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 Comparison of Hip and Knee Biomechanics during Sidestep 
Cutting in Male Basketball Athletes with and without Anterior 

Cruciate Ligament Reconstruction 

by 
Pinyada Warathanagasame 1, Prasert Sakulsriprasert 1,*, Komsak Sinsurin 1,  

Jim Richards 2, Jamie S. McPhee 3 

This study aimed to compare hip and knee biomechanics during sidestep cutting on the operated and non-
operated sides in individuals with anterior cruciate ligament reconstruction (ACLR), and in an uninjured control group. 
Twenty male basketball athletes, 10 individuals with ACLR and 10 controls, were recruited. Hip and knee joint angles 
and angular velocities were investigated with a three-dimensional motion analysis system, and ground reaction forces 
(GRF) along with moments were collected during the deceleration phase of the stance limb during sidestep cutting 
maneuvers. We found significantly higher peak hip flexion, hip internal rotation angular velocities, and peak thigh 
angular velocity in the sagittal plane in the ACLR group. In addition, the peak vertical GRF and peak posterior GRF of 
the ACLR group were significantly higher than those of the control group. Univariate analyses indicated that the posterior 
GRF of the non-operated side was significantly higher than in the matched operated side in the control group. The operated 
and non-operated sides in male basketball athletes with ACLR showed alterations in hip and knee biomechanics compared 
with a control group, especially in the sagittal plane. Therefore, the emphasis of neuromuscular control training for the 
hip and the knee in basketball players with ACLR is required.   
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Introduction 

Anterior cruciate ligament (ACL) injuries 
are common in athletes, especially in those who 
regularly perform high-impact rotational activities 
such as basketball (Jamkrajang et al., 2022; 
Montalvo et al., 2019). The average annual rate of 
ACL injury in male basketball athletes was 
0.08/1,000 athlete-exposure (Agel et al., 2016). ACL 
reconstruction (ACLR) is the standard 
management of ACL injury, and seventy-five 
percent of individuals with ACL injury undergo 
ACLR to restore knee function and allow return to 
sports at the pre-injury level (Sanders et al., 2016; 
Smith et al., 2014). However, previous studies have 
reported a high incidence rate of ACL re-injury 
after ACLR and returning to sports, with six times  

 
 
more injuries than healthy athletes, and a 33.3% re-
injury rate on the operated side and 66.7% more 
ACL injuries on the non-operated side (Paterno et 
al., 2012, 2014; Schilaty et al., 2017).  

The high incidence rate of ACL injuries has 
been reported to be related to alterations in the 
knee and hip biomechanics after ACLR on both the 
operated and non-operated sides, especially 
during the landing phase (Johnston et al., 2018; 
Lepley and Kuenze, 2018; Pratt and Sigward, 2017). 
Individuals with ACLR who presented a decrease 
in hip external rotator moment and asymmetry of 
knee extensor moment had a high incidence rate of 
ACL injury after ACLR (Johnston et al., 2018; 
Paterno et al., 2010). Nevertheless, the decreased  
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knee flexion angle and knee flexion angular  
velocity represented more stiffness at the knee joint 
during the deceleration phase of landing. It 
affected increased vertical GRF related to increased 
anterior shear force at the knee and ACL loading 
(Yeow et al., 2009).  

Athletes after ACLR exhibit impaired joint 
proprioception in the early phase of rehabilitation 
and at return to sports (Fremerey et al., 2000), 
which is associated with the alteration of 
corticospinal excitability (Rush et al., 2021). In 
addition, corresponding alterations of motor 
thresholds ( MT)  and motor evoked potentials 
( MEP)  of the quadriceps have been reported on 
both sides after ACLR during the early stage (less 
than 24 months) and late stage (more than 24 
months) of recovery (Rush et al., 2021). This could 
be explained by the weakness in the quadriceps as 
shown by a decrease in the single- hop distance on 
both sides compared with a healthy group (Chung 
et al., 2015; Laudner et al., 2015). This has been 
attributed to the alterations in neuromuscular 
control on both sides during dynamic movement 
in athletes with ACLR during the return to sports 
phase.  

Neuromuscular control changes have been 
reported to affect the alteration of muscular 
activity and segmental movement during dynamic 
tasks (van Leeuwen, 1999). Previous studies 
showed the reduction of peak knee extensor 
moments on the operated side, and increases in the 
hamstring activation on the operated side during 
drop jump landings (Johnston et al., 2018; Pratt and 
Sigward, 2017; Smeets et al., 2020). In addition, the 
reduced hip extensor moment and reduced hip 
external rotator moment on the operated side 
during drop jump landings were reported 
(Johnston et al., 2018; Lepley and Kuenze, 2018). 
The reduced knee extensor moment and reduced 
hip external rotator moment were associated with 
the risk of secondary ACL injury after ACLR 
(Paterno et al., 2010). In addition, previous studies 
presented a correlation between the knee joint 
moment and knee, shank, and thigh angular 
velocities in sagittal and coronal planes (Dowling 
et al., 2012; Sigward et al., 2016). These represented 
the knee and segmental control of the operated 
side during movement, which may be related to 
the risk of secondary ACL injury after ACLR 
(Dowling et al., 2012). 

Many studies on ACLR focused on the 
operated side, while the high incidence rate of  

 
secondary ACL injury was reported on both 
operated and non-operated sides (Dowling et al., 
2012; Johnston et al., 2018; Lepley and Kuenze, 
2018). In addition, the alterations of cortical 
excitability of quadriceps and isokinetic muscle 
strength on both operated and non-operated sides 
can affect the change of hip and knee joints 
biomechanics on both sides as well (Chung et al., 
2015; Fremerey et al., 2000; Pratt and Sigward, 
2017; Rush et al., 2021), which is particularly 
relevant in athletes who had a high risk of ACL 
injury and who performed dynamic and complex 
tasks with a high ACL injury risk such as sidestep 
cutting (Cochrane et al., 2007). Therefore, this 
study aimed to investigate hip and knee angles, 
hip, knee, shank, and thigh angular velocities, and 
hip and knee joint moments during sidestep 
cutting in male athletes with unilateral ACLR and 
compare them with those of healthy male athletes. 
We hypothesized that hip and knee angles, hip, 
knee, shank, and thigh angular velocities, and hip 
and knee joint moments during sidestep cutting in 
male athletes with ACLR would be different when 
compared to healthy male athletes.  

Methods 
Participants 

Participants were recruited by 
convenience sampling by advertising through 
posters and social media, and were recruited from 
a professional league or a university basketball 
league. The inclusion criteria for the ACLR group 
were to have either a patellar tendon or a 
semitendinosus autograft surgical reconstruction, 
to participate in an ACLR rehabilitation program 
for at least 6 months before returning to sports 
activity at the same level as before injury, and to be 
more than 2 years after ACLR. The inclusion 
criteria for the control group were to be matched 
with the ACLR group regarding the level of 
competition and age, with no injury to the knee 
ligaments on both sides. Both legs were measured 
in the control group to be matched with the ACLR 
group according to the side of dominance. 
Participants were excluded if they had a history of 
lower extremity injury within 3 months preceding 
the study, a history of surgery in the lumbar and 
lower extremities, pain at the back or legs during 
movement, and a body mass index (BMI) greater 
than 30 kg/m2. This study was approved by the 
Central Institutional Review Board of the Mahidol  
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University, numbered 2021/186.0709, and in 
accordance with the Declaration of Helsinki. All 
participants provided signed informed consent 
before data collection. G-power was used to 
calculate the sample size recruited from the peak 
shank angular velocity of the operated side versus 
the control group from pilot data, mean values 
were −423.682 and −492.288 ⁰/s (minus representing 
the flexion direction), standard deviation was 50.16 
and 37.74 ⁰/s, respectively. In addition, a 
compensation for drop-out and missing data of 
20% was considered, which yielded a sample of 10 
in each group.  

Design and Procedures 

This study had a cross-sectional design 
investigating hip and knee angles, as well as hip, 
knee, shank, and thigh angular velocities for all 
three planes of movement using a VICON motion 
analysis system with 10 infrared cameras (Oxford 
Metrics, UK), which was synchronized with force 
plates (AMTI, USA). Hip and knee joint moments 
were calculated using inverse dynamics with the 
calibrated anatomical system technique (CAST) 
(Cappozzo et al., 1995). Forty reflective markers 
were placed bilaterally on anatomical landmarks 
according to the lower-body CAST model, 
including the mid-point of the iliac crest, anterior 
superior iliac spine (ASIS), posterior superior iliac 
spine (PSIS), greater trochanter, medial and lateral 
femoral epicondyle, medial and lateral malleolus, 
posterior calcanei, distal head of the first and fifth 
metatarsals, proximal head of the fifth metatarsals, 
and cluster of four reflective markers were placed 
on the lateral side of thighs and shanks. The 
sampling rate was 200 Hz. 

Demographic data and the knee and 
osteoarthritis outcome score (KOOS) (Chaipinyo, 
2009), leg length from the anterior superior iliac 
spine to the medial malleolus, and strength 
assessment of the quadriceps and hamstring 
performed using a handheld dynamometer were 
recorded. In addition, the Lachman test, the 
posterior drawer test, as well as valgus, and varus 
stress tests were performed to screen the knee 
ligament (Rossi et al., 2011; Ostrowski, 2006). Leg 
dominance was determined by the side that the 
participant kicked a ball (Melick et al., 2017). 
 Participants then ran for 5 minutes with a 
self-selected speed to warm up, and then 
performed at least three practice sidestep cutting  
 

 
manoeuvres on each side to familiarise themselves 
with the testing procedures. The sidestep cutting 
manoeuvre consisted of a 5-m run before contact 
with the force plate on the floor and then changing 
the direction by 45° in the opposite direction to the 
tested limb which was indicated using a line on the 
floor (Figure 1). Biomechanical data were collected 
from five successful trials of sidestep cutting in the 
two directions which were randomized. Successful 
trials were defined by the participant’s foot 
landing within the area of the force plate, 
remaining in line with the direction of cutting, and 
performed at maximum speed (Pollard et al., 2015). 
A rest interval of 5 minutes was allowed between 
left and right side testing. 

Data Processing 

 Kinematic and kinetic data were imported 
into a visual 3D motion capture system (C-motion 
Inc., Germantown, USA) and filtered using 8 Hz 
and 50 Hz fourth-order zero-lag low-pass 
Butterworth filters, respectively. The changing 
direction phase was identified from the initial foot 
contact to toe-off using a threshold of 10 N of the 
vertical ground reaction force. The peak hip and 
knee angles, along with hip, knee, shank, and thigh 
angular velocities, ground reaction force (GRF), 
hip and knee joint moments which occurred within 
the initial 40% of the total stance phase 
(deceleration phase) were analysed (Figure 2). 

Statistical Analysis 

Shapiro-Wilk tests were performed to 
check the normality of the data, and two-way 
ANOVA was carried out to compare differences of 
dependent variables between ACLR and control 
groups and between limbs. When data presented 
significantly different main effects or interaction, 
one-way ANOVA was used for post-hoc 
comparison of the operated and non-operated side 
in the ACLR group, and matched operated and 
non-operated side in the control group. All 
statistical analyses were performed using SPSS 
statistics version 23 (IBM, USA). 

Results 
Twenty participants were recruited, 10 

athletes two years after unilateral ACLR, and 10 
healthy athletes. The mean age, BMI, quadriceps, 
and hamstring muscle strength were similar 
between the ACLR and the control group,  
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however, the mean KOOS score of the ACLR group 
was lower than that of the control group, 85.53 and 
95.64, respectively, where 0 represents extreme 
problems and 100 represents no problem (Table 1). 
These data confirm that the ACLR group had lower 
knee function than the control group. 

The kinematic results presented significant 
main effects for a group in peak hip flexion angular 
velocity, peak hip internal rotation angular 
velocity, and peak thigh angular velocity in the 
sagittal plane (p-value = 0.009, 0.049, and 0.015, 
respectively). Post-hoc analysis revealed that peak 
thigh angular velocity in the sagittal plane of the 
non-operated side in the ACLR group was higher 
than of the matched non-operated side in the  
control group (p-value = 0.049). However, peak hip 
flexion and peak hip internal rotation angular 
velocities were not significantly different following 
univariate analysis (Table 2, Figure 3).  

The kinetic results presented significant 
main effects for the group in peak vertical GRF and 
peak posterior GRF (p-value = 0.003 and 0.005, 
respectively). Post-hoc analysis revealed that peak  

 
vertical GRF of the non-operated side in the ACLR 
group was significantly higher compared to the 
matched operated side in the control group (p-
value = 0.049). However, peak posterior GRF did 
not show a significant difference in univariate 
analysis (Table 3, Figure 3). 

Discussion 
This study aimed to compare hip and knee 

biomechanics including peak knee, shank, and 
thigh angular velocities, peak GRF, peak hip, and 
knee joint moments between male basketball 
athletes with ACLR who returned to sports and the 
control group on both operated and non- operated 
sides. The ACLR and control groups presented no 
difference in age, BMI, quadriceps and hamstring 
muscle strength, and running velocity. However, 
the KOOS score in the ACLR group was lower than 
in the control group, what reflected lower knee 
functions in the ACLR group . 

 
 

 

 
Table 1. Participants’ characteristics. 

 

Variables 

ACLR group Control group 

Operated side Non-operated 
side 

Matched 
operated side 

Matched  
non-operated side 

Age (year) (Mean + SD) 30.80 + 5.61 30.20 + 5.85 

BMI (kg/m2) (Mean + SD) 24.67 + 1.48 25.41 + 2.82 

Reconstructed side (N, %) 
- Left 
- Right 

 
7 (70%) 
3 (30%) 

N/A N/A N/A 

Autograph type (N, %) 
- Patellar tendon 
- Semitendinosus 

 
6 (60%) 
4 (40%) 

N/A N/A N/A 

Dominant side (N, %) 
- Left 
- Right 

 
1 (10%) 
9 (90%) 

 
1 (10%) 
9 (90%) 

KOOS score (Mean + SD) 85.53 + 8.74 95.64 + 6.21 

Isometric quadriceps muscle strength 
(kg) (Mean + SD) 25.66 + 4.38 26.97 + 3.79 27.67 + 3.81 26.13 + 5.67 

Isometric hamstring muscle strength 
(kg) (Mean + SD) 

11.84 + 4.19 13.42 + 3.09 11.73 + 4.29 11.17 + 4.77 

Running velocity at initial contact (m/s) 
(Mean + SD) 

3.99 + 0.41 3.90 + 0.30 4.28 + 0.56 4.10 + 0.41 
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Table 2. Comparison of peak hip and knee angles, peak hip, knee and segmental angular velocities on main 

effects of between ACLR and control groups, and between sides. 
 

Plane Variables ACLR group Control group Group 
effect 

F, p-value 

Side 
effect 

F, p-value 

Interaction 
effect 

F, p-value 
Operated side Non-operated 

side 
Matched 

operated side 
Matched 

non-operated 
side 

Sagittal Hip flexion 
angle (⁰) 

50.35 + 6.09 51.09 + 6.60 52.04 + 6.70 51.95 + 7.98 0.345, 
0.561 

0.022, 
0.883 

0.037, 0.848 

Knee flexion 
angle (⁰) 

−47.70 + 6.56 −50.08 + 4.20 −49.89 + 3.75 −49.93 + 6.71 0.350, 
0.558 

0.492, 
0.487 

0.459, 0.503 

Hip flexion 
angular velocity 
(⁰/s) 

121.75 + 81.45  131.22 + 
88.73  

53.07 + 
104.94  

47.51 + 72.64  7.541, 
0.009 * 

0.005, 
0.944 

0.073, 0.788 

Knee flexion 
angular velocity 
(⁰/s) 

−533.08 + 
66.11 

−575.56 + 
72.76 

−547.43 + 
39.56 

−536.88 + 
70.82 

0.364, 
0.550 

0.627, 
0.434 

0.173, 0.197 

Thigh angular 
velocity (⁰/s) 

103.60 + 61.73 136.02 + 
58.75  

82.29 + 59.76  65.20 + 45.05  6.477, 
0.015 * 

0.160, 
0.692 

1.992, 0.167 

Shank angular 
velocity (⁰/s) 

−430.11 + 
46.71 

−434.83 + 
35.99 

−465.40 + 
52.78 

−456.69 + 
43.31 

4.014, 
0.053 

0.020, 
0.890 

0.221, 0.641 

Coronal Hip abduction 
angle (⁰) 

11.72 + 6.16 10.82 + 6.66 8.66 + 5.80 7.12 + 5.63 3.082, 
0.088 

0.403, 
0.529 

0.028, 0.869 

Knee valgus 
angle (⁰) 

2.30 + 2.98 2.26 + 3.28 4.49 + 3.56 4.10 + 3.59 3.596, 
0.066 

0.041, 
0.840 

0.028, 0.867 

Hip abduction 
angular velocity 
(⁰/s) 

136.62 + 65.12 127.86 + 
51.68 

129.99 + 
73.99 

112.26 + 
52.20 

0.327, 
0.571 

0.464, 
0.500 

0.053, 0.819 

Knee valgus 
angular velocity 
(⁰/s) 

74.52 + 50.06 53.37 + 59.93 67.50 + 35.09 57.91 + 32.29 0.007, 
0.932 

1.128, 
0.295 

0.160, 0.692 

Thigh angular 
velocity (⁰/s) 

60.77 + 25.25 80.46 + 33.54 63.10 + 37.47 58.62 + 29.97 0.937, 
0.340 

0.569, 
0.456 

1.436, 0.239 

Shank angular 
velocity (⁰/s) 

68.87 + 28.15 56.67 + 15.03 54.93 + 38.94 44.54 + 36.20 1.768, 
0.192 

1.327, 
0.257 

0.008, 0.927 

Transverse Hip internal 
rotation angle 
(⁰) 

−8.18 + 9.65 −9.47 + 8.91 −10.82 + 
10.01 

−9.26 + 9.70 0.160, 
0.692 

0.002, 
0.966 

0.222, 0.640 

Knee internal 
rotation angle 
(⁰) 

−3.16 + 3.11 −5.12 + 3.10 −5.62 + 3.30 −6.22 + 2.86 3.317, 
0.077 

1.710, 
0.199 

0.484, 0.491 

Hip internal 
rotation angular 
velocity (⁰/s) 

−262.80 + 
133.46  

−243.19 + 
98.99  

−204.02 + 
109.27  

156.48 + 
106.15  

4.165, 
0.049 * 

0.887, 
0.352 

0.153, 0.698 

Knee internal 
rotation angular 
velocity (⁰/s) 

−88.91 + 40.88 −68.93 + 
28.06 

−80.23 + 
33.35 

−78.20 + 
29.84 

0.001, 
0.978 

1.086, 
0.304 

0.722, 0.401 

Thigh angular 
velocity (⁰/s) 

−234.82 + 
89.49 

−213.01 + 
86.34 

−210.14 + 
111.26 

−178.63 + 
114.63 

0.851, 
0.362 

0.694, 
0.410 

0.023, 0.880 

Shank angular 
velocity (⁰/s) 

−274.39 + 
49.92 

−257.33 + 
52.35 

−244.88 + 
11.92 

−245.64 + 
89.93 

0.656, 
0.423 

0.103, 
0.750 

0.123, 0.728 

The values are reported as mean and standard deviation (SD) 
* indicates significant difference (p-value < 0.05) 
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Table 3. Comparison of ground reaction force, hip, and knee joint moments between operated and non-
operated sides in the ACLR group, and comparison between the ACLR and the control group. 

 
Plane Variables ACLR group Control group Group 

effect 
F, p-

value 

Side 
effect 
F, p-

value 

Interaction 
effect 

F, p-value Operated 
side 

Non-
operated 

side 

Matched 
operated 

side 

Matched 
non-

operated 
side 

 Vertical GRF 
(N/kg) 

2.99 + 0.64 3.24 + 0.78  2.47 + 0.41  2.53 + 0.60 9.782, 
0.003 * 

0.615, 
0.438 

0.252, 0.618 

Sagittal Posterior GRF 
(N/kg) 

−1.02 + 0.39  −1.12 + 0.40  −0.75 + 0.23  −0.74 + 0.32  8.838, 
0.005 * 

0.168, 
0.684 

0.257, 0.615 

Knee extensor 
moment 
(Nm/kg) 

3.26 + 0.96 3.61 + 0.91 3.53 + 0.44 3.56 + 0.73 0.174, 
0.679 

0.573, 
0454 

0.406, 0.528 

Hip extensor 
moment 
(Nm/kg) 

−4.14 + 1.01 −4.15 + 1.89 −3.70 + 1.10 −3.66 + 1.27 1.148, 
0.291 

0.001, 
0.978 

0.004, 0.951 

Coronal Medial GRF 
(N/kg) 

0.77 + 0.28 0.85 + 0.28 0.72 + 0.18 0.71 + 0.18 1.622, 
0.211 

0.214, 
0.646 

0.329, 0.570 

Knee 
abductor 
moment 
(Nm/kg) 

0.94 + 0.25 1.11 + 0.42 1.01 + 0.30 1.03 + 0.39 0.003, 
0.958 

0.756, 
0.390 

0.429, 0.516 

Hip abductor 
moment 
(Nm/kg) 

1.98 + 0.33 2.12 + 0.62 2.07 + 0.28 2.12 + 0.32 0.109, 
0.743 

0.514, 
0.478 

0.082, 0.776 

Transverse Knee external 
rotator 
moment 
(Nm/kg) 

0.18 + 0.07 0.21 + 0.11 0.26 + 0.08 0.22 + 0.07 3.670, 
0.063 

0.030, 
0.864 

1.429, 0.240 

Hip external 
rotator 
moment 
(Nm/kg) 

0.10 + 0.11 0.16 + 0.14 0.13 + 0.13 0.11 + 0.13 0.043, 
0.837 

0.174, 
0.679 

0.785, 0.382 

The values were reported mean and standard deviation (SD) 
* indicates significant difference (p-value < 0.05) 

 
 
 
 

 
Figure 1. The laboratory setting with (A) indicating the cutting direction for the left knee, 

and (B) indicating the cutting direction for the right knee. 
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Figure 2. The definition of positive and negative values of knee, shank, and thigh angular 

velocities in the three planes. 
 
 
 
 
 

 

 
 

Figure 3. The graph pattern of kinematics (thigh angular velocity in the sagittal plane, hip 
flexion, and hip internal rotation angular velocities) and kinetics (GRF in posterior-

anterior and vertical GRF). X marks were the values used for calculation. 
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Male basketball athletes with unilateral 

ACLR who returned to sports exhibited greater hip 
flexion, internal rotation angular velocities, and 
thigh angular velocity during knee flexion than 
healthy athletes, while the hip flexion and hip 
internal rotation angle were not different between 
the groups. It represented the ability of hip 
movement control that healthy basketball athletes 
could control the hip to move slower than 
basketball athletes with ACLR at a similar angle. 
The previous studies presented the greater 
movement of hip flexion and internal rotation 
during the deceleration phase of sidestep cutting 
and single-limb landing in athletes after ACLR and 
returned to sports (Lepley and Kuenze, 2018; 
Samaan et al., 2016). Especially, the non-operated 
side had the highest thigh angular velocity during 
knee flexion. This finding reflected the alteration of 
movement control on the non-operated side after 
ACLR too. The reduction of knee and shank 
angular velocities during the deceleration phase on 
both operated and non-operated sides was in 
accordance with the previous studies (Abd Razak 
et al., 2017; Lepley and Kuenze, 2018). Therefore, 
the results of this study indicate that more 
movement control at the knee constitutes 
protective strategies for reducing the knee loading, 
and compensating for greater movement of the hip 
joint.  

Peak vertical GRF of the operated and non-
operated sides in the ACLR group was greater than 
in the control group. This result is different from 
that of the study by Hughes et al. (2020) that 
presented reduced peak vertical ground reaction 
force on the operated side during double-limb 
landings. These divergent results may be due to the 
different tasks of the previous study which focused 
on the asymmetry between the ACLR and the non-
operated side. In addition, the increased peak 
vertical GRF is related to the increased anterior 
shear-force of the knee, and is one of the factors 
that increase the risk of ACL injury (Pflum et al., 
2004). Posterior GRF of the operated and non-
operated sides were higher than in the control 
group, and correlated with increased knee anterior 
shear-force and shear-force in the frontal plane of 
the knee (Sell et al., 2007; Sigward et al., 2015; Yom 
et al., 2019). This is related to an increased risk of 
ACL injury on both sides after ACLR (Sigward et 
al., 2015). The knee and hip moments had no 
significant difference between the both sides and  
 

groups. However, the results of this study 
exhibited the pattern of an increased hip and a 
decreased knee extensor moment on the operated 
side during the deceleration phase of sidestep 
cutting, while the non-operated side and control 
legs presented similar hip and knee extensor 
moments. Considering a previous study which 
was a case study, the same pattern of the hip and 
knee joint moment during sidestep cutting was 
found in female soccer players who returned to 
sports (Cd et al., 2017).  

Results of this study indicate that 
alterations of hip and knee biomechanics of both 
operated and non-operated sides may still be 
found after more than two years of ACLR which 
results in the changed neuromuscular control of 
hip and knee joints and thus, an increased ACL 
injury risk. Therefore, clinicians should review the 
protocol for maintaining neuromuscular control 
and focus more on the non-operated side. This 
concerns especially athletes who perform more 
dynamic movement and contact activities to 
minimize risk factors for secondary ACL injury or 
knee injury on both operated and non- operated 
sides. This study has some limitations which 
should be acknowledged. We only focused on the 
period of a full return to sports, but did not 
investigate the period of the initiation of sports 
return, i.e., 12–18 months after ACLR. Such a 
comparison between the period of the initiation of 
sports return and the period of a full return to 
sports after ACLR in athletes could provide more 
understanding regarding neuromuscular control 
of the knee during sidestep cutting. Also, this 
study investigated male basketball athletes, thus 
other sports and female athletes should be 
considered in future studies. 

Conclusions 
This study presents the alterations of hip 

and knee biomechanics on both operated and non-
operated sides in return to sports training after 
ACLR, especially movements in the sagittal plane 
during the deceleration phase of sidestep cutting. 
The results indicate the alteration of hip movement 
control on both operated and non-operated sides 
after ACLR. Additionally, vertical GRF and 
posterior GRF of both operated and non-operated 
sides were greater than in the control group.  

 
 
 



 by Pinyada Warathanagasame et al. 25 

Articles published in the Journal of Human Kinetics are licensed under an open access Creative Commons CC BY 4.0 
license. 

  
Author Contributions: Conceptualization: P.W. and P.S.; methodology: P.W., P.S. and K.S.; software: P.W.; 
validation: P.S., K.S., J.R. and J.S.M.; formal analysis: P.W. and P.S.; investigation: P.W.; resources: P.W. and 
P.S.; data curation: P.W., P.S. and K.S.; writing—original draft preparation: P.W. and P.S.; writing—review & 
editing: J.R. and J.S.M.; visualization: P.W., P.S. and K.S.; supervision: J.R. and J.S.M.; project administration: 
P.W.; funding acquisition: P.W. All authors have read and agreed to the published version of the manuscript.  

ORCID iD: 

Pinyada Warathanagasame: 0000-0001-7278-7621 

Prasert Sakulsriprasert: 0000-0002-2694-2544 

Komsak Sinsurin: 0000-0002-4632-3230 

Jim Richards: 0000-0002-4004-3115 

Jamie S. McPhee: 0000-0002-3659-0773 

Funding Information: This research received no external funding.   

Institutional Review Board Statement: This study was conducted following the principles of the Declaration 
of Helsinki, and approved by the Institutional Review Board of the Mahidol University Central Institutional 
Review Board (MU-CIRB 2021/186.0709, approved on September 7th, 2021).   

Informed Consent: Informed consent was obtained from all participants included in the study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Acknowledgements: The authors would like to thank all participants joining this research. 

Received: 12 December 2022    

Accepted: 6 February 2023    

Published: 15 July 2023 

 

References 
Abd Razak, H. R. B., Chong, H.-C., & Tan, H.-C. A. (2017). Obesity is associated with poorer range of motion 

and Tegner scores following hamstring autograft anterior cruciate ligament reconstruction in Asians. 
Annals of Translational Medicine, 5(15), 7. https://atm.amegroups.com/article/view/15697  

Agel, J., Rockwood, T., & Klossner, D. (2016). Collegiate ACL injury rates across 15 sports: National collegiate 
athletic association injury surveillance system data update (2004-2005 through 2012-2013). Clinical 
Journal of Sport Medicine, 26(6), 518–523. https://doi.org/10.1097/jsm.0000000000000290  

Cappozzo, A., Catani, F., Della Croce, U., & Leardini, A. (1995). Position and orientation in space of bones 
during movement: anatomical frame definition and determination. Clinical Biomechanics, 10(4), 171–
178. https://doi.org/https://doi.org/10.1016/0268-0033(95)91394-T  

Cd, P., Km, S., Katzel, M., & Rf, L. (2017). Knee biomechanics during side-step cutting and performance on 
return to sport tests: Retrospective analysis following anterior cruciate ligament re-injury. International 
Journal of Physical Medicine & Rehabilitation, 05. https://doi.org/10.4172/2329-9096.1000424  

Chaipinyo, K. (2009). Test-retest reliability and construct validity of Thai version of Knee Osteoarthritis 
Outcome Score (KOOS). Thai Journal of Physical Therapy, 31(2), 67–76.  

Chung, K. S., Ha, J. K., Yeom, C. H., Ra, H. J., Lim, J. W., Kwon, M. S., & Kim, J. G. (2015). Are muscle strength 
and function of the uninjured lower limb weakened after anterior cruciate ligament injury? Two-year 
follow-up after reconstruction. American Journal of Sports Medicine, 43(12), 3013–3021. 
https://doi.org/10.1177/0363546515606126  

Cochrane, J. L., Lloyd, D. G., Buttfield, A., Seward, H., & McGivern, J. (2007). Characteristics of anterior 
cruciate ligament injuries in Australian football. Journal of Science and Medicine in Sport, 10(2), 96–104. 
https://doi.org/10.1016/j.jsams.2006.05.015  



26  Comparison of hip and knee biomechanics during sidestep cutting 

Journal of Human Kinetics, volume 88/2023 http://www.johk.pl 

 
Dowling, A. V., Favre, J., & Andriacchi, T. P. (2012). Characterization of thigh and shank segment angular 

velocity during jump landing tasks commonly used to evaluate risk for ACL injury. Journal of 
Biomechanical Engineering, 134(9), 091006. https://doi.org/10.1115/1.4007178  

Fremerey, R. W., Lobenhoffer, P., Zeichen, J., Skutek, M., Bosch, U., & Tscherne, H. (2000). Proprioception after 
rehabilitation and reconstruction in knees with deficiency of the anterior cruciate ligament: A 
prospective, longitudinal study. Journal of Bone and Joint Surgery, British volume, 82(6), 801–806. 
https://doi.org/10.1302/0301-620x.82b6.10306  

Hughes, G., Musco, P., Caine, S., & Howe, L. (2020). Lower limb asymmetry after anterior cruciate ligament 
reconstruction in adolescent athletes: A systematic review and meta-analysis. Journal of Athletic 
Training, 55(8), 811–825. https://doi.org/10.4085/1062-6050-0244-19  

Jamkrajang, P., Mongkolpichayaruk, A., Limroongreungrat, W., Wiltshire, H., & Irwin, G. (2022). The effect of 
arm dominance on knee joint biomechanics during basketball block shot single-leg landing. Journal of 
Human Kinetics, 83, 13–21. https://doi.org/10.2478/hukin-2022-0100 

Johnston, P. T., McClelland, J. A., & Webster, K. E. (2018). Lower limb biomechanics during single-leg landings 
following anterior cruciate ligament reconstruction: A systematic review and meta-analysis. Sports 
Medicine, 48(9), 2103–2126. https://doi.org/10.1007/s40279-018-0942-0  

Laudner, K., Evans, D., Wong, R., Allen, A., Kirsch, T., Long, B., & Meister, K. (2015). Relationship between 
isokinetic knee strength and jump characteristics following anterior cruciate ligament reconstruction. 
International Journal of Sports Physical Therapy, 10(3), 272–280.  

Lepley, A. S., & Kuenze, C. M. (2018). Hip and knee kinematics and kinetics during landing tasks after anterior 
cruciate ligament reconstruction: A systematic review and meta-analysis. Journal of Athletic Training, 
53(2), 144–159. https://doi.org/10.4085/1062-6050-334-16  

Melick, N. v., Meddeler, B. M., Hoogeboom, T., Sanden, M. N. D. N.-v. d., & Cingel, R. V. v. (2017). How to 
determine leg dominance: The agreement between self-reported and observed performance in healthy 
adults. PLoS ONE, 12.  

Montalvo, A. M., Schneider, D. K., Webster, K. E., Yut, L., Galloway, M. T., Heidt, R. S., Jr., . . . Myer, G. D. 
(2019). Anterior cruciate ligament injury risk in sport: A systematic review and meta-analysis of injury 
incidence by sex and sport classification. Journal of Athletic Training, 54(5), 472–482. 
https://doi.org/10.4085/1062-6050-407-16  

Ostrowski, J. A. (2006). Accuracy of 3 diagnostic tests for anterior cruciate ligament tears. Journal of Athletic 
Training, 41(1), 120–121. https://pubmed.ncbi.nlm.nih.gov/16619105 

Paterno, M. V., Rauh, M. J., Schmitt, L. C., Ford, K. R., & Hewett, T. E. (2012). Incidence of contralateral and 
ipsilateral anterior cruciate ligament (ACL) injury after primary ACL reconstruction and return to 
sport. Clinical Journal of Sport Medicine, 22(2), 116–121. https://doi.org/10.1097/JSM.0b013e318246ef9e  

Paterno, M. V., Rauh, M. J., Schmitt, L. C., Ford, K. R., & Hewett, T. E. (2014). Incidence of second acl injuries 
2 years after primary acl reconstruction and return to sport. American Journal of Sports Medicine, 42(7), 
1567–1573. https://doi.org/10.1177/0363546514530088  

Paterno, M. V., Schmitt, L. C., Ford, K. R., Rauh, M. J., Myer, G. D., Huang, B., & Hewett, T. E. (2010). 
Biomechanical measures during landing and postural stability predict second anterior cruciate 
ligament injury after anterior cruciate ligament reconstruction and return to sport. American Journal of 
Sports Medicine, 38(10), 1968–1978. https://doi.org/10.1177/0363546510376053  

Pflum, M. A., Shelburne, K. B., Torry, M. R., Decker, M. J., & Pandy, M. G. (2004). Model prediction of anterior 
cruciate ligament force during drop-landings. Medicine and Science in Sports and Exercise, 36(11), 1949–
1958.  

Pollard, C. D., Stearns, K. M., Hayes, A. T., & Heiderscheit, B. C. (2015). Altered lower extremity movement 
variability in female soccer players during side-step cutting after anterior cruciate ligament 
reconstruction. American Journal of Sports Medicine, 43(2), 460–465. 
https://doi.org/10.1177/0363546514560153  

Pratt, K. A., & Sigward, S. M. (2017). Knee loading deficits during dynamic tasks in individuals following 
anterior cruciate ligament reconstruction. Journal of Orthopaedic and Sports Physical Therapy, 47(6), 411–
419. https://doi.org/10.2519/jospt.2017.6912  

 



 by Pinyada Warathanagasame et al. 27 

Articles published in the Journal of Human Kinetics are licensed under an open access Creative Commons CC BY 4.0 
license. 

 
Rossi, R., Dettoni, F., Bruzzone, M., Cottino, U., D'Elicio, D. G., & Bonasia, D. E. (2011). Clinical examination 

of the knee: know your tools for diagnosis of knee injuries. Sports Medicine, Arthroscopy, Rehabilitation, 
Therapy & Technology, 3(1), 25. https://doi.org/10.1186/1758-2555-3-25  

Rush, J. L., Glaviano, N. R., & Norte, G. E. (2021). Assessment of quadriceps corticomotor and spinal-reflexive 
excitability in individuals with a history of anterior cruciate ligament reconstruction: A systematic 
review and meta-analysis. Sports Medicine, 51(5), 961–990. https://doi.org/10.1007/s40279-020-01403-8  

Samaan, M. A., Ringleb, S. I., Bawab, S. Y., Greska, E. K., & Weinhandl, J. T. (2016). Anterior cruciate ligament 
(ACL) loading in a collegiate athlete during sidestep cutting after ACL reconstruction: A case study. 
Knee, 23(4), 744–752. https://doi.org/10.1016/j.knee.2016.03.007  

Sanders, T. L., Maradit Kremers, H., Bryan, A. J., Larson, D. R., Dahm, D. L., Levy, B. A., . . . Krych, A. J. (2016). 
Incidence of anterior cruciate ligament tears and reconstruction: A 21-year population-based study. 
American Journal of Sports Medicine, 44(6), 1502–1507. https://doi.org/10.1177/0363546516629944  

Schilaty, N. D., Bates, N. A., Sanders, T. L., Krych, A. J., Stuart, M. J., & Hewett, T. E. (2017). Incidence of second 
anterior cruciate ligament tears (1990-2000) and associated factors in a specific geographic locale. 
American Journal of Sports Medicine, 45(7), 1567–1573. https://doi.org/10.1177/0363546517694026  

Sell, T. C., Ferris, C. M., Abt, J. P., Tsai, Y.-S., Myers, J. B., Fu, F. H., & Lephart, S. M. (2007). Predictors of 
proximal tibia anterior shear force during a vertical stop-jump. Journal of Orthopaedic Research, 25(12), 
1589–1597. https://doi.org/https://doi.org/10.1002/jor.20459  

Sigward, S. M., Cesar, G. M., & Havens, K. L. (2015). Predictors of frontal plane knee moments during side-
step cutting to 45 and 110 degrees in men and women: Implications for anterior cruciate ligament 
injury. Clinical Journal of Sport Medicine, 25(6), 529–534. https://doi.org/10.1097/jsm.0000000000000155  

Sigward, S. M., Chan, M.-S. M., & Lin, P. E. (2016). Characterizing knee loading asymmetry in individuals 
following anterior cruciate ligament reconstruction using inertial sensors. Gait and Posture, 49, 114–
119. https://doi.org/https://doi.org/10.1016/j.gaitpost.2016.06.021  

Smeets, A., Verheul, J., Vanrenterghem, J., Staes, F., Vandenneucker, H., Claes, S., & Verschueren, S. (2020). 
Single-joint and whole-body movement changes in anterior cruciate ligament athletes returning to 
sport. Medicine and Science in Sports and Exercise, 52(8), 1658–1667. 
https://doi.org/10.1249/mss.0000000000002308  

Smith, T. O., Postle, K., Penny, F., McNamara, I., & Mann, C. J. (2014). Is reconstruction the best management 
strategy for anterior cruciate ligament rupture? A systematic review and meta-analysis comparing 
anterior cruciate ligament reconstruction versus non-operative treatment. Knee, 21(2), 462–470. 
https://doi.org/10.1016/j.knee.2013.10.009  

van Leeuwen, J. L. (1999). Neuromuscular Control: Introduction and Overview. Philosophical Transactions: 
Biological Sciences, 354(1385), 841–847. http://www.jstor.org/stable/56772  

Yeow, C. H., Lee, P. V. S., & Goh, J. C. H. (2009). Regression relationships of landing height with ground 
reaction forces, knee flexion angles, angular velocities and joint powers during double-leg landing. 
The Knee, 16(5), 381–386. https://doi.org/https://doi.org/10.1016/j.knee.2009.02.002  

Yom, J. P., Owens, T., Arnett, S., Beebe, J., & Son, V. (2019). The effects of an unanticipated side-cut on lower 
extremity kinematics and ground reaction forces during a drop landing. Sports Biomechanics, 18(4), 
414–425. https://doi.org/10.1080/14763141.2017.1409795 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


