, it points to the gap in evidence in understanding 

changes in muscle activity over the course of rehabilitation. Our electromyography data 

deepen our understanding of gait changes after ACLR and may provide potential sex-

specific targets for neuromuscular intervention. Biomechanical changes in walking after 

ACLR have been linked to the development of osteoarthritis,(Hart et al., 2016; Pfeiffer et 

al., 2019; Wellsandt et al., 2016) and the mechanics of walking may have a role in the 

progression of osteoarthritis in otherwise uninjured individuals.(Andriacchi et al., 2004).

A growing body of evidence suggests females are at an increased risk for poor outcomes 

after ACLR.(Paterno et al., 2012; Shelbourne et al., 2009) Females have an increased risk 

of contralateral ACL injury compared to males,(Shelbourne et al., 2009) and young females 

athletes in particular who return to pivoting and cutting sports after ACLR have a 15-fold 

greater risk of an ACL injury than healthy participants.(Paterno et al., 2012) Similarly, an 

analysis of the Multicenter Orthopaedic Outcomes Network (MOON) cohort found that 

males were more likely than females to return to soccer after ACLR.(Kaeding et al., 2014) 

Our data suggest sex differences are also seen in gait, however in our cohort muscle 

activity asymmetries are more prevalent in males than females early after injury. While 

beyond the scope of this current study, additional work is needed to further understand 

this sex-specific muscle activity. Disrupted gait patterns may affect the distribution of 

load in the knee joint and may impact the ability for cartilage to accommodate load. 

(Palmieri-Smith and Thomas, 2009) Sex-specific gait differences may need to be considered 

through rehabilitation following ACL rupture and reconstruction in both biomechanical and 

functional outcomes when considering optimizing gait after ACLR.

There are limitations to consider when interpreting the results of this study. Our sample is 

limited to a subgroup of ACL injuries, non-copers, which limits the generalizability of our 

results. This study was not powered to directly compare males and females, so we cannot 

make any direct comparisons between sexes. Likewise, the small sample size and multiple 

comparisons including seven muscles performed increases the risk of type I error. Meniscal 

status (i.e., partial meniscectomies or meniscal repairs) was not considered in our analysis, 

which may have influenced results. Finally, our study did not include healthy controls, 

which limits our understanding of how these results compare to muscle activity patterns of 

uninjured individuals.

5. Conclusion

Sex-specific differences in muscle activity in non-copers after ACLR did not parallel those 

of published kinematic and kinetic changes.(Di Stasi et al., 2015) Our data indicate that male 

non-copers presented with more inter-limb differences in muscle activity across time points, 

and refuting our hypothesis, females presented with fewer asymmetries before and after 

pre-operative physical therapy. As these results contradict previous kinematic and kinetic 

findings of limb differences between sexes, continued research may be necessary to further 

understand sex-specific adaptations in muscle activity. A deeper understanding of how 

males’ and females’ muscle activity differs will expand our understanding of biomechanical 
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changes after ACL rupture and ACLR and may contribute to the development of clinical 

interventions targeting resultant aberrant gait mechanics. Future work should consider the 

effects of sex on biomechanical changes after ACL injury and reconstruction, specifically in 

respect to changes in the timing of muscle activity.
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Fig. 1. 
Time by limb interaction effects for males and females pre and post pre-operative physical 

therapy and 6 months after surgery. VL, vastus lateralis; VM, vastus medialis; LH, lateral 

hamstrings; MH, medial hamstrings; LG, lateral gastrocnemius; MG, medial gastrocnemius; 

SOL, soleus. *indicates significant interaction effects for sex and limb.
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Table 1

Demographics of participants reported by sex.

Males (n = 27) Females (n = 12)

Age (years) 27.9 ± 10.0 31.8 ± 12.2

Height (m) 1.81 ± 0.06 1.67 ± 0.05

Weight (kg) 96.10 ± 14.14 78.80 ± 20.65

BMI (kg/m2) 29.7 ± 4.5 27.9 ± 6.6

Gait Speed (m/s) 1.51 ± 0.12 1.54 ± 0.12

Time from injury (weeks) 12.0 ± 10.0 9.0 ± 10.3

Values reported as mean ± standard deviation.

Abbreviations; BMI, body mass index; m, meters; kg, kilogram; s, second.
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Table 3

Muscle timing summary of statistically significant findings.

Males Females

Limb Differences

Pre VL on/off, VM on/off, MH off None

Post VL on/off, VM on/off, MH off None

6 Months None None

Change Over Time

Inv: Pre → Post VL on, VM off, LH off None

Uninv: Pre → Post VM off, SOL on, LH off None

Inv: Post → 6 Months VL on/off, VM on VL off

Uninv: Post → 6 Months VM on, MH off, SOL on None

Inv: Pre → 6 Months VL on/off, VM on/off, MH off, LH off VL off, VM off, LH off

Uninv: Pre → 6 Months LH off LH off

VL, vastus lateralis; VM, vastus medialis; LH, lateral hamstrings; MH, medial hamstrings; LG, lateral gastrocnemius; MG, medial gastrocnemius; 
SOL, soleus.
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