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Abstract 

Context  

A reduced knee extensor moment (KEM) in the surgical limb and asymmetry in the KEM 

during landing tasks are observed in patients following anterior cruciate ligament 

reconstruction (ACLR). There is limited information about the association of kinetic and 

kinematic parameters with the KEM during landing after ACLR. This study investigated the 

association of the anterior-posterior center of pressure (anterior–posterior COP) position, 

vertical ground reaction force (VGRF), and lower limb joint angles with the KEM during 

landing in female athletes following ACLR. 

Methods  

Twenty-two female athletes who underwent ACLR performed a drop vertical jump at 7.9 ± 1.7 

months after surgery. Three-dimensional motion analysis system equipped with force plates 

was used to evaluate the KEM, anterior–posterior COP position, VGRF, and sagittal plane hip, 

knee, and ankle angles. 

Results  

The subjects had a smaller peak KEM in the surgical limb than in the non-surgical limb during 

landing (1.43 ± 0.33 Nm/kg/m vs. 1.84 ± 0.41 Nm/kg/m, P = .001). The subjects demonstrated 

a smaller VGRF in the surgical limb than in the non-surgical limb (11.9 ± 2.3 N/kg vs. 14.6 ± 

3.5 N/kg, P = .005). The limb symmetry index of the KEM was predicted by that of the VGRF 
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(P < .001, R2 = .621, β =.800). The KEM was predicted by the anterior–posterior COP position 

in the surgical limb (P = .015, R2 = .227, β =.513) and by the VGRF in the non-surgical limb 

(P = .018, R2 = .213, β =.500). No significant correlation was noted between the KEM and the 

lower limb joint angles. 

Conclusions  

The anterior–posterior COP position and VGRF were associated with the KEM during landing. 

Evaluating the anterior–posterior COP position and VGRF, not the lower limb joint angles, may 

contribute to understanding the KEM during double-leg landing after ACLR in a clinical setting.  
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Anterior cruciate ligament reconstruction (ACLR) is a common procedure for ACL injuries, 

particularly in recreational and competitive athletes.1 The procedure has good postoperative 

outcomes, with a reduced anterior knee laxity close to that of an intact knee and improved 

patient-reported outcomes.2,3 However, 23% of young athletes who return to sports after 

ACLR suffer from secondary ACL injuries either to the ipsilateral or contralateral limb.4 

Several prospective cohort studies have identified the modifiable risk factors for secondary 

ACL injuries after ACLR.5–7 However, consensus regarding these risk factors has not been 

established.8 Secondary ACL injuries in athletes after ACLR is predicted by the asymmetry in 

the knee extensor moment (KEM) during landing.5 In addition, asymmetry in KEM has been 

observed at the time of return to sports and for up to 3 years after ACLR.9–11 Therefore, there 

is an increased focus on improving asymmetry in KEM for the prevention of secondary ACL 

injuries.12  

Evaluating the KEM during landing tasks is challenging in the clinical setting because 

an expensive 3-dimensional motion analysis system is required for data collection and 

analysis. Additionally, 3-dimensional motion analysis is time-consuming and requires 

complex data processing and programming skills. Therefore, a simple alternative method for 

evaluating the KEM is required in clinical practice.  

The association between the lower limb joint angle and the KEM during landing and 

squatting tasks in healthy individuals has been studied. 13–18 Participants with decreased knee 
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and hip joint flexion demonstrate a large KEM during landing. 13,14 In addition, instructions to 

land softly and increase the angular excursion of knee flexion reduce the KEM during 

landing. 15 Conversely, large knee flexion and ankle dorsiflexion angles increase the KEM 

during double-leg squatting in healthy individuals.16,17 Large knee flexion and ankle 

dorsiflexion angles can increase the KEM because of the distance of the vector of the ground 

reaction force away from the knee joint. Squatting is a low-impact movement, while landing 

is a high-impact movement.19 And there may be a difference in the association between the 

KEM and lower limb joint angle during high- and low-impact tasks. Regarding patients after 

ACLR, an increased KEM is associated with larger knee flexion angles during single-leg 

squatting.18 Conversely, a systematic review revealed that although patients undergoing 

ACLR commonly exhibited asymmetry in KEM during landing, most patients did not show 

asymmetry in the lower limb joint angles.10 Even after ACLR, the relationship between the 

KEM and lower joint angles during high-impact tasks, such as a landing task, may differ from 

that during squatting tasks. According to a systematic review,10 the KEM during landing tasks 

may not be associated with lower limb joint angles. However, the relationship between the 

KEM and lower limb joint angles during landing following ACLR is unclear. 

The relationships among the position of the center of pressure (COP), vertical ground 

reaction force (VGRF), and the KEM during squatting and landing tasks have been recently 

reported.16,20–22 An expensive 3-dimensional motion analysis system is required for 
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calculating the KEM, whereas the COP and VGRF are measured simply using force plates. 

Symmetry in the VGRF was associated with symmetry in the KEM during a landing task.21 

The anterior–posterior COP position significantly predicts the contribution of KEM during 

double-leg squatting.16 The KEM can be modified by feedback in the anterior–posterior COP 

position during double-leg squatting. .22 Additionally, symmetry in KEM is associated with 

symmetry in the anterior–posterior COP position and VGRF during squatting after ACLR.20 

The COP is the point location of the vector of the ground reaction force and can contribute to 

the lower limb joint moments by changing the length of lever arm. 23,24 If the anterior–

posterior COP position moves posteriorly, the vector of the VGRF may move away from the 

knee joint in the sagittal plane and the KEM may increase. Few studies have investigated 

these relationships among the COP position, VGRF, and KEM during landing tasks. The 

posterior COP position is associated with a large KEM during single-leg landing in healthy 

individuals.25 According to previous studies, assessing the COP position and VGRF may be 

useful for evaluating the KEM during landing in patients following ACLR. However, to the 

best of our knowledge, the relationships among the COP position, VGRF, and KEM during 

landing tasks in patients following ACLR have not been previously investigated. 

  Understanding the relationships among the anterior–posterior COP position, VGRF, 

lower limb joint angles, and KEM during landing following ACLR may help clinicians 

improve asymmetry in KEM during landing tasks. Measuring the anterior–posterior COP 
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position, VGRF, and lower limb joint angles may be simple alternatives to evaluating the 

KEM. Therefore, the aim of this study was to examine the relationships among the anterior–

posterior COP position, VGRF, lower limb joint angles, and KEM during landing in patients 

following ACLR. The hypotheses were that a large KEM would be associated with a posterior 

COP position and large VGRF but not with the lower limb joint angles during landing, and 

that the limb symmetry index (LSI) of the KEM would be associated with that of the 

anterior–posterior COP position and VGRF.  

 

Methods 

 

Participants 

A priori power analysis was performed using the correlation coefficient between the KEM 

and anterior–posterior COP position with an effect size (r) of .62, an alpha level (α) of .05, 

and a statistical power (1 – β) of 0.8 based on a previous study.25 This analysis indicated that 

18 participants were needed. Considering the possibility of data deficiency, 22 female athletes 

(mean ± standard deviation, 15.9 ± 2.0 years; height, 160.7 ± 3.6 cm; weight, 55.4 ± 6.0 kg; 

and preinjury modified Tegner activity score, 7.0 ± 0.7) who had undergone ACLR with 

semitendinosus or semitendinosus and gracilis tendon autografts participated in this study 

between January 2017 and April 2020. The time from surgery was 7.9 ± 1.7 months (range, 
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5.3–11.8 months). The preinjury sports of the participants were basketball (n = 15), 

gymnastics (n = 3), soccer (n = 2), handball (n = 1), and tennis (n = 1). The inclusion criteria 

included unilateral ACL injury, age <25 years, and preinjury modified Tegner activity scale 

score of ≥6. The exclusion criteria included presence of concomitant cartilage or ligament 

injury and a history of serious lower-extremity injuries or surgeries. Ten patients underwent 

concomitant meniscal repair. All participants followed a similar stepwise rehabilitation 

protocol wherein they started running at 3 months, jump landing at 4–5 months, and pursuing 

sports-specific exercises at 5–6 months after ACLR. They were allowed to return to sports 6–

9 months after ACLR. The patients participated in this study when they were able to perform 

jump landings and start sport-specific exercises. The range of time from the surgery was large 

because some participants deviated from the rehabilitation protocol for delayed knee 

functional recovery and geographical reasons (such as greater distances between their regions 

of residence and our hospital). All participants gave informed consent before participating in 

the study. The ethics approval was obtained from the Institutional Review Boards of the 

Hirosaki University Graduate School of Medicine (approval number: 2016-002). 

 

Procedures and data collection 

Anthropometric measurements were recorded for each participant, including height, weight, 

knee and ankle widths, anterior superior iliac spine (ASIS) width, and leg length. 
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Retroreflective markers were placed at the pelvis and lower limbs. The drop vertical jump 

task was used to evaluate the KEM because the asymmetry in the KEM displayed during this 

task is a significant predictor of a second ACL injury.5 The participants were asked to drop 

from a 35 cm-high box, land on 2 force plates (BP400600-2000, AMTI, Watertown, MA, 

USA) with 1 foot on each force plate, and perform a maximum jump immediately after 

landing. The participant performed all testing procedures with barefoot to eliminate the 

influences of shoes on lower limb kinematics and kinetics.26 The participants underwent 2 to 

5 practice trials to familiarize themselves with the landing task prior to data collection. Failed 

trials were defined as those wherein the participants did not land on the force plate and were 

excluded from the data analysis. Two successful trials of the drop vertical jump task were 

conducted. 

  All data were collected using a motion analysis system (Vicon Nexus; Vicon Motion 

Systems Ltd., Oxford, UK) equipped with 8 infrared cameras (MX-T10; Vicon Motion 

Systems Ltd.) and force plates. The marker coordinate data were sampled at a rate of 120 Hz, 

while the force plate data were sampled at 1200 Hz. Retroreflective markers were placed on 

the landmarks of both ASISs and the posterior superior iliac spines, lateral thighs, lateral 

femoral condyles, lateral shanks, lateral malleoli, heels, and second metatarsal heads 

according to the Plug-In Gait marker set.27,28 
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Data processing and reduction 

All data were processed using the Vicon Nexus Software. Ground reaction force and marker 

coordinate data were filtered with a 12 Hz zero-lag, fourth-order Butterworth low-pass filter.  

The lower extremity joint angles were calculated using the Cardan sequence. Positive angles 

indicated knee flexion, hip flexion, and ankle dorsiflexion. The internal KEM was determined 

using inverse dynamics. The moment was normalized to the product of body mass and height, 

whereas the vertical reaction force was normalized to body mass. The anterior–posterior COP 

position was indicated as a percentage based on the distance from the second metatarsal head 

marker (0%) to the heel marker (100%). Thus, a large anterior–posterior COP position 

indicated a posterior COP position. All data were calculated during the landing phase, which 

was described as the initial contact (IC) and the instance of peak knee flexion during the drop 

vertical jump. The first landing during the drop vertical jump was analyzed. IC was defined as 

the first VGRF exceeding 10 N.29 The peak KEM was computed during the landing phase. 

Furthermore, the hip and knee flexion and ankle dorsiflexion angles, VGRF, and anterior–

posterior COP positions were computed at the peak KEM. To assess interlimb asymmetry, the 

LSI was calculated by dividing the value in the surgical limb by that in the non-surgical limb. 

The mean of the 2 trials for the landing task was used for statistical analyses. 

 

Statistical analyses 
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Paired t-tests or Wilcoxon signed-rank tests were used to compare all values between the 

surgical and non-surgical limbs , depending on the normality of the values examined using 

Shapiro-Wilk tests. Pearson’s or Spearman’s correlation coefficients were used to determine 

the association between the peak KEM and the lower-extremity angles, VGRF, anterior–

posterior COP position in the surgical and non-surgical limbs, and LSI, depending on the 

normality of the values. Finally, stepwise multiple regression analyses were used to determine 

the contribution of the variables that were significant in the correlation analyses to the KEM 

in the surgical and non-surgical limbs, and LSI. IBM SPSS Statistics 26 software (IBM, 

Armonk, NY, USA) was used for all statistical analyses. The level of significance was set at P 

<.05. 

 

Results 

The peak KEM in the surgical limb during the landing phase was significantly smaller than 

the peak KEM in the non-surgical limb (P = .001; 95% CI, 0.18 to 0.64). In addition, the 

participants exhibited a significantly smaller VGRF in the surgical limb than the VGRF in the 

non-surgical limb (P = .005; 95% CI, 0.88 to 4.39). However, there were no significant 

differences in the COP or kinematic data did not differ significantly between limbs (Table 1, 

Figure 1).  

 The KEM was significantly correlated with the anterior–posterior COP position in the 
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surgical limb (P = .015, R = .513). No significant correlations were noted between the KEM 

and other measurements in the surgical limb (Table 2). However, in the non-surgical limb, the 

KEM was significantly correlated with the VGRF (P = .018, R = .500) but not with any other 

measurements in the non-surgical limb (Table 2). An analysis of the LSI revealed a significant 

correlation between the KEM and the VGRF (P < .001, R = .692). No significant correlation 

was noted between the KEM and other measurements (Table 3). 

 The KEM in the surgical limb was significantly predicted by the anterior–posterior 

COP position (P = .015, R2 = .227, β =.513; Figure 2). The KEM was significantly predicted 

by the VGRF in the non-surgical limb (P = .018, R2 = .213, β =.500; Figure 3). Multiple 

regression analysis of the LSI showed the KEM was significantly predicted by the VGRF (P 

< .001, R2 = .621, β =.800; Figure 4). 

 

Discussion 

In this study, the KEM was significantly predicted by the anterior–posterior COP position and 

VGRF in the surgical and non-surgical limbs during landing, respectively. The LSI of the 

KEM significantly predicted the LSI of the VGRF during landing. Furthermore, the lower 

limb joint angles were not associated with the KEM. Therefore, these findings partially 

support our hypotheses. 

While the anterior–posterior COP position predicted the KEM in the surgical limb, the 
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VGRF predicted the KEM in the non-surgical limb in this study. These findings were partially 

consistent with those of previous studies involving landing and squatting tasks.16,20,21,25 This 

is the first study to present an association between the KEM and anterior–posterior COP 

position during landing after ACLR. The anterior–posterior COP position can determine the 

ground reaction force effect on the sagittal joint moment because the COP is the point at 

which the average position of the ground reaction force acts on the foot.23,24 Posterior shift of 

the anterior–posterior COP position can shift the vector of the ground reaction force away 

from the knee joint in the sagittal plane and increase the KEM, and vice versa. The anterior–

posterior COP position can contribute to the length of lever arm, which is the distance 

between the point of ground reaction force and the knee joint, and consequently alter the knee 

joint moments. Therefore, the anterior–posterior COP position may have predicted the KEM 

in this study. The magnitude of the VGRF is an important factor for determining knee 

moments when using inverse dynamics.21 Therefore, the KEM in the non-surgical limb may 

have been predicted by the VGRF in the present study. The risk of secondary ACL injury of 

the non-surgical limb after unilateral ACLR is higher than that of an ACL injury occurring for 

the first time in a previously uninjured athlete.30 Patients following ACLR demonstrate 

compensation that may shift loads to the non-surgical limb to reduce the VGRF and KEM in 

the surgical limb during double-leg tasks. In sports activities, the movement that is dependent 

on the non-surgical limb may be related to secondary ACL injury of the non-surgical limb. 



15 
 

Therefore, the VGRF, which is associated with the KEM and can be easily measured, should 

be evaluated during the landing task in the non-surgical limb. However, in this study, the 

measurements associated with the KEM differed between the limbs. The present study 

revealed that the KEM and VGRF in the surgical limb was smaller than those in the non-

surgical limb. The participants may have decreased the VRGF in the surgical limb by dividing 

the larger loads to the non-surgical limb, and then shifted anterior–posterior COP forward as 

strategies to further reduce the KEM in the surgical limb.   

In the present study, the LSI of the VGRF predicted the LSI of the KEM with a 

significant correlation. These findings supported the results of previous studies that analyzed 

stop-jump and double-leg squatting tasks.20,21,31 The VGRF is an important factor for 

calculating knee kinetics when using inverse dynamics.21 Therefore, the LSI of the KEM may 

have been associated with the VGRF in this study. Asymmetry in the KEM during the landing 

task is a predictor of secondary ACL injuries in athletes after ACLR.5 The LSI of KEM during 

the landing task should be evaluated to prevent secondary ACL injuries. Evaluating the KEM 

is challenging in the clinical setting because a 3-dimensional motion analysis system is 

required, whereas the VGRF can be estimated relatively easily using force plates. Therefore, 

evaluating the LSI of the VGRF may be helpful for clinicians to understand the LSI of the 

KEM for the prevention of secondary ACL injuries. 

There were no significant associations between the KEM and lower limb joint angles 
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in the present study. These results are inconsistent with the findings of previous studies that 

used squatting tasks.16–18 A systematic review revealed that asymmetries between surgical and 

non-surgical limbs were found to be more common in the kinetic variables than in the 

kinematic variables during landing tasks.10 In the present study, while the KEM and VGRF in 

the surgical limb were smaller than those in the non-surgical limb, the lower limb joint angles 

did not differ between the 2 limbs, thereby supporting the findings of the aforementioned 

systematic review. In addition, there were significant associations between the KEM and the 

anterior–posterior COP position and VGRF. The KEM and VGRF are higher during landing 

tasks than during squatting tasks.19 Unlike during low-impact and slow movements (such as 

squatting and lunges), the KEM may not be controlled by the lower-limb joint angle but by 

the anterior–posterior COP position and VGRF during high-impact and ballistic movements 

(such as landing, jumping, and cutting). Patients after ACLR demonstrate increased trunk 

flexion in the surgical limb compared with the non-surgical limb or with healthy individuals 

during a single-leg landing task because of compensation for decreased KEM.32,33 A small 

KEM is associated with the trunk flexion motion, which may displace the vector of the 

ground reaction force anteriorly toward the knee joint.16,34 In addition, trunk flexion better 

predicts the KEM than shank inclination. 34 The compensatory pattern of increased trunk 

flexion may attenuate the association between the KEM and the lower limb joint angles. 

However, trunk kinematics were not investigated in this study. Future studies should examine 
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the association between the KEM and trunk kinematics. 

The anterior–posterior COP position explained 23% of the variance in the KEM in the 

surgical limb, whereas the VGRF explained 21% of the variance in the KEM in the non-

surgical limb. The remaining 77% and 79%, respectively, were not explained by the anterior–

posterior COP position, VGRF, and lower limb joint angles. Meanwhile, 62% of the variance 

in the LSI of the KEM was explained by that of the VGRF. The value of the explained 

variance was higher than that in the surgical and non-surgical limbs. The LSI of the KEM can 

be predicted by trunk kinematics during landing tasks.35 Better prediction may require trunk 

kinematics. 

This study had some limitations. First, it only included female patients who underwent 

ACLR. There are sex-based differences in landing biomechanics.36 Therefore, the relationship 

between the KEM and VGRF, anterior–posterior COP position, and lower limb joint angles in 

male patients following ACLR should be investigated in future studies. Second, the range of 

the time from the participants’ surgery was large (range: 5.3–11.8 months). Symmetry in the 

landing biomechanics improves with time in patients after ACLR.37,38 Further studies should 

be conducted at the same time points after surgery. Third, the KEM is associated with trunk 

flexion and lateral flexion angle during squatting.16,18,34 However, only lower limb markers 

from the Plug-In Gait marker set were placed in this study. In addition, the landing position of 

the foot segment (i.e. whether the patients landed on the forefoot, midfoot, or rearfoot) can 
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affect the KEM because of the shift in the COP position.39 The associations among the KEM, 

trunk kinematics, and landing position of the foot segment during landing were not 

investigated in this study and should be examined. Fourth, only the landing phase was 

analyzed because asymmetry in KEM during landing is considered a risk factor for secondary 

ACL injuries.5 However, some participants may exhibit peak KEM after peak knee flexion. 

Future studies should analyze the phase between the contact and toe off the force. Fifth, this 

study used multiple statistical tests without alpha adjustment. Similar statistical comparisons 

of kinetics and kinematics were used in previous studies with similar study designs.40-42 

However, it should be recognized that repeated testing may increase the study-wise type I 

error rate. Finally, this study only examined double-leg landings. The association between the 

KEM and the VGRF and anterior–posterior COP positions during single-leg landing may 

differ from the outcomes of this study. 

Following ACLR, most patients have a smaller KEM in the surgical limb than in the 

non-surgical limb and asymmetry in KEM during landing.10 Asymmetry in KEM during 

landing is a risk factor for secondary ACL injuries.5 Therefore, it is important to evaluate the 

KEM during landing for the prevention of secondary ACL injuries. However, evaluating the 

KEM during landing tasks is challenging in the clinical setting because an expensive 3-

dimensional motion analysis system is required for data collection and analysis. Furthermore, 

3-dimensional motion analysis is time-consuming and requires complex data processing and 
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programming skills. Conversely, the anterior–posterior COP position and VGRF can be 

evaluated relatively easily using a force plate. The results of this study showed that the VGRF 

and anterior–posterior COP position explained 21–62% of the variance in the KEM, and 

support the use of the VGRF and anterior–posterior COP positions as an alternative to the 

KEM for assessing landing biomechanics in the clinical setting. 

 

Conclusion 

This study revealed that the LSI of the KEM was significantly predicted by the LSI of the 

VGRF. The KEM was significantly predicted by the anterior–posterior COP position in the 

surgical limb and the VGRF in the non-surgical limb. No significant correlations between the 

KEM and the lower limb joint angles were identified. These findings indicate that evaluating 

the VGRF and anterior–posterior COP position, not the lower limb joint angles, may 

contribute to understanding the KEM during double-leg landing after ACLR in the clinical 

setting.  
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Table 1. Comparison of the knee extensor moment, vertical ground reaction force, anterior–

posterior COP position, and knee, hip, and ankle kinematics between the surgical and non-

surgical limbs. 

  Surgical limb Non-surgical limb P value 

Peak knee extensor moment [Nm/kg/m]  1.43 (0.33)  1.84 (0.41) .001 

Vertical ground reaction force [N/kg] 11.9 (2.3) 14.6 (3.5) .005 

Anterior–posterior COP position [%] 13.3 (9.1) 14.8 (9.8) .486 

Knee flexion anglea [degree]  76.2 (10.4)  78.2 (12.8) .408 

Hip flexion anglea [degree] 57.7 (7.4)  57.6 (10.1) .615 

Ankle dorsiflexion angle [degree] 25.7 (4.0) 27.1 (5.0) .173 

Anterior–posterior COP: anterior-posterior center of pressure  

Data are presented as mean (SD). 

Bold font indicates a significant difference (P < .05). 

The large value of the anterior–posterior COP position indicates a posterior COP position. 

All values are identified at the time of the peak knee extensor moment. 

a Nonparametric data. 
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Table 2. Correlation coefficients between the knee extensor moment and the vertical ground 

reaction force, anterior–posterior COP position, and knee, hip, and ankle kinematics in the 

surgical and non-surgical limbs. 

  Correlation coefficient (r) P value 

Surgical limb   

Vertical ground reaction force .300 .175 

Anterior–posterior COP position .513 .015 

Knee flexion angle  .224 .317 

Hip flexion angle  .023 .919 

Ankle dorsiflexion angle  .142 .528 

Non-surgical limb   

Vertical ground reaction force .500 .018 

Anterior–posterior COP position .204 .363 

Knee flexion anglea -.339 .122 

Hip flexion anglea -.382 .079 

Ankle dorsiflexion angle  .025 .911 

Anterior–posterior COP: anterior-posterior center of pressure  

Bold font indicates a significant difference (P < .05). 

All values are identified at the time of the peak knee extensor moment. 
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a Nonparametric data. 
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Table 3. Correlation coefficients between the LSI of the knee extensor moment and the LSIs 

of the vertical ground reaction force, anterior–posterior COP position, and knee, hip, and 

ankle kinematics. 

  Correlation coefficient (r) P value 

Vertical ground reaction force .692 < .001 

Anterior–posterior COP position .414 .056 

Knee flexion angle -.203 .366 

Hip flexion angle -.376 .085 

Ankle dorsiflexion angle -.108 .633 

Anterior–posterior COP: anterior-posterior center of pressure 

LSI: limb symmetry index 

Bold font indicates a significant difference (P < .05). 

All values are identified at the time of the peak knee extensor moment. 

The LSI is calculated as the percentage value of the surgical limb relative to that of the non-

surgical limb. 
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Figure 1. Average waveforms of the knee extensor moment, the vertical ground reaction 

force, anterior–posterior COP position, and knee, hip, and ankle kinematics in the surgical 

and non-surgical limb. The landing phase is described as the time between the initial contact 

and the maximum knee flexion during a drop vertical jump task. The large value of the 

anterior–posterior COP position indicates a posterior COP position. Anterior–posterior COP: 

anterior-posterior center of pressure. A, knee extensor moment. B, vertical ground reaction 

force. C, anterior–posterior COP position. D, knee flexion angle. E, hip flexion angle. F, 

ankle dorsiflexion angle. 
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Figure 2. Scatter plot of the association between the knee extensor moment and the anterior–

posterior COP position in the surgical limb. The large value of the anterior–posterior COP 

position indicates a posterior COP position. Anterior–posterior COP: anterior-posterior center 

of pressure.  
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Figure 3. Scatter plot of the association between the knee extensor moment and the vertical 

ground reaction force in the non-surgical limb.   
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Figure 4. Scatter plot of the association between the LSI of the knee extensor moment and 

the LSI of the vertical ground reaction force. LSI is calculated as the percentage of the value 

of the surgical limb to that of the non-surgical limb. LSI: limb symmetry index. 


