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Abstract
Background  The incidence of knee osteoarthritis after anterior cruciate ligament reconstruction (ACLR) is high to 
57%, and the biomechanical abnormality during walking is one of the reasons. The purpose of this study was to 
investigate the effect of 12 weeks of knee extension constraint training on walking biomechanics during the stance 
phase of injured side after ACLR.

Methods  Forty-five patients were randomly assigned to three groups based on different brace conditions from 13 
weeks to 24 weeks after ACLR: experimental (brace with knee extension constraint), placebo (brace without knee 
extension constraint), and control (no brace). Gait analysis was performed 3 and 6 months after ACLR. The peak for 
knee flexion angle (KFA), knee extension moment (KEM), and vertical ground reaction force (vGRF) were compared by 
2 (time) x 3 (group) repeated-measures analysis of covariance (ANCOVA), and pairwise comparisons were conducted. .

Results  There was a significant time x group interaction for the peak KFA (p = 0.047), and there was no significant 
time x group interaction for the peak KEM and peak vGRF. The pairwise comparisons showed that there were no 
statistical differences among the groups both the pre-intervention and post-intervention in the peak KFA, peak KEM, 
and peak vGRF. Compared with pre-intervention, the peak vGRF in the experimental group was significantly greater 
(p = 0.009) and the peak KFA in the control group was significantly lower (p = 0.041) post-intervention. There were not 
significantly different in the placebo group between pre-intervention and post-intervention.

Conclusion  12 weeks of knee extension constraint training can increase lower extremity loading on the injured side, 
may be a potential therapeutic adjunct to improve abnormal gait after ACLR.
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Introduction
Anterior cruciate ligament rupture is a common sports 
injury represent more than 50% of knee injuries, severely 
affecting the function of the knee joint and reducing the 
patient’s performance level and quality of life [1]. Ante-
rior cruciate ligament reconstruction (ACLR) is a major 
treatment to restore knee stability and function [2, 3]. 
Rates of knee osteoarthritis (KOA) remain high after 
ACLR, with a 57% incidence of KOA, 3 times the rate 
than healthy knees [4]. Abnormal biomechanics of the 
lower extremity during walking was an important factor. 
Studies have shown that the presence of gait abnormali-
ties at 6 months after ACLR is associated with lower knee 
function scores at 1 year postoperatively, and the per-
sistence of gait abnormalities at 2 years may even influ-
ence knee function outcomes at 10 years postoperatively 
[5–8]. Lower peak vertical ground reaction force (vGRF) 
during walking 6 months after ACLR are associated with 
an increased T1ρ relaxation time of tibiofemoral articu-
lar cartilage and also result in increased concentrations of 
intra-articular inflammatory markers [9, 10]. The lower 
mechanical loading during walking may be associated 
with compositional changes in the knee cartilage, which 
may lead to cartilage degeneration and the development 
of KOA, it critical to improve the abnormal gait biome-
chanics that exists early after ACLR.

Resistance training can help to improve the knee 
strength weakness that persists after ACLR, but most of 
the training is done in a “non-functional” manner and 
is less effective in improving abnormal gait [11]. Func-
tional resistance training is the sustained application 
of resistance during a specific task, which is effective in 
improving muscle function and correcting abnormal 
gait [12]. Functional resistance training has been shown 
to improve the symmetry of knee flexion angle (KFA) 
and knee extension moment (KEM) during walking and 
increase knee strength in post-ACLR patients [13, 14]. 
At the same time, functional resistance training also can 
improve the lack of loading of the lower extremity on the 
injured side in the early post-ACLR [15]. Functional knee 
brace is widely used after ACLR by constraining knee 
extension to protect the graft of ACLR [16–18]. A new 
type of knee extension constraint brace has been devel-
oped based on the traditional functional brace, which has 
a resistance mechanism that applies gradually increas-
ing resistance during knee extension from 40 degrees to 
10 degrees of flexion, with a stop device to limit further 
extension when 10 degrees of knee flexion is reached 
[19]. The peak vGRF at the time of landing was signifi-
cantly reduced and the KFA at the time of peak vGRF was 
significantly increased when wearing a knee extension 

constraint brace during a stop-jump task [20, 21]. Train-
ing by wearing a knee extension constraint brace 4 weeks 
can reduce the risk of ACL injuries by improving the bio-
mechanics of the lower extremity, and the improvement 
can be maintained in the following 4 weeks after train-
ing [19]. Knee extension constraint training is a form of 
functional resistance training, and it has been shown 
that wearing knee extension constraint braces early after 
ACLR significantly increases KFA in the stance phase and 
results in more symmetrical vGRF [22, 23]. However, the 
gait biomechanics after knee extension constraint train-
ing in ACLR patients have not been validated.

Therefore, the purpose of this study was to investigate 
the effect of 12 weeks knee extension constraint train-
ing on gait biomechanics during the stance phase after 
ACLR. Patients used different braces from 3 months to 6 
months after operation, the experimental group wearing 
braces with knee extension constraint, the placebo group 
wearing braces without knee extension constraint, and 
the control group not wearing braces. We hypothesized 
that the peak KFA, peak KEM, and peak vGRF during 
the stance phase of the injured lower limb in the experi-
mental group would be significantly greater than in the 
placebo group and the control group at 6 months after 
ACLR; The peak KFA, peak KEM, and peak vGRF during 
the stance phase of the injured lower limb post-interven-
tion would be significantly greater than pre-intervention 
in the experimental group at 6 months after ACLR, and 
the placebo and control groups would not.

Materials and methods
Study design
This study was a randomized controlled double-blinded 
clinical trial (NCT04464902) designed to evaluate the 
effects of knee extension constraint training after ACLR 
to improve gait biomechanics (Fig.  1). This study was 
approved by Peking University Third Hospital Medi-
cal Science Research Ethics Committee (IRB00006761-
2015243), and all participants read and signed an 
approved informed consent document before the experi-
ment. Participants were randomly assigned to three 
groups using the randomized block group assignment 
method: experimental group, placebo group, and control 
group. Patients of the same surgeon are assigned within 
the same block group, the number of each block group is 
3, and then the 3 patients within that block group are ran-
domly assigned to groups. Variables were not controlled 
for gender, as gender has been shown to not affect the 
effectiveness of knee extension constraint training [21]. 
Participants were blinded to their group, and researchers 
were blinded to participants’ group information during 
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testing and analysis. Participants had their first gait bio-
mechanics test at 3 months postoperatively (baseline), 
followed by 12 weeks of various interventions, and again 
test at 6 months postoperatively. All data were collected 
and processed at the Exercise Biomechanics Laboratory 
of the Institute of Sports Medicine, Peking University 
Third Hospital. Participants were randomly assigned by 
a dedicated researcher (Yuanyuan Yu), detailed group 
information was stored in a confidential Excel file, and 
unblinding at the end of the experiment was performed 
by the same researcher.

Participants
Patients aged between 18 and 45 years who under-
went ACLR surgery at Peking University Third Hospi-
tal between July 2016 and February 2019 were recruited 
(Table  1). Inclusion criteria were first-time unilateral 
ACLR surgery; isolated anterior cruciate ligament defi-
ciency; anatomical single-bundle reconstruction; and 

hamstring tendon autograft. Exclusion criteria were a his-
tory of hip, knee or ankle surgery; postoperative infection 
or other complications; comorbidities with other condi-
tions affecting gait; and pregnant, lactating or breastfeed-
ing females. According to the results of the pre-test, the 
sample size was calculated using the mean difference test 
between the groups and it was concluded that each group 
needed at least 12 samples. Considering the loss rate of 
20%, a total of 45 participants were enrolled in this study. 
There were 15 participants in the experimental group, 
placebo group, and control group respectively. Three 
participants in the experimental group failed to wear 
the brace as prescribed. Two participants in the placebo 
group failed to wear the brace as prescribed and one par-
ticipant missed the second test. Two participants in the 
control group missed the second test. Ultimately, data 
were analyzed for 37 participants, including 12 experi-
mental, 12 placebo, and 13 control (Fig.  1). No adverse 
events were reported by all participants in this study. At 

Table 1  Demographic information for participants
Variables Experimental (SD) Placebo (SD) Control (SD) P Value
N 12 (M = 10, F = 2) 12 (M = 11, F = 1) 13 (M = 13, F = 0)
Age (years) 26.08 (3.66) 25.58 (5.27) 28.46 (4.96) 0.270
Height (cm) 170.92 (8.85) 173.67 (6.93) 175.85 (4.78) 0.226
Mass (kg) 68.75 (9.90) 79.83 (17.44) 77.08 (10.47) 0.108
Time from injury to operation (days) 75.50 (54.68) 111.00 (63.21) 70.92 (53.78) 0.182
Change in self-selected gait speed (%) 6.26 (10.43) 11.57 (18.41) 5.60 (11.32) 0.509

Fig. 1  Study CONSORT (CONsolidated Standards of Reporting Trials) flow diagram, illustrating the screening, enrollment, and trial design of this clinical 
trial
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the time of the first test, all participants had recovered 
full knee range of motion and were able to walk with nor-
mal weight bearing without crutches and without pain.

Training interventions
All participants underwent the same routine rehabilita-
tion training from the first postoperative day, and were 
instructed by the same rehabilitation therapist. From the 
13th postoperative week, the experimental group and 
the placebo group increased the training with braces. 
The reason for starting training with braces at 13 weeks 
post-operatively was to ensure that all participants had 
fully recovered knee range of motion [24]. In addition, 3 
months after ACLR, the graft had passed the most dan-
gerous and fragile stage and begun to ligamentate [25]. 
The routine rehabilitation program is as follows: Day 
1–2: ankle pump training, quadriceps isometric con-
traction training, straight leg raising training, partial 
weight bearing walking; Day 3–7: range of motion train-
ing (0–90 degrees); Weeks 2–3: gradual transition to full 
weight bearing walking; Weeks 4–12: range of motion 
training (0–120 degrees), full weight bearing walking; 
Weeks 13–24: muscle strength training, stability training, 
endurance training, jogging. From week 1 to week 12, the 
frequency was training every day according to the reha-
bilitation plan. From week 13 to week 24, the frequency 
was 2–3 times per week according to the rehabilitation 
plan. Starting at week 13, participants in the experi-
mental group conducted rehabilitation training while 
wearing the brace with knee extension constraint, and 
participants in the placebo group conducted rehabilita-
tion training while wearing the brace without knee exten-
sion constraint. Participants wore braces for at least 2 h a 
week, which has been shown to be effective in previous 
research [19]. Each participant was given a logbook to 
record the time of wearing the brace, and the participants 
were informed that unannounced random checks would 
be made to ensure that they were wearing the brace as 
planned during rehabilitation training. We would even-
tually exclude participants with an average brace wearing 
time of less than 2 h per week from the data analysis. The 
resistance torque of the knee extension constraint brace 
(DJ Ortho) can be adjusted to different levels: no resis-
tance, low resistance, medium resistance, and high resis-
tance. In this study, the experimental group chose high 
resistance and the placebo group chose no resistance 
(Fig. 2).

Data collection
In each biomechanics test, reflective markers were placed 
bilaterally at acromions, anterior superior iliac spines, 
greater trochanters, lateral thighs, lateral femoral con-
dyles, anterior superior shanks, anterior inferior shanks, 
lateral malleoli, heels, first and fifth metatarsophalangeal 

joints, medial femoral condyles, and medial malleoli. 
Another marker was placed on the intersection of L4-L5. 
A total of 27 reflective markers. Static and dynamic 
three-dimensional motion information of the subject was 
collected using an 8-camera infrared high-speed motion 
capture system at a sample rate of 100  Hz (Vicon MX, 
Oxford Metrics, UK). Ground-reaction forces were col-
lected using two embedded force plates at a sample rate 
of 1000  Hz (AMTI, Advanced Mechanical Technology 
Inc., Watertown, Massachusetts, USA). A synchroniza-
tion box (AMTI, GEN 5) was used to synchronize the 
high-speed motion capture system with the force plates 
to collect kinematic and kinetic data during the test. 
All subjects were asked to walk from a specified point 
so that one of his/her foot would unintentionally walk 
on the first force plate and the other would walk on the 
second force plate. Participants were instructed to walk 
wearing shoes. Before the actual test, practice tests were 
conducted to ensure that participants were familiar with 
the test. A successful trial was characterized as each foot 
stepping on the force plates at a selfselected speed. Once 
three successful gait trials were recorded, the data collec-
tion was completed.

Data processing
The 3D coordinates of all marker points collected in this 
study were smoothed using Butterworth low-pass filter-
ing with a cutoff frequency of 12 Hz. A Butterworth low-
pass filter with a cutoff frequency of 100 Hz was also used 
to smooth the ground reaction forces. The fourth order 
Butterworth filter was used. Time-series data for the 
kinematics and kinetics variables were calculated using 
Visual 3D software (C-motion, Germantown, MD). Bio-
mechanical modeling of rigid bodies using static tests 
with the talonavicular joint in the neutral position. The 
Bell method was used to estimate the hip joint from the 
3D coordinates of the reflective markers on the anterior 
superior iliac spines and L4-L5 joint [26]; The knee joint 
centers were estimated from the 3D coordinates of the 
reflective markers on the medial and lateral femoral con-
dyles; The ankle joint centers were estimated from the 3D 
coordinates of the reflective markers on the medial and 
lateral malleoli. The knee joint angles were determined 
as Euler angles of the tibia’s reference frame relative to 
the femur’s reference frame rotated in an order of flex-
ion-extension (x-axis), valgus-varus (y-axis), and inter-
nal-external rotation (z-axis) [27]. Determination of the 
onset of heel strike and toe-off by the force platform, thus 
determining the stance phase of the gait. The ground 
reaction force threshold to determine heelstrike and toe 
off was 20 N. The software was used to extract the kine-
matic data of the knee in the coronal, sagittal, and trans-
verse planes during the stance phase and to obtain the 
internal knee moment by inverse dynamics calculations 
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Fig. 2  The knee extension constraint brace (DJ Ortho)
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using the ground reaction force. Moments were normal-
ized by the product of height and weight, and ground 
reaction forces were normalized by the product of weight 
and gravity acceleration. For the KFA, KEM, and vGRF, 
101 discrete points corresponding to 0–100% stance 
phase at 1% interval were normalized using a cubic spline 
for statistical analysis (Fig. 3).

Statistical analysis
Before the main analysis, a one-way ANOVA was used 
to compare whether demographic variables were statisti-
cally different among the three groups. We first test the 
normal distribution of the data by Shapiro-Wilk test, and 
if it is not normal, we use nonparametric test. Consid-
ering that changes in self-selected gait speed may affect 
measures of both kinetic and kinematic outcomes dur-
ing gait, it was included as a covariate. The calculation 
method of the changes in self-selected gait speed was 
(6 month value − 3 month value) / 3 month value x 100. 
For the primary analyses, 2 × 3 repeated-measures analy-
sis of covariance (ANCOVA) were used to compare our 
dependent variables of time (3 and 6 months) and group 
(experimental, placebo, and control). For the second-
ary analyses, pairwise comparisons using least-signifi-
cant differences were conducted to specifically compare 
whether there was a statistical difference between 
the groups on the main observational indicators, and 
whether there was a statistical difference of intra-group 

between pre-intervention and post-intervention on the 
main observational indicators. All statistical analyses 
were performed using SPSS 26.0 (SPSS, Chicago, IL, 
USA), and the significance level for statistical differences 
was set at a one-class error probability of no greater than 
0.05.

Results
Age (p = 0.270), height (p = 0.226), weight (p = 0.108), 
time from injury to surgery (p = 0.182), and change in 
self-selected gait speed (p = 0.509) of participants did not 
differ statistically among the three groups (Table 1). The 
biomechanics data of pre-intervention and post-inter-
vention in each group conform to the normal distribu-
tion (p = 0.082–989). The repeated-measures ANCOVA 
showed that there was a significant time x group interac-
tion for the peak KFA (F = 3.359, p = 0.047), and there was 
no significant time x group interaction for the peak KEM 
(F = 1.341, p = 0.275) and peak vGRF (F = 0.325, p = 0.725) 
(Table 2). The least-significant differences pairwise com-
parisons showed that there were no statistical differences 
among the groups both the pre-intervention and post-
intervention in the peak KFA, peak KEM, and peak vGRF 
(Table 3). According to the pairwise comparisons of the 
main observational indicators between pre-intervention 
and post-intervention, there were no statistical differ-
ences in the peak KFA (t = -0.579, p = 0.663) and peak 
KEM (t = -0.036, p = 0.209), and there were statistical 

Fig. 3  Waveforms of knee flexion angle (A), knee extension moment (B), and vertical ground reaction force (C) during the stance phase are shown for the 
involved limbs both at 3 (1) and 6 months (2). Green line: experimental group, Red line: placebo group, Blue line: control group. HS: heel strike, TO: toe off, 
CTO: contralateral toe off, CHS: contralateral heel strike
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difference in the peak vGRF (t = -0.054, p = 0.009) in the 
experimental group; The peak KFA (t = -1.992, p = 0.158), 
peak KEM (t = -0.053, p = 0.072), and peak vGRF (t = 
-0.039, p = 0.055) were not statistically different in the 
placebo group; There were statistical difference in the 
peak KFA (t = 2.704, p = 0.041), and there were no sta-
tistical differences in the peak KEM (t = 0.009, p = 0.736) 
and peak vGRF (t = -0.033, p = 0.085) in the control group 
(Table 4).

Discussion
The purpose of this study was to evaluate the effect of 
12 weeks of knee extension constraint training on gait 
biomechanics during the stance phase of walking after 
ACLR. Our first hypothesis was that following the inter-
vention, the peak KFA, peak KEM, and peak vGRF in the 
experimental group were significantly greater than in 
the placebo and control groups. The first hypothesis of 
this study was not supported as the results of the study 
showed no significant differences in the peak KFA, peak 
KEM, and peak vGRF among the three groups follow-
ing the intervention, which is inconsistent to the results 
of other previous studies. It has been shown that the 
KFA and KEM of the injured lower extremity of ACLR 
patients are significantly increased when wearing a knee 
extension constraint brace [23, 28]. A retrospective study 
conducted by Rocchi et al. showed that when braces were 
worn to rehabilitate the injured lower extremity from day 
15 after ACLR, the peak KFA was significantly greater 
in the knee extension constraint brace group than in the 
conventional functional brace group at 2 months postop-
eratively [22]. In our study, there was no significant differ-
ence among the three groups following the intervention, 
which may be explained by the fact that in Rocchi’s study, 
the different interventions were started on the 15th post-
operative day, whereas in our study, the different inter-
ventions were started on the 13th postoperative week. 
The reason for starting training with braces at 13 weeks 
post-operatively was to ensure that all participants had 
fully recovered knee range of motion [24]. In addition, 3 

months after ACLR, the graft had passed the most dan-
gerous and fragile stage and begun to ligamentate [25]. 
Therefore, knee functional braces should be chosen to 
protect the graft during the first three months after sur-
gery, and knee extension constraint braces are not suit-
able for use [29]. Our second hypothesis was that the 
peak KFA, peak KEM, and peak vGRF were significantly 
increased following the intervention in the experimental 
group, with no significant difference in the placebo and 
control groups. The second hypothesis of this study was 
partially supported by the results of the study, which 
showed a significant increase in the peak vGRF in the 
experimental group, whereas there was no significant dif-
ference in the placebo and control groups between pre-
intervention and post-intervention.

vGRF is a fundamental measure of lower extremity 
loading during walking, and vGRF on the operative side 
during walking at 6 months after ACLR was correlated 
with biochemical markers of knee cartilage metabolism 
[9, 30], patient-reported outcomes at 12 months [5], 
and changes in tibiofemoral cartilage composition at 
24 months [31]. It has been reported that vGRF on the 
operative side during the first 12 months of walking was 
lower in patients after ACLR than in healthy controls, 
not significantly different from healthy controls between 
12 and 24 months, and greater than healthy controls at 
24 months [32]. The study by Davis-Wilson et al. also 
showed that patients after ACLR had lower peak vGRF 
during walking on the operated side than on the contra-
lateral side and healthy controls at one year [33]. vGRF 
during walking on the operative side were lower than 
those on the uninjured side during early period of post-
operation, suggesting that the uninjured side bears a 
greater load, possibly due to the patient’s fear of develop-
ing a sense of self-protection and thus a greater tendency 
to use the uninjured side of the lower limb for weight 
bearing [34]. Previous studies have reported that wear-
ing a functional brace after ACLR is effective in improv-
ing patients’ confidence and reducing their concerns [35]. 
Therefore, we hypothesized that the peak vGRF in the 
experimental group following the intervention was sig-
nificantly greater than in the placebo and control groups; 
and that the peak vGRF in the experimental group would 
increase significantly between pre-intervention and post-
intervention, while there would be no significant dif-
ference in the placebo and control groups. The results 
showed that no significant difference was found in the 
peak vGRF of the injured lower limb among the three 
groups following the intervention, but the comparison of 
the results between pre-intervention and post-interven-
tion showed a significant increase in the experimental 
group. This means that knee extension constraint train-
ing did not have the effect we expected, but there was 
some time-dependent effect.

Table 2  Comparison results of two-way repeated-measures 
ANCOVA
Variables Factors F Value P Value Effect Size (η²p)
KFA (deg) time 0.037 0.584 0.009

group 0.130 0.879 0.008
time * group 3.359 0.047* 0.169

KEM (Nm/kg·m) time 0.174 0.679 0.005
group 0.534 0.591 0.031
time * group 1.341 0.275 0.075

vGRF (BW) time 2.667 0.112 0.075
group 0.719 0.495 0.042
time * group 0.325 0.725 0.019

KFA: knee flexion angle, KEM: knee extension moment, vGRF: vertical ground 
reaction force
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Due to altered nerve excitability and decreased muscle 
strength after ACLR, patients develop quadriceps dys-
function, which leads to altered lower extremity loading 
during gait, resulting in an abnormal stiff knee gait [36–
38]. Abnormal gait after ACLR occurs predominantly in 
the sagittal plane, as evidenced by altered peak KFA and 
peak KEM [39, 40]. Recent studies have shown that KFA 
and KEM were lower on the operative side of patients 
after ACLR than on the contralateral side and healthy 
controls during the stance phase in the first postoperative 
year [33]. Previous studies have shown that lower peak 
KFA and peak KEM that persist after ACLR are signifi-
cantly associated with the development of post-traumatic 

KOA [41, 42]. Knee extension constraint training sig-
nificantly increases the KFA and the improvement is 
sustained use of this training [19, 21]. In addition, knee 
extension constraint training can effectively increase the 
strength of the knee muscles [13]. Therefore, we hypothe-
sized that the peak KFA and peak KEM of the experimen-
tal group would be significantly greater than those of the 
placebo and control groups following the intervention; 
and that the peak KFA and peak KEM of the experimen-
tal group would be significantly increased between pre-
intervention and post-intervention. Our results showed 
no significant differences in the peak KFA and peak KEM 
among the three groups following the intervention; and 

Table 3  Paired comparison results of two-way repeated-measures ANCOVA between groups
Variables Adjusted Mean (SD) t Value P Value Cohen’s d
Before intervention
KFA (deg) Experimental Placebo 0.747 0.764 0.430

13.30 (1.73) 12.55 (1.75)
Experimental Control −0.635 0.792 0.374
13.30 (1.73) 13.94 (1.67)
Placebo Control −1.382 0.574 0.810
12.55 (1.75) 13.94 (1.67)

KEM (Nm/kg·m) Experimental Placebo 0.035 0.460 0.031
0.22 (0.03) 0.19 (0.03)
Experimental Control 0.021 0.652 0.019
0.22 (0.03) 0.20 (0.03)
Placebo Control −0.014 0.757 0.431
0.19 (0.03) 0.20 (0.03)

vGRF (BW) Experimental Placebo 0.019 0.496 0.947
1.09 (0.02) 1.07 (0.02)
Experimental Control 0.021 0.435 1.081
1.09 (0.02) 1.07 (0.02)
Placebo Control 0.002 0.938 0.108
1.07 (0.02) 1.07 (0.02)

After intervention
KFA (deg) Experimental Placebo −0.595 0.810 0.344

13.88 (1.72) 14.48 (1.74)
Experimental Control 2.648 0.274 1.575
13.88 (1.72) 11.23 (1.66)
Placebo Control 3.243 0.189 1.916
14.48 (1.74) 11.23 (1.66)

KEM (Nm/kg·m) Experimental Placebo 0.019 0.706 0.529
0.26 (0.03) 0.24 (0.03)
Experimental Control 0.066 0.172 1.970
0.26 (0.03) 0.19 (0.03)
Placebo Control 0.047 0.331 1.433
0.24 (0.03) 0.19 (0.03)

vGRF (BW) Experimental Placebo 0.034 0.353 1.360
1.15 (0.03) 1.11 (0.03)
Experimental Control 0.042 0.237 1.714
1.15 (0.03) 1.10 (0.02)
Placebo Control 0.008 0.822 0.326
1.11 (0.03) 1.10 (0.02)

KFA: knee flexion angle, KEM: knee extension moment, vGRF: vertical ground reaction force
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there were no significant differences between pre-inter-
vention and post-intervention in the experimental and 
placebo groups. Interestingly, post-intervention was sig-
nificantly lower than pre-intervention in the peak KFA 
in the control group. During the stance phase, the peak 
KFA was lower on the operative side of the patients after 
ACLR, which is a typical stiff knee gait [43]. The stiff knee 
gait is thought to represent a strategy to mitigate episodic 
knee instability, and it is associated with the development 
of knee osteoarthritis [44]. The results of the study did 
not support our hypothesis for peak KFA and peak KEM. 
There were no significant differences among the three 
groups, and the experimental group did not significantly 
differ between pre-intervention and post-intervention. 
This suggests that knee extension constraint training 
has no significant effect on improving the knee stiff gait 
and knee extension strength during the stance phase of 
walking after ACLR. However, the peak KFA of patients 
without braces decreased significantly, suggesting that 
wearing braces can prevent further aggravation of knee 
stiff gait.

Reduced loads on the operated lower extremity and a 
stiff knee gait at 6 months after ACLR may lead to sec-
ondary KOA [9, 40]. In our study, the results of gait test-
ing of patients at 6 months postoperatively following 12 
weeks of different interventions showed that the experi-
mental group that received knee extension constraint 
training did not show a significant benefit. Pre-post com-
parisons revealed a significant increase in peak vGRF 
following knee extension constraint training, but no sig-
nificant change in the peak KFA and peak KEM, and the 
peak KFA of patients without braces decreased signifi-
cantly. The results showed that knee extension constraint 
training early after ACLR increased lower extremity load-
ing on the operated side to a certain extent and did not 
improve knee stiffness during walking, but it did prevent 
the aggravation of knee stiff gait. This suggests that knee 

extension constraint training may delay the development 
of knee cartilage degeneration to some extent. Therefore, 
knee extension constraint training has the potential to 
prevent knee osteoarthritis. The reason that our hypoth-
eses were not fully supported could be: first, we only 
intervened for 12 weeks, but the abnormal gait biome-
chanics after ACLR will persist for a long time. Therefore, 
we suggest that the long-term effects of knee extension 
constraint trainin should be investigated. In addition, 
another limitation is that this study only focused on bio-
mechanical characteristics during walking and did not 
analyze tasks such as jogging, cutting, and stop-jump; 
therefore, it is not clear how knee extension constraint 
training affects these high-risk tasks. In the future, higher 
intensity tasks should be conducted to have a more com-
prehensive validation of the clinical effects.

Conclusion
The results of this randomized controlled clinical trial 
suggest that 12 weeks of knee extension constraint train-
ing in ACLR patients did not significantly increase the 
peak KFA and peak KEM during the stance phase of 
walking, but may have played a role in increasing the 
peak vGRF. The knee extension constraint training can 
increase lower extremity loading on the injured side. 
Therefore, knee extension constraint training may be a 
potential therapeutic adjunct to improve abnormal gait 
after ACLR.
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