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Background

Gait asymmetries after anterior cruciate ligament reconstruction (ACLR) may lead to
radiographic knee osteoarthritis. Slower walking speeds have been associated with
biomarkers suggesting cartilage breakdown. The relationship between walking speed and
gait symmetry after ACLR is unknown.

Hypothesis/Purpose

To determine the relationship between self-selected walking speeds and gait symmetry in
athletes after primary, unilateral ACLR.

Study Design

Secondary analysis of a clinical trial.

Methods

Athletes 24+8 weeks after primary ACLR walked at self-selected speeds as kinematics,
kinetics, and electromyography data were collected. An EMG-driven musculoskeletal
model was used to calculate peak medial compartment contact force (pMCCF). Variables
of interest were peak knee flexion moment (pKFM) and angle (pKFA), knee flexion and
extension (KEE) excursions, peak knee adduction moment (pKAM), and pMCCF.
Univariate correlations were run for walking speed and each variable in the ACLR knee,
contralateral knee, and interlimb difference (ILD).

Results

Weak to moderate positive correlations were observed for walking speed and all variables
of interest in the contralateral knee (Pearson’s r=.301-.505, p<0.01). In the ACLR knee,
weak positive correlations were observed for only pKFM (r=.280, p=0.02) and pKFA
(r=.263, p=0.03). Weak negative correlations were found for ILDs in pKFM (r=-0.248,
p=0.04), KEE (r=-.260, p=0.03), pKAM (r=-.323, p<0.01), and pMCCF (r=-.286, p=0.02).

Conclusion

Those who walk faster after ACLR have more asymmetries, which are associated with the
development of early OA. This data suggests that interventions that solely increase
walking speed may accentuate gait symmetry in athletes early after ACLR. Gait-specific,
unilateral, neuromuscular interventions for the ACLR knee may be needed to target gait
asymmetries after ACLR.

Level of Evidence
111
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INTRODUCTION

Over the past decade, the incidence of anterior cruciate
ligament injury and reconstruction (ACLR) procedures in
young adults has increased.!~3 Gait asymmetries persist for
six months to one year after ACLR and have been associated
with the development of early onset radiographic os-
teoarthritis (OA).4~7 Athletes who developed radiographic
knee OA five years after ACLR walked with underloading
of the medial compartment of the tibiofemoral joint of the
ACLR knee compared to those who did not develop radi-
ographic knee OA early after reconstruction. Slower walk-
ing speed may be a potential predictor for future OA de-
velopment.8-12 An association between slower walking and
greater serum collagen type II cleavage concentration, a
biomarker associated with greater cartilage breakdown in
the knee, have been found in individuals six months after
ACLR.?

In healthy individuals, faster walking speeds are associ-
ated with larger joint moments and angles in the sagittal
plane.11,13 Faster walking may promote joint loading, thus
could be used as a potential intervention to prevent early
onset OA. Faster walking speeds are also associated with
lower incidences of knee OA in mid- to older-aged adults.10
The relationship between walking speed and knee joint mo-
ments and angles during gait after ACLR is unknown.

There are no interventions that fully restore gait symme-
try early after ACLR. Perturbation training, weighted vest
training, and sled towing have been trialed in the past but
have been unsuccessful in restoring gait symmetry.14-19
Strength, agility, plyometric, and secondary prevention
training and perturbation training interventions have been
shown to help mitigate asymmetry in women two years af-
ter ACLR, but not at earlier timepoints.16 Real-time visual
biofeedback with verbal cues suggest that individuals may
be able to modulate medial compartment tibiofemoral con-
tact forces, thereby improving symmetry.20:21 These bio-in-
spired technologies are, however, costly and time-consum-
ing to implement in a clinical setting. Understanding the
association between walking speed and knee biomechanics
in athletes after ACLR may inform a clinically feasible inter-
vention based on simply altering walking speed.

The purpose of this study was to determine the relation-
ship between self-selected walking speed and gait biome-
chanics in athletes after ACLR. This study investigated the
relationship between walking speed and knee biomechanics
in the ACLR knee, in the contralateral knee, and for the in-
terlimb differences (ILD = ACLR - contralateral knee). The
first hypothesis was that faster walking speed would be re-
lated to larger knee kinematics, kinetics, and joint contact
forces in both the contralateral and ACLR knees. The sec-
ondary hypothesis was that less asymmetry would be ob-
served in gait biomechanics for those who walked faster.

METHODS

This study is a secondary analysis of prospectively collected
data from a clinical trial (NCT01773317) approved by the
University of Delaware institutional review board. Written
informed consent was obtained from all participants and

from parents/guardians for participants who were minors.

Seventy participants (21£8 years old) (Table 1) were in-
cluded in this study.22 Participants were level I and II ath-
letes (i.e. sports involving jumping, pivoting, and cut-
ting),23-24 who participated in their sport at least 50 hours
per year prior to injury, underwent primary, unilateral
ACLR, and planned on returning to their pre-injury level of
sport after surgery. Athletes were eligible for study enroll-
ment 12 weeks after ACLR. Criteria were: minimal to no ef-
fusion, 2> full and symmetrical knee range of motion, >80%
quadriceps index (JACLR knee maximal volitional contrac-
tion (MVIC) / contralateral knee MVIC] x 100), initiation of
a running progression, and ability to hop pain-free on each
leg. Participants were excluded if they had a previous his-
tory of ACLR or other significant lower extremity injury or
surgery on either knee, concomitant grade III knee ligament
injury, or osteochondral defect > 1 cm?.22 All participants
from the parent clinical trial whose biomechanical testing
data were able to be modeled were included in the present
study.

MOTION ANALYSIS AND VARIABLES OF INTEREST

Motion capture and EMG (1080Hz) data were collected 24+8
weeks after ACLR. Commercial software (Visual3D; CMo-
tion, Germantown, MD) was used to calculate kinematic
and kinetic variables via inverse dynamics. Thirty-nine
retroreflective markers were placed on both lower extremi-
ties, and kinematic data were captured at 120 Hz using an
eight-camera motion analysis system (VICON, Oxford, UK).
Kinetic data were recorded using an embedded force plat-
form (Bertec Corporation, Columbus, OH) sampling at 1080
Hz. Five over-ground gait trials were collected at self-se-
lected walking speeds maintained at = 5%. Electromyogra-
phy (EMG) was collected via electrodes placed bilaterally on
the rectus femoris, medial and lateral vasti, medial and lat-
eral hamstrings, and the medial and lateral gastrocnemii.
We collected MVICs for each muscle group and data were
normalized to each muscle’s MVIC. EMG data were high-
pass filtered at 30 Hz using a 24 order Butterworth filter
and low-pass filtered at 6 Hz to create a linear envelope.

Variables of interest were external peak knee flexion
(pKFM) and adduction moments (pKAM), peak knee flexion
angle (pKFA), and knee flexion (KFE) and extension (KEE)
excursion. KFE was defined as the change in knee flexion
angle from initial contact to peak knee flexion. KEE was de-
fined as the excursion between peak knee flexion angle and
peak knee extension angle during the second half of stance.
Joint moments were normalized by mass and height (kgxm).
pKFA and pKFM were normalized so that positive values re-
flect greater knee flexion angles and external knee flexion
moments, respectively.

MUSCULOSKELETAL MODELING

A validated, patient-specific EMG-driven model was used
to calculate the primary variable of interest, medial
tibiofemoral joint contact forces (pMCCF),26:27 which has
been associated with early onset OA.%528 The previously
validated26:27 model uses a hill-type muscle fiber in series
with an elastic tendon. EMG-derived forward dynamics es-
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TABLE 1: Demographic Characteristics (SD) (n=70)

Time Since Surgery (weeks) 23.8(7.7)

Ql (%) 91.2(8.8)

Walking speed (m/s) 1.55(0.1)

Height (m) 1.72(0.1)

Weight (kg) 77.5(14.9)

BMI (kg/m?) 25.9(3.3)

Age at Surgery (years) 21.5(7.9)
Allograft 16
Graft Type BPTB/Patellar Tendon 20
Hamstring 34
None 40
Medial Meniscus Pathologyt Partial Meniscectomy 12
Repair 12
None 33
Lateral Meniscus Pathologyt Partial Meniscectomy 23
Repair 8

Pre-injury Activity Level 64 level |, 6 level Il
Sex 33F,37M

Abbreviations: QI, quadriceps index; BMI, body mass index; BPTB, bone patellar tendon bone

*Values are Mean (Standard deviation)

TMeniscal pathology not reported for all subjects due to missing operative reports for 6 subjects

timations are used to create a knee flexion moment curve,
which is then fit to the knee flexion moment curve gener-
ated through inverse dynamics calculated through motion
capture and ground reaction forces. We then predicted each
of the five trials per knee using muscle parameters and co-
efficients (pennation angle, fiber velocity, tendon strain,
and muscle activation) from the other four trials. The three
best-fitting predicted trials were selected by maximizing R?
and minimizing root mean square error values. A frontal
plane moment balance algorithm was used to calculate pM-
CCF, the modeling-derived variable of interest.22,26.27 pM-
CCF was normalized to body weight to allow comparison be-
tween individuals.

STATISTICS

Pearson’s correlation coefficients were computed for the
variables of interest (contralateral knee, ACLR knee, and
ILD) and walking speed. Linear regression was computed
for all variables against walking speed to assess the linear
relationship between each variable and walking speed. Al-
pha was set at 0.05 for all statistical analyses. Analyses were
computed using SPSS version 25.0 (IBM Corporation, Ar-
monk, NY).

RESULTS
CONTRALATERAL KNEE MECHANICS

There were weak to moderate positive correlations between
walking speed and mechanics indicating larger values oc-
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FIGURE 1.

Abbreviations: PKFM, peak knee flexion moment

In the contralateral knee, there was a moderate correlation between walking
speed and PKFM (p < 0.01). In the ACLR knee, there was a weak correlation be-
tween walking speed and PKFM (p = 0.02).

curred at faster speeds in the contralateral knee. At faster
speeds, pKFM (Pearson’s r=.505, p<0.01) (Figure 1), pKFA
(r=.449, p<0.01), KEE (r=.379, p<0.01), pMCCF (r=.377,
p<0.01) (Figure 2, Table 2), pKAM (r=.346, p<0.01) (Figure
3), and KFE (r=.301, p=0.01) were greater in the contralat-
eral knee.
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TABLE 2: Pearson’s r and R values for the relationship between walking speed and biomechanics in the

contralateral knee

Biomechanical Variable Pearson’sr R? p-value
Peak Knee Flexion Moment (pKFM) 0.505 0.255 <0.01
Peak Knee Flexion Angle (pKFA) 0.449 0.202 <0.01
Knee Extension Excursion (KEE) 0.379 0.144 <0.01
Peak Medial Compartment Contact Force (pMCCF) 0.377 0.142 <0.01
Peak Knee Adduction Moment (pKAM) 0.346 0.120 <0.01
Knee Flexion Excursion (KFE) 0.301 0.091 0.01

Bold p-values indicate statistically significant correlations.

TABLE 3: Pearson’s r and R values for the relationship between walking speed and biomechanics in the ACLR

knee
Biomechanical Variable Pearson’sr R? p-value
Peak Knee Flexion Moment (pKFM) 0.280 0.078 0.02
Peak Knee Flexion Angle (pKFA) 0.263 0.069 0.03
Knee Extension Excursion (KEE) 0.226 0.051 0.06
Peak Medial Compartment Contact Force (pMCCF) 0.020 0.000 0.87
Peak Knee Adduction Moment (pKAM) 0.083 0.007 0.49
Knee Flexion Excursion (KFE) 0.065 0.004 0.59
Bold p-values indicate statistically significant correlations.
ACLR KNEE MECHANICS .
Walking Speed and pMCCF
There were weak positive correlations observed between & y = 1.64x + 0.36
walking speed and pKFEM (r=.280, p=0.02) (Figure 1, Table 4 e P SR e
3) and pKFA (r=.263, p=0.03) in the ACLR knee. However, 3.5
there were no statistically significant correlations between a
walking speed and pMCCF (r=.020, p=0.87) (Figure 2), pKAM gz S
(r=.080, p=0.49) (Figure 3), KFE (r=.065, p=0.59) and KEE é )
(r=.226, p=0.06) suggesting no strong relationship between = :
walking speed and gait mechanics in the ACLR knee. L5
1
INTERLIMB DIFFERENCE 0s
There were weak negative correlations between walking 0,.1 12 13 14 15 16 L7 18 1.9
speed and ILDs for KFE (r=-.260, p=0.03) (Table 4), pKAM Walking Speed (m/s)
(r=-.323, p<0.01), pMCCF (r=-.286, p=0.02) (Figure 4), and © Contralateral Knee 4 ACLR Knee  emLinear (Contralateral Knee)  ==Lincar (ACLR Knee)
KFM (r=-.248, p=0.04) indicating that more asymmetry oc-
P ( P ) & Y v FIGURE 2.

curred at faster speeds. There were no correlations between
walking speed and ILDs for pKFA (r=-.248, p=0.07) or KEE
(r=-.172, p=0.15).

DISCUSSION

This study explored the relationship between self-selected
walking speeds and gait biomechanics in athletes after
ACLR. The first hypothesis, that faster walkers would have
greater knee moments, angles, and joint contact forces, was
supported in the contralateral knee but only partially and

Abbreviations: PMCCF, peak medial compartment contact force

In the contralateral knee, those who walked faster had higher PMCCF values
than those who walked at slower speeds (p < 0.01). There was no relationship for
PMCCF and walking speed in the ACLR knee (p = 0.87).

weakly supported in the ACLR knee. Only pKFM and pKFA
in the ACLR knee were weakly correlated to walking speed.
The secondary hypothesis, that there would be less asym-
metry at faster walking speeds, was not supported. Greater
asymmetry was observed for pKFM and KFE at faster walk-
ing speeds, and beyond 1.5 m/s in pMCCF (trending toward
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TABLE 4: Pearson’s r and R values for the relationship between walking speed and interlimb difference (ILD) in

our biomechanical variables of interest

Biomechanical Variable Pearson’sr R? p-value
Peak Knee Flexion Moment (pKFM) -0.248 0.062 0.04
Peak Knee Flexion Angle (pKFA) -0.217 0.047 0.07
Knee Extension Excursion (KEE) -0.172 0.030 0.15
Peak Medial Compartment Contact Force (pMCCF) -0.286 0.082 0.02
Peak Knee Adduction Moment (pKAM) -0.323 0.104 0.01
Knee Flexion Excursion (KFE) -0.260 0.068 0.03

Bold p-values indicate statistically significant correlations.

TABLE 5: Comparison of Pearson’s r for the relationship between walking speed and pMCCF in men, women, and

pooled data
Men Women Pooled
Pearson’sr p-value Pearson’sr p-value Pearson’sr p-value
ACLR knee 0.135 0.43 -0.025 0.89 0.020 0.87
Contralateral knee 0.382 0.02 0.376 0.03 0.377 <0.01
Interlimb difference -0.196 0.25 -0.323 0.07 -0.286 0.02

Bold p-values indicate statistically significant correlations.

underloading) and pKAM. The ACLR knee does not present
with the same characteristics as the contralateral knee at
faster walking speeds, suggesting that healthy responses to
faster walking!3 may not be observed in the ACLR knee.

Gait asymmetries persist six months after ACLR in this
and other cohorts.>16:29-31 Given that previous research
suggests that faster walking leads to larger angles and mo-
ments, especially in the sagittal plane,!3 the hypothesis was
that there would be similar trends in both the ACLR and
contralateral knees. The findings in this study, conversely
indicate that those who walk faster six months after ACLR,
compared to those who walk more slowly, actually have
more gait asymmetry. These results indicate that walking
speed is more strongly associated with contralateral knee
biomechanics than ACLR knee biomechanics. The varying
strength of the relationships between each limb and walk-
ing speed may explain the underlying resultant asymmetry
(i.e., underloading of the involved knee) observed for those
who walked faster.

For all sagittal plane variables (PKFA, PKFM, KFE, and
KEE), asymmetries were present regardless of walking

speed, and were exaggerated for those who walked at faster
speeds. The line of best fit for the association between walk-
ing speed and the ILD in pMCCF, the primary variable of in-
terest associated with OA development, %528 and between
walking speed and the ILD in pKAM both crossed zero at ap-
proximately 1.5 m/s. Individuals who walked faster tended
to exhibit greater underloading in the ACLR knee relative
to the contralateral knee (Figure 4), an association that was
driven primarily by changes in the contralateral limb (Fig-
ure 2, Table 2). As illustrated in Figure 4, clinically mean-
ingful pMCCF underloading, as determined by ILDs exceed-
ing the meaningful interlimb difference threshold of 0.4
BW,* was more prevalent at faster speeds than was pMCCF
overloading. These relationships were similar for men and
women, as shown in secondary exploratory analyses (Table
5). Therefore, an intervention that manipulates walking
speed alone for asymmetric gait mechanics after ACLR may
result in continued gait asymmetry, perhaps even increas-
ing the asymmetry. Future research, however, must manip-
ulate walking speed within individuals after ACLR to deter-
mine its effect on walking symmetry.
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The mechanism underlying the prolonged gait asymme-
try following full functional recovery after ACLR is un-
known. One possible explanation is neuroplastic changes
after injury and reconstruction.3? Sigward et al. suggests
that individuals three months after ACLR exhibit a mis-
match between their loading patterns and abilities — termed
“learned nonuse” - during bilateral tasks. Sit-to-stand and
static standing are activities that are typically performed
without attention to loading, similar to gait. Individuals in
the Sigward et al. study exhibited asymmetry without cu-
ing during the tasks, but were able to load symmetrically
(measured by vertical ground reaction force impulse) once
real-time visual and verbal feedbacks were provided.33 Piz-
zolato et al. found real-time visual biofeedback with verbal
cues during gait may have short-term effects on restoring
gait symmetry including variables such as medial compart-
ment tibiofemoral contact forces.2021 These were short-
term studies and visual feedback has not been shown to
improve long-term learning or transfer to other environ-
ments. With repetition and targeted intervention, however,
these changes may carry over into long-term gait symmetry.
Given these findings, individuals early after ACLR may ben-
efit from external feedback focusing on neuromuscular con-
trol in the ACLR knee in order to learn to load symmetrically
during gait.32

Interventions such as split-belt treadmill training may
allow clinicians to unilaterally target the ACLR knee by de-
coupling the belts so that one limb moves faster than the
other. Roper et al. found that split-belt training has the po-
tential to increase hip adduction moment impulse of the
fast limb.34 Therefore, targeting the ACLR knee using gait-
specific, unilateral neuromuscular retraining early after
ACLR may be promising for improving symmetry of knee
moments, angles, and joint contact forces. Future research
is warranted.

While the cause and effect of walking speed and under-
loading is unclear, both slower walking®12 and tibiofemoral
underloading®11:16,18,28 of the ACLR knee at six months af-
ter ACLR have been associated with early OA development.
In the present study, faster walkers tended to walk with
tibiofemoral underloading of their ACLR knee at six months
following ACLR. In contrast, slower walkers had more sym-
metrical medial compartment loading. These unexpected
associations, however, were driven almost exclusively by
the contralateral knee rather than the ACLR knee. Individ-
uals who walked faster did not load their ACLR knee less
than individuals who walked more slowly (Table 3); they
only underloaded their ACLR knee relative to the contralat-
eral limb, which experienced higher loading at faster speeds
(Table 2). Optimal tibiofemoral joint loading and walking
speeds early after ACLR remain unknown. Further follow-up
including musculoskeletal imaging is necessary to elucidate
the relationship between joint loading, walking speed, and
long-term OA development.

This study was an explorative secondary analysis, so the
interventions discussed are speculative in nature and
should not be taken as clinical practice recommendations.
The present study is limited by its cross-sectional, between-
subjects design; walking speed was not manipulated. Addi-
tionally, correlations were weak to moderate. This sample
may not be representative of the general ACLR population
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Abbreviations: PKAM, peak knee adduction moment

In the contralateral knee, those who walked faster had higher PKAM values than
those who walked at slower speeds (p < 0.01). There was no relationship for
PKAM and walking speed in the ACLR knee (p = 0.49).

Walking Speed and pMCCF Asymmetry
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Abbreviations: PMCCF, peak medial compartment contact force, negative ILD =
underloading

Those who walked faster had relative medial tibiofemoral joint underloading of
the ACLR knee and those who walked slower had relative overloading. Those who
walked around 1.5 m/s walked with the most symmetry. The dashed lines at -0.4
and 0.4 BW represent the meaningful interlimb difference threshold.*

due to the stringent inclusion criteria (level I and II ath-
letes, participated in their sport at least 50 hours/year prior
to injury, primary, unilateral ACLR, and planned to return
to pre-injury level of sport after ACLR). Lastly, this sample
does not include long-term radiographic evidence of OA de-
velopment.

CONCLUSION

The results of this study indicate that contralateral knee
mechanics and loading were more strongly correlated to
walking speeds (i.e., greater angles, moments, and loading
with faster walking) than ACLR knee mechanics and load-
ing. This difference may explain the larger gait asymmetries
observed in faster walkers. Further research is warranted
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to study targeted interventions to improve gait symmetry
for individuals after ACLR. These results suggest that those
who walk faster demonstrate greater interlimb asymmetry,
rather than less asymmetry. Therefore, manipulating walk-
ing speed alone as an intervention for targeting aberrant
gait mechanics may accentuate, rather than mitigate, walk-
ing asymmetries among individuals after ACLR. Further re-
search is necessary to understand the long-term effect of
different walking speeds on gait biomechanics within the
same individual. Gait-specific, unilateral, neuromuscular
training for the ACLR knee may be necessary to improve
symmetry in postoperative rehabilitation.

The Institutional Review Board of the University of
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