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a b s t r a c t

Background: Most patients with anterior cruciate ligament (ACL) injury undergo ACL reconstruction
(ACLR) with the expectation of being able to return to sport (RTS) at the same level of the competition as
before the injury. The magnitude and asymmetry of landing impact are important post-ACLR functional
variables related to increased ACL strain and poor athletic performance. However, the association be-
tween the RTS status and landing impact in post-ACLR patients is unknown.
Objective: To investigate the association between RTS status and landing impact during single-leg
landing in post-ACLR patients.
Methods: Forty-four patients after primary, unilateral ACLR participated in this study. They had already
participated in sports post-ACLR. Questionnaires were used to assess whether the participants achieved
the same competitive level of RTS as before the injury. The magnitude and symmetry of the peak vertical
ground reaction force (pVGRF) were collected and analysed during single-leg jump landings. Addition-
ally, knee functions (range of motion, laxity, effusion, strength, and single-leg hop distance) were
measured.
Results: A total of 28 (64%) patients reported RTS at their pre-injury competition levels. The no-RTS
group had a lower pVGRF magnitude on the operated side than the yes-RTS group (P ¼ .019). The no-
RTS group had a higher rate of pVGRF asymmetry (50%) than the yes-RTS group (18%) (P ¼ .040). Lo-
gistic regression analysis revealed that pVGRF magnitude and asymmetry were significantly associated
with the RTS status. Logistic regression analysis adjusted for knee function revealed that the pVGRF
magnitude was significantly associated with the RTS status.
Conclusion: In patients who are unable to RTS at their pre-injury competition level after ACLR, the pVGRF
is lower and more likely to be asymmetrical than in those able to RTS at their pre-injury competition
level.
© 2021 Asia Pacific Knee, Arthroscopy and Sports Medicine Society. Published by Elsevier (Singapore) Pte
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Most patients with anterior cruciate ligament (ACL) injury un-
dergo ACL reconstruction (ACLR) with the expectation of being able
to return to sport (RTS) at the same level of the competition as
before the injury.1 However, in a meta-analysis of post-ACLR
Sports Medicine Society. Published
patients, only approximately 63% of patients were able to RTS at
their pre-injury competition level.2

Factors related to RTS status after ACLR can be categorized into
demographic information such as age, gender and competition
level, knee joint function, and psychological factors.3 Post-ACLR
knee function characteristics, such as greater laxity,4 swelling,5

weak knee extensor strength,6 and greater asymmetry in single-
leg hop distance,7 have been reported in patients who have not
been able to RTS at their pre-injury competition level.
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In patients after ACLR, the magnitude and asymmetry of landing
impact are important functional variables related to increased ACL
strain and poor athletic performance such as jump and change of
direction.8,9 In a previous study comparing the landing impact of
patients after ACLR and healthy athletes, the peak vertical ground
reaction force (pVGRF) on the operated side in patients after ACLR
was less than that in healthy athletes.10 In previous studies
comparing pVGRF during landing in patients after ACLR on the
operated and nonoperated sides, pVGRF on the operated side was
lower and more likely to be asymmetrical.11e13

The pVGRF during single-leg landings is larger than that in other
jump landing tasks.14 Since most ACL injuries occur in single-leg
landings rather than double-leg landings,15 it is important to
analyse the biomechanics during single-leg landings.16 Therefore,
this study aimed to investigate the association between the RTS
status and landing impact during landings in post-ACLR patients.
Additionally, the strength of the association between RTS and
landing impact was evaluated while accounting for knee function
variables. We hypothesized that patients who are unable to RTS at
their pre-injury competition level would have a lower and more
asymmetrical pVGRF on the operated side than those able to RTS at
their pre-injury competition level, even after adjusting for knee
function variables.

Materials and methods

Participants

Participants who had undergone primary ACLR between April
2012 and May 2018 and already participated in sports post-ACLR
were included if they met the following inclusion criteria: 16e45
years old at the time of questionnaire administration; participation
in sports with a modified Tegner activity scale17 score �5 before
injury; and 8 months or more after surgery. Participants were
excluded if: they had not participated in sports for social reasons
such as pregnancy and employment; they had ACL injury to the
contralateral knee or ACL re-injury to the reconstructed knee; they
had a history of meniscal injury and surgery of the ipsilateral knee
and the contralateral knee before ACL injury; they had a cartilage
injury requiring surgery; they had difficulty in follow-up until RTS;
and they had a complication that would interfere with their RTS
after surgery. These were the same participants and selection
procedures as previously reported.18

Surgical technique and post-operative rehabilitation

All surgeries were performed by orthopaedic surgeons special-
ized in knee joint. The autograft sources were hamstrings or bone-
patellar tendon-bone. Postoperative rehabilitation protocol was
based on the previous study.18 Range of motion (ROM) and quad-
riceps isometric contraction exercises were started three days after
surgery. A straight-position knee-joint immobilizer (Knee brace,
ALCARE Co., Ltd., Tokyo, Japan) and crutches were used and then
gradually phased out from four weeks after ACLR. Jogging started
three months after ACLR and the running speed was gradually
increased. Sports participation was allowed by a doctor when the
following were achieved: it was at least six months after surgery;
limb symmetry index (LSI) of isokinetic knee extension and flexion
torque was >85%, as measured with a BIODEX System 4 Isokinetic
Dynamometer (BIODEXMedical Inc., Shirley, NY) at 60�/s and 180�/
s); and LSI on the single-leg hop distance was >90%. The post-
operative rehabilitation protocol was the same for all patients.
However, patients who underwent repair of the middle-posterior
segment of the meniscus were prohibited from deep squatting or
bending the knee more than 90� until three months after surgery.18
48
Procedures

This was a cross-sectional study completed in a single centre.
Demographic, injury, and operated information were collected
from medical records. Participants' height, weight, knee functions,
landing impact and questionnaire were measured on the same day.
Ethical approval was obtained from the Ethics Committee (approval
number: M2016-197). All participants provided written informed
consent prior to participation.

Measurement of knee functions

Knee functions, such as ROM, effusion, anterior knee laxity,
muscle strength, and single-leg hop distance, were measured.
These evaluations have moderate-to-high intra-rater and inter-
rater reliabilities.19e22 Knee flexion and extension ROM were
measured in increments of 1� using a goniometer. The angle ob-
tained by subtracting the operated side's value from the value on
the non-operated side was defined as the ROM deficit.

Effusion was assessed using the stroke test,20 which evaluates
the degree of effusion on a 5-point scale (zero, trace, 1þ, 2þ, 3þ).
Higher scores indicate a greater degree of effusion.

Anterior knee laxity was measured using KT-1000 (MEDmetric
Corp., San Diego, CA) at the maximum manual pull and expressed
as the difference between the non-operated and operated sides.23

Isokinetic knee strength was assessed using Biodex System 4.
Extensor and flexor peak torques were assessed at angular veloc-
ities of 60�/s and 180�/s, respectively. The peak torque was
expressed in Nm divided by the body weight (Nm/kg). Additionally,
the limb symmetry index (LSI) was calculated as the ratio of the
operated and non-operated sides’ peak torques.24

Single-leg hop distance was measured as a functional test. It is a
functional test to evaluate lower extremity power during hopping
and dynamic stability during landing by measuring the hop dis-
tance.25 Participants stood on one leg behind the starting line,
hopped forward as far as possible, and landed on the same leg. A
stable landing meant a successful test. The definition of an unsuc-
cessful hop was an additional hop upon landing, landing with
premature touchdown of the contralateral limb, and/or loss of
balance.26 The participant's arm movements during jump landing
were not restricted. Each participant performed three practice
jumps, followed by two successful trials. The longest distance (cm)
of the trials was recorded, and the LSI was also calculated.

Landing impact during single-leg jump landing on a force plate

All participants performed a single-leg jump landing task.27 A
20-cm-high box was placed 60 cm from the centre of the force
plate. The participants stood on the step on their measurement leg
with the opposite hip and knee bent at 45� and 90�, respectively,
and neutral hip rotation. The arms were crossed to eliminate the
effect of their movement. Participants jumped forward without
intentional upward action and landed naturally on the force plate's
centre and maintained balance for 5 s. No specific instructions
about landing were provided, and the participants performed the
task according to their preference. A trial was deemed unacceptable
if the arms left the chest, the foot fell outside the force plate at
landing, the foot moved or slid after landing, or the sole of the
opposite foot touched the force plate or the floor. Each participant
performed least three practice jumps, followed by three successful
trials as a formal test.

VGRF was recorded during landing using a force plate (260AA6,
Kistler Instrument AG, Winterthur, Switzerland). The sampling rate
was 1000 Hz, and the VGRF data were filtered through a fourth-
order Butterworth low-pass digital filter at a cutoff frequency of
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50 Hz and normalized by body weight using a software (IFS-4J/3J,
DKH). The pVGRF data were calculated as pVGRF magnitudes. The
average of the three trials was calculated. Measurement of the
VGRF during single-leg jump landing has demonstrated acceptable
test-retest reliability.28

Exceeding 100% is not always a good result for the pVGRF's LSI
during single-leg jump landing.24 Thus, the absolute symmetry
index (ASI), which represents the absolute value of the asymmetry
between the operated (S) and non-operated sides (N), was calcu-
lated as follows:

ASI ð%Þ¼
�
�
�
�

S� N
0:5� ðSþ NÞ

�
�
�
�
� 100

An ASI > 10% was defined as asymmetry.29

RTS status

All participants answered two questions. The dichotomous (yes/
no) question was, “Have you returned to the same level of
competition as before your ACL injury?“6 The continuous-response
(0%e100%) question was, “What is the subjective performance in-
tensity of the sport you are currently participating in?” The latter
question is an index of postoperative subjective athletic perfor-
mance (PoSAP), and 100% means that the current performance
intensity is 100% of the subjective athletic performance before the
ACL injury. Ohji et al.18 reported that most post-ACLR patients with
a PoSAP of 80% responded “Yes” to the dichotomous question and
that the dichotomous question alone tended to over evaluate their
RTS status. Therefore, in this study, the participants who answered
“Yes” to the dichotomous question and >80% for the PoSAP were
included in the yes-RTS (YRTS) group. The no-RTS group included
those who met none or only one of the criteria.

Statistical analysis

The normality of each variable's distribution was determined
using the histogram and the ShapiroeWilk normality test. Means
and standard deviations were calculated for normally distributed
variables, whereas medians (quartile range) were calculated for
variables that are not normally distributed.

The differences in demographic data, knee functions, and
landing impact between the NRTS and YRTS groups were analysed
using the chi-square test, Fisher's exact test, unpaired t-test, or
ManneWhitney U test. Additionally, effect sizes (chi-square
test ¼ f coefficient, Fisher's exact test ¼ Cramer's V, t-
test ¼ Cohen's d, ManneWhitney U test ¼ r) were calculated for
each variable.

The associations between landing impact (pVGRF magnitude
and asymmetry) and the RTS status were examined using logistic
regression analysis (forced entry method). First, the analysis was
performed with pVGRF magnitude and asymmetry as independent
variables and then adjusted for variables with P< .1 in the between-
group comparisons. The a priori a level was set at 0.05. Data were
analysed using SPSS version 21.0 (IBM Corp, Armonk, NY, USA).

Results

Forty-four patients after ACLR were included in this study.
Sixteen (36%) and twenty-eight (64%) patients were assigned to the
NRTS and YRTS groups, respectively. One patient responded “Yes”
to the dichotomous question but had a PoSAP �80%, and one
responded “No” to the dichotomous question but had a PoSAP
>80%. The lowest PoSAP for the YRTS group was 85%.

The demographic characteristics are summarized in Table 1.
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Patients in the NRTS group had higher body mass index (BMI)
values than those in the YRTS group (P ¼ .032, d ¼ �0.32). The
results of Fisher's exact test showed that the NRTS group (44%) had
a higher proportion of overweight (BMI � 25 kg/m2) than the YRTS
group (11%) (P¼ .017, V¼ .38). Therewere no significant differences
in other demographic characteristics, operated information, or ac-
tivity level between the two groups.

The knee function and landing impact data are shown in Table 2.
The NRTS group had a lower LSI of knee extensor strength at 180�/s
(P¼ .032, d¼ .18) and pVGRF magnitude (P¼ .019, d¼ .77) than the
YRTS group. The results of Fisher's exact test (Table 3) showed that
patients in the NRTS group (50%) had a higher rate of pVGRF
asymmetry than patients in the YRTS group (18%) (P ¼ .040,
V ¼ .34).

The results of the logistic regression analysis to determine the
association between landing impact and the RTS status are shown
in Table 4. In model 1, both pVGRF magnitude and asymmetry were
significantly associated with the RTS status. In model 2 (adjusted
for covariates), pVGRF magnitude was the only factor significantly
associated with the RTS status. To account for multicollinearity and
the correct classification rate of regression analysis, BMI was used
as a continuous variable.

Discussion

The present study investigated the association between the RTS
status and VGRF parameters during single-leg jump landing in
post-ACLR patients. Our analysis showed that the pVGRF magni-
tude on operated side during single-leg jump landing was associ-
ated with the RTS status, even after adjusting for the LSI of knee
extensor strength and BMI. These results partially support our hy-
pothesis and provide new data showing that pVGRF magnitude
during single-leg jump landing is associated with the RTS status.

Logistic regression analysis showed that the pVGRF magnitude
was associated with the RTS status (Table 4, model 2). The VGRF of
the eccentric deceleration phase during single-leg vertical jumping
is smaller in post-ACLR patients with lower International Knee
Documentation Committee (IKDC) scores than in patients with
higher IKDC scores.30 In post-ACLR patients, IKDC is a representa-
tive subjective outcome of knee symptoms during sporting activ-
ities.31 Although the task and outcome in the present study were
different, this supports the results of previous studies that the
pVGRF of individuals with low scores on subjective outcomes in
sporting activities, including knee function, is smaller than that of
individuals with high scores.

Since we did not include healthy athletes, it is difficult to
interpret the magnitude of the relationship of pVGRF in the YRTS
and NRTS groups solely based on the results. A previous study of
healthy athletes measured VGRF during single-leg jump landing
with the same equipment and method, and the median (inter-
quartile range) pVGRF was 371.7 (83.1) %body weight.27 Although
the results of this study cannot be statistically comparedwith those
of previous studies, the results suggest that the pVGRF of the YRTS
group is not larger than that of healthy athletes, but that the pVGRF
of the NRTS group is smaller.

In the single-leg jump landing task, post-ACLR patients showed
a different landing strategy than healthy athletes. Pozzi et al.32

showed that in patients after ACLR, the moment required to sup-
port the centre of gravity during a single-leg drop landing is rela-
tively greater in the hip than in the knee, compared to healthy
participants. Vairo et al.33 showed that post-ACLR patients had a
smaller pVGRF and greater hip flexion angle during single-leg jump
landing than healthy athletes. Hip flexion significantly contributes
to landing force absorption34 and consciously flexed lower ex-
tremity joints while landing reduced the pVGRF.35 Excessive pVGRF



Table 1
Demographic characteristics of the study participants.

Variables NRTS (n ¼ 16) YRTS (n ¼ 28) P value Effect size

PoSAPa 72.5 (17.5) 100.0 (8.7)
Age, ya 23.0 (13.0) 21.0 (5) .185 -.20
Sex (female/male), n 4/12 15/13 .113 .23
BMIa 23.9 (4.9) 22.1 (2.9) .032* -.32
BMI � 25, n (%) 7 (44%) 3 (11%) .017* .38
Injury type (contact/non-contact), n 3/13 5/23 .620 -.01
Surgery to measurement, ma 15.5 (10.8) 23.5 (21.0) .187 .14
Graft type (ST/BTB), n 14/2 26/2 .614 .09
Meniscus repair (yes/no), n 10/6 22/6 .303 .17
Pre-injury modified Tegner scalea 8.0 (2.0) 8.0 (2.0) .789 -.04
Participating level, n (%) .294 .25
Recreation 4 (25) 2 (7)
Competition 9 (56) 20 (71)
Elite 3 (19) 6 (22)

BMI, body mass index; BTB, bone-patellar tendon-bone; NRTS, no-return to sports; PoSAP, postoperative subjective athletic performance; ST, semitendinosus; YRTS, yes-
return to sports.

a Median (interquartile range), *P < .05.

Table 2
Group differences in knee function and the parameters of ground reaction force during single-leg jump landing.

Variables NRTS (n ¼ 16) YRTS (n ¼ 28) P value Effect size

Knee ROM Extension ROM deficit, dega .0 (1.0) 0.0 (1.8) .747 -.05
Flexion ROM deficit, dega 0.0 (5.0) 0.0 (0.0) .136 -.23

Knee joint effusion Stroke test grading Zero, n 13 25 .582 .21
Trace, n 2 3
1þ, n 1 0

Knee laxity Difference of maximum pull, mm, mean ± SD 1.0 ± 1.4 1.0 ± 1.3 .934 .03
Knee strength Extension LSI, 60�/s, %, mean ± SD 87.1 ± 10.9 91.6 ± 11.7 .215 .39

Flexion LSI, 60�/s %, mean ± SD 92.6 ± 11.7 92.7 ± 11.0 .990 .01
Extension LSI, 180�/s %, mean ± SD 86.8 ± 7.4 92.1 ± 7.9 .032* .18
Flexion LSI, 180�/s %, mean ± SD 91.5 ± 11.1 93.9 ± 9.8 .461 .23

Single-leg hop for distance Hop distance LSI, %a 97.2 (7.9) 99.6 (6.8) .532 -.09
Landing impact pVGRF magnitude on operated side, %BW, mean ± SD 330.0 ± 39.2 365.6 ± 49.9 .019* .77

BW, body weight; LSI, limb symmetry index; NRTS, no-return to sports; pVGRF, peak vertical ground reaction force; ROM, range of motion; SD, standard deviation; YRTS, yes-
return to sports.

a Median (interquartile range), *P < .05.

Table 4
Logistic regression analysis to determine the association between landing impact
and RTS status.

Model 1

Independent variable P value Odds ratio 95% confidence
interval

Lower Upper

pVGRF magnitude on operated side .022 0.980 0.964 0.997
pVGRF asymmetry .024 6.036 1.271 28.656
c2 test, P < .001; Hosmer-Lemeshow test, P ¼ .099; percentage of correct

classifications, 72.7%.

Model 2
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increases ACL load, indicating that post-ACLR patients may avoid
loading their knee during landing.10,11 Our results suggest that such
compensatory movements may have occurred, particularly among
the NRTS group's patients whose performance was inadequate.

We observed that a higher proportion of patients in the NRTS
group showed asymmetrical pVGRF than those in the YRTS group
(Table 4, model 1). Post-ACLR patients with lower IKDC scores had a
greater pVGRF asymmetry during single-leg landing than patients
with higher IKDC scores.13 Post-ACLR patients with decreased knee
extensor strength on the operated side had smaller pVGRF LSIs
during landing than those who did not have decreased knee
extensor strength.36 Landing impact asymmetry is related to poor
subjective and objective knee function related to RTS in post-ACLR
patients; therefore, it is important to correct it.

The NRTS group had a higher BMI and proportion of overweight
individuals than the YRTS group. A systematic review examining
Table 3
Comparison of RTS status and pVGRF asymmetry during single-leg jump landing.

NRTS YRTS Total

pVGRF asymmetry No 8 23 31
Yes 8 5 13
Total 16 28 44

VGRF asymmetry was defined as ASI >10%. ASI, absolute symmetry index; NRTS, no-
return to sports; YRTS, yes-return to sports; pVGRF, peak vertical ground reaction
force.

50
BMI in post-ACLR patients showed that overweight individuals had
an increased risk of secondary problems such as arthritis and
Independent variable P value Odds ratio 95% confidence
interval
Lower Upper

pVGRF magnitude on operated side .015 0.974 0.953 0.995
pVGRF asymmetry .203 3.186 0.534 19.007
Extension LSI, 180�/s .154 0.909 0.797 1.036
BMI .298 1.174 0.868 1.588

c2 test, P ¼ .002; Hosmer-Lemeshow test, P ¼ .681; percentage of correct classifi-
cations, 72.7%.
Model 2: Model 1 þ covariance (extension LSI (180�/s), BMI).
pVGRF asymmetry was defined as ASI >10%.
ASI, absolute symmetry index; BMI, body mass index; LSI, limb symmetry index;
pVGRF, peak vertical ground reaction force.
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osteoarthritis than those whowere not overweight.37 The results of
this study provide new data on the relationship between BMI and
the RTS status. However, patients in some sports or weight cate-
gories need to maintain a high weight. Therefore, careful inter-
pretation of BMI is necessary.

Our study showed that the LSI of knee extensor strength in the
NRTS group was smaller than that of the YRTS group. Our results
are consistent with a previous study6 that showed a lower LSI of
knee extensor strength in the NRTS group than in the YRTS group.
Schmitt36 showed that post-ACLR patients with a low extensor
strength LSI had smaller pVGRF and pVGRF LSI on the affected side
than those with a high extensor strength LSI. Thus, postoperative
knee extensor strength is an important functional variable related
to RTS and landing impact, and its improvement is vital during
rehabilitation.

The present study did not find associations between the RTS
status and functional variables, such as ROM, laxity, effusion, flexor
strength, and single-leg hop for distance, because the proportion of
functional impairment on the non-operated side was low. These
functional variables become worse after an ACL injury or ACLR and
are the criteria for sports participation.38 Associations between
these variables and the RTS status have previously been demon-
strated, and they remain important knee function variables. Our
results provide evidence that even when these knee function var-
iables improve, the landing impact during single-leg jump landing
is associated with the RTS status.

Clinical implications

Post-ACLR patients not only have a lower pVGRF during single-
leg landings compared with both their non-operated side and
healthy athletes, but also their kinetic pattern includes a lower knee
internal extensionmoment and a comparatively greater moment of
the hip joint than of the knee.32 Post-ACLR patients also show
specific kinematic patterns, such as greater trunk and hip flexion
angles during single-leg landing compared with both their non-
operated side and healthy athletes.33,39 These patterns are regar-
ded as compensatory movements to avoid loading the knee, and it
has been suggested that the pVGRF in the NRTS group may be
related to these kinetic and kinematic patterns. In particular, these
patterns are more likely to be found in those with weak extensor
muscle strength,39 and the results were similar in the present
study. Based on these findings, patients in the NRTS group may
require the following instructions to RTS at their pre-injury
competition level: 1) correct knee extensor strength asymmetry
and 2) check and correct kinetic and kinematic patterns to enable
them to tolerate a landing impact on the operated side that is both
within the normal range and close to the impact on the non-
operated side to correct its asymmetry. However, excessive
pVGRF is a risk factor for ACL injury8 and patients must be taught to
land while keeping it within the reference values determined in
healthy adults.

Study limitations

We could not evaluate causal associations because of the cross-
sectional design. Future cohort studies are needed to determine the
impact of VGRF characteristics during landing on future RTS. The
pVGRF is a representative variable for assessing the landing impact;
however, landing impact changes with the foot, knee, hip, and
trunk movements.34 Future analysis of the kinetics/kinematics of
these joints, in addition to pVGRF, may elucidate landing strategies
associated with the RTS status, enabling the provision of appro-
priate landing instructions. The pVGRF may differ between domi-
nant and non-dominant limb, but these effects were not taken into
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account in this study. The impact characteristics differ per the type
of task. In the single-leg jump landing task, we measured the
impact when the participants landed in whatever way they prefer.
However, tasks such as jumping again after landing, which assesses
the energy production capacity, and soft landing, which assesses
absorption capacity,35 were not evaluated. Further studies
comparing multiple landing tasks are required to ascertain more
specific functions of athletic performance. Participants in this study
had a wide range of post-operative follow-up (24.8 ± 18.4 months).
We cannot discount the possibility that functional impairment,
including impairment on the nonoperative side, may occur in the
elapsed years.40 Finally, postoperative psychology such as kinesi-
ophobia is associated with RTS status5 and landing biomechanics,41

but these effects are unknown in this study.

Conclusion

We examined the associations between the RTS status and the
magnitude and asymmetry of landing impact during single-leg
jump landing in post-ACLR patients. The pVGRF of post-ACLR pa-
tients who were unable to RTS at their pre-injury competition level
was lower and more asymmetrical than patients who had returned
to their pre-injury competition level. The magnitude of pVGRF was
associated with the RTS status, even after adjusting for other knee
function variables. Landing practice to enable the patients to
tolerate the landing impact and instructions regarding asymmetry
correction may be important for supporting post-ACLR patients in
their RTS.
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