Back to Normal Symmetry?
Biomechanical Variables Remain More Asymmetrical
Than Normal During Jump and Change-of-Direction Testing
9 Months After Anterior Cruciate Ligament Reconstruction
Enda King,*yz PhD, Chris Richter,y PhD, Andy Franklyn-Miller,y§ MD, Ross Wadey,|| PhD,
Ray Moran,y MD, and Siobhan Strike,z PhD
Investigation performed at Sports Surgery Clinic Santry Demesne, Dublin, Republic of Ireland
Background: After anterior cruciate ligament reconstruction (ACLR), athletes have demonstrated performance asymmetries as
compared with healthy cohorts, but little research has investigated if biomechanical asymmetries are also different during
jump and change-of-direction (CoD) tasks between groups.
Purpose: To identify if differences in magnitude of asymmetry of biomechanical and performance variables exist between these
groups.
Study Design: Controlled laboratory study.
Methods: Analysis was conducted between 156 male patients 9 months after surgery and 62 healthy participants. Threedimensional motion capture and analysis were carried out on a double-legged drop jump, a single-legged drop jump, a
single-legged hop for distance, and planned and unplanned CoD. Asymmetry between limbs was calculated for each variable
with root mean square difference between limbs. Statistical parametric mapping was used to identify the between-group differences in magnitude of asymmetry of performance and biomechanical variables.
Results: There were differences in asymmetry of biomechanical variables across all jump and CoD tests, with greater asymmetries in the ACLR group. The majority of differences between groups were in the sagittal and frontal planes, with more differences
found in the jump than CoD tests. The single-legged drop jump demonstrated large differences in performance asymmetry (effect
size, 0.94) with small differences for both CoD tests (0.4) and none for the single-legged hop for distance.
Conclusion: This study demonstrated greater asymmetry of biomechanical variables 9 months after ACLR as compared with
healthy participants across all tests, suggesting insufficient rehabilitation.
Clinical Relevance: This study highlights the importance of including biomechanical as well as performance variables when
assessing rehabilitation status after ACLR.
Registration: NCT02771548 (ClinicalTrials.gov identifier).
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Anterior cruciate ligament reconstruction (ACLR) is recommended for athletes who have suffered anterior cruciate
ligament (ACL) injury and are intending to return to
sports involving landing, pivoting, and change of direction
(CoD).28 Asymmetry between limbs with respect to
strength, power, and movement patterns develops after
ACL injury and subsequent reconstruction7,9,22,25,43,45
(ACLR) and was reported to persist after athletes have
returned to play.25,39,40,43 Jump, landing, and CoD tests
are commonly used to assess rehabilitation status and to
inform return-to-play (RTP) decision making after
ACLR.8,11,21,26 These tests assess the restoration of lower
limb power and explosiveness in movements commonly
performed in field sports and replicate the most common
ACL injury mechanisms.11,21,29,41 To guide rehabilitation
and optimize RTP outcomes, asymmetry in performance
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(jump height, jump length, CoD times) of healthy participants (usually within 10% between-limb difference) has
been used as a benchmark for completed rehabilitation.1,3,21,26,37,43 The achievement of a normal level of performance asymmetry (ie, \10%) across a battery of tests has
been associated with a reduced risk of subsequent injury
after ACLR.11,21 However, assessing asymmetry of performance measures alone is limited, as the movement strategy
used to achieve the result is not analyzed and, to date, no
comparison of biomechanical asymmetry between cases of
ACLR and healthy participants exists in the literature.
Biomechanical differences between limbs were demonstrated throughout the kinetic chain during jump, gait,
running, and CoD tests after ACLR.10,12,15-17,30 These differences are particularly evident in the sagittal (knee
extension angle and moment) and frontal (knee valgus
moment) planes of the knee joint.10,12,15,30 Previous
research demonstrated between-limb differences in biomechanical variables during jump testing (double-legged drop
jump [DLDJ], single-legged drop jump [SLDJ], and singlelegged hop for distance [SLHD]) as well as CoD testing
(planned and unplanned 90° cuts) 9 months after
ACLR.10,16,17,31 However, it is not known if this level of
asymmetry reflects incomplete rehabilitation and if the
magnitude of asymmetry is different as compared with
healthy participants. Examining differences in asymmetry
between groups in jump and CoD tests may provide a more
complete analysis of return to normal function after ACLR
and identify biomechanical as well as performance measures to be targeted during rehabilitation that may influence outcomes after RTP.
The aim of this study was to identify differences in
asymmetry of biomechanical and performance variables
during jump and CoD testing between athletes who were
9 months post-ACLR and a matched healthy cohort. Our
hypothesis was that there would be greater asymmetry
across the kinetic chain for all tests in the ACLR group
in the sagittal and frontal planes.

METHODS
A total of 156 eligible patients were recruited to form the
ACLR group in this case-control study. They were recruited
after initial diagnosis and before surgery from January 2014
until October 2015. Participants were part of a longer-term
research project with physical testing at 6 and 9 months
postoperatively and via email at annual follow-up afterward. A matched healthy cohort (NORM) of 62 male participants were locally recruited from multidirectional field
sports teams from December 2014 to August 2016. This
study received ethical approval and was a registered clinical
trial (NCT02771548).
Inclusion criteria for the ACLR group included male
multidirectional field sports athletes with the intention of
returning to same level of sporting participation after surgery. Patients were aged between 18 and 35 years, undergoing primary ACLR, and tested approximately 9 months
after surgery (8-10 months inclusive). Patients who had
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multiple concurrent ligament reconstructions, previous
ACL surgery, meniscal repair, full-thickness chondral
injury, or no intention to return to the same level of multidirectional sport were excluded from the study. All
patients in the ACLR group had a bone–patellar tendon–
bone graft or hamstring graft (semitendinosus and gracilis
tendons) from the ipsilateral side during surgery. After
surgery, all patients underwent an accelerated rehabilitation protocol with weightbearing as tolerated on crutches
for 2 weeks, followed by a progressive strengthening and
neuromuscular control program. The program progressed
to include power and plyometric drills as competency progressed before advancing to linear running and CoD drills
as competency and knee symptoms allowed. Given the geographic spread of participants, rehabilitation was supervised by their local physical therapists and patients were
reviewed by their orthopaedic surgeons at 2 weeks, 3
months, and 6 to 9 months after surgery. The NORM
cohort excluded anyone who did not play multidirectional
field sports and those with previous ACL injury, previous
knee injury that required surgery, and any lower limb
injury in the previous 12 weeks. Both groups were matched
for age, sex, height, and mass. Informed written consent
was received from all respondents before participation.
All testing took place in a 3-dimensional biomechanics
laboratory. Participants undertook a standardized warmup: a 2-minute jog, 5 body weight squats, and 2 submaximal
and 3 maximal double-legged countermovement jumps. The
testing protocol included the DLDJ from 30 cm, the SLDJ
from 20 cm, the SLHD, and 90° planned and unplanned
CoD. All the tests were described previously16,17 and carried
out in sequence to allow increasing dynamic challenge
throughout the testing process. Each participant underwent
2 submaximal practice trials of each movement before test
trials were captured. A 30-second recovery was taken
between trials. Three valid attempts (maximal effort and
full foot contact on force plate) were recorded for each limb.
Each test was explained to the participants in advance, and
they could decline being tested on any test in the sequence
if they did not want or were not able to carry it out. Testing
could be stopped at any point when the assessor thought that
the participant could not carry out the test properly or without injury. The non-ACLR limb and the dominant limb (the
limb with which the participant stated that he could kick
a ball farther) were assessed first for each test for the
ACLR and the NORM groups, respectively. The mean results
of the 3 valid repetitions were used for all variables.
Kinetic and kinematic data were collected with an 8camera motion analysis system (Bonita-B10; Vicon) at
200 Hz and synchronized with 2 force platforms
(BP400600; AMTI), sampling at a frequency of 1000 Hz
and recording motion data from 24 reflective markers
(14-mm diameter), and ground-reaction forces (GRFs;
Vicon Nexus 1.8.5), which were low pass filtered with
a fourth-order Butterworth filter (cutoff frequency, 15
Hz).19 Participants wore their own athletic footwear, while
reflective markers were secured with tape at bony landmarks on the lower limbs, pelvis, and trunk per the
Plug-in-Gait marker set.23 Standard inverse dynamics
analysis was used to calculate kinetic variables (reported
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as internal moments) at the ankle, knee, and hip. All kinetic
variables were normalized to body mass. Time to perform
the 90° CoD was recorded with speed gates (Smartspeed;
Fusion Sport) with a trigger from the start line and exit
gate 2 m to the left and right of the force plates to indicate
the end of the maneuver. A custom MATLAB program
(MathWorks Inc) was used for processing and calculating
the trunk-to-pelvis and foot-to-pelvis angles in the transverse plane,17 as well as jump height (calculated by
impulse-momentum) and jump length (distance from heel
marker at start to landing spot). The program also calculated the distance from the center of mass (COM) to the
ankle and knee joint in all 3 planes with the direction of
the joint and the global system as the reference.17
Kinetic and kinematic analysis was carried out for the
stance phase of each jump and CoD test (defined by the
GRF .20 N) apart from the SLHD, where the test finished
on the force plate, so analysis was carried out to the end of
the eccentric phase of landing (from GRF .20 N until
COM power equaled zero). Curves were normalized to
101 frames and landmark registered38 to when COM
power reached zero in the z-axis on landing for all tests
apart from the SLHD, which was normalized to maximum
peak power during the eccentric phase. This process
aligned the onset of the eccentric phase to 50% of the movement cycle across participants to ensure an appropriate
comparison of neuromuscular characteristics between
limbs and participants during continuous waveform analysis. Participants’ random tests were excluded where valid
trials were not available for analysis owing to missing or
invalid kinetic (full foot contact not made on the force
plate) or kinematic (missing marker) data after processing.
Differences in age, weight, and height between groups
were calculated with an independent t test (SPSS, v 21.0;
IBM Corp). The magnitude of asymmetry between limbs
was calculated with the root mean square difference
between the dominant and nondominant limbs for the
NORM group and the ACLR limb and the non-ACLR
limb for the ACLR group for the performance and at every
percentage of stance for the biomechanical variables.4 Difference in asymmetry of performance (jump height and
length and time to perform CoD) between the NORM and
ACLR groups was examined with statistical parametric
mapping (0d, nonparametric unpaired t test). To determine
magnitude of significant differences, Cohen d effect size
was calculated (d . 0.2-0.5, small; d . 0.5-0.79, medium;
d . 0.8, strong).6
For the biomechanical variables, the magnitude of asymmetry for each group was plotted in a point-by-point manner
throughout stance, and difference in asymmetry between
the ACLR and NORM groups was examined with statistical
parametric mapping (1d nonparametric unpaired t test).32
The mean effect size was reported across identified phases
with significant differences; phases with Cohen d \ 0.5
were excluded. Data processing and statistical parametric
mapping were performed with MATLAB (R2015a; MathWorks Inc). The time points between which there was a significant difference in asymmetry between groups, the mean
effect size, and the mean magnitude of asymmetry for both
groups across that phase were reported.
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RESULTS
There was no significant difference between the 62 participants in the NORM group and the 156 patients in the
ACLR group with respect to age (mean 6 SD: 24.7 6 3.9
vs 24.8 6 4.2 years, P = .87), height (183 6 6.2 vs 180 6
11.8 cm, P = .06), and weight (82.9 6 9 vs 84.5 6 15.6
kg, P = .43). The ACLR group was tested 9.4 6 0.7 months
after surgery. The numbers of valid trials suitable for analysis were as follows: 58 (NORM) and 145 (ACLR) for the
DLDJ, 57 and 145 for the SLDJ, 57 and 137 for the
SLHD, 54 and 137 for the planned CoD, and 48 and 134
for the unplanned CoD. Graphs presented in the results
are for the variable with the largest effect size difference
for each test, with graphs for all the reported variables
included in Appendix A (available in the online version of
this article). Results in each table are ordered by the variable with largest effect size first.

Double-Legged Drop Jump
There was a significant difference in asymmetry between
the ACLR and NORM groups for a number of kinetic and
kinematic variables, with greater asymmetry in the
ACLR group for each variable (Table 1; Appendix A, available online). For the GRF, there was greater asymmetry
(percentage of stance; effect size) in the vertical direction
(35%-100%; 0.71) (Figure 1), medial direction (95%-100%;
0.62), and posterior direction (67%-85% and 90-100%; 0.6
and 0.62) in the ACLR group as compared with the
NORM group. At the ankle, there was greater asymmetry
in eversion moment (94%-100%; 0.62), plantarflexion
moment (70%-99%; 0.59), and external rotation moment
(16%-80%; 0.51). At the hip, there were greater differences
in the extension moment in the early stance (16%-26%; 0.6)
and the flexion angle in the later stance (94%-100%; 0.57).
At the knee, there was greater asymmetry of knee valgus
moment in the ACLR group through most of the middle
of the stance (15%-78%; 0.5).

Single-Legged Drop Jump
There was a significant difference in jump height asymmetry between the NORM and ACLR groups, with greater
asymmetry in the ACLR group (effect size, 0.94) (Figure
2). The ACLR group had a mean asymmetry of 3.2 6 1.8
cm between limbs, while the NORM group had an asymmetry of 1.4 6 1.3 cm between limbs. Where differences
in asymmetry were found in the biomechanical variables,
the ACLR group was more asymmetrical than the NORM
group in all cases (Table 2). Medium effect size differences
were evident in posterior GRF (percentage of stance; effect
size: 95%-100%; 0.69), lateral GRF (91%-100%; 0.69), and
vertical GRF (42%-88%; 0.67). Greater asymmetry was
also found in knee flexion angle (17%-78% and 92%100%; 0.61 and 0.71), posterior position of COM relative
to knee (17%-82%; 0.68) and knee extension moment
(32%-71%; 0.52) through the middle of the stance phase
in the ACLR group. In addition, hip flexion angle (91%100%; 0.61) at the end of the stance phase and ankle
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TABLE 1
Difference in Asymmetry Between NORM and ACLR Groups During Double-Legged Drop Jumpa
Stance Phase,b %
Variable
Ground-reaction force, N/kg

Direction

Ankle moment frontal, Nm/kg
Ground-reaction force, N/kg

Vertical
Medial
Eversion
Posterior

Hip moment sagittal, Nm/kg
Ankle moment sagittal, Nm/kg
Hip angle sagittal, deg
Ankle moment transverse, Nm/kg
Knee moment frontal, Nm/kg

Extension
Plantarflexion
Flexion
External rotation
Valgus

NORM

Start

End

Mean 6 SD

35
95
94
90
67
16
70
94
16
15

100
100
100
100
85
26
99
100
80
78

1.3
0.04
0.07
0.07
0.28
4.3
1.7
2.2
2.3
6.1

6
6
6
6
6
6
6
6
6
6

1.3
0.03
0.05
0.05
0.21
2.1
1.1
1.9
2
5.3

95% CI
1.2-1.5
0.01-0.06
0.03-0.1
0.05-0.1
0.27-0.3
4.1-4.6
1.4-2
2.1-2.3
2.2-2.5
5.8-6.5

ACLR
Mean 6 SD
2.6
0.07
0.15
0.12
0.47
7.8
3.1
3.5
3.7
9.2

6
6
6
6
6
6
6
6
6
6

0.9
0.03
0.12
0.05
0.1
2.3
1.3
0.3
1.2
2.2

95% CI

Effect Size

2.4-2.9
0.05-0.07
0.13-0.18
0.11-0.14
0.42-0.52
7-8.6
2.8-3.4
3.2-3.9
3.3-4.2
8.2-10.2

0.71
0.62
0.62
0.6
0.57
0.60
0.59
0.57
0.51
0.50

a

ACLR, anterior cruciate ligament reconstruction; NORM, normal.
Start and end: beginning and end percentage stance phase when the difference was greatest between limbs.

b

Figure 1. Difference in magnitude asymmetry of vertical GRF between the NORM and ACLR groups during the double-legged
drop jump. The top panel illustrates the mean and SD clouds for the ACLR (red) and non-ACLR (black) limbs in the ACLR group
as a reference for the movement. The second panel illustrates the mean absolute asymmetry and SD clouds for the ACLR (red)
and NORM (black) groups. The third panel illustrates the SPM{t}—the t statistic as a function of time describing the difference
between the groups. The dotted red line and shaded portion of the SPM curve indicate P \ .05 and that a significant difference
exists between the groups. The bottom panel illustrates the effect size as a function of time describing the magnitude of the
effect. The dotted black line and shaded portion of the bottom panel indicate an average Cohen d . 0.5, with red indicating
a strong effect size throughout that phase. The between-limb asymmetry was significantly different with a large effect size
from 35% to 100% of stance in the latter part of the eccentric phase until take-off. The ACLR group was more asymmetrical
than the NORM group. ACLR, anterior cruciate ligament reconstruction; GRF, ground-reaction force; NORM, matched healthy
cohort; SPM, statistical parametric mapping.

external rotation moment (23%-84%; 0.53) and plantarflexion angle (22%-74%; 0.5) in the middle of the stance phase
were different between the groups.

Single-Legged Hop for Distance
There was no significant difference in asymmetry of jump
length between the groups (P = .1; effect size, 0.23). There

was greater asymmetry in the NORM group for ankle eversion moment during the early stance (percentage of stance;
effect size: 7%-19%; 0.72) (Table 3, Figure 3). All other
reported variables demonstrated greater asymmetry in
the ACLR group, mostly in the sagittal plane. There was
a medium effect size difference between groups in the posterior position of COM to knee (22%-100%; 0.7), knee flexion angle (16%-100%; 0.51), hip extension moment (35%-

AJSM Vol. 47, No. 5, 2019

Asymmetry in Biomechanics After ACLR 1179

TABLE 2
Difference in Asymmetry Between NORM and ACLR Groups During Single-Legged Drop Jumpa
Stance Phase,b %
Variable
Knee angle sagittal, deg
Ground-reaction force, N/kg

Direction
Flexion

Posterior
Lateral
COM to knee sagittal, mm
Posterior
Ground-reaction force, N/kg
Vertical
Hip angle sagittal, deg
Flexion
Ankle moment transverse, Nm/kg External rotation
Knee moment sagittal, Nm/kg
Extension
Ankle angle sagittal, deg
Dorsiflexion

NORM

Start

End

Mean 6 SD

17
92
95
91
17
42
91
23
32
22

78
100
100
100
82
88
100
84
71
74

3.6
2.77
0.06
0.09
15.4
1.5
3.7
2.6
6.2
3.5

6
6
6
6
6
6
6
6
6
6

95% CI

ACLR
Mean 6 SD

95% CI

1.1
3.6-3.7
6.8 6 0.9
5.9-7.6
1
2.6-3
5.8 6 1.1
5.1-6.4
0.05 0.02-0.1 0.12 6 0.05 0.11-0.14
0.05 0.04-0.11 0.14 6 0.05 0.13-0.16
6
15.1-15.8 30.3 6 3.9 26.8-33.8
0.8
1.3-1.6
2.7 6 0.9
2.5-3
0.8
3.6-3.7
6.2 6 0.8
5.5-6.9
1
2.4-2.7
4.3 6 1.1
3.8-4.8
2
6.0-6.3
9.7 6 1.7
8.7-10.8
1.1
3.4-3.5
5.4 6 0.7
4.8-6

Effect Size
0.61
0.71
0.69
0.69
0.68
0.67
0.61
0.53
0.52
0.50

a

ACLR, anterior cruciate ligament reconstruction; COM, center of mass; NORM, normal.
Start and end: beginning and end percentage stance phase when the difference was greatest between limbs.

b

Figure 2. Difference in asymmetry of jump height between the NORM (left) and ACLR (right) groups during the single-legged drop
jump. This illustration is the combination of a violin plot and box plot to aid the best representation of the data. The shaded area
reports the kernel distribution of the data, while a dot represents a subject’s recorded magnitude. Overlaid is a box plot, with the
box representing the 25th-to-75th percentile. The whiskers describe the upper and lower limits of the data— either the (IQR 3 1.5)
1 75th percentile and (IQR 3 1.5) – the 25th percentile or the maximal and minimal values, if these extremes are within the range
of the IQR 3 1.5 6 75th and 25th percentiles. The median of the data is represented by the solid line, and the mean is represented
by the dotted line. There was a large effect size difference in jump asymmetry between groups (effect size, 0.94) with greater
asymmetry in the ACLR group. ACLR, anterior cruciate ligament reconstruction; IQR, interquartile range; NORM, matched healthy
cohort.
43%; 56%-69% and 87%-100%; all 0.5), and ankle dorsiflexion angle (12%-27% and 67%-100%; both 0.5) through most
of the eccentric phase of landing. There was also greater
asymmetry in knee valgus moment (66%-92%; 0.52) in
the frontal plane in the ACLR group.

size: 0%-9% and 59%-72%; 0.69 and 0.5) (Figure 4), medial
GRF (93%-100%; 0.69), and posterior GRF (0%-5% and
91%-100%; 0.56 and 0.57). The ACLR group also demonstrated greater asymmetry for hip abduction moment after
initial contact (0%-5%; 0.55).

90° Planned CoD

90° Unplanned CoD

In the planned CoD, there was a significant difference in
asymmetry of CoD times (P = .004) between groups, with
greater asymmetry in the ACLR group (0.08 6 0.07$) as
compared with the NORM group (0.05 6 0.04$); however,
the magnitude of the difference had a small effect size
(0.4). There was greater asymmetry in the ACLR group
in all the GRF variables early in stance or at toe-off (Table
4). This included vertical GRF (percentage of stance; effect

In the unplanned CoD, there was a significant difference in
asymmetry of CoD times (P = .008) between groups, with
greater asymmetry in the ACLR group (0.09 6 0.08$) as
compared with the NORM group (0.06 6 0.07$); however,
the magnitude of the difference had a small effect size
(0.4). There was greater asymmetry in the ACLR group
for vertical GRF (percentage of stance; effect size: 0%-5%;
0.69) (Figure 5), medial GRF (94%-100%; 0.62), and knee
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TABLE 3
Difference in Asymmetry Between NORM and ACLR Groups During Single-Legged Hop for Distancea
Stance Phase,b %
Variable

Direction

Ankle moment frontal, Nm/Kg
COM to knee sagittal, mm
Knee moment frontal, Nm/Kg
Knee angle sagittal, deg
Hip moment sagittal, Nm/Kg

Eversion
Posterior
Valgus
Flexion
Extension

Ankle angle sagittal, deg

Dorsiflexion

NORM

Start

End

Mean 6 SD

7
22
66
16
35
56
87
12
67

19
100
92
100
43
69
100
27
100

1.15
20.7
6.4
4.3
6.7
5.7
4.6
3.7
3.9

6
6
6
6
6
6
6
6
6

0.65
15.9
1
1.6
3.7
2.3
1.3
1.6
0.5

ACLR
95% CI

0.73-1.57
20.4-30.0
6.19-6.68
4.1-4.4
6.4-6.7
5.4-6
4.5-4.7
3.2-4.1
3.9-4

Mean 6 SD
0.71
39.1
9.8
7.1
11
9.6
7.35
6
5.9

6
6
6
6
6
6
6
6
6

0.5
27.0
0.7
1.7
2.4
1.9
1.9
3.1
0.5

95% CI

Effect Size

0.62-0.81
38.4-39.7
8.7-10.9
6.2-8
9.7-12.4
8.2-10.9
6.5-8.2
5.3-6.7
5.2-6.6

–0.72
0.70
0.52
0.51
0.51
0.50
0.50
0.50
0.50

a

ACLR, anterior cruciate ligament reconstruction; COM, center of mass; NORM, normal.
Start and end: beginning and end percentage stance phase when the difference was greatest between limbs.
c
For jump length, P = .1.
b

Figure 3. Difference in asymmetry of ankle eversion moment between the NORM and ACLR groups during the single-legged hop
for distance. The top panel illustrates the mean and SD clouds for the ACLR (red) and non-ACLR (black) limbs in the ACLR group
as a reference for the movement. The second panel illustrates the mean absolute asymmetry and SD clouds for the ACLR (red)
and NORM (black) groups. The third panel illustrates the SPM{t}—the t statistic as a function of time describing the difference
between the groups. The dotted red line and shaded portion of the SPM curve indicate P \ .05 and that a significant difference
exists between the groups. The bottom panel illustrates the effect size as a function of time describing the magnitude of the effect.
The dotted black line and shaded portion of the bottom panel indicate an average Cohen d . 0.5, with red indicating a strong
effect size throughout that phase. The between-limb asymmetry was greater in the NORM group, between 7% and 19%, with
a medium effect size (0.72). abd, abduction; ACLR, anterior cruciate ligament reconstruction; NORM, matched healthy cohort;
SPM, statistical parametric mapping.
flexion angle (22%-66%; 0.51). However, there was greater
asymmetry in the NORM group for trunk-on-pelvis flexion
angle (0%-83%; –0.5) (Table 5).

DISCUSSION
The aim of this study was to determine if there was a difference in the magnitude of asymmetry between a group of
patients 9 months after ACLR and a matched healthy
control group (NORM). This was examined in biomechanical

and performance variables during jump and CoD tests to
identify variables to be targeted during rehabilitation that
may influence outcomes after RTP. The results demonstrated that the largest difference in performance asymmetry was in the SLDJ, that only small effect size differences
were found for both CoD tests, and that no difference
was found between groups in the SLHD. Differences in
magnitude of asymmetry were evident in biomechanical
variables across all tests. More variables indicated greater
asymmetry in the jump tests than in the CoD tests.
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TABLE 4
Difference in Asymmetry Between NORM and ACLR Groups During 90° Planned Cuta
Stance Phase,b %
Variable

Direction

Ground-reaction force, N/kg

Vertical
Medial
Posterior

Hip moment frontal, Nm/kg

Abduction

NORM

Start

End

Mean 6 SD

0
59
93
0
91
0

9
72
100
5
100
5

0.91
1.22
0.15
0.1
0.11
3.89

6
6
6
6
6
6

0.8
1.05
0.13
0.09
0.09
3.2

ACLR
95% CI

0.34-1.15
1.2-1.25
0.05-0.2
0.05-0.36
0.06-0.14
3.73-4.04

Mean 6 SD
1.91
1.96
0.29
0.19
0.18
6.34

6
6
6
6
6
6

1
0.36
0.12
0.09
0.09
1.42

95% CI

Effect Size

1.64-2.18
1.7-2.2
0.26-0.33
0.34-0.46
0.16-0.21
5.64-7.05

0.69
0.50
0.69
0.56
0.57
0.55

a

ACLR, anterior cruciate ligament reconstruction; COM, center of mass; NORM, normal.
Start and end: beginning and end percentage stance phase when the difference was greatest between limbs.

b

Figure 4. Difference in asymmetry in vertical GRF between the NORM and ACLR groups during 90° planned cut. The top panel
illustrates the mean and SD clouds for the ACLR (red) and non-ACLR (black) limbs in the ACLR group as a reference for the movement. The second panel illustrates the mean absolute asymmetry and SD clouds for the NORM (black) and ACLR (red) groups.
The third panel illustrates the SPM{t}—the t statistic as a function of time describing the difference between the groups. The dotted red line and shaded portion of the SPM curve indicate P \ .05 and that a significant difference exists between the groups. The
bottom panel illustrates the effect size as a function of time describing the magnitude of the effect. The dotted black line and
shaded portion of the bottom panel indicate an average Cohen d . 0.5, with orange indicating a medium effect size in the 2
phases that met this threshold. There was greater asymmetry in vertical GRF in the ACLR group, from 0% to 9% and 59% to
72%. ACLR, anterior cruciate ligament reconstruction; GRF, ground-reaction force; NORM, matched healthy cohort; SPM, statistical parametric mapping.
Differences in asymmetry primarily occurred in the sagittal
and frontal planes, and all but 2 variables indicated greater
asymmetry in the ACLR group. These results suggest insufficient restoration of normal biomechanical symmetry 9
months after ACLR and that biomechanical asymmetry is
an important consideration during jump and CoD testing
to assess rehabilitation status after ACLR.
The use of asymmetry as a measure of rehabilitation
status has been questioned, as ACLR was shown to affect
the biomechanics of both the ACLR limb and the nonACLR limb.7,9 One of the challenges of the study was
using an appropriate measure to calculate asymmetry.
Calculations of asymmetry after ACLR are typically based
on the ACLR limb value divided by the non-ACLR limb

value.11,21 However, this calculation has methodological
challenges for healthy participants, where there is no obvious injured limb; therefore, choice of denominator (right vs
left, dominant vs nondominant, preferred kicking leg vs preferred jumping leg) will produce different results and
change the results of the comparative analysis.44 The use
of root mean square difference to calculate the overall magnitude of asymmetry is one method of dealing with this
issue by removing the need to select a specific denominator
and providing a magnitude of asymmetry that enables consistent comparison between groups and across studies.4
Although the limb direction of the asymmetry is not identifiable with this method, previous research on this cohort indicates in which direction the asymmetry lies after ACLR.16,17
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TABLE 5
Difference in Asymmetry Between NORM and ACLR Groups During 90° Unplanned Cuta
Stance Phase,b %
Variable

Direction

Ground-reaction force, N/kg

Vertical
Medial
Flexion
Flexion

Knee angle sagittal, deg
Thorax-to-pelvis angle sagittal, deg

NORM

Start

End

Mean 6 SD

0
94
29
0

5
100
66
83

0.5
0.16
5.6
11.9

6
6
6
6

0.41
0.14
4
12.3

ACLR
95% CI

0.08-0.91
0.07-0.25
5.5-5.9
11.6-12.2

Mean 6 SD
1.08
0.31
9.1
7.4

6
6
6
6

0.61
0.15
2.3
1.7

95% CI

Effect Size

0.93-1.23
0.27-0.34
8-10.1
6.3-8.5

0.69
0.62
0.51
20.50

a

ACLR, anterior cruciate ligament reconstruction; NORM, normal.
Start and end: beginning and end percentage stance phase when the difference was greatest between limbs.

b

Figure 5. Difference in asymmetry during vertical GRF between the NORM and ACLR groups during 90° unplanned cut. The top
panel illustrates the mean and SD clouds for the ACLR (red) and non-ACLR (black) limbs in the ACLR group as a reference for the
movement. The second panel illustrates the mean absolute asymmetry and SD clouds for the NORM (black) and ACLR (red)
groups. The third panel illustrates the SPM{t}—the t statistic as a function of time describing the difference between the groups.
The dotted red line and shaded portion of the SPM curve indicate P \ .05 and that a significant difference exists between the
groups. The bottom panel illustrates the effect size as a function of time describing the magnitude of the effect. The dotted black
line and shaded portion of the bottom panel indicate an average Cohen d . 0.5, with orange indicating a medium effect size
throughout that phase. There was a difference in vertical GRF between 0% and 5% with greater asymmetry in the ACLR group.
ACLR, anterior cruciate ligament reconstruction; GRF, ground-reaction force; NORM, matched healthy cohort; SPM, statistical
parametric mapping.
Biomechanical asymmetries were reported across all
the jump tests, with most differences between groups
found in the sagittal plane. Differences in variables
between groups were over prolonged periods of stance
(eg, knee moments in the jump tests) or at the end of stance
(eg, medial GRF) rather than at specific discrete points in
the stance phase (ie, initial contact, peak knee flexion). The
identification of these variables at different phases of
stance highlights the importance of examining the entire
waveform rather than discrete points in this cohort. In
the DLDJ and SLDJ, the ACLR group demonstrated
greater asymmetry of GRF in all 3 planes than the
NORM group, with differences in vertical GRF through
a large part of the stance phase and with medial and posterior GRF during push-off (see Tables 1 and 2, Figure 1).

Previous research demonstrated reduced GRF on the
ACLR side versus the non-ACLR side 9 months after surgery.14,24,39 The increased asymmetry may reflect offloading of the ACLR limb beyond that which is normally
present because of insufficient rehabilitation. This was
suggested as a risk factor for primary ACL injury and
injury to the contralateral limb after ACLR.34-36 It was previously demonstrated that deficits in the ACLR limb, in the
quadriceps muscle group in particular, can lead to differences in vertical GRF and hip and knee moments in the sagittal plane between limbs.9,40 These greater asymmetries
in sagittal plane variables are evident in the DLDJ in
hip extension moments during the eccentric phase and
hip flexion angles and ankle plantarflexion moments at
the end of the stance phase during push-off. Similarly,
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there was greater asymmetry in the SLDJ between
groups in the sagittal plane in knee flexion angle, knee
extension moment, and ankle plantarflexion moment
through the stance phase and hip extension angle at the
end of the stance phase. Greater asymmetry in the posterior distance of the COM to the knee in the ACLR group
was found for the SLDJ and SLHD, with the SLHD also
demonstrating greater asymmetry in knee flexion angle,
hip extension moment, and ankle dorsiflexion angle during the eccentric phase in the ACLR group. The difference
in COM position to the knee between limbs after ACLR for
jump tests was demonstrated previously and suggested to
reflect compensation for quadriceps strength and extensor capacity in the ACLR limb.17 Given the consistent
presence of sagittal plane differences between groups for
all the jump tests, greater focus should be placed on this
during rehabilitation.
Between-group differences in asymmetry were also evident in the frontal and transverse planes. The DLDJ demonstrated greater asymmetry in internal knee valgus
moment and ankle external rotation moment through the
middle of the stance phase in the ACLR group as compared
with the NORM group. The SLHD also demonstrated
greater asymmetry in knee valgus moment in the ACLR
group during the eccentric phase of landing, although
there was greater asymmetry in the NORM group for
ankle eversion moment. Differences in knee valgus
moment between limbs after ACLR was demonstrated previously,30 and external knee valgus moment was suggested
to be a predictor of primary and secondary ACL injury and
commonly present in ACL injury mechanisms.2,13,36 The
combination of greater asymmetries in the ACLR group
and the variables where those asymmetries are evident
suggest insufficient rehabilitation to normal movement at
9 months after surgery and the potential for increased
injury risk to the ACLR limb or the non-ACLR limb.
Fewer differences in asymmetry were found for the 2
CoD tests than for the jump tests despite previous research
demonstrating between-limb differences during CoD 9
months after ACLR.5 This may be due to greater asymmetry
in the NORM group during CoD tests than jump tests, as
CoD tests are less constrained by their nature, resulting
in any differences with the ACLR group having smaller
effect sizes. Both CoD tests demonstrated larger asymmetry
in medial GRF at the end of the stance and vertical GRF at
the beginning of the stance for the ACLR group as compared
with the NORM group. Greater asymmetry of vertical GRF,
especially at initial contact when ACL injury most commonly occurs,20 may increase the injury risk for the ACLR
or non-ACLR limb.14 The asymmetry medial GRF later in
stance may have contributed to the differences in timed
CoD performance between groups for both CoD tests and
reflected deficits in push-off after ACLR. The planned CoD
demonstrated greater asymmetry in hip abduction moment
at initial contact in the ACLR group, and the unplanned
CoD demonstrated greater asymmetry in knee flexion
angle—both of which were associated with increased knee
loading and ACL injury mechanisms.2 The thorax-on-pelvis
flexion angle was the only variable that demonstrated
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greater asymmetry in the NORM group during unplanned
CoD. The greater difference between NORM and ACLR
asymmetries in the jump tests as compared with the CoD
tests suggests that jump testing may be more effective in
identifying differences in biomechanical asymmetry during
rehabilitation after ACLR.
The ability to regain symmetry of performance after
injury is often used as an assessment for readiness to RTP
after ACLR.11,21 Failure to reach appropriate levels of asymmetry was demonstrated to lead to an increased risk of
injury on return to sport.11,21,33 In this study, the largest difference in performance asymmetry between the ACLR and
NORM groups was in the SLDJ, with no difference in asymmetry of the SLHD jump length and with small effect size
differences in asymmetry time for both CoD tests. The
SLDJ was not included in previous studies examining outcomes after ACLR, whereas there is widespread use in clinical practice and ACL literature of the SLHD.11,18,21,29,37,42
Further research is required to assess the ability of the
SLDJ to predict successful outcome after rehabilitation.
The ability to compensate for deficits between limbs during
CoD was demonstrated previously27; therefore, examining
CoD times alone may not sufficiently assess the rehabilitation status of an athlete after ACLR. The presence of
medium and large differences in biomechanical asymmetry
despite small or no differences in performance asymmetry
between the groups suggests that biomechanical and
performance variables should both be included when
assessing restoration of normal function after ACLR. This
can be achieved in clinical practice through the use of
2-dimensional video analysis or force plate analysis, which
has increasing availability and affordability.
This study compared asymmetry between male athletes
after ACLR and the NORM cohort. The findings may be
different for other ACLR groups, such as females, nonmultidirectional field sports athletes, or young adolescent athletes, which reduces the generalizability of the results to
these cohorts. Given the potential differences in movement
strategies and levels of asymmetry in these cohorts, it was
thought that a more controlled analysis would be to focus
on a single-sex cohort. The relevance or importance of
the differences in asymmetry identified between the
groups on outcomes after ACLR is unknown. Although
some of the differences between groups had small to large
effect sizes, the magnitude of the differences for some variables was very small (ie, the difference in mean asymmetry of CoD time for both tests was 0.03 seconds), and the
meaningfulness of these small differences will have to be
explored further. Future studies should investigate the
influence of biomechanical asymmetries after ACLR on
RTP and reinjury outcomes and identify what normal
asymmetry is in healthy participants and its relationship
with ACL injury risk.

CONCLUSION
This study demonstrated differences in asymmetry of biomechanical and performance variables among ACLR
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patients 9 months after surgery as compared with the
NORM cohort. The ACLR group was more asymmetrical,
with asymmetry more prevalent in the jump than CoD
testing and related primarily to deficits in the sagittal
and frontal planes, suggesting incomplete restoration of
normal movement 9 months after ACLR. SLDJ performance demonstrated the largest effect size difference
between groups, with only small effect size differences in
CoD tests and none in the SLHD. This was despite medium
and large effect size differences in asymmetry of biomechanical variables across all tests. This study suggests
that the analysis of differences in magnitude of biomechanical asymmetry is an important consideration when assessing rehabilitation back to normal function after ACLR and
should be considered in future analysis of factors influencing outcomes such as RTP and reinjury.

The American Journal of Sports Medicine

12.

13.

14.

15.

16.

17.

ACKNOWLEDGMENT

18.

The authors thank Dr Katherine Daniels and Mark Jackson for their assistance in the recruitment and data collection of participants for this study. In addition, they thank
Sports Surgery Clinic, Dublin, and the Gaelic Players
Association for their roles in funding the study.

19.

20.

21.

REFERENCES
1. Abrams GD, Harris JD, Gupta AK, et al. Functional performance testing after anterior cruciate ligament reconstruction: a systematic
review. Orthop J Sports Med. 2014;2(1):2325967113518305.
2. Alentorn-Geli E, Myer GD, Silvers HJ, et al. Prevention of non-contact
anterior cruciate ligament injuries in soccer players. Part 1: mechanisms of injury and underlying risk factors. Knee Surg Sports Traumatol Arthrosc. 2009;17(7):705-729.
3. Ardern CL, Taylor NF, Feller JA, Webster KE. Fifty-five per cent return
to competitive sport following anterior cruciate ligament reconstruction surgery: an updated systematic review and meta-analysis including aspects of physical functioning and contextual factors. Br J
Sports Med. 2014;48(21):1543-1552.
4. Cabral S, Resende RA, Clansey AC, Deluzio KJ, Selbie WS, Veloso AP.
A global gait asymmetry index. J Appl Biomech. 2016;32(2):171-177.
5. Clarke SB, Kenny IC, Harrison AJ. Dynamic knee joint mechanics
after anterior cruciate ligament reconstruction. Med Sci Sports Exerc.
2015;47(1):120-127.
6. Cohen J. Statistical Power Analysis for the Behavioral Sciences. Hillsdale, NJ: Lawrence Erlbaum; 1988.
7. Decker MJ, Torry MR, Noonan TJ, Riviere A, Sterett WI. Landing
adaptations after ACL reconstruction. Med Sci Sports Exerc.
2002;34(9):1408-1413.
8. Dingenen B, Gokeler A. Optimization of the return-to-sport paradigm
after anterior cruciate ligament reconstruction: a critical step back to
move forward. Sports Med. 2017;47(8):1487-1500.
9. Goerger BM, Marshall SW, Beutler AI, Blackburn JT, Wilckens JH,
Padua DA. Anterior cruciate ligament injury alters preinjury lower
extremity biomechanics in the injured and uninjured leg: the JUMPACL study. Br J Sports Med. 2015;49(3):188-195.
10. Gokeler A, Hof AL, Arnold MP, Dijkstra PU, Postema K, Otten E.
Abnormal landing strategies after ACL reconstruction. Scand J
Med Sci Sports. 2010;20(1):e12-e19.
11. Grindem H, Snyder-Mackler L, Moksnes H, Engebretsen L, Risberg
MA. Simple decision rules can reduce reinjury risk by 84% after

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

ACL reconstruction: the Delaware-Oslo ACL cohort study. Br J
Sports Med. 2016;50(13):804-808.
Herrington L, Alarifi S, Jones R. Patellofemoral joint loads during running at the time of return to sport in elite athletes with ACL reconstruction. Am J Sports Med. 2017;45(12):2812-2816.
Hewett TE, Myer GD, Ford KR, et al. Biomechanical measures of
neuromuscular control and valgus loading of the knee predict anterior cruciate ligament injury risk in female athletes: a prospective
study. Am J Sports Med. 2005;33(4):492-501.
Jordan MJ, Aagaard P, Herzog W. Lower limb asymmetry in mechanical
muscle function: a comparison between ski racers with and without
ACL reconstruction. Scand J Med Sci Sports. 2015;25(3):e301-e309.
Kaur M, Ribeiro DC, Theis JC, Webster KE, Sole G. Movement patterns of the knee during gait following ACL reconstruction: a systematic review and meta-analysis. Sports Med. 2016;46(12):1869-1895.
King E, Richter C, Franklyn-Miller A, et al. Biomechanical but not
timed performance asymmetries persist between limbs 9 months
after ACL reconstruction during planned and unplanned change of
direction. J Biomech. 2018;81:93-103.
King E, Richter C, Franklyn-Miller A, et al. Whole-body biomechanical differences between limbs exist 9 months after ACL reconstruction across
jump/landing tasks. Scand J Med Sci Sports. 2018;28(12):2567-2578.
Knezevic OM, Mirkov DM, Kadija M, Milovanovic D, Jaric S. Evaluation of isokinetic and isometric strength measures for monitoring
muscle function recovery after anterior cruciate ligament reconstruction. J Strength Cond Res. 2014;28(6):1722-1731.
Kristianslund E, Krosshaug T, van den Bogert AJ. Effect of low pass
filtering on joint moments from inverse dynamics: implications for
injury prevention. J Biomech. 2012;45(4):666-671.
Krosshaug T, Nakamae A, Boden BP, et al. Mechanisms of anterior
cruciate ligament injury in basketball: video analysis of 39 cases.
Am J Sports Med. 2007;35(3):359-367.
Kyritsis P, Bahr R, Landreau P, Miladi R, Witvrouw E. Likelihood of
ACL graft rupture: not meeting six clinical discharge criteria before
return to sport is associated with a four times greater risk of rupture.
Br J Sports Med. 2016;50(15):946-951.
Lepley LK. Deficits in quadriceps strength and patient-oriented outcomes at return to activity after ACL reconstruction: a review of the
current literature. Sports Health. 2015;7(3):231-238.
Marshall BM, Franklyn-Miller AD, King EA, Moran KA, Strike SC, Falvey EC. Biomechanical factors associated with time to complete
a change of direction cutting maneuver. J Strength Cond Res.
2014;28(10):2845-2851.
Mohammadi F, Salavati M, Akhbari B, Mazaheri M, Mohsen Mir S,
Etemadi Y. Comparison of functional outcome measures after ACL
reconstruction in competitive soccer players: a randomized trial.
J Bone Joint Surg Am. 2013;95(14):1271-1277.
Myer GD, Martin L Jr, Ford KR, et al. No association of time from surgery with functional deficits in athletes after anterior cruciate ligament
reconstruction: evidence for objective return-to-sport criteria. Am J
Sports Med. 2012;40(10):2256-2263.
Myer GD, Paterno MV, Ford KR, Quatman CE, Hewett TE. Rehabilitation after anterior cruciate ligament reconstruction: criteria-based
progression through the return-to-sport phase. J Orthop Sports
Phys Ther. 2006;36(6):385-402.
Myer GD, Schmitt LC, Brent JL, et al. Utilization of modified NFL
combine testing to identify functional deficits in athletes following
ACL reconstruction. J Orthop Sports Phys Ther. 2011;41(6):377-387.
Myklebust G, Bahr R. Return to play guidelines after anterior cruciate
ligament surgery. Br J Sports Med. 2005;39(3):127-131.
Narducci E, Waltz A, Gorski K, Leppla L, Donaldson M. The clinical
utility of functional performance tests within one-year post–ACL
reconstruction: a systematic review. Int J Sports Phys Ther.
2011;6(4):333-342.
Oberlander KD, Bruggemann GP, Hoher J, Karamanidis K. Altered
landing mechanics in ACL-reconstructed patients. Med Sci Sports
Exerc. 2013;45(3):506-513.
Orishimo KF, Kremenic IJ, Mullaney MJ, McHugh MP, Nicholas SJ.
Adaptations in single-leg hop biomechanics following anterior

AJSM Vol. 47, No. 5, 2019

32.

33.

34.

35.

36.

37.

38.

cruciate ligament reconstruction. Knee Surg Sports Traumatol
Arthrosc. 2010;18(11):1587-1593.
Pataky TC, Vanrenterghem J, Robinson MA. Zero- vs onedimensional, parametric vs non-parametric, and confidence interval
vs hypothesis testing procedures in one-dimensional biomechanical
trajectory analysis. J Biomech. 2015;48(7):1277-1285.
Paterno MV, Ford KR, Myer GD, Heyl R, Hewett TE. Limb asymmetries in landing and jumping 2 years following anterior cruciate ligament reconstruction. Clin J Sport Med. 2007;17(4):258-262.
Paterno MV, Rauh MJ, Schmitt LC, Ford KR, Hewett TE. Incidence of
contralateral and ipsilateral anterior cruciate ligament (ACL) injury
after primary ACL reconstruction and return to sport. Clin J Sport
Med. 2012;22(2):116-121.
Paterno MV, Rauh MJ, Schmitt LC, Ford KR, Hewett TE. Incidence of
second ACL injuries 2 years after primary ACL reconstruction and
return to sport. Am J Sports Med. 2014;42(7):1567-1573.
Paterno MV, Schmitt LC, Ford KR, et al. Biomechanical measures
during landing and postural stability predict second anterior cruciate
ligament injury after anterior cruciate ligament reconstruction and
return to sport. Am J Sports Med. 2010;38(10):1968-1978.
Petersen W, Zantop T. Return to play following ACL reconstruction:
survey among experienced arthroscopic surgeons (AGA instructors).
Arch Orthop Trauma Surg. 2013;133(7):969-977.
Ramsey JO. Functional Data Analysis. Hoboken, NJ: John Wiley &
Sons; 2006.

Asymmetry in Biomechanics After ACLR 1185

39. Schmitt LC, Paterno MV, Ford KR, Myer GD, Hewett TE. Strength
asymmetry and landing mechanics at return to sport after anterior
cruciate ligament reconstruction. Med Sci Sports Exerc. 2015;47(7):
1426-1434.
40. Schmitt LC, Paterno MV, Hewett TE. The impact of quadriceps femoris strength asymmetry on functional performance at return to sport
following anterior cruciate ligament reconstruction. J Orthop Sports
Phys Ther. 2012;42(9):750-759.
41. Thomee R, Kaplan Y, Kvist J, et al. Muscle strength and hop performance criteria prior to return to sports after ACL reconstruction.
Knee Surg Sports Traumatol Arthrosc. 2011;19(11):1798-1805.
42. Thomee R, Neeter C, Gustavsson A, et al. Variability in leg muscle
power and hop performance after anterior cruciate ligament reconstruction. Knee Surg Sports Traumatol Arthrosc. 2012;20(6):1143-1151.
43. Xergia SA, Pappas E, Zampeli F, Georgiou S, Georgoulis AD. Asymmetries in functional hop tests, lower extremity kinematics, and isokinetic
strength persist 6 to 9 months following anterior cruciate ligament
reconstruction. J Orthop Sports Phys Ther. 2013;43(3):154-162.
44. Zifchock RA, Davis I, Higginson J, Royer T. The symmetry angle:
a novel, robust method of quantifying asymmetry. Gait Posture.
2008;27(4):622-627.
45. Zwolski C, Schmitt LC, Quatman-Yates C, Thomas S, Hewett TE,
Paterno MV. The influence of quadriceps strength asymmetry on
patient-reported function at time of return to sport after anterior cruciate ligament reconstruction. Am J Sports Med. 2015;43(9):2242-2249.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav.

