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Effect of dual task on gait 
asymmetry in patients after 
anterior cruciate ligament 
reconstruction
Huijuan Shi1,3, Hongshi Huang1, Yuanyuan Yu  1, Zixuan Liang1, Si Zhang1, Bing Yu2, Hui Liu3 
& Yingfang Ao1

Individuals who received anterior cruciate ligament (ACL) reconstruction surgeries demonstrated 
lower extremity movement asymmetries. The purpose of this study was to determine if psychological 
impairment was a contributor to lower extremity movement asymmetries in walking for individuals 
who received ACL reconstruction surgeries. Three-dimensional videographic and force plate data were 
collected for 25 males after unilateral ACL reconstruction performing walking without (single-task 
condition) and with the concurrent cognitive task (dual-task condition). Both uninjured and injured 
legs had significantly smaller peak knee flexion angle and peak knee extension moment during loading 
response and mid-stance phases in dual-task condition compared to single task condition (P ≤ 0.012). 
Walking condition and leg had significant interaction effects on peak hip adduction angle during mid-
stance phase (P = 0.042) and peak hip abduction moment during loading response phase (P = 0.048). 
The inter-leg difference of peak hip adduction angle during mid-stance (P = 0.038) and terminal stance 
(P = 0.036) phases, and peak hip abduction moment during loading response phase (P = 0.024) were 
significantly decreased in dual-task condition compared to single-task condition. Psychological factors 
have significant effects on post-operative movements of both injured and uninjured knees of individuals 
who received ACL reconstruction surgery. Although physical factors may be primary contributors to the 
post-operative lower extremity movement asymmetries, psychological factors also contribute to the 
post-operative hip movement asymmetries.

Anterior cruciate ligament (ACL) reconstruction is a commonly surgical procedure to restore knee functions 
after an ACL injury1. Approximately 175000 ACL reconstruction surgeries were performed in the United States 
annually2. Although ACL reconstruction surgeries restored knee stability, studies repeatedly reported high ACL 
re-injury rates and early development of knee osteoarthritis (OA) after ACL reconstruction. Literatures showed 
that up 12% of patients with reconstructed ACLs had ACL re-injury3,4 and the prevalence of radiographic knee 
OA of patients with combined ACL and meniscal injuries in 10 to 15 years follow-up after ACL reconstruction 
were 80%5.

Lower extremity movement asymmetries were found to be predictive of ACL re-injury and knee OA after ACL 
reconstruction6–8. Literature showed that athletes with multiplane biomechanical asymmetries at hip and knee at 
the time of return to sport were at least three times more likely to have ACL re-injury within one year compared 
to those without these asymmetries7. Literature also showed that asymmetrical lower extremity loading altered 
chondrocyte synthesis and catabolic activities, which could lead to structural damage of articular cartilage and 
may accelerate the development of knee OA9–11.

Weak quadriceps strength was identified as a primary contributor to lower extremity movement asym-
metries after ACL reconstruction surgery. Studies showed that impaired quadriceps strength was correlated to 
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altered movement patterns of injured leg after ACL reconstruction surgery12,13. Patients with quadriceps strength 
asymmetry demonstrated increased asymmetry in lower extremity kinetics in functional activities compared to 
patients with quadriceps strength symmetry14,15. These studies appear to indicate impaired quadriceps strength 
was the contributor to lower extremity movement asymmetries after ACL reconstruction. A study by Roewer 
et al., however, showed that asymmetric knee angles, knee moments, and hip power still existed despite sub-
jects achieving symmetric quadriceps strength after ACL reconstruction16. Lentz et al. also reported that despite 
quadriceps strength was improved from 6 months to 1 year, functional limitations remained unchanged17. These 
studies indicated that quadriceps strength deficit was not the only contributor to lower extremity movement 
asymmetries.

In addition to physical impairments, psychological impairments could also contribute to lower extremity 
movement asymmetries after ACL reconstruction. Movement asymmetries after ACL reconstruction surgery 
may be due to patients’ preference of using their uninjured leg, which could put the contralateral leg at high risk 
for injury18. A meta-analysis of the state of play revealed that fear for re-injury was the most common reason for 
post-operative reduction in or cessation of sports participation19. A study on psychological changes of patients 
who received ACL reconstruction surgery found that patients who returned to the competitive sport at 12 months 
after the surgery had more positive psychological responses to sports participation at 6 and 12 months after the 
surgery compared to patients who had not returned to competitive sport20. Although these studies indicated that 
psychological impairments may contribute to patients’ movement asymmetries after ACL reconstruction surgery, 
the effect of psychological impairment on lower extremity movement asymmetries has not been confirmed yet.

The purpose of this study was to determine if psychological impairment was a contributor to lower extremity 
movement asymmetries in walking for individuals who received ACL reconstruction surgeries. We hypothesized 
that there would be a quadriceps strength asymmetry after ACL reconstruction surgery. We also hypothesized 
that there would be asymmetries in hip and knee angles and moments in walking after ACL reconstruction sur-
gery. We further hypothesized that asymmetries of hip and knee angles and moments would be decreased when 
walking with a cognitive task compared to walking without the cognitive task.

Methods
Participants. Twenty-five males who received unilateral ACL reconstruction using hamstring tendon auto-
graft within 10 months before the study (age = 32 ± 8.2 years, height = 1.75 ± 0.07 m, weight = 84.9 ± 12.3 kg, 
7.4 ± 1.3 months past reconstruction) volunteered to participate in this study. All participants had isolated ACL 
injury without other ligament and meniscus injuries that needed to be repaired with a resection or suture, or 
moderate or severe articular cartilage damage to the patellofemoral and tibiofemoral joint, or other current ortho-
paedic injuries or disorders that were still affecting lower extremity movements. All participants went through 
similar post-operative home-based rehabilitation programs and had normal knee range of motion at the time of 
participating in the study. The mean International Knee Documentation Committee (IKDC) score of the partic-
ipants was 67.4 ± 11.4. The use of human subjects in this study was approved by the Institutional Review Board 
of Peking University Third Hospital. All participants read and signed a written informed consent before data 
collection.

Protocol. Each participant was asked to wear a pair of black spandex shorts. Passive reflective markers were 
placed bilaterally at the anterior superior iliac spine, posterior superior iliac spine, lateral thigh, lateral femoral 
condyle, medial femoral condyle, anterior superior shank, anterior inferior shank, lateral malleoli, medial malle-
oli, heel, and first and fifth metatarsophalangeal. The participant was instructed to walk with barefoot in two 
conditions: (1) without cognitive task (single-task condition), and (2) with concurrent cognitive task (dual-task 
condition). In single-task condition, the participant walked along a 10-m walkway at self-selected walking speed. 
In dual-task condition, the participant walked along the walkway while backward counting numbers with an 
increment of seven starting from a randomly given number between 125 and 250. In dual-task condition, par-
ticipants immediately initiated the walking task at their preferred speed once they heard the number read by the 
investigator and kept counting out loudly as required without repeating the given number. Participants were 
asked to count as fast as possible while walking task. A 5 min rest was requested between single-task and dual-task 
test. The order of conditions was randomized for the participant. Quadriceps strength was evaluated for the par-
ticipant after walking test.

Data Collection. Three-dimensional (3-D) trajectories of the reflective markers were collected using an 
8-camera motion capture system (VICON, Oxford, UK) at a sample rate of 100 Hz. Ground-reaction force signals 
were collected using two embedded force plates (AMTI, Watertown, Massachusetts) at a sample rate of 1000 Hz. 
Each participant was asked to have three successful trials for each condition. A successful trial was defined as a 
trial in which the participant performed the task as required, and all kinematic and kinetic data were collected.

Quadriceps isometric strength was quantified with an isokinetic dynamometer (CON-TREX MJ; Germany) 
during a maximum voluntary isometric contraction (MVIC). The participant was seated with a hip flexed at 90° 
and knee flexed at 60°. The lateral femoral condyle was aligned with the dynamometer axis, and the dynamometer 
resistance pad was secured to the anterior aspect of the distal shank. After correcting for leg weight, the partici-
pant was asked to perform submaximal practice to familiarize themselves with the testing apparatus. After famil-
iarization of testing apparatus, the participant was asked to have three recorded maximum-effort trials (5 seconds 
in duration, 60 seconds’ rest between trials) for each leg with uninjured leg tested first.

Data Reduction. The raw 3-D trajectories of the reflective markers were filtered through a Butterworth 
low-pass digital filter at an estimated optional cut-off frequency of 10 Hz21. Kinematics and kinetics variables 
were calculated using Visual 3D software (C-Motion Inc., Germantown, Maryland, USA). Hip and knee joint 
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angles were calculated as Cardan angles of distal segment reference frame relative to the proximal segment refer-
ence frame in an order of (1) flexion-extension, (2) abduction-adduction, and (3) internal-external rotation. Joint 
moments were calculated through an inverse dynamic approach and transferred into the distal segment reference 
frame. Joint moments and quadriceps strength were normalized to the production of body weight and standing 
height.

Three phases, loading response phase, mid-stance phase, and terminal stance phase, during walking were ana-
lyzed (Fig. 1). Knee range of motion, hip range of motion, peak hip adduction angle, peak hip and knee abduction 
moment during loading response phase, mid-stance phase, and terminal stance phase, peak knee flexion angle, 
peak knee extension moment, peak knee adduction angle during loading response and mid-stance phases, min-
imum hip flexion angle, peak hip extension moment during loading response phase, peak hip flexion moment 
during mid-stance and terminal stance phases, peak hip extension angle and peak knee flexion moment during 
terminal stance phase, and walking speed were identified for each subject in each trial. Walking speed was cal-
culated using

=Walking Speed L T/stride length cycle time

where Lstride length was the forward distance of heel marker between successive heel contacts of the same foot, Tcycle time  
was the time between the first contacts of 2 consecutive footfalls of the same foot.

The inter-leg difference (ILD) between injured and uninjured legs was also calculated for joint angles and 
moments as described in literature22

= −ILD Y Yuninjured leg injured leg

where Yuninjured leg and Yinjured leg were magnitudes of a given joint angle or moment of uninjured leg and injured leg.

Data Analysis. Paired t-test was performed to compare the walking speed between single-task and dual-task 
conditions and isometric quadriceps strength between injured and uninjured legs. Two-way analyses of variance 
(ANOVA) with repeated measures were performed to compare the kinematic and kinetic variables of interest 
between conditions (single-task and dual-task conditions) and legs (injured leg and uninjured leg). In case a 
significant interaction effect of condition and leg was detected, paired t-tests were performed to compare the 
dependent variables between legs in a given condition and between conditions on a given leg. Paired t-tests were 
performed to compare the ILD between single-task and dual-task conditions. All statistical analyses were per-
formed using SPSS computer program package, version 16.0 (SPSS Inc., Chicago, IL, USA). A type I error rate less 
than or equal to 0.05 was considered as the indication of statistical significance.

Results
Walking speed in dual task condition (1.15 ± 0.13 m/s) was significantly lower than that in single task condition 
(1.24 ± 0.14 m/s) (P = 0.003). The quadriceps strength of injured leg (0.096 ± 0.028 BW × BH) was significantly 
smaller than that of uninjured leg (0.129 ± 0.028 BW × BH) (P = 0.001).

No significant interaction effect of condition and leg on knee angular kinematics were detected (P ≥ 0.162). 
Injured leg had smaller peak knee flexion angle during loading response and mid-stance phases compared 
to uninjured leg (P = 0.004, P = 0.005) (Table 1). Injured leg also had smaller knee range of motion during 
mid-stance and terminal stance phases compared to uninjured leg (P = 0.001, P = 0.001) (Table 1). Both unin-
jured and injured legs had significantly smaller peak knee flexion angle during loading response and mid-stance 
phases in dual-task condition compared to single task condition (P = 0.002, P = 0.009) (Table 1). Also, both unin-
jured and injured legs had significantly smaller knee range of motion during loading response and mid-stance 

Figure 1. Three phases during walking. Four major events (Initial contact, opposite toe off, heel rise, opposite 
initial contact) subdivide corresponding phase into three periods (Loading response phase, mid-stance phase, 
and terminal stance phase) in this study.



www.nature.com/scientificreports/

4SCIeNTIfIC RepoRts |  (2018) 8:12057  | DOI:10.1038/s41598-018-30459-w

phases in dual-task condition compared to single task condition (P = 0.006, P = 0.002) (Table 1). ILD for knee 
range of motion during terminal stance phase was significantly increased in dual-task condition compared to 
single-task condition (P = 0.017).

No significant interaction effects of condition and leg on knee moments were detected (P ≥ 0.193). Injured 
leg had smaller peak knee flexion moment during terminal stance phase compared to uninjured leg (P = 0.001) 
(Table 2). Both uninjured and injured legs had significantly smaller peak knee extension moment during loading 
response and mid-stance phases in dual-task condition compared to single-task condition (P = 0.012, P = 0.001) 
(Table 2). Also, both uninjured and injured legs had significantly smaller peak knee abduction moment during 
mid-stance phase in dual-task condition compared to single-task condition (P = 0.001) (Table 2).

A significant interaction effect of condition and leg on peak hip adduction angle during mid-stance phase 
was detected (P = 0.042). Injured leg had significant smaller peak hip adduction angle during mid-stance phase 
compared to uninjured leg in single-task condition (P = 0.050) while no significant difference was found in this 
variable between legs in dual-task condition (P = 0.256) (Table 3). Both uninjured and injured legs had signifi-
cantly smaller peak hip adduction angle during mid-stance phase in dual-task condition compared to single-task 
condition (P = 0.001, P = 0.009) (Table 3). ILD for peak hip adduction angle during mid-stance phase was signif-
icantly decreased in dual-task condition compared to single-task condition (P = 0.038) (Table 3).

No significant interaction effects of condition and leg on other hip angular kinematics were detected 
(P ≥ 0.055). Injured leg had smaller minimum hip flexion angle during loading response phase compared to 
uninjured leg (P = 0.004) (Table 3). Injured leg had greater hip range of motion during loading response phase 
compared to uninjured leg (P = 0.031) (Table 3). Injured leg had greater hip extension angle during terminal 
stance phase compared to uninjured leg (P = 0.034) (Table 3). Injured leg also had smaller peak hip adduction 
angle during terminal stance phase compared to uninjured leg (P = 0.050) (Table 3). Both uninjured and injured 
legs had significantly smaller minimum hip flexion angle during loading response phase in dual-task condition 
compared to single task condition (P = 0.002) (Table 3). Also, both uninjured and injured legs had significantly 
smaller hip range of motion during loading response and mid-stance phases in dual-task condition compared to 

Variable Leg Single-task Dual-task P-value

Peak knee flexion angle during 
loading response phase

Uninjured 16.4 ± 8.1 15.4 ± 7.7
0.002

Injured 13.4 ± 6.7 11.9 ± 7.1

P-value 0.004

ILD 3.0 ± 5.2 3.5 ± 5.1 0.396

Knee range of motion during 
loading response phase

Uninjured 11.7 ± 4.5 10.8 ± 4.1
0.006

Injured 10.2 ± 4.3 9.1 ± 3.8

P-value 0.053

ILD 1.5 ± 4.1 1.7 ± 3.9 0.302

Peak knee adduction angle 
during loading response phase

Uninjured 1.1 ± 1.9 1.0 ± 1.9
0.802

Injured 1.3 ± 1.9 1.5 ± 2.4

P-value 0.383

ILD −0.1 ± 1.9 −0.5 ± 1.8 0.181

Peak knee flexion angle during 
mid-stance phase

Uninjured 16.8 ± 8.0 15.6 ± 7.7
0.009

Injured 13.6 ± 6.9 12.2 ± 7.3

P-value 0.005

ILD 3.1 ± 5.3 3.4 ± 5.4 0.405

Knee range of motion during 
mid-stance phase

Uninjured 10.2 ± 4.4 9.3 ± 4.7
0.002

Injured 6.7 ± 3.1 5.4 ± 2.9

P-value 0.001

ILD 3.5 ± 3.7 3.8 ± 4.5 0.442

Peak knee adduction angle 
during mid-stance phase

Uninjured 1.1 ± 2.0 1.1 ± 1.8
0.745

Injured 1.2 ± 2.2 1.2 ± 2.3

P-value 0.668

ILD −0.2 ± 2.0 −0.2 ± 1.8 0.354

Minimum knee flexion angle 
during terminal stance phase

Uninjured 5.2 ± 4.4 5.3 ± 4.7
0.916

Injured 6.4 ± 5.0 6.3 ± 5.9

P-value 0.254

ILD −1.2 ± 4.1 −0.9 ± 4.9 0.306

Knee range of motion during 
terminal stance phase

Uninjured 7.5 ± 2.0 7.5 ± 2.1
0.139

Injured 5.5 ± 2.1 5.0 ± 2.5

P-value 0.001

ILD 2.0 ± 1.9 2.5 ± 2.0 0.017

Table 1. Knee angles (mean ± standard deviation) (degrees) and inter-leg difference (ILD) of injured and 
uninjured leg.
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single task condition (P = 0.032, P = 0.001) (Table 3). Similarly, both uninjured and injured legs had significantly 
smaller peak hip adduction angle during loading response and terminal stance phases in dual-task condition 
compared to single task condition (P = 0.003, P = 0.037) (Table 3). Both uninjured and injured legs had signifi-
cantly smaller peak hip extension angle during terminal stance phase in dual-task condition compared to single 
task condition (P = 0.010) (Table 3). ILD for peak hip adduction angle during terminal phase was significantly 
decreased in dual-task condition compared to single-task condition (P = 0.036).

A significant interaction effect of condition and leg on peak hip abduction moment during loading response 
phase was detected (P = 0.048). Injured leg had significantly smaller peak hip abduction moment during loading 
response phase compared to uninjured leg in both single task and dual task condition (P = 0.034, P = 0.004) 
(Table 4). Uninjured leg had significant smaller peak hip abduction moment during loading response phase in 
dual-task condition compared to single-task condition (P = 0.009) while injured leg had no significant difference 
in this variable between conditions (P = 0.159) (Table 4). The ILD for peak hip abduction moment during loading 
response phase was significantly decreased in dual-task condition compared to single-task condition (P = 0.024).

No significant interaction effects of condition and leg on other hip moments were detected (P ≥ 0.214). Injured 
leg had smaller peak hip abduction moment during mid-stance phase compared to uninjured leg (P = 0.023) 
(Table 4). Both uninjured and injured legs had significantly smaller peak hip extension moment during load-
ing response phase in dual-task condition compared to single task condition (P = 0.045) (Table 4). Also, both 
uninjured and injured legs had significantly smaller peak hip flexion moment during terminal stance phase in 
dual-task condition compared to single task condition (P = 0.001) (Table 4). Both uninjured and injured legs 
had significantly smaller peak hip abduction moment during mid-stance phase in dual-task condition compared 
to single task condition (P = 0.001) (Table 4). No difference was found in ILD for other hip moments between 
single-task and dual-task condition (P ≥ 0.078) (Table 4).

Discussion
The results of this study support our hypothesis that there would be a quadriceps strength asymmetry after ACL 
reconstruction surgery. The decreased quadriceps strength of injured leg in this study was consistent with the 
quadriceps strength asymmetries reported in literatures22–24. These results of this study combined with the lit-
eratures indicated that participants in this study indeed had quadriceps asymmetries as defined in literatures. 
A previous study demonstrated that increased quadriceps strength was associated with increased knee carti-
lage and greater cartilage cross-sectional area25, indicating quadriceps weakness as a possible contributor to the 

Variable Leg Single-task Dual-task P-value

Peak knee extension moment during 
loading response phase

Uninjured 3.26 ± 1.45 2.95 ± 1.26
0.012

Injured 2.75 ± 1.13 2.59 ± 0.95

P-value 0.060

ILD 0.51 ± 1.21 0.36 ± 1.02 0.482

Peak knee adduction moment during 
loading response phase

Uninjured 1.00 ± 0.94 0.94 ± 0.95
0.614

Injured 0.93 ± 0.79 0.91 ± 0.86

P-value 0.798

ILD 0.06 ± 1.14 0.03 ± 0.96 0.138

Peak knee abduction moment during 
loading response phase

Uninjured 2.14 ± 0.54 2.04 ± 0.56
0.155

Injured 1.87 ± 0.44 1.82 ± 0.58

P-value 0.093

ILD 0.27 ± 0.69 0.22 ± 0.71 0.434

Peak knee extension moment during 
mid-stance phase

Uninjured 3.32 ± 1.52 2.91 ± 1.35
0.001

Injured 2.92 ± 1.34 2.57 ± 1.35

P-value 0.130

ILD 0.40 ± 1.11 0.34 ± 1.27 0.120

Peak knee abduction moment during 
mid-stance phase

Uninjured 2.32 ± 0.54 2.20 ± 0.49
0.001

Injured 2.11 ± 0.52 1.97 ± 0.58

P-value 0.134

ILD 0.21 ± 0.76 0.23 ± 0.69 0.187

Peak knee flexion moment during 
terminal stance phase

Uninjured 1.15 ± 0.75 1.04 ± 0.68
0.170

Injured 0.31 ± 0.67 0.32 ± 0.80

P-value 0.001

ILD 0.84 ± 0.84 0.71 ± 0.91 0.226

Peak knee abduction moment during 
terminal stance phase

Uninjured 2.10 ± 0.70 1.99 ± 0.64
0.060

Injured 1.83 ± 0.72 1.76 ± 0.72

P-value 0.117

ILD 0.27 ± 0.80 0.23 ± 0.75 0.232

Table 2. Knee moments (mean ± standard deviation) (BW * BH * 10−2) and inter-leg difference (ILD) of 
injured and uninjured leg.
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development of knee osteoarthritis of individuals received ACL reconstruction surgeries. Extended rehabilitation 
programs, therefore, are needed to correct quadriceps strength asymmetry after ACL reconstruction surgery to 
minimize the risk of early knee osteoarthritis.

The results of this study support our hypothesis that there would be asymmetries in hip and knee motion 
patterns in walking after ACL reconstruction surgery. The decreased peak knee flexion angle during the loading 
response phase of injured leg observed in this study is consistent with literatures26–28. These results suggested that 
individuals who received ACL reconstruction surgeries tended to walk with increased leg stiffness29. The results 
of this study further showed that injured leg had smaller peak knee flexion moment during terminal stance 
phase while having no significant difference in peak knee abduction moments during mid-stance and terminal 
stance phases between injured and uninjured legs, which is also consisitent with literature30,31. Literatures show 
that knee moment in the sagittal plane is positively correlated with medial femoral cartilage thickness in healthy 
individuals32, and that approximately 85% of the mechanical work during gait is done in the sagittal plane33. The 
sagittal-plane moments appears to be more revelant to the knee joint degeneration after ACL reconstruction 
surgery than peak knee abduction moment. The results of current study also showed that injured leg had smaller 
peak hip abduction moment during the mid-stance phase compared to uninjured leg while having no signifi-
cant difference in peak hip abduction moment during terminal stance phase. The decreased peak hip abduction 
moment in the mid-stance phase in this study was likely due to weaker hip abductors. Hip abductors assist in 
stabilizing pelvis in the frontal plane. Ipsilateral hip abductor weakness may cause the pelvis to drop towards the 
contralateral swing leg34. A recent study showed that patients who develop medial compartment knee OA within 
5 years after ACL reconstruction surgery walked with asymmetrically lower peak hip abduction moments com-
pared to those who did not develop knee OA at 5 years35. These results combined together suggested that altered 
hip movement patterns in the frontal plane may be a vital predictor to initiate knee degeneration and may need 
to be addressed during rehabilitation.

The results of this study partially support our hypothesis that asymmetries of hip and knee angular kinematics 
and moments would be decreased when walking with a cognitive task compared to walking without the cognitive 

Variable Leg Single-task Dual-task P-value

Minimum hip flexion angle 
during loading response phase

Uninjured 21.9 ± 6.3 20.7 ± 5.8
0.002

Injured 20.0 ± 5.6 18.6 ± 5.4

P-value 0.004

ILD 1.9 ± 3.0 2.1 ± 3.5 0.153

Hip range of motion during 
loading response phase

Uninjured 4.2 ± 2.3 4.8 ± 2.4
0.032

Injured 5.3 ± 2.7 5.7 ± 2.8

P-value 0.031

ILD −1.0 ± 2.2 −0.9 ± 2.2 0.162

Peak hip adduction angle during 
loading response phase

Uninjured 8.2 ± 2.9 7.4 ± 2.7
0.003

Injured 7.1 ± 3.6 6.6 ± 3.5

P-value 0.152

ILD 1.1 ± 3.3 0.8 ± 3.1 0.239

Hip range of motion during 
mid-stance phase

Uninjured 23.1 ± 3.7 21.4 ± 4.4
0.001

Injured 22.1 ± 3.2 20.1 ± 3.7

P-value 0.083

ILD 1.1 ± 3.1 1.3 ± 4.0 0.412

Peak hip adduction angle 
during mid-stance phase

Uninjured 9.1 ± 2.6 8.0 ± 2.5 <0.001

Injured 7.8 ± 3.5 7.2 ± 3.5 0.009

P-value 0.050 0.256

ILD 1.2 ± 3.1 0.7 ± 3.1 0.038

Peak hip extension angle during 
terminal stance phase

Uninjured 12.3 ± 4.5 11.7 ± 4.8
0.010

Injured 13.6 ± 4.3 13.1 ± 4.9

P-value 0.034

ILD −1.3 ± 2.6 −1.4 ± 3.4 0.115

Hip range of motion during 
terminal stance phase

Uninjured 11.0 ± 2.3 11.1 ± 1.7
0.928

Injured 11.5 ± 2.6 11.6 ± 3.3

P-value 0.384

ILD −0.5 ± 2.9 −0.5 ± 3.1 0.345

Peak hip adduction angle during 
terminal stance phase

Uninjured 6.8 ± 2.3 6.3 ± 2.3
0.037

Injured 5.6 ± 2.5 5.5 ± 2.6

P-value 0.050

ILD 1.2 ± 2.3 0.8 ± 2.5 0.036

Table 3. Hip angles (mean ± standard deviation) (degrees) and inter-leg difference (ILD) of injured and 
uninjured leg.
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task. Interaction effects of condition and leg on hip adduction angles and abduction moments and decreased 
corresponding ILDs observed this study suggested that asymmetries of hip movements in the frontal plane was 
decreased while walking in dual task condition. No similar results were obtained for knee angles and moments. 
Baumeister et al. reported that patients after ACL reconstruction surgery increased brain activation in atten-
tional and sensory areas during force reproduction task compared to the healthy control group, which reflect an 
increased focused attention and therefore an increased neurocognitive involvement36. According to the limited 
capacity theory of attention, when an attention-demanding cognitive task imposed on an attention-demanding 
task, concurrent execution of both tasks may require more attentional capacity than the existing capacity and 
therefore one or both tasks could not have sufficient attention37. Walking while performing a cognitive task 
decreased attention distribution to walking in the dual task condition compared to single task condition in this 
study. In this situation, the decreased ILD should be considered as a result of decreased psychological effects on 
asymmetries of walking. These results, therefore, indicate that psychological as well as physical factors contribute 
to movement asymmetries post ACL reconstruction surgeries.

Although the asymmetries of knee angular kinematics and moments were not decreased while walking with 
a cognitive task, post-operative knee movements of patients who received ACL reconstruction surgery were still 
affected by psychological factors. The results of this study showed that participants significantly decreased their 
knee angles and moments while walking with a cognitive task. A study showed that healthy individuals prior-
itized gait control at the cost of performance of the cognitive task in dual task condition, while patients with 
Parkinson’s disease prioritized performance of the cognitive task at the cost of performance of gait38. Considering 
these results, although we don’t know the cost of the performance of the cognitive task when participants walk-
ing in dual task condition in current study, the results of current study indicated that performing cognitive task 
while walking was indeed at the cost of the performance of gait for individuals who received ACL reconstruction 
surgery, which is similar to that of patients with Parkinson’s disease, but different from that of healthy individuals. 
This means that psychological factors still affect post-operative gait for individuals who received ACL reconstruc-
tion surgeries, but this effect may be similar for both injured and uninjured legs.

Psychological factors might have different influence on post-operative hip and knee movement patterns in 
walking for individuals who received ACL reconstruction surgeries. The results of this study showed that ILDs 
of hip angular kinematics and moments in the frontal plane were decreased in dual task condition compared to 
single task condition, while ILDs of knee angular kinematics and moments were essentially the same between 

Variable Leg Single-task Dual-task P-value

Peak hip extension moment 
during loading response phase

Uninjured 7.21 ± 3.38 6.52 ± 2.99
0.045

Injured 6.91 ± 2.79 6.40 ± 3.05

P-value 0.660

ILD 0.29 ± 2.67 0.12 ± 2.19 0.357

Peak hip adduction moment 
during loading response phase

Uninjured 1.68 ± 1.43 1.59 ± 1.60
0.860

Injured 1.27 ± 0.96 1.31 ± 1.15

P-value 0.228

ILD 0.40 ± 1.60 0.30 ± 1.29 0.408

Peak hip abduction moment 
during loading response phase

Uninjured 4.88 ± 0.96 4.56 ± 1.26 0.009

Injured 4.08 ± 0.83 3.94 ± 0.85 0.159

P-value 0.032 0.004

ILD 0.80 ± 1.22 0.62 ± 1.33 0.024

Peak hip flexion moment during 
mid-stance phase

Uninjured 1.31 ± 0.69 1.23 ± 0.66
0.332

Injured 1.39 ± 0.74 1.29 ± 0.80

P-value 0.500

ILD −0.08 ± 0.66 −0.06 ± 0.52 0.094

Peak hip abduction moment 
during mid-stance phase

Uninjured 5.16 ± 0.65 4.83 ± 0.64
0.001

Injured 4.73 ± 0.65 4.47 ± 0.72

P-value 0.023

ILD 0.43 ± 0.78 0.36 ± 0.91 0.305

Peak hip flexion moment during 
terminal stance phase

Uninjured 4.67 ± 0.94 4.37 ± 1.09
0.001

Injured 4.59 ± 1.11 4.14 ± 1.11

P-value 0.213

ILD 0.07 ± 0.78 0.23 ± 0.54 0.078

Peak hip abduction moment 
during terminal stance phase

Uninjured 4.90 ± 0.54 4.86 ± 0.38
0.441

Injured 4.72 ± 0.72 4.67 ± 0.64

P-value 0.171

ILD 0.18 ± 0.71 0.19 ± 0.70 0.451

Table 4. Hip moments (mean ± standard deviation) (BW*BH*10−2) and inter-leg difference (ILD) of injured 
and uninjured leg.
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conditions. These results indicated that effects of psychological factors on asymmetries of hip and knee move-
ments are different. The hip joint is the most proximal joint in the lower extremity kinematic chain and shares 
the femur with the knee joint. Winter et al. suggested that postural stability in the frontal plane was controlled 
primarily by activation of the hip abductors and adductors designed to alternately load and unload the hips, 
thereby controlling the movement of center of mass39. Abnormal hip movements could have a deleterious effect 
on the tibiofemoral and patellofemoral mechanics in multiple planes40. This means that the effects of psycholog-
ical factors on lower extremity movements could be mainly through their effects on the movements of hip joints. 
Interventions which address proximal movement impairments may be beneficial for patients who had various 
knee movement impairments. As participants had lower quadriceps strength of injured leg compared to unin-
jured leg in this study, their knee movements might be mainly affected by physical factors while hip movements 
affected by both physical as well as psychological factors.

Our findings have important implications for post ACL reconstruction rehabilitation programs. The risk of 
ACL re-injury remains higher than that of the initial ACL injury41, likely due to either poor movement strategies 
or lingering impairments that were not addressed by surgical reconstruction and post-surgery rehabilitation. 
Movement strategies are modifiable and represent important targets for successful clinical interventions. The 
results of this study indicated that psychological factors are contributors to the post-operative lower extremity 
movement asymmetries of individuals who received ACL reconstruction surgeries. As psychological differences 
regarding returning to sports among athletes who received surgeries treating injuries occur as early as six months 
postoperatively20. Clinicians should address psychological factors early to help patients modify the abnormal 
movement patterns and facilitate their returns to competitive sport. Though the results of this study indicated 
that the immediate effect of the secondary cognitive task did not decrease the asymmetry of knee movements, the 
asymmetry of hip movements in frontal plane could be modified in dual-task condition. Dual-task training could 
be used as an intervention to improve movement performance and motor control in rehabilitation programs42.

Several limitations of this study may need to be addressed in the future studies. Since the asymmetry of 
quadriceps strength could affect the lower extremity movement symmetry14,15, the effect of the concurrent cog-
nitive task on walking may be different between the group with symmetrical quadriceps strength and the group 
with asymmetrical quadriceps strength. Future studies may be needed to assess the effects of physical factors on 
the effects psychological factors on lower extremity movement asymmetries. In addition, since gender differ-
ences in lower extremity movement patterns exist43, psychological factors may affect lower extremity movement 
asymmetries differently between genders. Future studies should include both females and males to investigate the 
gender differences in psychology.

Conclusions
The results of this study appear to warrant the following conclusions:

 1. There were significant post-operative asymmetries in quadriceps strength, and hip and knee movements of 
individuals who received ACL reconstruction surgery.

 2. Psychological factors have significant effects on post-operative movements of both injured and uninjured 
knees of individuals who received ACL reconstruction surgery.

 3. Although physical factors may be primary contributors to the post-operative lower extremity movement 
asymmetries, psychological factors also contribute to the post-operative hip movement asymmetries.

References
 1. Gianotti, S. M., Marshall, S. W., Hume, P. A. & Bunt, L. Incidence of anterior cruciate ligament injury and other knee ligament 

injuries: a national population-based study. J Sci Med Sport 12, 622–627, https://doi.org/10.1016/j.jsams.2008.07.005 (2009).
 2. Lyman, S. et al. Epidemiology of anterior cruciate ligament reconstruction: trends, readmissions, and subsequent knee surgery. J 

Bone Joint Surg Am 91, 2321–2328, https://doi.org/10.2106/JBJS.H.00539 (2009).
 3. Shelbourne, K. D., Sullivan, A. N., Bohard, K., Gray, T. & Urch, S. E. Return to basketball and soccer after anterior cruciate ligament 

reconstruction in competitive school-aged athletes. Sports Health 1, 236–241, https://doi.org/10.1177/1941738109334275 (2009).
 4. Magnussen, R. A. et al. Graft size and patient age are predictors of early revision after anterior cruciate ligament reconstruction with 

hamstring autograft. Arthroscopy 28, 526–531, https://doi.org/10.1016/j.arthro.2011.11.024 (2012).
 5. Øiestad, B. E. et al. Knee function and prevalence of knee osteoarthritis after anterior cruciate ligament reconstruction: a prospective 

study with 10 to 15 years of follow-up. Am J Sports Med 38, 2201–2210 (2010).
 6. Butler, R. J., Minick, K. I., Ferber, R. & Underwood, F. Gait mechanics after ACL reconstruction: implications for the early onset of 

knee osteoarthritis. Br J Sports Med 43, 366–370 (2009).
 7. Paterno, M. V. 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 38, 1968–1978, https://doi.org/10.1177/ 
0363546510376053 (2010).

 8. Webster, K. E. & Feller, J. A. The knee adduction moment in hamstring and patellar tendon anterior cruciate ligament reconstructed 
knees. Knee Surg Sports Traumatol Arthrosc 20, 2214–2219, https://doi.org/10.1007/s00167-011-1835-z (2012).

 9. Arokoski, J. P., Jurvelin, J. S., Vaatainen, U. & Helminen, H. J. Normal and pathological adaptations of articular cartilage to joint 
loading. Scand J Med Sci Sports 10, 186–198 (2000).

 10. Carter, D. R. et al. The mechanobiology of articular cartilage development and degeneration. Clin Orthop Relat Res 427, S69–77 (2004).
 11. Chmielewski, T. L. Asymmetrical Lower Extremity Loading After ACL Reconstruction: More Than Meets the Eye. J Orthop Sports 

Phys Ther 41, 374–376, https://doi.org/10.2519/jospt.2011.0104 (2011).
 12. Lewek, M., Rudolph, K., Axe, M. & Snyder-Mackler, L. The effect of insufficient quadriceps strength on gait after anterior cruciate 

ligament reconstruction. Clin Biomech (Bristol, Avon) 17, 56–63 (2002).
 13. Keays, S. L., Bullock-Saxton, J. E., Newcombe, P. & Keays, A. C. The relationship between knee strength and functional stability before 

and after anterior cruciate ligament reconstruction. J Orthop Res 21, 231–237, https://doi.org/10.1016/S0736-0266(02)00160-2 (2003).
 14. Schmitt, L. C., Paterno, M. V., Ford, K. R., Myer, G. D. & Hewett, T. E. Strength Asymmetry and Landing Mechanics at Return to 

Sport after Anterior Cruciate Ligament Reconstruction. Med Sci Sports Exerc 47, 1426–1434 (2015).

http://dx.doi.org/10.1016/j.jsams.2008.07.005
http://dx.doi.org/10.2106/JBJS.H.00539
http://dx.doi.org/10.1177/1941738109334275
http://dx.doi.org/10.1016/j.arthro.2011.11.024
http://dx.doi.org/10.1177/0363546510376053
http://dx.doi.org/10.1177/0363546510376053
http://dx.doi.org/10.1007/s00167-011-1835-z
http://dx.doi.org/10.2519/jospt.2011.0104
http://dx.doi.org/10.1016/S0736-0266(02)00160-2


www.nature.com/scientificreports/

9SCIeNTIfIC RepoRts |  (2018) 8:12057  | DOI:10.1038/s41598-018-30459-w

 15. Schmitt, L. C., Paterno, M. V. & Hewett, T. E. The Impact of Quadriceps Femoris Strength Asymmetry on Functional Performance 
at Return to Sport Following Anterior Cruciate Ligament Reconstruction. J Orthop Sports Phys Ther 42, 750–759, https://doi.
org/10.2519/jospt.2012.4194 (2012).

 16. Roewer, B. D., Di Stasi, S. L. & Snyder-Mackler, L. Quadriceps strength and weight acceptance strategies continue to improve two 
years after anterior cruciate ligament reconstruction. J Biomech 44, 1948–1953, https://doi.org/10.1016/j.jbiomech.2011.04.037 
(2011).

 17. Lentz, T. A. et al. Comparison of physical impairment, functional, and psychosocial measures based on fear of reinjury/lack of 
confidence and return-to-sport status after ACL reconstruction. Am J Sports Med 43, 345–353, https://doi.org/10.1177/ 
0363546514559707 (2015).

 18. Dai, B., Butler, R. J., Garrett, W. E. & Queen, R. M. Anterior cruciate ligament reconstruction in adolescent patients: limb asymmetry 
and functional knee bracing. Am J Sports Med 40, 2756–2763, https://doi.org/10.1177/0363546512460837 (2012).

 19. Ardern, C. L., Webster, K. E., Taylor, N. F. & Feller, J. A. Return to sport following anterior cruciate ligament reconstruction surgery: a 
systematic review and meta-analysis of the state of play. Br J Sports Med 45, 596–606, https://doi.org/10.1136/bjsm.2010.076364 (2011).

 20. Langford, J. L., Webster, K. E. & Feller, J. A. A prospective longitudinal study to assess psychological changes following anterior 
cruciate ligament reconstruction surgery. Br J Sports Med 43, 377–381, https://doi.org/10.1136/bjsm.2007.044818 (2009).

 21. Yu, B. Determination of the optimum cutoff frequency in the digital filter data smoothing procedure. J Biomech 22, 988–988 (1989).
 22. Moisala, A. S., Jarvela, T., Kannus, P. & Jarvinen, M. Muscle strength evaluations after ACL reconstruction. International journal of 

sports medicine 28, 868–872, https://doi.org/10.1055/s-2007-964912 (2007).
 23. Thomas, A. C., Villwock, M., Wojtys, E. M. & Palmieri-Smith, R. M. Lower extremity muscle strength after anterior cruciate 

ligament injury and reconstruction. J Athl Train 48, 610–620, https://doi.org/10.4085/1062-6050-48.3.23 (2013).
 24. de Jong, S. N., van Caspel, D. R., van Haeff, M. J. & Saris, D. B. Functional assessment and muscle strength before and after 

reconstruction of chronic anterior cruciate ligament lesions. Arthroscopy 23(21–28), 28 e21–23, https://doi.org/10.1016/j.
arthro.2006.08.024 (2007).

 25. Pamukoff, D. N., Montgomery, M. M., Moffit, T. J. & Vakula, M. N. Quadriceps Function and Knee Joint Ultrasonography after ACL 
Reconstruction. Med Sci Sports Exerc 50, 211–217, https://doi.org/10.1249/MSS.0000000000001437 (2018).

 26. White, K., Logerstedt, D. & Snyder-Mackler, L. Gait Asymmetries Persist 1 Year After Anterior Cruciate Ligament Reconstruction. 
Orthop J Sports Med 1, https://doi.org/10.1177/2325967113496967 (2013).

 27. Takayuki, H. et al. Anterior Cruciate Ligament Reconstruction Does Not Fully Restore Normal 3D Knee Kinematics at 12 Months 
During Walking and Walk-Pivoting: A Longitudinal Gait Analysis Study. J Appl Biomech 31, 330–339 (2015).

 28. Luc-Harkey, B. A. et al. Sagittal plane kinematics predict kinetics during walking gait in individuals with anterior cruciate ligament 
reconstruction. Clin Biomech (Bristol, Avon) 39, 9–13, https://doi.org/10.1016/j.clinbiomech.2016.08.011 (2016).

 29. Rudolph, K. S., Axe, M. J., Buchanan, T. S., Scholz, J. P. & Snyder-Mackler, L. Dynamic stability in the anterior cruciate ligament 
deficient knee. Knee Surg Sports Traumatol Arthrosc 9, 62–71, https://doi.org/10.1007/s001670000166 (2001).

 30. Zabala, M. E., Favre, J., Scanlan, S. F., Donahue, J. & Andriacchi, T. P. Three-dimensional knee moments of ACL reconstructed and 
control subjects during gait, stair ascent, and stair descent. J Biomech 46, 515–520, https://doi.org/10.1016/j.jbiomech.2012.10.010 
(2013).

 31. Hart, H. F. et al. Knee kinematics and joint moments during gait following anterior cruciate ligament reconstruction: a systematic 
review and meta-analysis. Br J Sports Med 50, 597–612, https://doi.org/10.1136/bjsports-2015-094797 (2016).

 32. Schmitz, R. J., Harrison, D., Wang, H. M. & Shultz, S. J. Sagittal-Plane Knee Moment During Gait and Knee Cartilage Thickness. J 
Athl Train 52, 560–566, https://doi.org/10.4085/1062-2050-52.4.05 (2017).

 33. Eng, J. J. & Winter, D. A. Kinetic analysis of the lower limbs during walking: what information can be gained from a three-
dimensional model? J Biomech 28, 753 (1995).

 34. Nadeau, S., McFadyen, B. J. & Malouin, F. Frontal and sagittal plane analyses of the stair climbing task in healthy adults aged over 40 
years: what are the challenges compared to level walking? Clin Biomech 18, 950–959 (2003).

 35. Wellsandt, E., Zeni, J. A., Axe, M. J. & Snyder-Mackler, L. Hip joint biomechanics in those with and without post-traumatic knee 
osteoarthritis after anterior cruciate ligament injury. Clin Biomech 50, 63–69, https://doi.org/10.1016/j.clinbiomech.2017.10.001 (2017).

 36. Baumeister, J., Reinecke, K., Schubert, M. & Weiss, M. Altered electrocortical brain activity after ACL reconstruction during force 
control. J Orthop Res 29, 1383–1389, https://doi.org/10.1002/jor.21380 (2011).

 37. Lathrop, G. M. & Soubrier, F. Genetic basis of hypertension. Curr Opin Nephrol Hypertens 3, 200–206 (1994).
 38. Bloem, B. R., Valkenburg, V. V., Slabbekoorn, M. & van Dijk, J. G. The multiple tasks test. Strategies in Parkinson’s disease. Exp Brain 

Res 137, 478–486 (2001).
 39. Winter, D. A., Prince, F., Stergiou, P. & Powell, C. Medial-lateral and anterior-posterior motor responses associated with centre of 

pressure changes in quiet standing. Neurosci Res Commun 12, 141–148 (1993).
 40. Powers, C. M. The influence of abnormal hip mechanics on knee injury: a biomechanical perspective. J Orthop Sports Phys Ther 40, 

42–51, https://doi.org/10.2519/jospt.2010.3337 (2010).
 41. Paterno, M. V., Rauh, M. J., Schmitt, L. C., Ford, K. R. & Hewett, T. E. Incidence of contralateral and ipsilateral anterior cruciate 

ligament (ACL) injury after primary ACL reconstruction and return to sport. Clin J Sport Med 22, 116–121, https://doi.org/10.1097/
JSM.0b013e318246ef9e (2012).

 42. Mohammadirad, S. et al. Intra and intersession reliability of a postural control protocol in athletes with and without anterior cruciate 
ligament reconstruction: a dual-task paradigm. Int J Sports Phys Ther 7, 627–636 (2012).

 43. Yu, B. et al. Age and gender effects on lower extremity kinematics of youth soccer players in a stop-jump task. Am J Sports Med 33, 
1356–1364, https://doi.org/10.1177/0363546504273049 (2005).

Acknowledgements
This work was supported in part by Beijing Nova Program Interdisciplinary Cooperation Project (xxjc201705) 
and the Seeding Grant for Medicine and Information Sciences of Peking University (BMU20160590).

Author Contributions
Study conception and design: H.S., H.H., H.L., Y.A. Acquisition of data: H.S., H.H., Y.Y., Z.L., S.Z. Analysis of 
data: H.S., H.H., Y.Y., Z.L., S.Z. Contributed reagents/materials/analysis tools: H.S., H.H., H.L., Y.A. Drafting of 
manuscript: H.S., H.H., H.L., Y.A. Critical revision: B.Y., H.L., Y.A.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.2519/jospt.2012.4194
http://dx.doi.org/10.2519/jospt.2012.4194
http://dx.doi.org/10.1016/j.jbiomech.2011.04.037
http://dx.doi.org/10.1177/0363546514559707
http://dx.doi.org/10.1177/0363546514559707
http://dx.doi.org/10.1177/0363546512460837
http://dx.doi.org/10.1136/bjsm.2010.076364
http://dx.doi.org/10.1136/bjsm.2007.044818
http://dx.doi.org/10.1055/s-2007-964912
http://dx.doi.org/10.4085/1062-6050-48.3.23
http://dx.doi.org/10.1016/j.arthro.2006.08.024
http://dx.doi.org/10.1016/j.arthro.2006.08.024
http://dx.doi.org/10.1249/MSS.0000000000001437
http://dx.doi.org/10.1177/2325967113496967
http://dx.doi.org/10.1016/j.clinbiomech.2016.08.011
http://dx.doi.org/10.1007/s001670000166
http://dx.doi.org/10.1016/j.jbiomech.2012.10.010
http://dx.doi.org/10.1136/bjsports-2015-094797
http://dx.doi.org/10.4085/1062-2050-52.4.05
http://dx.doi.org/10.1016/j.clinbiomech.2017.10.001
http://dx.doi.org/10.1002/jor.21380
http://dx.doi.org/10.2519/jospt.2010.3337
http://dx.doi.org/10.1097/JSM.0b013e318246ef9e
http://dx.doi.org/10.1097/JSM.0b013e318246ef9e
http://dx.doi.org/10.1177/0363546504273049


www.nature.com/scientificreports/

1 0SCIeNTIfIC RepoRts |  (2018) 8:12057  | DOI:10.1038/s41598-018-30459-w

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Effect of dual task on gait asymmetry in patients after anterior cruciate ligament reconstruction
	Methods
	Participants. 
	Protocol. 
	Data Collection. 
	Data Reduction. 
	Data Analysis. 

	Results
	Discussion
	Conclusions
	Acknowledgements
	Figure 1 Three phases during walking.
	Table 1 Knee angles (mean ± standard deviation) (degrees) and inter-leg difference (ILD) of injured and uninjured leg.
	Table 2 Knee moments (mean ± standard deviation) (BW * BH * 10−2) and inter-leg difference (ILD) of injured and uninjured leg.
	Table 3 Hip angles (mean ± standard deviation) (degrees) and inter-leg difference (ILD) of injured and uninjured leg.
	Table 4 Hip moments (mean ± standard deviation) (BW*BH*10−2) and inter-leg difference (ILD) of injured and uninjured leg.




