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Abstract
Background: The magnitude of the peak landing impact force, the rapid timing of landing, and the asymmetrical forces between limbs pose a re-injury risk after
unilateral anterior cruciate ligament (ACL) reconstruction. However, the correlation between quadriceps strength asymmetry with asymmetrical jump-landing impact
has not been investigated.
Objective: To examine the relationship between asymmetrical landing impact and quadriceps strength in athletes participating in jump-landing sports after unilateral
ACL reconstruction.
Methods: Thirty-four athletes who had unilateral ACL reconstruction and were cleared to participate in jump-landing sports were investigated. The participants
were subdivided into two groups: low quadriceps strength group (n=15, quadriceps strength LSI <85%) and high quadriceps strength group (n=15, quadriceps
strength LSI≥90%). The magnitude of the peak vertical ground reaction force (pVGRF) and the time from initial contact to the pVGRF during single-leg landing
after anterior jump were measured. Loading rate was calculated, and the LSIs of the vertical ground reaction force variables between the two groups were compared.
Results: In the low quadriceps strength group, the loading rate LSI was 114%, which was significantly higher than that in the high quadriceps strength group
(P=0.04), and the pVGRF of the of the ACL-reconstructed limb tended to be higher than that in the non-ACL-reconstructed limb (P=0.07).
Conclusion: As the loading rate asymmetry was significantly greater in athletes with lower quadriceps strength LSI, evaluating the loading rate LSI in addition to
quadriceps strength asymmetry when determining an athlete’s physical readiness to return to sports should be considered.

Introduction
Primary and secondary injuries of the anterior cruciate ligament
(ACL) often occur when athletes try to decelerate the body’s momentum
during single-leg landing after jumping in sports such as basketball and
handball [1,2]. To return to sports, 80–90% of athletes who experience
primary ACL injury undergo reconstruction surgery and long-term
postoperative rehabilitation [3-5]. The incidence of secondary injuries
for the first 2–15 years after return to sports is 5.9–34% higher than that
of primary injuries [6-9]. Moreover, athletes need a longer period of
time to return to sports after revision reconstruction than after primary
reconstruction [10].
In cadaveric studies, ACL strain is increased by femorotibial joint
compression due to the posterior slope of the tibial plateau [11-13].
During single-leg landing after anterior jumping, ACL strain measured
using a strain gauge device implanted in the intact ACL reaches a peak
that corresponds to the peak vertical ground reaction force (pVGRF)
[14]. Therefore, the pVGRF magnitude and the loading rate, which
is calculated as the pVGRF magnitude divided by the time from foot
contact to the pVGRF, have been identified as the re-injury risk factors
in athletes after primary reconstruction [15-18].
Myer et al. analyzed the asymmetry of the pVGRF magnitude in
the landing phase during single-leg vertical jumping in athletes who
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returned to sports after primary/unilateral ACL reconstruction [19].
They suggested that the ACL-reconstructed (ACLR) limb has a lower
absorption of the landing impact than the non-ACLR limb.
After unilateral reconstruction, internal knee extension moment
during single-leg landing by the ACLR limb is lower than that by the
non-ACLR limb [18,20]. Compared to healthy subjects, subjects who
have undergone ACL reconstruction show a lower moment and lower
energy absorption of the knee during single-leg landing [21]. During
single-leg landing, increasing the internal moment by increasing
quadriceps strength is necessary to reduce the speed and absorb the
energy of the body center of mass [21].
After unilateral reconstruction in athletes, isokinetic quadriceps
strength tends to be lower in the ACLR limb than in the non-ACLR
limb [18,20]. The limb symmetry index (LSI) of quadriceps strength,
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which was calculated by dividing the ACLR limb value by the nonACLR limb value and multiplying the quotient by 100, is widely
used as a criterion to judge the timing of return to sports after ACL
reconstruction [18,22,23].
The purpose of this study was to examine the relationships between
asymmetries of quadriceps strength and the pVGRF variables during
single-leg landing following jump in athletes who had undergone
primary/unilateral ACL reconstruction. For this analysis, the LSIs of
the pVGRF magnitude and loading rate were compared between two
groups: the low quadriceps strength (LQ) group (LSI<85%) and the high
quadriceps strength (HQ) group (LSI≥90%) [18,24]. We hypothesized
that the LSIs of the pVGRF magnitude and loading rate in the LQ group
would be >100 % and larger than those in the HQ group.

Methods
The Institutional Review Board at our institution approved the
study design (approval number: M2016 271). All participants provided
written, informed consent prior to participating in this study.

Participants
The inclusion criteria for participants after ACL reconstruction
were as follows: age ≥16 years and ≤40 years at measurement primary/
unilateral ACL injury; underwent primary/unilateral anatomical
double-bundle reconstruction using a hamstring tendon autograft;
underwent postoperative rehabilitation within the same protocol
discussed in the Postoperative rehabilitation section; >150 days after
surgery; and participating in training or jump landing sports matches
including basketball, handball, soccer, volleyball, badminton, tennis,
lacrosse, and flying disk sports. Participants with a history of injuries or
surgery of the hip, ankle, and lumbar region were excluded.

Postoperative rehabilitation
The postoperative rehabilitation protocol was the same for
all patients, and the protocol did not vary with surgical meniscus
treatment. Patients were permitted to begin isometric quadriceps
exercises as tolerated immediately after ACL reconstruction. Using
knee brace (Straighted Position Knee-Joint Immobilizer, ALCARE,
Tokyo, Japan) and crutches, 20 kg of partial weight bearing was
allowed at postoperative day 1, which was gradually increased to the
maximum body weight of each patient. Range-of-motion exercise
from full extension to 120º of flexion was started at postoperative day
at postoperative day 3. Use of crutches was discontinued at 4 weeks.
Closed kinetic chain exercises were started at 2 weeks, and open kinetic
exercises such as seated knee extension using machine load, and a
perturbation training program were started at 3 months after surgery.
Running exercise was started at 3 months, which commenced with
jogging; the running speed was gradually increased to the maximum
speed for each patient. Once 80% of full-speed running was achieved,
athletic exercises related to the previous sports or desired sporting
activities were initiated with detailed instructions. The athletic exercises
were specific to each patient, depending on the kind of sports they were
previously engaged in and on their athletic level. Participating in sports
matches was allowed at 6 months after surgery, as long as the patient
showed no problematic symptoms in the joint and had sufficient knee
isokinetic flexion/extension strength at 60º/s (LSI of approximately
80%) measured by Biodex Multi-Joint Testing and Rehabilitation
System (BDX-4, Biodex Medical Systems Inc., New York, New York,
USA) after the specified athletic training had been accomplished.
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Quadriceps strength testing and subdivision of groups
The Biodex Multi-Joint Testing and Rehabilitation System was used
for evaluating the isokinetic strength of the quadriceps. To minimize
compensatory movements during testing, participants were seated
and secured with padded straps around the thigh, pelvis, and torso.
The femoral condyle of the tested limb was aligned with the rotation
axis of the torque meter. Participants performed three repetitions of
submaximal knee extension/flexion to familiarize themselves with
the testing motion. To determine the strength of both quadriceps,
participants performed five consecutive concentric contractions
at 60º/s. The peak torque within the five trials was extracted and
normalized by body weight. The non-ACLR limb was tested first. The
intraclass correlation coefficient of the quadriceps concentric peak
torque using the Biodex system was close to 0.90, indicating a high to
very high reproducibility [25].
The LSI of the quadriceps strength was calculated by dividing the
ACLR limb value by the non-ACLR limb value and multiplying the
quotient by 100. The participants were subdivided into two groups
based on quadriceps strength LSI (LQ group, quadriceps strength
LSI<85%; HQ group, quadriceps strength LSI≥90%) to evaluate the
effect of quadriceps strength LSI on the LSI of single-leg landing impact
[18,24]. These cut off values were based on a previous study on ACLreconstructed athletes that indicated that a side-to-side difference
in peak quadriceps strength output of 10% is considered to reflect
differences in the capacity of muscle performance beyond measurement
error and commonly reported quadriceps strength criterion values for
return-to-sport decision-making [26-29].

Single-leg jump-landing task and pVGRF variables
All participants wore the same type of shoes with no air cushions.
The participants were verbally and visually instructed regarding how
to perform the task. A 20-cm-high step was placed 60 cm from the
center of the force plate (260AA6, Kistler Instrumente AG, Winterthur,
Switzerland). The participants stood on the step on a single leg with
the other knee bent, with neutral hip rotation and the arms crossed
to eliminate the effect of arm movement. The participants were asked
to jump forward without any intentional upward action and landed as
naturally as possible on the same leg at the center of the force plate,
maintaining balance for 5sec. The participants faced forward during
all jumps and landings. All participants practiced the same tasks
three times with both limbs before data collection. A trial was judged
unacceptable visually if the sole of the foot did not come in contact
to the center of the force plate at landing, the foot moved or slid after
landing, or the opposite foot touched the force plate or floor.
Ground reaction force was collected at a sampling rate of 1000 Hz
and filtered using a low-pass Butterworth filter with a cutoff frequency
of 50 Hz and was normalized by body weight using software (IFS-4J/3J,
DKH, Tokyo, Japan). Extracted data included the initial contact (IC)
time and the peak time of vertical ground reaction force. IC was defined
as the moment when the vertical ground reaction force exceeded 10
N. The elapsed time from the IC to the pVGRF (pVGRF time) was
calculated, and the loading rate was calculated as pVGRF magnitude
divided by pVGRF time [16].

Statistical analysis
The sample size estimate for this study was based on a prior pilot
study evaluating differences in LSI of the pVGRF variables between
HQ and LQ groups. A sample size of 15 participants per group was
required to achieve a power of 0.90 with an alpha level of 0.05. Of the
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34 participants, 15 were in the LQ group, 15 were in the HQ group,
and 4 had quadriceps strength LSI between 85% and 89%. Normality
of the distribution of each variable was determined by the ShapiroWilk normality test. Differences in descriptive data, such as age, body
size, Tegner activity level scale, and days from surgery, between groups
were analyzed using a non-paired t-test or the Mann-Whitney U-test.
Differences in nominal descriptive data, such as sex, ACLR limb
dominance, and meniscus repair, between, groups were analyzed using
the chi-squared test or Fisher’s exact test.
Differences in values of quadriceps strength and pVGRF variables
between groups and between limbs were examined using a non-paired
t-test and paired t-test, respectively. When even one of the two variables,
i.e., quadriceps strength and pVGRF variables, showed a non-normal
distribution, the Mann-Whitney U-test or the Wilcoxon signed-rank
test was used to analyze the differences.
The LSIs of quadriceps strength and pVGRF variables in the LQ
group were compared with those in the HQ group using a non-paired
t-test or the Mann-Whitney U-test. The level of significance for all
tests was set at 0.05. The Statistical Package for the Social Sciences
(version 21.0; IBM Corp., New York, USA) for Windows was used for
all statistical analyses.

Results
Differences in descriptive data, except Tegner activity scale,
between the LQ and HQ groups between the LQ and HQ groups were
not significant (Table 1). In both groups, the quadriceps strength of the
ACLR limb was significantly lower than that of the non-ACLR limb
(Table 2). The average quadriceps strength LSI in the LQ group was
76.4%, which was significantly lower than that in the HQ group (Table
2). For the non-ACLR limb the quadriceps strength in the LQ group
tended to be higher than that in the HQ group (Table 2).
In the LQ group, the pVGRF of the ACLR limb tended to be higher
than that of the non-ACLR limb (Table 2), and the difference in the
pVGRF LSI between groups tended to be significant (Table 2). The
average LSI of the loading rate in the LQ group was 114.4%, which was

significantly higher than that in the HQ group; the difference in the
loading rate LSI between groups was approximately 19 points (Table 2).

Discussion
In this study two groups of athletes participating in jump landing
sports after primary/unilateral ACL reconstruction (LQ group, LSI<85
%; HQ group, LSI≥90 %) showed that in the low LSI group, there is
lower buffer capacity in the ACLR limb than in the non-ACLR limb.
The loading rate LSI was significantly higher in the LQ group than in
the HQ group.
During landing, internal knee extension moment via muscle
contractions is necessary to control joint motion and to absorb the
kinetic energy of the body [30]. Extensor muscle activation through
eccentric muscle action during landing could be described as energy
absorption [31]. The maximum extension torque of the knee is a
predictive factor for energy absorption in the knee during double-leg
drop-jump landing [32,33]. In the total support moment, which is
calculated from the total of the knee, hip, and ankle internal moments
during single-leg drop-jump landing, the proportion of power absorbed
by the knee is significantly lower and that by the hip is significantly
higher in ACL-reconstructed athletes than in healthy subjects [21].
These findings suggest that quadriceps strength is an important
determinant in the mechanics of landing impact absorption among
athletes after ACL reconstruction.
In this study, although the difference in quadriceps strength in
ACLR limbs between groups was not significant, the quadriceps
strength tended to be higher in the LQ group than in the HQ group
for the non-ACLR limb. These results indicate that the inter-group
difference in quadriceps strength LSI was not due to a difference in
ACLR limb muscle strength, but rather due to a difference in nonACLR limb muscle strength, which could be because the function
of the ACLR limb is compensated for by the non-ACLR limb; thus,
the quadriceps muscle of the non-ACLR limb has a greater burden,
and as an adaptation, quadriceps strength LSI is reduced [24]. These
results suggested that LSI is an important index of quadriceps strength
recovery after unilateral ACL reconstruction.

Table 1. Participant characteristics
LQ (n=15)

HQ (n=15)

P value

Age (year)

21.5 (4.0)

21.0 (7.0)

0.803

Height (cm)

168.9 (9.6)

162.8 (4.7)

0.078

Weight (kg)

62.9 (12.3)

58.9 (7.1)

0.29

Body mass index

22.1 (2.6)

22.2 (2.1)

0.952

Sex (female ratio)

46.70%

73.30%

0.136

Dominance of injured leg (ratio of patient number)

53.30%

46.70%

0.715

Sports
Soccer

7

4

Volleyball

1

4

Basketball

2

4

Badminton

3

2

Tennis

0

1

Handball

0

0

Lacrosse

1

0

Flying disk sports

1

0

Tegner activity level scale before injury

8.3 (0.9)

7.0 (1.0)

0.018*

Meniscus repair (ratio of patient number)

60.00%

60.00%

0.705

Days from surgery to measurement

185.0 (20.7)

184.9 (14.5)

0.984

Days from injury to surgery

74.0 (54.0)

53.0(42.0)

0.221

Data are means and SD or median and interquartile range (italic). Dominant leg side was defined as the leg used to kick a ball to maximal distance.
LQ, low quadriceps strength group; HQ, high quadriceps strength group
*Significance at P<0.05.
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Table 2. Quadriceps strength and ground reaction force variables
LQ group (n=15)

HQ group (n=15)

P value between groups

Cohen's d

ACLR limb

205.8 (38.0)

219.1 (58.5)

0.467

Non-ACLR limb

269.4 (43.7)

229.9 (61.2)

0.053†

0.74

<0.001*

0.009*

76.4 (5.6)

95.5 (6.1)

<0.001*

3.26

ACLR limb

381.6 (66.3)

374.1 (58.2)

0.744

Non-ACLR limb

363.6 (62.4)

382.2 (39.0)

0.337

0.073†

0.488

105.6 (10.3)

97.8 (11.7)

0.065†

ACLR limb

41.0 (9.0)

40.9 (10.4)

0.466

Non-ACLR limb

46.7 (8.7)

41.0 (7.0)

0.253

0.147

0.767

92.4 (22.1)

102.4 (35.4)

ACLR limb

8.3 (2.4)

9.1 (5.2)

0.95

Non-ACLR limb

8.0 (2.1)

9.5 (2.6)

0.165

Quadriceps strength (N/BW)

P value between limbs
LSI
pVGRF (N/BW)

P value between limbs
LSI

0.71

pVGRF time (ms)

P value between limbs
LSI

0.171

Loading rate (N/BW/ms)

P value between limbs
LSI

0.114

0.175

114.4 (24.3)

95.1 (24.4)

0.044*

0.79

Data are means and SD or median and interquartile range (italic). Loading rate was calculated as the pVGRF divided by the elapsed time from initial contact to the pVGRF. LSI was calculated
as the ratio of the ACLR limb value divided by non-ACLR limb value. LQ, low quadriceps strength; HQ, high quadriceps strength; ACLR, anterior cruciate ligament reconstructed; pVGRF,
peak vertical ground reaction force; LSI, limb symmetry index; N/BW, Newton per body weight
*Significance at P<0.05.
†Tendency to significance at P<0.1.

Myer et al. analyzed the asymmetry of pVGRF magnitude in
the landing phase during single-leg vertical jumping in athletes who
returned to sports after primary/unilateral ACL reconstruction and
suggested that the ACLR limb has a lower absorption of the landing
impact than the non-ACLR limb because the pVGRF magnitude
normalized by jump height was larger in the ACLR limb than in the nonACLR limb [19]. Palmieri-Smith et al., in a study of ACL-reconstructed
athletes who returned to sports, showed that the maximum knee
flexion angle LSI during single-leg landing after anterior jumping was
significantly smaller in the LQ group than in the HQ group [23]. Other
previous studies showed that there is greater pVGRF with a smaller
knee flexion angle during landing [34,35]. Our study’s findings support
those of previous studies and suggest that asymmetry of the pVGRF
variables during single-leg landing should be included among the
criteria for determining the timing of return to sports after primary/
unilateral ACL reconstruction.
Ithurburn et al. found no significant difference in loading rate LSI
during single-leg drop-jump landing from a height of 30 cm between
LQ and HQ groups [18]. Ali et al. examined single-leg anterior jump
landing from a height of 20 cm, analyzed the ground reaction force
with different anterior distances (i.e., 30, 50, and 70 cm), and showed
that pVGRF and posterior ground reaction force increased with
greater distance [34,35]. In our study, we examined landing after a
60-cm anterior jump from a height of 20 cm, not drop-jump landing.
We found that the average loading rate LSI was approximately 114%
in the LQ group and approximately 95% in the HQ group; the group
difference was significant. Based on the results of previous studies and
our study, landing after jumping has greater impact absorption than
landing after dropping; thus, the loading rate during landing is greater
in the LQ group, which has poorer energy absorbing capacity in the
ACLR limb.
A stiffer landing strategy, which is associated with reduced ability
of the lower extremity muscles such as the quadriceps to absorb ground
reaction forces, may theoretically expose the passive anatomical
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structures of the knee to higher forces, thereby resulting in re-injury
[30,36-38]. In this study, the results suggest that in athletes participating
in sports involving jump landings with quadriceps strength LSI<85 %,
quadriceps strengthening focused on the ACLR limb is particularly
needed even after >5 months since reconstruction. This finding could
be used to explain to athletes and coaches that evaluating asymmetry
of the loading rate and increasing buffer capacity during single-leg
landing after jumping with the ACLR limb is a strategy for preventing
re-injury. Moreover, this may also be used to support the importance of
coaching to prevent the overuse of the non-ACLR limb to compensate
for energy absorption or production in the ACLR limb in double-leg
landing training.
This study has some limitations: (1) Although a sample size of 15
participants per group was required based on a prior pilot study, the
effect size of group comparison for loading rate was 0.79, which was not
high. (2) The Tegner activity level was higher in the LQ group than in the
HQ group; this difference possibly affected the results. (3) The data in
this study were for both men and women; therefore, the characteristics
of the results by sex are unknown. (4) All participants had doublebundle reconstruction using the hamstring tendon, and their results
could not be simply applied to patients who had reconstruction using
bone-patellar tendon bone grafts as they have different knee muscle
strength characteristics [39,40]. (5) The muscle strength dynamometer
in this study measured concentric muscle strength at an angular
velocity of 60º/s, and whether dividing the groups for analysis by muscle
strength measured by means of a different contraction pattern or
angular velocity would yield the same results remains to be established.
Thus, further studies are warranted. Moreover, for a better evaluation of
the buffer capacity during landing, kinematics including sagittal joint
angles should be analyzed with the pVGRF variables in future studies.

Conclusion
This study suggested that asymmetry of single-leg jump-landing
impact correlated with asymmetry of the quadriceps strength in athletes
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participating in jump-landing sports after primary/unilateral ACL
reconstruction. Evaluation of asymmetry of landing impact, in addition
to quadriceps strength asymmetry, may be essential in determining the
timing of return to sports.
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