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Context: Altered knee moments are common during gait in
patients after anterior cruciate ligament reconstruction (ACLR).
Modifiable factors that influence knee moments and are feasible
to record in clinical settings such as strength and spatiotemporal
values (eg, step length, step width) have not been identified in
persons after ACLR.

Objective: To identify strength and spatiotemporal gait
values that can predict knee moments in persons after ACLR.

Design: Cross-sectional study.
Setting: Laboratory.
Patients or Other Participants: Twenty-three individuals

with ACLR (14.4 6 17.2 months post-ACLR).
Main Outcome Measure(s): Peak knee-flexion and -ad-

duction moments were measured while the participants walked
at self-selected speeds. Peak isokinetic knee-extensor strength
(608/s) was recorded on a dynamometer, and spatiotemporal

gait values were recorded using a pressure walkway. Pearson
coefficients were calculated to examine the association of peak
knee moments with strength and gait values. Variables
correlated with peak knee-flexion and -adduction moments were
entered into a stepwise regression model.

Results: Knee-extensor strength and step width were the
strongest predictors of knee-flexion moment, accounting for
44% of the variance, whereas stance-phase time and step width
were the strongest predictors of knee-adduction moment,
explaining 62% of the variance.

Conclusions: The identified spatiotemporal variables could
be clinically feasible targets for biofeedback to improve gait after
ACLR.

Key Words: knee function, osteoarthritis, walking, biome-
chanics

Key Points

� Knee strength and several spatiotemporal variables were associated with knee moments during gait and thus may
serve as modifiable factors for increasing or decreasing knee loading to improve symmetry.

� The reduced knee-flexion moment after anterior cruciate ligament reconstruction could be increased by increasing
step length and knee strength and walking with a narrower step width.

� The reduced knee-adduction moment after anterior cruciate ligament reconstruction could be increased by
increasing walking speed, cadence, step length, and knee strength and walking with a narrower step width and
shorter stance time.

A
nterior cruciate ligament (ACL) tears are one of
the most common knee injuries in sports.1 After
injury, ACL reconstruction (ACLR) surgery is

often recommended to restore function and dynamic
stability of the knee. Although surgical techniques have
advanced over time, persons who elect to have ACLR still
exhibit an increased risk of developing knee osteoarthritis
(OA).2 For example, up to 50% of persons with ACLR
demonstrate degenerative bone changes on radiographic
evaluation as early as 5 years after surgery.3 Despite the
alarming rate of developing OA, current ACLR rehabili-
tation protocols are primarily designed to return patients to
their highest level of activity as quickly as possible.4,5 The

lack of targeted rehabilitation interventions to mitigate the
factors associated with long-term development of knee OA
as part of the ACLR standard of care could be contributing
to the poor long-term outcomes.

Mechanical stimuli are essential for maintaining the
health and function of articular cartilage. Hence, a
commonly hypothesized mechanism of posttraumatic knee
OA after ACLR is alterations in knee-joint loading (ie, too
much or too little).6–8 Net knee-adduction and -flexion joint
moments are relevant biomechanical variables of knee-joint
loading9,10 that are often altered during gait in persons with
ACLR.9–13 Despite conflicting reports, a frequent finding is
decreased joint loading of the involved knee during walking
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that can persist for up to 24 months post-ACLR and may
contribute to the development of knee OA.12–14

Altered knee-joint loading is a common and persistent
impairment in persons after ACLR, so quantifying knee
loading during gait and identifying modifiable factors that
influence loading are warranted during rehabilitation.
However, quantifying knee-joint loading in the clinic is
challenging because these measurements require biome-
chanical tools (eg, motion capture, force platforms) and
analyses that are often unavailable in a clinical setting. In
addition, little is known regarding interventions that can be
implemented by clinicians to modify knee loading in
patients after ACLR. Identifying the variables that inform
knee moments and can be addressed during ACLR
rehabilitation would be a first step toward bridging the
gap between laboratory research findings and clinical
practice.

Several factors may contribute to altered knee-joint
loading after ACLR and could be quantified and used as
rehabilitation targets in clinical settings. Based on the
principles of inverse dynamics, joint moments are deter-
mined by the joint reaction force (JRF) vectors, the moment
arms of the JRF vectors, and the kinematics of the joint (eg,
angular acceleration). Thus, gait impairments after ACLR
that change the JRF moment arm (eg, step length and
width) could result in reduced knee-loading. Indeed,
decreasing step length and increasing step width in healthy
participants with feedback decreased the knee-flexion and
-adduction moments, respectively.15,16 In addition, quadri-
ceps weakness is a common, persistent impairment that
could contribute to reduced knee-loading ability because
the knee extensors are responsible for controlling knee
angular motion. Thus, the purpose of our study was to
determine whether variables that are feasible to assess and
modify during rehabilitation in a clinical setting (eg,
strength and spatiotemporal gait values) inform external
knee-flexion and -adduction moments during gait. We
hypothesized that variables that may indicate the magnitude
of joint forces (eg, walking speed, cadence), moment arms
(eg, step length or width), or control of the angular motion
of the knee (eg, knee muscle strength, swing or stance time)
would be associated with knee-flexion and -adduction
moments during gait.

METHODS

Participants

We recruited 23 participants with primary unilateral
ACLR (13 men and 10 women, age ¼ 25.1 6 6.3 years,
height¼ 174.7 6 12.0 cm, mass¼ 76.0 6 21.9 kg). Based
on the data recorded from healthy individuals (unpublished
data), we calculated that a sample size of 23 ACLR
participants would achieve statistical power of greater than
80% for detecting a significant correlation of 0.5 between
knee moments and spatiotemporal gait values. Increased
risk of early knee OA development has been well
documented in patients after ACLR.3 Thus, to minimize
the possible influences of knee-joint degeneration on study
outcomes, the participants must have had their unilateral
surgery within 5 years of testing (time post-ACLR ¼ 14.4
6 17.2 months). Volunteers were excluded if they reported
a current lower extremity injury or medical condition that
would impair performance of the tasks described in the next

section. The institutional review board approved the
protocol before data collection. All procedures were
explained to each participant, and informed consent was
obtained.

Procedures

Maximal concentric isokinetic knee-muscle strength at
608/s was recorded with a Kin Com III dynamometer
(Isokinetic International). The participant was seated in the
chair and secured with straps across the trunk and waist.
The limb being tested was secured with a thigh strap and
the shank pad attached proximal to the malleoli. The axis of
rotation of the dynamometer was aligned with the knee-
joint axis (ie, femoral epicondyles), and the lever arm of the
dynamometer was recorded. Limb weight was controlled
using gravity correction before testing for each limb. Oral
instructions were given before testing to fold the arms
across the chest and extend and flex the lower leg as hard
and as fast as possible through the full range of motion (ie,
08 to 908 of knee flexion). Each participant was given 2
practice trials. Four successful trials (ie, going through the
full range of motion with arms across the chest) were
recorded. The peak extensor moments from the highest 3
trials were then averaged and normalized to body mass
(Nm/kg) for subsequent statistical analyses.

We considered clinical assessment of knee-muscle
strength and spatial or temporal gait values (eg, step
length, stance time) feasible and thus examined these
variables as predictors of knee-joint moments. Spatial or
temporal gait values were evaluated by instructing the
participant to walk at the same self-selected speed across a
16-ft (4.9-m) pressure walkway (model GAITRite-RE16;
CIR Systems Inc) 4 times to provide at least 10 footprints or
steps for each leg. Specifically, cadence, step length, foot
progression angle (ie, the angle between the line of
progression and the midline of the footprint), step width
(ie, the distance from the heel center of the reference foot to
the line of progression of the opposite foot), and stance time
(as a percentage of gait cycle) were derived by the
GAITRite software. Step length and width were normalized
to the body height of each participant.

The kinematics of the lower extremity and ground
reaction forces (GRFs) during overground walking were
recorded using an 8-camera motion-analysis system (Vicon
T series; Oxford Metrics PLC) at 250 Hz and force plates at
1000 Hz (model OPT464508-2K-STT; Advanced Mechan-
ical Technology, Inc), respectively. Reflective markers
were placed on anatomical landmarks following the method
reported by Tsai et al.8 Each participant was instructed to
walk at a self-selected speed (1.37 6 0.17 m/s). Three
successful steps (foot completely inside the force plate)
were recorded bilaterally for each individual.

Visual3D (version 2021.06.2; C-Motion Inc) was used to
process the raw coordinate data in order to compute
segmental kinematics and kinetics for both limbs. The
trajectory data of the reflective markers were filtered using
a fourth-order, zero-lag Butterworth 12-Hz low-pass filter.
The local coordinate systems of the pelvis, thigh, shank,
and foot were derived from a standing calibration trial. Hip-
joint center was estimated using the greater trochanter
method,17 and joint coordinate systems were established
based on the International Society of Biomechanics
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recommendations.18 Joint kinematics were calculated using
Euler angles with the following order of rotations: flexion
or extension, abduction or adduction, and internal or
external rotation.

Three-dimensional net joint moments were determined
using inverse-dynamics equations8 and reported as external
moments. Peak knee-flexion and -adduction moments
during the first half of the stance phase of gait were
identified and normalized to body weight and height (%
BW�BH) for each walking trial. The beginning and end of
the stance phase were determined based on a threshold of
20 N in the vertical GRF.

Statistical Analysis

Statistical analyses were completed with SPSS (version
25; IBM Corp) using a significance level of P � .05.
Between-limbs differences in peak knee-flexion and
-adduction moments, peak knee-extensor strength, and
spatiotemporal variables were examined with paired t tests.
We calculated the Pearson correlation coefficient (r) to
evaluate the association between each of the variables (ie,
maximal isokinetic knee-muscle strength and spatial or
temporal gait values) with the peak knee-flexion and
-adduction moment in the ACLR limb during walking. To
identify the variables associated with between-limbs
differences in knee-joint moments, the between-limbs
differences (ie, surgical leg minus uninjured leg) were
computed for the peak knee-flexion and -adduction
moments and each predictor variable as appropriate. The
Pearson correlation coefficient (r) was then used to explore
the association of the between-limbs differences in each of

the predictor variables with the between-limbs differences
in the peak knee-flexion and -adduction moments. Absolute
values of the correlation coefficients of 0.75, 0.5, and 0.25
was considered excellent, moderate, and fair, respectively.
Variables that were significantly correlated with knee-joint
moments were then included in a stepwise regression (ie,
the stepwise method provided in SPSS; variable entry: P ,
.05; variable removal: P . .10) to identify the variables
with the strongest associations with the peak knee-flexion
and -adduction moments.

RESULTS

Decreased peak knee-extensor strength, peak knee-
flexion and -adduction moment, and stance time were
observed for the ACLR leg compared with the uninjured
leg (Table 1). The peak knee-flexion moment for the ACLR
leg during gait was positively correlated with knee-extensor
strength and step length and negatively correlated with step
width of the ACLR leg (Table 2). Therefore, knee-extensor
strength, step length, and step width were included in the
subsequent stepwise regression analysis. Among these 3
variables that were significantly associated with the peak
knee-flexion moment, the stepwise regression indicated that
knee-extensor strength and step width were the most
dominant predictors (Figure 1), together accounting for
43% of the variance in the peak knee-flexion moment
(Table 3).

The peak knee-adduction moment for the ACLR leg
during gait was positively correlated with walking speed,
cadence, and step length of the ACLR leg (Table 2). The
peak knee-adduction moment was also negatively correlat-

Table 1. Between-Limbs Comparison of Knee-Strength and Walking Variables

Variable

Limb

Between-Limbs

Difference P Value

Anterior Cruciate

Ligament Reconstruction Uninjured

Mean 6 SD

Maximal isokinetic knee-extensor strength, Nm/kg 1.65 6 0.53 2.23 6 0.46 �0.58 6 0.33 ,.001a

Peak knee-flexion moment, % BH�BW 3.00 6 1.84 3.85 6 1.86 �0.85 6 1.43 .009a

Peak knee-adduction moment, % BH�BW 2.76 6 0.66 3.06 6 0.92 �0.30 6 0.58 .024a

Step length, % of BH 41.0 6 3.7 41.6 6 3.7 �0.58 6 1.56 .088

Foot progression angle, 8 3.1 6 5.1 2.3 6 4.6 0.8 6 5.4 .481

Step width, % of BH 6.2 6 1.6 6.2 6 1.6 0.03 6 0.26 .606

Stance-phase time, % of gait cycle 62.2 6 1.4 62.9 6 1.5 �0.7 6 1.1 .007a

Abbreviations: BH, body height; BW, body weight.
a Denotes a significant between-limbs difference.

Table 2. Associations of Strength and Spatiotemporal Gait Variables With Peak Knee-Flexion and -Adduction Moments (% BH�Body

Weight) During Gait

Variable

Peak Knee-Flexion Moment Peak Knee-Adduction Moment

Pearson r P Value Pearson r P Value

Maximal isokinetic knee-extensor strength, Nm/kg 0.53 .011a 0.38 .079

Walking speed, % BH/s 0.28 .193 0.67 ,.001a

Cadence, steps/min 0.08 .734 0.61 .002a

Step length, % of BH 0.46 .026a 0.56 .006a

Foot progression angle, 8 0.06 .779 �0.08 .721

Step width, % of BH �0.55 .007a �0.63 .001a

Stance-phase time, % of gait cycle 0.11 .614 �0.69 ,.001a

Abbreviation: BH, body height.
a Denotes a significant correlation.
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ed with step width and stance-phase time (Table 2). Thus,
walking speed, cadence, step length, step width, and stance-
phase time were included in the subsequent stepwise
regression analysis. Among these 5 variables that were
significantly associated with the peak knee-adduction
moment, the stepwise regression demonstrated that
stance-phase time and step width were the most dominant
predictors (Figure 2), together accounting for 61% of the
variance in peak knee-adduction moment (Table 4).

The between-limbs differences in the peak knee-flexion
and -adduction moments were not associated with knee-
muscle strength or any spatiotemporal gait variable (Table
5).

DISCUSSION

In this study, we aimed to determine whether variables
that are feasible to evaluate and modify in a clinical setting
informed knee-joint loading during gait after unilateral
ACLR. Several variables were significantly associated with
peak knee-flexion and -adduction moments. A greater knee-
flexion moment during gait had a fair to moderate
association with greater knee-extensor strength, longer step
length, and narrower step width. When compared with the
knee-flexion moment, associations of the examined mea-
sures with the knee-adduction moment were stronger.
Specifically, greater knee-adduction moment during gait
was moderately to strongly correlated with a faster walking
speed, increased cadence, longer step length, narrower step
width, and shorter stance-phase time. Among those
variables, knee-extensor strength and step width were the
dominant predictors, accounting for a fair proportion of the
variance (44%) in the peak knee-flexion moment, whereas

step width and stance-phase time together accounted for
62% of the variance in the peak knee-adduction moment.

The associations between the predictor variables evalu-
ated and knee-flexion and -adduction moments during gait
can be explained, in part, by biomechanical principles that
influence net joint moment calculations. The net joint
moment is primarily determined by (1) the GRF and the
subsequent JRF, (2) the moment arm of the GRF/JRF to the
joint, and (3) the angular acceleration of the segment or
joint of interest during a dynamic movement. Thus, factors
that change the moment arm of the GRF/JRF to the joint
(eg, step length, step width) or accelerate or decelerate the
angular motion of the knee (eg, knee-muscle strength,
stance-phase time) are expected to affect knee-joint
moments during walking.

Consistent with our findings, decreased knee-flexion or
-adduction moments or both have been commonly observed
in surgical limbs after ACLR when compared with the
contralateral uninjured limbs13,19,20 or the limbs of healthy
control participants.9,10,21 However, increased knee-joint
moments have also been reported in participants with
ACLR compared with healthy control individuals.22

Because too little or too much loading is believed to
contribute to early knee OA,10,11,13,14 correcting altered
knee-loading profiles during rehabilitation after ACLR is a
much-needed addition to current clinical care.

Several spatiotemporal variables correlated with knee
moments and therefore may serve as objective targets to
assist in normalizing altered knee-loading profiles after
ACLR (eg, gait training to modify step length, step width,
or stance-phase time during gait). For example, our results
suggest that patients with reduced knee-flexion and

Figure 1. Association of peak knee-flexion moment with, A, isokinetic knee-extensor strength and, B, step width during gait.

Table 3. Primary Predictors of Peak Knee-Flexion Moment (% BH�Body Weight) During Gait as Determined by Stepwise Regression

Analyses

Step/Model Predictor

Unstandardized

Coefficient

Standardized

Coefficient

Variable

P Value R 2 Change Total R2

1 Constant 6.845 NA ,.001 0.296 0.296

Step width, % of BH �0.617 �0.544 .009

2 Constant 3.644 NA .076 0.138 0.433

Step width, % of BH �0.468 �0.413 .036

Isokinetic knee-extensor strength, % BH�body weight) 1.387 0.394 .045

Abbreviations: BH, body height; NA, not applicable.
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-adduction moments could be provided feedback to
increase step length and decrease step width during walking
in order to increase their knee moments. These findings are
in general agreement with those of prior studies15,16 in
which healthy participants modified their step length and
step width during a single session.

Also, patient cues to reduce stance-phase time could be
used to increase the peak knee-adduction moment in those
exhibiting a reduced knee-adduction moment. Simple
strategies to modify step length and width could include
placing targets on the floor15,16 and using a metronome to
assist in pacing. An important consideration, highlighted by
Favre et al in 2016,16 is that cues to change a single gait
variable, such as step width, can result in other involuntary
changes to gait (eg, foot progression angle). Furthermore, a
single gait-retraining target may influence both sagittal- and
frontal-plane knee moments. Thus, research is needed to
determine whether modifications of the variables identified
in this study can normalize altered knee loading in patients
after ACLR and thereby delay the onset or reduce the
severity (or both) of knee OA.

Knee-extensor weakness is a common persistent impair-
ment23,24 that was also observed in this study. The knee
extensors function to eccentrically control knee flexion
during weight acceptance, so a positive correlation between
knee strength and peak knee-flexion moment was not
surprising. This positive correlation suggests that strength
improvements could result in increased knee-flexion
moments.25 However, whether weakness is responsible for
decreased knee loading or, alternatively, the altered

movement pattern perpetuates the knee weakness remains
an open question.

Asymmetry in knee net joint moments between limbs
during walking is a typical finding after ACLR and a
potential marker of early knee OA risk.12,13 As such, we
also evaluated between-limbs differences of the clinical
predictor variables as predictors of between-limbs differ-
ences in knee-flexion and -adduction moments. However,
none of the variables we assessed were associated with the
between-limbs difference in knee-flexion or -adduction
moment. These data indicate that the measured variables
were less sensitive as predictors of between-limbs asym-
metry in knee joint moments.

In the present study, an isokinetic dynamometer and a
pressure walkway were used to quantify knee-muscle
strength and the spatiotemporal variables of gait, respec-
tively. Our findings serve as a first step in emphasizing the
potential value of assessing patients’ muscle strength and
spatiotemporal gait variables (eg, cadence, step length, step
width) to modulate knee-joint moments after ACLR. The
pressure walkway was selected because it provides accurate
spatiotemporal gait values26,27 that can be collected quickly
in a clinical setting and has been used to assess functional
outcomes in patients after ACLR.28 Therefore, the pressure
walkway is one objective low-technology solution for
addressing a persistent clinical problem after ACLR.
Moreover, prior authors15,16 indicated that simple strategies,
such as placing marks on the floor, could be implemented to
change spatiotemporal gait values that influence knee-joint
loading. Importantly, some spatiotemporal characteristics,
such as step length, may be altered by changing cadence

Figure 2. Association of peak knee-adduction moment with, A, stance-phase time and, B, step width during gait.

Table 4. Primary Predictors of Peak Knee-Adduction Moment (% BH�Body Weight) During Gait as Determined by Stepwise Regression

Analyses

Step/Model Predictor Name

Unstandardized

Coefficient

Standardized

Coefficient

Variable

P Value R 2 Change Total R2

1 Constant 23.089 NA ,.001 0.472 0.472

Stance time, % of gait cycle �0.327 �0.687 ,.001

2 Constant 18.971 NA ,.001 0.140 0.612

Stance-phase time, % of gait cycle �0.244 �0.512 .003

Step width, % of BH �0.169 0.413 .014

Abbreviations: BH, body height; NA, not applicable.
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while walking on a treadmill, whereas manipulating step
length overground is likely more condition specific.
However, walking speed and stride or step lengths must
be monitored and manipulated during overground walking,
whereas the constant speed during treadmill walking may
allow participants to focus on 1 factor.

We acknowledge that many current and emerging
technologies, such as inertial sensors, could also yield
valid spatiotemporal gait information plus lower extremity
joint angles when compared with motion-capture sys-
tems.29,30 Future investigators should evaluate whether
using alternative tools to measure the same spatiotemporal
variables, incorporating more measurements, or both can
supply similar or improved knee-joint loading information.
For example, including peak knee-flexion angle would
likely improve the regression model for knee-flexion
moment and including frontal-plane trunk-lean angle could
be a helpful variable for influencing the knee-adduction
moment.16

Several limitations in our study must be acknowledged.
First, given the cross-sectional experimental design, causal
relationships between the variables evaluated and knee-
joint moments cannot be established based on the
correlation or regression analyses. Moreover, participants’
knee moments during gait were quantified using the
motion-capture system, and spatiotemporal gait variables
were quantified using the pressure walkway during separate
walking trials. Although we expected comparable gait
mechanics during all walking trials, given that the
participants walked at their self-selected speeds, the
inability to quantify knee moments and spatiotemporal gait
variables concurrently due to the limitations of the
technology could have influenced the relationships among
the variables. Lastly, our patients had different character-
istics with respect to factors such as sex and time post-
ACLR. Future studies with a larger sample would allow
patient characteristics to be included in the regression
analysis.

CONCLUSIONS

Our work is a first step in bridging the research-to-clinic
gap. We identified several variables that predicted knee-
joint moments and that we propose can feasibly be
evaluated in a clinical setting. Among the identified
variables, knee-extensor strength, step width, step length,
and stance-phase duration were the dominant variables

associated with peak knee-flexion and -adduction moments.
As such, these variables could be used to monitor and guide
interventions to modify knee-joint loading during ACLR
rehabilitation.
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