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Abstract

Background: Pre-injury running biomechanics are an ideal comparator for quantifying recovery 

of running biomechanics following anterior cruciate ligament reconstruction (ACLR), allowing for 

assessments within both the surgical and non-surgical limbs. However, availability of pre-injury 

running biomechanics is rare and has only been reported in case studies.

Hypothesis/Purpose: To determine if running biomechanics return to pre-injury levels within 

the first year post-ACLR among collegiate athletes. We hypothesized that surgical knee 

biomechanics would be significantly reduced shortly after ACLR and not return to pre-injury 

levels by 12 months, and non-surgical limb mechanics would change significantly from pre-injury.

Study Design: Analysis of routinely collected athletic performance data; Level of Evidence, 3.

Methods: Thirteen Division I collegiate athletes were identified between 2015 and 2020 (6 

female; 20.7±1.3 years old) who had whole body kinematics and ground reaction forces recorded 

during treadmill running (3.7 ± 0.6 m/s) prior to sustaining an ACL injury. Running analyses were 

repeated at 4 (4M), 6 (6M), 8 (8M), and 12 (12M) months post-ACLR. Linear mixed effects 

models were used to assess differences in running biomechanics between post-ACLR time-points 

and pre-injury within each limb, reported as Tukey-adjusted p-values.

Results: Compared to pre-injury, the surgical limb displayed significant deficits at all post-

operative assessments (p-values <0.01, reported as least square mean difference ± standard error): 

peak knee flexion angle (4M: 13.2°±1.4, 6M: 9.8°±1.4, 8M: 9.7°±1.4, 12M: 9.0°±1.5); peak knee 

extensor moment (4M: 1.32±0.13, 6M: 1.04±0.13, 8M: 1.04±0.13, 12M: 0.87±0.15 Nm/kg; 38 to 

57% deficit); and rate of knee extensor moment (4M: 22.7±2.4, 6M: 17.9±2.3, 8M: 17.5±2.4, 
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12M: 16.1±2.6 Nm/kg/s; 33 to 46% deficit). No changes for these variables from pre-injury (p-

values > 0.88) were identified in the non-surgical limb.

Conclusion: Following ACLR, surgical limb knee running biomechanics were not restored to 

the pre-injury state by 12M, while non-surgical limb mechanics remained unchanged compared to 

pre-injury.

Clinical Relevance: Collegiate athletes post-ACLR demonstrate substantial deficits in running 

mechanics compared to pre-injury that persist beyond the typical return-to-sport timeframe. The 

non-surgical knee appears to be a valid reference for recovery of the surgical knee mechanics 

during running, due to the lack of change within the non-surgical limb.

Key Terms:

ACL; Running; Gait analysis; Motion Analysis/Kinesiology

Introduction:

Following anterior cruciate ligament reconstruction (ACLR), athletes demonstrate 

significant alterations in surgical limb running biomechanics compared to both their non-

surgical limb and healthy controls.20 These changes include: decreased peak knee flexion 

angle9,20 and knee flexion excursion,20 decreased peak knee extensor moment,9,20,24 

decreased patellofemoral joint force,36 increased initial impact forces,18 and decreased peak 

vertical ground reaction force.24 Compensatory loading strategies, particularly at the hip,2,18 

have also been observed, indicating changes extend beyond the knee joint. Running 

asymmetries have been observed up to 5 years post-operatively, despite rehabilitation 

typically ending 6–12 months post-surgery.18 Persistent alterations in movement mechanics 

and knee joint loading may contribute to the early onset and progression of knee 

osteoarthritis after ACLR.1,5,36 Understanding the longitudinal changes in running 

biomechanics during the initial year following ACLR, when athletes typically have access to 

rehabilitation, is a necessary step toward identifying appropriate strategies aimed at 

improving running deficits in hopes of mitigating the sequela of joint disease.

Previous studies of running mechanics post-ACLR have used cross-sectional designs where 

the non-surgical limb or healthy controls are used for comparison.20 The appropriateness of 

using the non-surgical limb as a comparative reference has come into question due to the 

potential for bilateral neuromuscular and biomechanical performance deficits to be present 

after injury and/or surgery.14,22,41 For example, changes in walking mechanics have been 

observed over time in the non-surgical limb following ACLR.6 As such, the appropriateness 

of using the non-surgical limb as a reference to evaluate recovery of the surgical limb must 

be assessed, particularly with regard to running mechanics.

To this end, one must compare longitudinal post-operative data with pre-injury data, 

allowing for bilateral assessment of within-limb changes over time. Baseline pre-injury data 

are not commonly available due to the unpredictable nature of ACL injures.17 To date, only 

a few case studies have been published comparing pre-injury and post-operative running 

mechanics with limited generalizability.29,30 Preseason assessments of running 
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biomechanics among collegiate athletes at the University of Wisconsin-Madison have 

established a database of healthy baseline measures on hundreds of athletes. In the event an 

athlete suffers an ACL injury, the pre-injury baseline provides a unique reference for 

determining post-operative changes in the surgical and non-surgical limbs.

The purpose of this study, therefore, was to assess the longitudinal changes in running 

biomechanics throughout the first year post-ACLR compared to the pre-injury state among 

National Collegiate Athletic Association (NCAA) Division I collegiate athletes. We 

hypothesized that knee joint kinematics and kinetics and ground reaction forces (GRF) of 

the surgical limb during running would be significantly reduced shortly after ACLR and not 

return to the pre-injury state by 12-months. Additionally, we hypothesized that the non-

surgical limb kinematics, kinetics, and GRF would change significantly from the pre-injury 

assessment. Finally, we explored longitudinal changes in hip and ankle joint kinetics (i.e., 

negative work).

Materials and Methods

Participants

Six years (2015–2020) of routinely collected pre-season performance data and post-ACLR 

testing available on NCAA Division I athletes in the University of Wisconsin-Madison 

Badger Athletic Performance database were used for this study (329 unique athletes with 

baseline running analyses). The record review was approved by the University’s Health 

Sciences Institutional Review Board. Records were included if the athlete: 1) had an ACL 

injury and underwent a primary ACLR; 2) had no history of a previous ACL injury on either 

limb, 3) had a healthy, pre-injury running gait analysis and at least one post-operative 

running gait analysis; and 4) did not have a lower extremity surgery 12 months prior to the 

pre-injury running analysis. For athletes that met all of the above criteria, but sustained a 

second ACL injury or underwent a subsequent lower extremity surgery any time after the 

initial post-operative running gait analysis, only running gait analyses prior to these injuries 

were included.

Data Collection and Analysis

The running mechanics collection protocol utilized has been described in detail previously.39 

In brief, athletes walked for two minutes to acclimate to the treadmill and motion capture 

setup. For healthy baseline testing, athletes ran at standardized speeds of 2.68, 2.95, 3.35, 

3.80, and 4.47 m/s (10, 9, 8, 7, and 6 min/mile, respectively). Following ACLR, athletes 

underwent a standardized testing protocol which included running gait analyses performed 

at 4, 6, 8, and 12 months post-operatively. During post-ACLR testing, speed was increased 

incrementally, following a similar progression to baseline testing, and athletes were asked to 

identify when they felt they achieved their maximally comfortable speed; testing was ended 

following collection of that speed. Fatigue was not directly assessed, but athletes were 

advised to verbalize if they were feeling fatigued. If fatigue was reported, speed was reduced 

to a walking pace until the athlete reported readiness to commence running. Fifteen seconds 

of data were recorded at each running speed after the athlete had acclimated to the speed for 

at least 30 seconds. Speed was controlled within each athlete by analyzing the maximum 
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speed available that was consistent across all time points (pre-injury and post-ACLR), but 

speed was allowed to vary between athletes.

Whole-body kinematics were collected using 42 reflective markers placed on the body 

segments of each athlete, 23 of which were located on anatomical landmarks.7 Markers were 

placed by the same researcher [MRSJ] for all data collections on all athletes. A static 

standing position was also recorded to establish joint centers and for model scaling. Marker 

kinematics were collected at 200 Hz using an 8-camera passive marker system (Motion 

Analysis Corporation, Santa Rosa, CA). Ground reaction forces were recorded at 2000 Hz 

using an instrumented treadmill (Bertec Corporation, Columbus, OH) and synchronized with 

the kinematic marker data. To identify foot contacts and calculate GRF metrics, the GRFs 

were low-pass filtered using a bi-directional, 3rd-order Butterworth filter with a cutoff 

frequency of 50 Hz.39 Gait cycles were identified by foot contacts, with the stance phase of 

the gait cycle defined from initial contact to toe off, when the vertical GRF rose above and 

fell below 50 N, respectively.

Biomechanical modeling and analyses have been described in detail.7 Briefly, the body was 

modeled as a 14-segment articulated linkage and body segments were scaled using the 

athlete’s height, mass, and segment lengths.15 Joint angles were computed at each time step 

using a global optimization routine to minimize the weighted sum of squared differences 

between the measured and the model marker positions.16 In addition, a segment-by-segment 

inverse dynamics analysis was used to calculate joint moments from the kinematic data and 

GRFs, both low-pass filtered using a bi-directional, 4th-order Butterworth filter at 12 Hz. 

Joint powers were computed as the product of the moment and angular velocity for each 

joint, with mechanical work determined by numerically integrating the respective portions of 

each joint power curve.

Fifteen strides were analyzed on both limbs from each athlete and included the following 

biomechanical variables: peak knee flexion during stance; peak knee extensor moment 

during stance; rate of knee extensor moment during stance; hip, knee, ankle, and total 

negative work during stance (summation of hip, knee, and ankle negative work); vertical 

GRF impulse; and braking impulse. All signal and data processing were conducted using 

MATLAB (Release 2018b, Mathworks, Inc., Natick, MA).

Statistical Analysis

Standard descriptive statistics (means/standard deviations and frequencies/percentages) were 

used to describe the patient population. Linear mixed effects models were used to assess the 

influence of time-point and limb, and a potential interaction effect, on each biomechanical 

variable of interest. Subject and limb were assigned as random effects. For variables in 

which a significant interaction was detected, Tukey-adjusted p-values were used for pairwise 

comparisons between pre-injury and post-operative time-points for the surgical and non-

surgical limb separately. Speed was controlled within each athlete by using the maximum 

speed that was consistent across all collections for that athlete; however, due to the small 

sample size between-athlete variability due to speed was not assessed. Least-square mean 

differences and associated standard errors are reported. All analyses were conducted using 

SAS v9.4 (SAS Institutes, Cary, NC) and significance was assessed at α ≤ 0.05.
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Results

Records for 13 athletes met eligibility criteria and were included in the final dataset (Figure 

1). All athletes underwent ACLR with bone-patellar-tendon-bone autograft. Five athletes 

underwent ACLR only, 3 underwent ACLR + meniscectomy, and 5 underwent ACLR + 

meniscus repair. Athletes participated in football (7), basketball (2), soccer (3), or track and 

field (1). All athletes completed a pre-injury running analysis (14.6 ± 11.9 months prior to 

surgery). Post-operatively, 9, 10, 9, and 7 athletes completed testing at 4, 6, 8, and 12 

months, respectively. One athlete sustained a contralateral ACL injury (10-months post-op) 

and two others underwent additional lower extremity surgeries (5 and 7 months post-op). 

The majority of the athletes (9/13 athletes) in our study started running between 3- and 4-

months post-surgery. The average speed used for comparisons was 3.65±0.59 m/s (7:20 min/

mile) and no athletes reported fatigue during testing. Additional patient demographics 

appear in Table 1.

A significant time*limb interaction was detected for peak knee flexion angle, peak knee 

extensor moment, rate of knee extensor moment, and knee negative work (all p-

values<0.001). No significant changes in the non-surgical limb knee biomechanics 

compared to pre-injury were identified throughout the first 12 months post operatively 

(Figure 2, Table 2); however, the surgical knee demonstrated significant reductions in all of 

these metrics at all time-points compared to pre-injury (all p-values<0.001; Table 2). The 

largest deficits (indicated by the negative sign) in the surgical knee mechanics compared to 

pre-injury mechanics were observed at 4 months and did not return to pre-injury levels by 12 

months [peak knee flexion angle: 4-months = −13.2°±1.4 (p<0.001), 12-months = −9.0°±1.5 

(p<0.001); peak knee extensor moment: 4-months = −1.32±0.13 Nm/kg (p<0.001), 12-

months = −0.87±0.15 Nm/kg (p<0.001); rate of knee extensor moment: 4-months = 

−22.7±2.4 Nm/kg/s (p<0.001), 12-months = −16.1±2.6 Nm/kg/s (p<0.001)]. All time-points 

are reported in Figure 2 and Table 2. Knee negative work was significantly reduced at all 

follow-up time-points within the surgical limb (4 months: −0.33±0.04 J/kg, p<0.001; 6 

months: −0.27±0.04 J/kg, p<0.001; 8 months: −0.25±0.04 J/kg, p<0.001; and 12 months: 

−0.22±0.05 J/kg, p=0.002) (Figure 3).

A significant time*limb interaction was detected for total negative work (p-value < 0.001), 

but not for hip or ankle negative work (p values>0.71). Total negative work was significantly 

reduced within the surgical limb at 4 (−0.37±0.06 J/kg, p<0.001) and 6 months (−0.23±0.06 

J/kg, p=0.01), but not at 8 (−0.18±0.06 J/kg, p=0.12) or 12 months (−0.15±0.07 J/kg, 

p=0.38) (Figure 3). A time main effect was observed for ankle negative work averaged 

across both limbs demonstrating an increase at 12 months only (0.13±0.07 J/kg, p=0.01) 

compared to pre-injury. Within the non-surgical limb, no significant differences in total 

negative work were detected at any time-point compared to pre-injury (all p-values>0.07) 

(Figure 3).

A significant time*limb interaction was detected for vertical GRF impulse and braking 

impulse (p-values<0.001). The surgical limb demonstrated significant reductions in vertical 

GRF impulse at 4 and 6 months (both p<0.001) and braking impulse at 4, 6, and 8 months 

(all p-values<0.01). In contrast, the non-surgical limb demonstrated a significant increase in 
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vertical GRF impulse at 8 months (p=0.04) and braking impulse at all time-points (all p-

values<0.004; table 2).

Discussion

The purpose of this study was to assess bilateral changes in running biomechanics from pre-

injury throughout the first year post-ACLR in NCAA Division I collegiate athletes. 

Significant alterations were observed, with most metrics not returning to pre-injury values 

by 12 months post-ACLR on the surgical limb. These data partially supported our primary 

hypothesis that GRFs and knee joint kinematics and kinetics of the surgical limb during 

running would not return to pre-injury levels by 12-months following ACLR. This pattern 

was observed for knee kinematics and kinetics; however, surgical limb vertical GRF and 

braking impulses were significantly reduced shortly after ACLR, but restored to within pre-

injury levels by 6 and 8 months, respectively. Our secondary hypothesis was also partially 

supported as non-surgical limb GRF impulses were significantly altered, but knee 

kinematics and kinetics did not change significantly from the pre-injury assessment.

This is the first study, to the authors’ knowledge, to longitudinally quantify changes in 

running biomechanics throughout the first year post-ACLR compared to pre-injury. Within 

the surgical limb, significant reductions in peak knee flexion angle, peak knee extensor 

moment, rate of knee extensor moment, and knee negative work were observed at all time-

points compared to the pre-injury values. Previous cross-sectional studies observed 

significant deficits compared to the non-surgical limb in peak knee flexion angle (pooled 

mean difference −2.72° [95% confidence interval (CI): −4.45,−0.99]) and stance phase peak 

knee extensor moment (pooled standardized mean difference −0.62 [95% CI: −0.87,−0.36]) 

between 3 months and 5 years following ACLR.20 While not directly comparable as we 

assessed differences from pre-injury, our results demonstrate a greater magnitude of deficit 

in the surgical limb, with knee flexion deficits during stance ranging from −13.2° to −9.0° 

and standardized mean difference of peak knee extensor moment during stance ranging from 

−3.09 to −2.07 throughout the first 12 months post-ACLR (Figure 2). This discrepancy in 

the magnitude of change within the surgical limb between our study and the systematic 

review of cross sectional studies may be due, in part, to the majority of studies included in 

the review reporting data greater than 12 months post-operative. As our study is the first to 

assess bilateral changes in running mechanics within the first year post-ACLR compared to 

the pre-injury state, an appropriate comparison dataset does not exist. In a cohort of healthy 

collegiate athletes, normative between limb asymmetries were 2.2° ± 0.2 for peak knee 

flexion angle, 9.7±1.0% for peak knee extensor moment, and 15.8±1.5% for knee negative 

work.38 In the current study, we observed surgical limb deficits at 12-months post-ACLR of 

9.0° for peak knee flexion angle, 37.7% for peak knee extensor moment, and 45.8% for knee 

negative work, which are well outside of these normative ranges. Despite not reporting 

between-limb asymmetries, comparing our findings to this healthy cohort may provide 

greater clinical context to the magnitude of deficits observed in our sample. Regardless of 

the differences in magnitude found in prior studies and the present work, it is evident that 

surgical limb knee mechanics during running remain significantly altered beyond a time 

when most athletes return to sport and have completed post-operative rehabilitation. It 

remains unknown if these altered movement patterns are adopted as a protective mechanism 
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in an attempt to reduce joint stresses or if they may simply be the result of impaired 

neuromuscular performance.

Our unique dataset provides novel insights into whether the non-surgical limb is an 

appropriate comparator for the surgical limb. In short, the knee joint metrics of the non-

surgical limb were consistent over time compared to the pre-injury state, which may support 

the use of the non-surgical limb as a comparator for knee-specific biomechanics throughout 

the rehabilitation process. This particular finding has important clinical implications as most 

sports medicine facilities utilize the non-surgical limb as a reference when assessing return-

to-sport readiness and generally do not have pre-injury data as a comparator. Further studies 

with larger sample sizes will be needed to corroborate these findings.

Conversely, substantial alterations in GRFs of the non-surgical limb were detected. Braking 

impulse within the non-surgical limb was increased by 14.3% to 19.0% at all time-points 

post-ACLR compared to pre-injury, while the surgical limb demonstrated a 19.0% to 9.5% 

decrease at 4 and 8 months, respectively. Additionally, the non-surgical limb demonstrated a 

significant increase (4.2%) in vertical GRF impulse at 8 months, while the surgical limb 

decreased 8.7% and 6.7% at 4 and 6 months, respectively, compared to pre-injury. As such, 

utilizing the contralateral limb as a reference of recovery for these particular variables will 

likely conflate the true deficits when compared to using pre-injury as a reference. Moreover, 

recovery of running biomechanics post-ACLR should not be based solely on GRF variables, 

as these returned to pre-injury levels within the surgical limb earlier than knee specific 

kinematics and kinetics. Finally, the greater GRFs observed on the non-surgical limb may 

increase that limb’s injury risk to a running-related injury, and warrants further investigation.

We also sought to determine the distribution of negative work performed by the joints of the 

surgical and non-surgical limbs to assess for compensatory movement strategies, as 

biomechanical and neuromuscular compensations have been observed during walking, 

running, squatting, and jumping following ACLR.2,10,19,33,35 The underlying cause of these 

observed compensations may be due, in part, to persistent joint pain,32 impaired quadriceps 

performance,10,11,21,35,37 reduced joint proprioception,27 or lack of confidence following 

ACLR.23,28,40 We found significant reductions in total negative work in the surgical limb at 

4 and 6 months (p-values<0.01). The significant reduction in knee negative work at all time-

points (all p-values<0.002) and the lack of time*limb interaction for hip and ankle negative 

work suggests that the knee is the primary contributor to the change in the surgical limb’s 

total negative work (Figure 3). Within the non-surgical limb, a statistically significant 

change from the pre-injury state was not detected for total negative work, but a potential 

increase in total negative work post-operatively was observed (p-values = 0.07 and 0.16 at 6 

and 8 months, respectively) (Figure 3).

By 3 to 4 months post-surgery the majority of the athletes in our study initiated running. 

This is consistent with prior research indicating that most athletes resume running ~3 

months following ACLR.26 This time period coincides with when the knee mechanics 

displayed the greatest deficit from pre-injury. Initiating running with such significant gait 

abnormalities may lead athletes to adopt compensatory movement patterns that are 

detrimental to long-term joint health.1,5,36 Abnormal quadriceps function is likely a primary 
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contributor to the substantial running deficits observed at the 4- and 6-month time-points. 

Indeed, deficits in quadriceps neuromuscular performance and strength are nearly universal 

early after ACLR13,25 and have been associated with reduced knee flexion angles and 

extensor moments during hopping21 and walking37, as well as rate of knee extensor moment 

during running.22 Further, subtle changes in quadriceps force production, neuromuscular 

coordination, and associated movement kinematics can significantly increase knee cartilage 

loads during activities including walking and running.4,11,12,34,42 The altered running 

biomechanics we observed throughout the initial year post-ACLR likely have a significant 

effect on tibiofemoral3,31 and patellofemoral cartilage loading.3,8,36 However, previous 

studies in this area are of cross-sectional design, which limits our understanding of how knee 

cartilage loading changes over time. Understanding longitudinal changes in knee cartilage 

loading is an important next step in this line of research, as altered knee joint loading has 

been suggested to contribute to early onset osteoarthritis.1,5,36

This is the first study to our knowledge to assess changes in running biomechanics in elite 

collegiate athletes. As the athletes in this study were highly trained prior to sustaining an 

ACL injury, results may not generalize to other age groups or levels of competition. Despite 

frequent and unrestricted access to sports medicine facilities and resources, substantial 

biomechanical deficits were observed in this cohort. In a general sports medicine population 

with more restricted access to post-surgical care, the magnitude of the observed running 

alterations may be even more pronounced. Although not all athletes underwent testing at 

every time-point, we used linear mixed effects models to account for missing data within 

subjects. Additionally, all athletes had bone-patellar tendon-bone grafts, limiting the 

potential generalizability to other graft types. Due to the small sample size of this study, the 

observed effects may be inflated. The sample size also limited our ability to investigate the 

effects of potential confounders such as sex and concomitant surgical procedures (e.g. 

meniscus repair). However, the results from this study support the need for future healthy 

baseline screening and development of larger datasets to assess for the potential influence of 

these confounders.

In conclusion, substantial reductions in knee flexion angle, extensor moment, and negative 

work during running were evident in the surgical limb throughout the first 12 months post-

ACLR, when compared to pre-injury. Additionally, the non-surgical limb appears to be a 

valid reference of recovery for the surgical knee-specific running mechanics following 

ACLR, but not for GRF variables.
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What is known about the subject:

To date, it remains unknown how running biomechanics post-ACLR change from the pre-

injury state. Pre-injury data, although rarely available, provides unique insight into the 

post-surgical deficits in running biomechanics by providing a within-subjects view of 

individual gait mechanics. Moreover, using pre-injury data as a reference allows for the 

assessment of changes within both the surgical and non-surgical limb. Previous literature 

demonstrates that deficits in running biomechanics exist post-ACLR, particularly peak 

knee flexion angle and peak knee extensor moment during stance, which have been 

observed from 4 months to 5 years post-ACLR compared to the non-surgical limb or 

healthy controls. However, previous literature provides limited understanding of 

longitudinal changes in running biomechanics, as most studies have been of cross-

sectional design. Further, previous studies have used the non-surgical limb as a 

comparator, despite it being unknown if changes in this limb occur. As a result, the non-

surgical limb may provide an inaccurate representation of running biomechanical 

changes post-ACLR.
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What this study adds to existing knowledge:

Obtaining pre-injury running biomechanics through the screening of hundreds of healthy 

collegiate athletes during the pre-season allows for the assessment of the restoration of 

running biomechanics in athletes that go on to sustain an injury. Using this novel dataset, 

pre-injury running biomechanics were available for 13 athletes that later went on to 

sustain an ACL injury. These pre-injury running biomechanics were used as a reference 

to determine if athletes’ running biomechanics recovered within the first year post-ACLR 

(assessed at 4, 6, 8, and 12 months post-ACLR). Unique to using pre-injury data as a 

reference, we were able to determine the changes not only in surgical limb, but also in the 

non-surgical limb, which is currently unknown. The results of this study highlight that 

knee kinematic and kinetic deficits persist at 12 months in collegiate athletes compared to 

the pre-injury state. Moreover, the non-surgical limb knee biomechanics remained 

unaltered from the pre-injury state throughout the first-year post-operative, validating the 

use of the non-surgical limb as a reference of recovery for knee specific metrics when 

pre-injury data is unavailable. As subjects of previous studies assessing running 

biomechanics post-ACLR have typically been recreational athletes or from the general 

population, this study provides insight into changes in running mechanics in elite division 

I collegiate athletes.
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Figure 1. 
Records extraction process. All athletes included in the analysis had running data from pre-

injury and at least one post-operative time point. ACL, anterior cruciate ligament.
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Figure 2. 
Least-square mean values of peak knee flexion angle during stance (top), peak knee extensor 

moment during stance (middle), and rate of knee extensor moment during stance (bottom) 

from pre-injury (PRE) to 12-months post-anterior cruciate ligament reconstruction (ACLR) 

within the surgical (black) and non-surgical limb (grey). Error bars depict the standard error 

of the least-square mean. The axis break between pre-injury and 4-months demonstrates that 

the time interval between pre-injury and 4-months varies between participants. *** 

Significant within-limb difference from pre-injury p < 0.001.
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Figure 3. 
Negative work performed by the hip, knee and ankle of each limb during the stance phase of 

running at each time point. Knee negative work of the surgical limb was significantly (all p-

values <0.001) reduced at all post-anterior cruciate ligament reconstruction (ACLR) time-

points relative to pre-injury (PRE). Solid filled bars depict the surgical limb, while diagonal 

slash filled bars depict the non-surgical limb.
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Table 1.

Summary of participant information.

Participant Information (N = 13)
a

Values

Age, y* 20.7 ± 1.3

Body Mass, kg* 84.7 ± 18.5

Height, cm* 179.3 ± 8.9

Females, n (% of total participants) 6 (46)

Running Speed, m/s 3.65 ± 0.59

Running Analysis From Time of ACLR, mo

    Pre-injury 14.6 ± 11.9

    4-month 3.9 ± 0.4

    6-month 6.1 ± 0.3

    8-month 8.4 ± 0.8

    12-month 12.2 ± 1.3

IKDC, %

    4-month 62.6 ± 18.7

    6-month 75.3 ± 14.4

    8-month 90.3 ± 7.2

    12-month 91.0 ± 14.3

a
Values are presented as mean ± SD unless otherwise indicated.

*
Based on 4-month post-operative assessment. ACLR, anterior cruciate ligament reconstruction IKDC, International Knee Documentation 

Committee survey.
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