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Abstract

Purpose—To compare gait biomechanics throughout stance phase 6 and 12 months following 

unilateral anterior cruciate ligament reconstruction (ACLR) between ACLR and contralateral 

limbs and compared to controls.

Methods—Vertical ground reaction force (vGRF), knee flexion angle (KFA), and internal knee 

extension moment (KEM) were collected bilaterally 6 and 12 months post-ACLR in 30 individuals 

(50% female, 22±3 years, body mass index [BMI]=23.8±2.2kg/m2) and at a single time point in 

30 matched uninjured controls (50% female, 22±4 years, BMI=23.6±2.1kg/m2). Functional 

analyses of variance were used to evaluate the effects of limb (ACLR, contralateral, and control) 

and time (6 and 12 months) on biomechanical outcomes throughout stance.

Results—Compared to the uninjured controls, the ACLR group demonstrated bilaterally lesser 

vGRF (ACLR=9%BW, contralateral=4%BW) during early stance and greater vGRF during mid-

stance (ACLR=5%BW, contralateral=4%BW) 6 months post-ACLR. Compared to the uninjured 

controls, the ACLR group demonstrated bilaterally lesser vGRF (ACLR=10%BW, 

contralateral=8%BW) during early stance and greater vGRF during mid-stance (ACLR=5%BW, 

contralateral=5%BW) 12 months post-ACLR. Compared to controls, the ACLR limb 

demonstrated lesser KFA during early stance at 6 (2.3°) and 12 months post-ACLR (2.0°), and the 
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contralateral limb demonstrated lesser KFA during early stance at 12 months post-ACLR (2.8°). 

Compared to controls, the ACLR limb demonstrated lesser KEM during early stance at both 6 

(0.011BW*height) and 12 months (0.007BW*height) post-ACLR, and the contralateral limb 

demonstrated lesser KEM during early stance only at 12 months (0.006BW*height).

Conclusion—Walking biomechanics are altered bilaterally following ACLR. During the first 12 

months post-ACLR, both the ACLR and contralateral limbs demonstrate biomechanical 

differences compared to control limbs. Differences between the contralateral and control limbs 

increase from 6 to 12 months post-ACLR.
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Vertical ground reaction force; knee flexion angle; knee extension moment; walking 
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INTRODUCTION

Individuals with an anterior cruciate ligament (ACL) injury and ACL reconstruction (ACLR) 

often demonstrate persistent alterations in walking gait biomechanics (1–3), which may 

contribute to the development of post-traumatic knee osteoarthritis (PTOA) (4–6). 

Individuals demonstrate a stiffened-knee strategy during walking gait early post-ACLR in 

the involved limb, characterized by lesser peak knee flexion angle (KFA) and peak internal 

knee extension moment (KEM) during the first 50% of stance phase (7–9). This stiffened-

knee strategy is hypothesized to negatively influence force attenuation at the knee and 

contribute to the hastened development of PTOA (10, 11). Deleterious alterations in 

cartilage composition, consistent with PTOA development, have been reported within the 

first 12 months following ACLR (12); therefore, it is important to evaluate gait at early time 

points post-ACLR when gait biomechanics are known to associate with early joint tissue 

metabolism (13) and composition (14, 15). Some studies show individuals achieve 

symmetrical peak KFA and KEM between limbs between 1 and 2 years following ACLR 

(16, 17), suggesting symmetrical gait is achieved between limbs over time; however, a 

longitudinal study is needed to determine if these changes in KFA and KEM differ compared 

to a matched control group. Without a comparison to a control group, it is difficult to 

determine if ACLR individuals adopt a more symmetrical gait pattern by adjusting 

biomechanics in the ACLR limb to more closely resemble those of uninjured controls or if 

the contralateral limb adopts a biomechanical strategy that resembles the aberrant 

biomechanics of the ACLR limb. A better understanding of sagittal plane biomechanics 

post-ACLR is needed as there is no longitudinal study that evaluates sagittal plane 

biomechanics within the first year post-ACLR in the involved limb with comparisons to both 

the contralateral limb and uninjured controls (3).

Vertical ground reaction force (vGRF) is a fundamental measure of external load exerted 

onto the limb during stance (18) and has been associated with joint tissue metabolism (6, 

13), femoral cartilage thickness (4, 19) and composition (14, 15), as well as patient-reported 

outcomes (PROs) post-ACLR (18). Both excessive and insufficient joint loading have been 

associated with deleterious tissue changes (14, 15) and PROs (18). Previous studies have not 

separately included vGRF in gait analysis post-ACLR, although changes in vGRF may 

Davis-Wilson et al. Page 2

Med Sci Sports Exerc. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



influence other knee joint moments, such as KEM (3, 18, 20). Additionally, modifying 

vGRF using real-time biofeedback demonstrated the ability to alter KEM and knee flexion 

excursion (KFE) during gait in individuals with an ACLR (20), suggesting that cueing a 

change in vGRF may be used to modify multiple important gait variables. Therefore, a 

longitudinal analysis of early changes in vGRF is needed to understand how this critical gait 

variable changes over time, which may be used to inform the development of future 

interventions. The majority of previous studies (1, 16, 17) have evaluated the peak 

magnitude of gait biomechanics early in stance when joint tissues are initially loaded after 

the foot contacts the ground. While these peak biomechanics in early stance are relevant to 

deleterious changes in joint tissues following ACLR (6, 14), biomechanical changes in mid 

and late-stance have not been well studied. Determining if differences in gait biomechanics 

exist throughout the entirety of stance will provide a more complete understanding of other 

portions of stance phase that may impact aberrant joint loading following ACLR.

Overall, determining bilateral changes in gait biomechanics compared to uninjured controls, 

throughout stance phase, at 6 and 12 months post-ACLR is a novel approach to better 

understand early changes in sagittal plane biomechanics. Therefore, the primary purpose of 

the current study was to evaluate biomechanical variables related to a stiffened-knee strategy 

(i.e. vGRF, KFA, and KEM) throughout stance phase and compare these variables between 

involved and contralateral limbs at 6 and 12 months post-ACLR. Our secondary purpose was 

to separately compare biomechanics from the involved and contralateral limb of the ACLR 

cohort to an uninjured control cohort at 6 and 12 months post-ACLR. We hypothesized 

vGRF would increase during early and late stance while decreasing during mid-stance in the 

involved limb from 6 to 12 months post-ACLR, becoming similar to the vGRF waveforms 

of the contralateral and control limbs. We hypothesized KFA would increase during the first 

half of stance and decrease during the second half of stance (close to terminal knee 

extension), therefore increasing the overall KFE, and become more similar to the 

contralateral and control limbs. We also hypothesized KEM would increase throughout 

stance in the involved limb from 6 to 12 months, causing the ACLR limb to more closely 

resemble the contralateral limb in the ACLR cohort as well as uninjured control limbs.

METHODS

Design

Individuals in the ACLR cohort were recruited into a prospective longitudinal study prior to 

ACL surgery. Participants were recruited within 14 days of ACL injury, and ACLR occurred 

31±16 days after ACL injury. Bilateral gait biomechanics were collected at six (201±32 

days) and twelve-month (373±19 days) post-ACLR follow-up exams. Control participants 

were recruited from a convenience sample of uninjured individuals from the community, and 

gait biomechanics were collected at a single time point. A previous study (18) using a 

similar functional waveform analysis found vGRF mean differences between symptomatic 

and asymptomatic individuals with an ACLR that ranged between 2–6% body weight (BW) 

at different points of stance. Therefore, we estimated 30 individuals would be needed to 

detect a difference between waveforms if a small effect (d = 0.33; corresponding to a 2%BW 

mean difference for vGRF) was found for each comparison, assuming similar inter-trial 
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variability as reported in previous research (two tailed alpha= 0.05; 1-ß = 0.8; G*Power, 

v3.1.9.2) (21). The Institutional Review Board at the University of North Carolina at Chapel 

Hill approved all methods, and all participants provided written informed consent prior to 

participation.

ACLR participants

Thirty individuals scheduled for primary unilateral ACLR surgery were consented for the 

current study during initial presentation at the clinic. Individuals between 18 and 35 years 

old were included. We excluded individuals who were pregnant, as well as those diagnosed 

with inflammatory arthritis. We excluded individuals who were in need of a multi-ligament 

reconstruction, had any other musculoskeletal injury within the past 6 months, or any history 

of orthopaedic surgery. Individuals with chondral, meniscal, and medial cruciate ligament 

(MCL) injuries were included. The contralateral limb of all individuals in the ACLR group 

had no history of injury. All ACL injured individuals underwent arthroscopically assisted 

single incision ACLR using a patellar tendon autograft performed by one of the three 

participating surgeons. All participants were referred to a licensed physical therapist or 

athletic trainer for a supervised, structured rehabilitation regimen that began during the first 

week following surgery and progressed over the next six months.

Uninjured control participants

Thirty uninjured control individuals were matched to the 30 individuals with an ACLR 

based on sex, age (±2 years), and body mass index (BMI) (±2 kg/m2). Individuals between 

18 and 35 years old were included. We excluded individuals who were pregnant, as well as 

those diagnosed with inflammatory arthritis. Uninjured control individuals were excluded if 

they had any history of knee injury, history of lower extremity surgery, or history of any 

chronic joint pathology (e.g. chronic ankle instability, hip labrum injury, or patellar femoral 

pain syndrome).

Collection of walking gait biomechanics

For each subject, 25 retroreflective markers were placed on the lower and upper extremities 

and a rigid cluster of three retroreflective markers were placed over the sacrum (6, 18, 22). 

Marker positions were collected using a 10-camera three-dimensional motion capture 

system (Vicon) and post processed with Vicon v1.8.5 motion capture software (Vicon 

Motion Systems). Participants walked barefoot over two Bertec force plates (40×60cm, 

FP406010, Bertec Corporation, Columbus, Ohio, United States) embedded in a 6-meter 

walkway so the entire stance phase for both the right and left limbs could be collected from 

a single trial (6, 22, 23). Participants were instructed to walk at a self-selected speed (Table 

1) described as “comfortably walking over a sidewalk” and to look straight ahead 

maintaining a constant speed through two sets of infrared timing gates (TF100, Trac Tronix, 

Lenexa, Kansas) centered over the force plates. Once the participants felt comfortable with 

the task, five practice trials were performed to determine the average walking speed for the 

test trials. Participants performed five testing gait trials that were considered acceptable if: 1) 

Both right and left feet individually made contact with a single force plate for the entirety of 

stance; 2) A forward gaze was maintained; 3) Consistent gait speed (±5% of the 
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predetermined speed) was maintained; 4) Gait was not visibly altered during the trial (6, 18, 

22).

Marker trajectories were sampled at 120 Hz and low pass filtered at 10 Hz (4th order 

recursive Butterworth), while force data were sampled at 1200 Hz and low pass filtered at 10 

Hz (4th order recursive Butterworth) (18). Stance was defined as the interval between heel 

strike (vGRF > 20 N) and toe off (vGRF < 20 N). Biomechanical variables were derived 

with Visual3D software (C-Motion, Germantown, MD). KFA was calculated as the angle of 

the shank relative to the thigh using Euler angles (YZX sequence) such that flexion 

represented a positive value (22). Internal KEM was calculated using an inverse dynamics 

approach such that a more negative value represented a greater moment. vGRF was 

normalized to body weight (BW) and KEM was normalized to the product of BW and height 

(m) (6, 22, 23). vGRF, KFA, and KEM data during stance from each of the five trials were 

extracted and time-normalized to 101 data points using custom algorithms in MATLAB 

(MathWorks, Natick, MA, USA)(18). For our analysis, we evaluated bilateral (i.e., involved 

and contralateral limbs) biomechanics in the ACLR cohort and unilateral biomechanics in 

the uninjured controls. 54% of the ACLR cohort underwent ACLR surgery on their right 

limb; therefore, we assessed the right limb for 54% (16 out of 30 participants) of the 

uninjured control cohort via random assignment, which has been found to be an adequate 

means of matching limbs for uninjured controls (24).

Statistical analyses

Prior to the primary analysis, demographic variables were compared between the ACLR 

cohort and uninjured controls as well as between time points in the ACLR cohort 

(demographics between 6 and 12 months) using independent and paired t-tests, respectively 

(α ≤ 0.05; SPSS, Version 19.0, IBM Corp., Somers, NY, USA). For our primary analyses, 2 

× 2 functional analyses of variance (25) were used to compare our independent variables of 

limb (involved and contralateral) and time (6 and 12 months) for time-normalized 

waveforms of each dependent variable (vGRF, KFA, and KEM) in the ACLR cohort. 

Ensemble averages across all participants and trials were plotted for the involved and 

contralateral limb at both time points. The functional analyses of variance were performed 

using the functional data analysis (FDA) package in R statistical software (version 3.4.3) to 

compute mean differences at each time point, as well as the interaction effect between these 

differences with a corresponding 95% confidence interval (CI). The magnitude of the effects 

were considered significant at any percentile of the stance phase where the 95% CI did not 

cross zero (25). For our secondary analyses, similar functional pairwise comparisons were 

conducted with the FDA package in R in order to specifically compare 1) the ACLR limbs at 

6 months to the uninjured control limbs, 2) the ACLR limbs at 12 months to the uninjured 

control limbs, 3) the contralateral limbs at 6 months to the uninjured control limbs, and 4) 

the contralateral limbs at 12 months to the uninjured control limbs (Figures 1, 2, and 3).

RESULTS

Demographics did not differ between groups (Table 1). The peak magnitudes of difference 

and corresponding effect sizes for the percentages of stance phase that demonstrated 
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differences for each comparison can be found in Table 2 (vGRF and KFA) and Table 3 

(KEM). Additionally, we calculated discrete biomechanical variables (peak vGRF, peak 

KFA, and peak KEM during the first 50% of stance as well as KFE throughout stance), 

which are included in Supplementary Table 1 (see Supplementary Table 1, discrete 

biomechanical variable data provided) for easier comparisons to previous studies (1, 16, 17).

Vertical ground reaction force

Involved ACLR vs. Contralateral ACLR—No significant limb x time interaction 

existed for vGRF in the ACLR cohort. Twelve-month vGRF was lesser than 6-month vGRF 

in both limbs early during stance (13–31%) and lesser through mid-stance (44–69%; Figure 

1C). At both time points the involved limbs demonstrated lesser vGRF compared to 

contralateral limbs during early (2–29%) and late (76–87%) stance and greater vGRF during 

mid-stance (48–64%) compared to contralateral limbs (Figure 1D).

Involved ACLR vs. Uninjured Controls—At 6 months (Figure 1E) the involved limbs 

in the ACLR cohort demonstrated lesser vGRF compared to uninjured control limbs during 

early (1–30%) and late (74–84%) stance and greater vGRF in mid-stance (33–64%). At 12 

months (Figure 1F), the involved limbs demonstrated lesser vGRF during early (1–30%) and 

late (77–82%) stance and greater vGRF during mid-stance (33–69%) and at the very end of 

stance (93–94%).

Contralateral ACLR vs. Uninjured Controls—At 6 months (Figure 1G), the 

contralateral limbs in the ACLR cohort demonstrated lesser vGRF compared to uninjured 

control limbs during early stance (1–26%) and greater vGRF during mid (32–54%) and late 

stance (88–93%). At 12 months (Figure 1H), the contralateral limbs in the ACLR cohort 

demonstrated lesser vGRF compared to uninjured control limbs during early stance (1–30%) 

and greater vGRF during mid (34–68%) and late stance (92–95%).

Knee flexion angle

Involved ACLR vs. Contralateral ACLR—There was no significant limb by time 

interaction for KFA in the ACLR cohort. Twelve month KFA was lower throughout the 

entire stance phase (1–100%) compared to 6 months (Figure 2C). Involved limb KFA was 

lesser compared to the contralateral limbs in the first half of stance (7–41%) and greater 

during the second half of stance (53–87%), indicating lesser knee flexion excursion 

throughout stance in the involved limbs compared to the contralateral limbs (Figure 2D).

Involved ACLR vs. Uninjured Controls—At 6 months following ACLR, involved 

limbs in the ACLR cohort demonstrated lesser KFA compared to uninjured control limbs 

during the first half of stance (11–33%) and greater KFA through the second half of stance 

(48–85%), indicating lesser knee flexion excursion throughout stance in the involved limb 

compared to the contralateral limb (Figure 2E). At 12 months following ACLR, involved 

limbs demonstrated lesser KFA compared to uninjured control limbs throughout the majority 

of stance phase (1–55%, 79–100%; Figure 2F).
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Contralateral ACLR vs. Uninjured Controls—At 6 months following ACLR, 

contralateral limbs in the ACLR cohort demonstrated greater KFA compared to uninjured 

control limbs near mid-stance (46–51%; Figure 2G). At 12 months following ACLR, 

contralateral limbs demonstrated lesser KFA compared to uninjured control limbs 

throughout most of stance phase (1–96%; Figure 2H).

Internal knee extension moment

Involved vs. Contralateral ACLR—There was a significant limb x time interaction for 

KEM in the ACLR cohort, indicating that while the involved limb KEM was smaller (less 

negative) than the contralateral limb at both 6 and 12 months, the difference between limbs 

was significantly larger at 6 compared to 12 months. At 6 months (Figure 3C), involved 

limbs demonstrated lesser KEM compared to the contralateral limbs in early stance (7–44%) 

and the end of stance phase (89–100%), while demonstrating greater KEM during mid to 

late stance (62–79%). Similarly, at 12 months (Figure 3D), involved limbs demonstrated 

lesser KEM compared to the contralateral limbs in early stance (7–38%) and the end of 

stance phase (91–99%), while demonstrating greater KEM during mid to late stance (63–

79%).

Involved ACLR vs. Uninjured Controls—At 6 months following ACLR, the involved 

limbs demonstrated lesser KEM compared to uninjured control limbs in the first half of 

stance (8–37%) and greater KEM in the second half of stance (53–89%; Figure 3E). At 12 

months following ACLR, the involved limbs demonstrated a lesser KEM compared to 

uninjured controls limbs in the first half of stance (2–42%), greater KEM during mid to late 

stance (68–71%) and lesser KEM at the very end of stance (92–100%, Figure 3F).

Contralateral ACLR vs. Uninjured Controls—At 6 months following ACLR, the 

contralateral limbs of the ACLR cohort demonstrated greater KEM compared to uninjured 

control limbs during mid and late stance (32–97%; Figure 3G). At 12 months following 

ACLR, the contralateral limbs demonstrated lesser KEM compared to uninjured control 

limbs in early stance (3–7%, 12–33%; Figure 3H).

Post Hoc Analysis

Walking speed was not significantly different between 6 and 12 months within individuals 

with an ACLR (t29=1.96, p=0.06) or between uninjured controls and ACLR individuals at 6 

months (t58=−1.13, p=0.26). However the ACLR group walked significantly slower than 

uninjured controls at 12 months post-ACLR (t58=−2.18, p=0.03; Table 1). Walking speed 

between uninjured controls and individuals with an ACLR at 12 months was significantly 

different because individuals with an ACLR slightly decreased their walking speed between 

6 and 12 months post-ACLR. Since the FDA does not lend itself to inclusion of covariates 

such as a change in gait speed, we conducted a post-hoc analysis to determine how the 

change in gait speed from 6 to 12 months following ACLR influenced the change in discrete 

biomechanical variables (peak vGRF, peak KFA, and peak KEM in the first 50% of stance, 

as well as KFE throughout stance phase; Supplementary Table 1) from 6 to 12 months in 

both limbs (involved and contralateral) of the ACLR cohort. First we calculated percent 

change scores (Equation 1) for walking speed as well as each biomechanical variable. Next, 
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we conducted separate univariate linear regression analyses in the involved and contralateral 

limb using the change in self-selected gait speed (Δspeed) as the predictor variable and the 

change in each biomechanical variable (ΔvGRF, ΔKFA, ΔKFE, and ΔKEM) as the criterion 

variables for each regression equation.

%Δ = 12 month value – 6 month value / 6 month value × 100 (Equation 1)

Overall, ΔvGRF, ΔKFA, ΔKFE, and ΔKEM in the involved limb were not significantly 

influenced by Δspeed from 6 to 12 months post-ACLR (R2=0.001–0.054, P>0.05; 

Supplementary Table 1) In the contralateral limb, ΔvGRF (R2=0.325, P=0.001) and ΔKEM 

(R2=0.286, P=0.002) significantly associated with Δspeed from 6 to 12 months post-ACLR 

(Supplementary Table 1). ΔKFA (R2=0.126, P=0.054) and ΔKEM (R2=0.052, P=0.224) did 

not significantly associate with Δspeed from 6 to 12 months post-ACLR (Supplementary 

Table 1).

DISCUSSION

The current study shows that walking gait biomechanics in the involved and contralateral 

limbs become more symmetrical from 6 to 12 months following ACLR; however, both limbs 

become more disparate compared to uninjured controls. Our study demonstrated between-

limb biomechanical differences, at 6 and 12 months post-ACLR, as well as differences 

compared to uninjured controls at various parts of stance. The involved and contralateral 

limbs of the ACLR cohort demonstrated lesser vGRF during early stance and greater vGRF 

during mid-stance compared to uninjured controls. These data suggest vGRF became more 

symmetrical between limbs in ACLR patients from 6 to 12 months, yet the apparent 

improvement in vGRF symmetry seems to be due to alterations in contralateral vGRF rather 

than alterations in vGRF of the involved limb. Consistent with a stiffened-knee strategy, 

involved ACLR limbs demonstrated lesser KFE throughout stance at 6 and 12 months 

compared to the contralateral and uninjured control limbs (Figure 2). The involved and 

contralateral limbs of the ACLR cohort demonstrated less KFE throughout stance overtime, 

suggesting a potential bilateral adoption of a stiffened-knee strategy. Lesser KEM is 

generated in the involved limb compared to the contralateral limb during early stance and at 

the end of stance phase at both 6 and 12 months (Figure 3). Additionally, KEM is lower 

bilaterally in the first half of stance in the ACLR cohort compared to uninjured controls at 

12 months (Figure 3). Therefore, improvement of gait symmetry in the first 12 months post 

ACLR should be interpreted with caution; the contralateral limb may be adopting strategies 

similar to the ACLR limb, and both involved and contralateral might differ from controls. 

Future interventions are needed to address gait alterations made throughout stance in both 

the involved and contralateral limb following ACLR.

Linking Gait Alterations to PTOA

Twelve months post-ACLR, individuals demonstrated less dynamic vGRF throughout 

stance, meaning lesser vGRF during early stance and greater vGRF at mid-stance, bilaterally 

compared to uninjured controls. A similar gait strategy has been reported in individuals 

experiencing experimental knee pain (26) as well as ACLR individuals who are classified as 
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experiencing clinically significant symptoms based on previously defined KOOS cutoff 

scores (18). The current study demonstrated differences at peak magnitudes during the first 

50% of stance in vGRF, KFA, and KEM, similar to other studies that have evaluated 

biomechanics in individuals with ACLR (1, 16, 17). Evaluation of peak vGRF, KFA, and 

KEM continues to be important in gait analysis; however, the influence vGRF, KFA, and 

KEM during mid and late stance may have on the development of PTOA or changes in long-

term joint health remains unknown. While speculative, differences in knee kinematics during 

mid or late stance may alter tibiofemoral contact areas during stance, which may lead to 

differences in how loads are distributed across the joint. Differences in late stance may 

influence swing phase kinematics, which in turn may alter joint loading at heel strike. Future 

studies should identify if the differences found in mid to late stance in vGRF, KFA, and 

KEM are relevant to PROs as well as measures of joint tissue health. The optimal magnitude 

of joint loading throughout stance to promote joint tissue health post-ACLR remains 

unknown, yet our data suggests individuals do not normalize gait bilaterally within the first 

12 months following unilateral ACLR without specialized retraining. Future research is 

needed in order to restore optimal gait biomechanics early post-ACLR, as deleterious 

changes to articular cartilage occur within the first year following ACLR (12).

Mechanisms and Consequences of Bilateral Changes

It remains unclear what mechanisms cause bilateral changes following ACLR; however, 

slower walking speed (27, 28) may, to some extent, influence walking gait biomechanics. In 

the current study, the ACLR cohort demonstrated a relatively small decrease in walking 

speed from 6 (1.26 m/s) to 12 months (1.22 m/s), and 12-month walking speed in the ACLR 

cohort (1.22 m/s) was significantly slower compared to uninjured controls (1.31 m/s). Our 

post-hoc analyses suggest that a change in biomechanics in the involved limbs were not 

significantly influenced by change in gait speed from 6 to 12 months post-ACLR 

(Supplementary Table 1). Conversely, the small change in gait speed from 6 to 12 months 

explained approximately 32% and 29% of the variance in the change in peak vGRF and 

peak KEM (Supplementary Table 1), respectively. These post hoc analyses suggest a change 

in walking speed between 6 and 12 months following ACLR is meaningful and should be 

considered to maximize the external validity of future studies evaluating longitudinal 

changes in gait biomechanics following ACLR. These findings also suggest approximately 

70% of the change in peak vGRF and peak KEM was due to factors other than a change in 

gait speed (e.g. neuromuscular compensations of lower extremity movement). Previous 

studies have demonstrated that slower walking speed at both 6 and 12 months following 

ACLR associates with worse cartilage composition measured with magnetic resonance 

imaging (MRI) T1rho relaxation times at 12 months following ACLR (28), and a decrease in 

walking speed of 0.12 m/s over a 12-month period increases risk of developing KOA by 8% 

(27). While our study did not control gait speed in order to evaluate gait biomechanics at gait 

speeds most relevant to daily life, manipulating gait speed is one of the multiple methods 

that could be utilized to alter gait biomechanics. Future gait retraining interventions may cue 

changes in gait speed as a means of manipulating gait biomechanics following ACLR.

Quadriceps avoidance, associated with less knee flexion excursion and KEM, may be 

another mechanism influencing gait biomechanics following ACLR throughout stance (22, 
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29). Following ACLR, some individuals may demonstrate quadriceps dysfunction, which is 

likely a combination of neurological (30) and muscular deficiencies (31). Less quadriceps 

strength associates with worse function (32, 33) and altered loading strategies during 

walking (34). Results from the current study suggest a stiffened-knee strategy may be 

adopted bilaterally during the first year following ACLR. Deleterious changes in cartilage 

composition occur not only in the involved limb but also in the contralateral limb 6 months 

following ACLR (35). These compositional changes may occur due to bilateral adaptations 

in gait, including characteristics of a stiffened-knee strategy seen in the current study.

Implications for gait rehabilitation

Following ACLR, differences exist in vGRF, KFA, and KEM throughout stance compared to 

uninjured controls (29). It is likely biomechanical alterations are influenced partly by 

quadriceps dysfunction (32); however, studies have shown that regaining quadriceps strength 

alone does not alter walking gait biomechanics in individuals with KOA (36, 37). In order to 

alter walking gait biomechanics, it may be necessary to intervene with gait retraining early 

following ACLR. A recent study demonstrated real-time biofeedback that cued individuals 

with an ACLR to increase the first vGRF peak by 5% during gait resulted in greater knee 

flexion excursion and peak KEM in the first 50% of stance (20). A similar study has used 

sensory feedback to target knee adduction moment in individuals with KOA (38). While 

these early studies are promising, it remains unclear if cueing an increase in the first peak of 

vGRF will translate to a decrease in vGRF in mid-stance, greater knee flexion excursion, 

and greater KEM during early and mid-stance. Results from the current study suggest gait-

retraining should not solely focus on improvement of inter-limb symmetry, but also seek to 

retrain gait bilaterally in an effort to ensure both the ACLR and contralateral limb 

demonstrate gait biomechanics that more closely resemble uninjured controls. Future studies 

will also need to determine the retention and transfer of gait retraining to real-world 

situations.

Limitations

Our study is the first to evaluate bilateral gait biomechanics post-ACLR, compared to 

uninjured controls, throughout the stance phase, at multiple time points (6 and 12 months). 

However, the following limitations may inform future research. While the current study 

evaluated participants over time, we did not track specific information regarding 

rehabilitation. All participants were prescribed physical therapy following ACLR, but it was 

not standardized and all participants were not treated at the same clinic. We did not 

longitudinally assess gait biomechanics in uninjured controls; however, gait biomechanics in 

uninjured individuals using 3-deminsional motion capture is known to be reliable over time 

(39). We focused the current study on biomechanical outcomes associated with a stiffened-

knee strategy; future work may evaluate other variables such as frontal plane knee moment, 

a commonly measured variable in individuals with idiopathic knee osteoarthritis, or other 

biomechanical variables that are known to change due to knee pain or injury. We currently 

do not understand the mechanisms that lead to biomechanical alterations at 6 months post-

ACLR, and future studies should seek to evaluate the factors influencing gait alterations at 6 

months post-ACLR.
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Conclusions

Overall, the involved ACLR limb demonstrated lesser vGRF during early and late stance, 

greater vGRF during mid stance, lesser KFE throughout stance, and lesser KEM compared 

to the contralateral limb and uninjured controls. At 12 months post-ACLR the contralateral 

limb demonstrated lesser vGRF during early stance and greater vGRF at mid-stance and 

lesser KFE compared to 6 months post-ACLR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Waveforms of vertical ground reaction force (vGRF) normalized to body weight (BW) are 

shown for the involved, contralateral, and uninjured control limbs both at 6 (3A) and 12 

months (3B) (one time point for uninjured controls). Main effects for time (1C) and limb 

(1D) are shown for the functional analysis of variance in individuals with an anterior 

cruciate ligament reconstruction (ACLR). Pairwise comparisons between involved and 

control limbs are shown at 6 (1E) and 12 months (1F) post-ACLR as well as between 

contralateral and control limbs at 6 (1G) and 12 months (1H) post-ACLR.
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Figure 2. 
Waveforms of knee flexion angle (KFA) are shown for the involved, contralateral, and 

uninjured control limbs both at 6 (2A) and 12 months (2B) (one time point for uninjured 

controls). Main effects for time (2C) and limb (2D) are shown for the functional analysis of 

variance in individuals with an anterior cruciate ligament reconstruction (ACLR). Pairwise 

comparisons between involved and control limbs are shown at 6 (2E) and 12 months (2F) 

post-ACLR as well as between contralateral and control limbs at 6 (2G) and 12 months (2H) 

post-ACLR.
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Figure 3. 
Waveforms of internal knee extension moment (KEM) normalized to body weight (BW) * 

height (m) are shown for the involved, contralateral, and uninjured control limbs both at 6 

(3A) and 12 months (3B) (one time point for uninjured controls). Planned comparisons 

between the involved and contralateral limb at 6 months (3C) and 12 months (3D) are shown 

for the functional analysis of variance in individuals with an anterior cruciate ligament 

reconstruction (ACLR). Pairwise comparisons between involved and control limbs are 
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shown at 6 (3E) and 12 months (3F) post-ACLR as well as between contralateral and control 

limbs at 6 (3G) and 12 months (3H) post-ACLR.
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Table 1.

Participant Demographics

Individuals with anterior cruciate ligament reconstruction Uninjured controls

Sex 16 (50%) females
16 (50%) males

16 (50%) females
16 (50%) males

Age (years) 21.6±3.4 21.7±3.6

Body Mass Index (kg/m2) 23.8±2.2 23.6±2.1

6-Month Walking Speed (m/s) 1.26±0.12 1.31±0.16

12-Month Walking Speed 1.22±0.14*

Days between reconstruction and 6-month follow-up 201±32

Days between reconstruction and 12-month follow-up 373±19

Concomitant Lateral Meniscal Tear n = 22 (76%)

Concomitant Medial Meniscal Tear n = 7 (24%)

Concomitant Chondral Injury n = 10 (35%)

*
Significantly different from uninjured controls at p ≤ 0.05
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