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Abstract

Background: We aimed to examine the effect of a high-intensity exercise bout on landing biomechanics in soccer
players who underwent anterior cruciate ligament reconstruction (ACLR) and non-injured soccer players during a
soccer-specific landing maneuver.

Methods: Eighteen soccer players who underwent ACLR and 18 normal soccer players were enrolled in this
investigation (ACLR group; age, 26.11 ± 3.95 years; body mass index, 23.52 ± 2.69 kg/m2; surgery time, 5 ± 3.30 years:
control group; age, 25.83 ± 3.51 years; body mass index, 24.09 ± 3.73 kg/m2, respectively). Participants were
evaluated during the landing maneuver before and after carrying out the high-intensity exercise bout using the
Wingate test. The intensity of the exercise was defined as a blood lactate accumulation of at least 4 mmol/L. The
dependent variables included sagittal-plane kinematics and kinetics of the ankle, knee and hip joints, and
electromyography activity of the gastrocnemius, hamstrings, quadriceps, and gluteus maximus.

Results: On 2 × 2 analysis of variance, none of the dependent variable showed significant exercise×group
interactions. Regardless of group, significant main effects of exercise were found. Post-exercise landing was
characterized by increased flexion of hip (p = 0.01), knee (p = 0.001), and ankle joints (p = 0.002); increased extension
moments of hip (p = 0.009), knee (p = 0.012), and ankle joints (p = 0.003), as well as decreased quadriceps activity
(p = 0.007).

Conclusion: At 1 year or more post-ACLR, the effect of the high-intensity exercise bout on landing biomechanics is
not expected to differ from that experienced by healthy soccer players.
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Background
Soccer is characterized by high-intensity activities in
which a number of very different physical maneuvers are
performed throughout the match such as running, jump-
ing, heading, and changing directions [1, 2]. The overall
distance covered during a soccer game is nearly 10 km,
with 0.65 km being covered while sprinting [1]. Previous
researchers have reported that the total distance covered
is shorter in the second half than in the first half of the
match [2]. A similar observation was reported regarding
high-intensity actions, jumping ability, and sprinting
after the soccer game, suggesting that fatigue developed
during the game results in reduced physical performance
[3, 4]. Consequently, substantial research interest has
been invested in evaluating the influence of fatigue on
lower extremity biomechanics.
Previous studies have reported that neuromuscular fa-

tigue may induce several biomechanical changes that
might increase the risk of anterior cruciate ligament
(ACL) injuries during landing [5, 6]. Several impairments
persist following ACL reconstruction (ACLR), including
altered landing patterns, abnormal postural control, and
neuromuscular deficits, which may magnify the detrimen-
tal effects of fatigue [7, 8]. However, previous results in
this direction have been inconsistent, and the effect of fa-
tigue in lower extremity injuries remains conflicting. In a
study of 10 male ACLR recipients and 11 non-injured
healthy males exposed to a general fatigue protocol to
evaluate landing biomechanics during single-limb landing,
the researchers found that fatigue induced many biomech-
anical changes in the ACLR limb, including decreased
knee flexion and adduction moments [9]. Nevertheless,
most biomechanical changes in the ACLR limb were also
observed in the uninvolved limb, as well as in the limbs of
healthy participants. On the other hand, some researchers
found that fatigue-induced deficits were greater among
ACLR individuals than in healthy individuals by the
former exhibiting a significant reduction in hip extensor
strength following the fatigue protocol [10].
Sagittal plane variables have been reported by previous

investigators as predisposing factors contributing to the
mechanism of ACL injury [11–15]. Landing with greater
lower extremity joint flexion may facilitate greater en-
ergy absorption by muscles; therefore, decreasing the
load to the passive component of the knee joint [16].
Previous researchers have found that limited sagittal
plane motion was associated with greater knee valgus
angles and decreased energy absorption by the hip and
knee joints in female soccer players [17]. Those authors
suggested that landing with limited sagittal plane motion
may place individuals at higher risks of ACL injury.
Moreover, other researchers showed that decreased hip
flexion and increased external knee flexion moments
were associated with greater risk of ACL injury [18].

Although some studies have investigated the effect of
fatigue on kinematics, kinetics, and neuromuscular strat-
egies following ACLR, such parameters have not been
investigated in ACLR soccer players performing sports-
specific landing maneuvers. Specifically, no study has
compared kinematics, kinetics, and muscle activations
between soccer players who underwent ACLR and
healthy non-injured soccer players during landing before
and after a high-intensity exercise bout. Landing maneu-
vers, such as landing after heading the soccer ball, are
among the most common activities performed repeat-
edly throughout a soccer game. Landing after heading
the soccer ball was selected in this study based on our
previous investigation in which unplanned landing (land-
ing after heading a soccer ball) exhibited increased injury
predisposing factors compared with the forward jump
[19]. It is unknown how the high-intensity exercise bout
influences landing biomechanics during a soccer-specific
landing maneuver in this population. The combination
of the high-intensity exercise bout and the soccer-
specific landing maneuver may further alter landing
biomechanics, which may magnify the risk of ACL in-
jury. Therefore, it is clinically important to evaluate the
effects of a high-intensity exercise bout on landing bio-
mechanics in soccer players with ACLR as this could
contribute to design better rehabilitation programs that
aim to prevent further injuries.
The purpose of the present investigation was to com-

pare kinematics, kinetics, and muscle activations be-
tween soccer players who underwent ACLR and healthy
non-injured soccer players during soccer-specific pre-
exercise and post-exercise landings. We hypothesized
that participants (in both groups) would demonstrate
smaller flexion angles and greater extension moments
(in the sagittal plane) and decreased muscle activations
following the high-intensity exercise bout. Another hy-
pothesis was made stating that decreased flexion angles,
increased extension moments and decreased muscle
activations are expected to be more prominent in the
ACLR group.

Methods
Participants and study design
This quasi-experimental study was approved by our in-
stitution’s ethics review board (Dnr: 17902). Informed
consent for participation was obtained from all subjects
before enrollment. With an expected effect size (ES) of
0.30, α set at 0.05, and power at 0.80, a minimum sample
size of 10 participants was deemed as necessary for each
group [9]. The general inclusion criteria for this study
were: current participation in soccer activities at recre-
ational level and age between 18 and 35 years. The gen-
eral exclusion criteria were: failure to execute the jump
heading task, surgery of lower extremity or low-back;
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injury of the lower extremity during the 6 months lead-
ing up to the enrollment, self-reported pregnancy, liga-
ment injuries of the lower extremity, other relevant
conditions including neurological diseases, and bleeding
disorders (e.g., hemophilia).
A sample of convenience including 18 soccer players

(ACLR group; men: women, 8:10) who underwent ACLR
(patellar tendon autograft, n = 10; hamstring autograft,
n = 7; allograft, n = 1) was recruited for this investigation.
Of 18 ACLR participants, 15 had unilateral ACLR (dom-
inant leg, n = 7). The specific inclusion criterion for
ACLR participants was to have undergone ACLR at least
1 year but not more than 10 years prior to study partici-
pation. The specific exclusion criterion for ACLR partic-
ipants was having > 3mm anterior tibial translation
difference between the left and right knees, as measured
using a knee arthrometer (MEDmetric Corp. San Diego,
CA, USA). The control group consisted of 18 non-
injured soccer players sex-matched to the ACLR partici-
pants (Table 1).

Instrumentation
Fifteen retro-reflective markers were attached over body
landmarks based on the Vicon Plug-in Gait biomechan-
ical model (version 2; Vicon Motion Systems Ltd.,
Denver, CO, USA). Body landmarks included both an-
terior superior iliac spines, at the second sacral vertebra,
bilaterally at the lateral femoral epicondyles, bilaterally
at mid-distance between the greater trochanter and lat-
eral femoral epicondyle, at the lateral malleoli, bilaterally
at mid-distance between the lateral femoral epicondyle
and lateral malleolus, at the calcaneal tuberosities, and
at the second metatarsophalangeal joints. The trials were
recorded using a Vicon motion analysis system consist-
ing of 10 digital cameras (240-Hz sampling rate) and
four AMTI (Advanced Mechanical Technology Inc.,
Watertown, MA, USA) force platforms (1920-Hz sam-
pling rate). The equipment was calibrated according to
the manufacturer’s recommendations and a static trial
was conducted before each data collection session.

A Trigno Wireless EMG system (Delsys Inc., Boston,
MA, USA) was used to measure muscle activity of the
gluteus maximus, vastus lateralis, rectus femoris, vastus
medialis, biceps femoris and semitendinosus, and lateral
gastrocnemius in both legs. These muscles were selected
due to their major role in dissipating the impact forces
during dynamic functional tasks. While a more flexed
knee position during landing may be facilitated by in-
creased concentric action of the hamstrings and gastro-
cnemius muscles, gluteus maximus and quadriceps
muscles act eccentrically to control the flexion angles at
the hip and knee joints, respectively [20–22]. Using
double-sided tape, 14 pre-amplified wireless electrodes
were placed bilaterally over the muscle belly, according
to a well-established procedure [23]. Before placing the
electrodes, the skin was cleansed using a cotton ball
soaked in 70% isopropyl alcohol. To reduce movement
artifacts, hypoallergenic tape was used to secure the elec-
trodes in place during the functional tasks.
A portable Lactate Plus analyzer (Sports Resource

Group Inc., Hawthorne, NY, USA) with a measuring
range of 0.3–25 mmol/L of blood lactate was used for
determining blood lactate concentration after the high-
intensity exercise bout. Lactate accumulation levels of 4
mmol/L were considered as the anaerobic threshold
[24]. The Lactate Plus analyzer is widely used for meas-
uring blood lactate levels in clinical and laboratory set-
tings, with excellent reliability (r = 0.99) in healthy males
and concurrent validity (r = 0.97) against the reference
Yellow Springs Instrument 2300 (YSI Inc., Yellow
Springs, OH, USA) in men and women [25, 26].
A Just Jump System (Probotics Inc., Huntsville, AL,

USA) was utilized to determine the maximum vertical
jump height. The Just Jump System has been used to as-
sess vertical jump height in many strength and condi-
tioning studies, having very good reliability (ICC ≥ 0.87)
and providing data highly correlated with measurements
obtained using the reference three-camera motion ana-
lysis system (r = 0.96) [27, 28].
A KT-1000 Arthrometer (MEDmetric Corp., San

Diego, CA, USA) was utilized to measure anterior tibial
translation and any differences between both knees were
noted. The KT-1000 has been frequently used to meas-
ure anterior tibial translation with mm-level precision in
clinical setting involving ACL disruption and ACLR,
with good reliability and validity [29, 30]. In particular,
the reliability of KT-1000 was confirmed in healthy male
subjects (ICC ≥ 0.84), providing a specificity of 0.72 and
a sensitivity of 0.90 in patients with unilateral ACL
deficiency [31, 32].

Procedure
Anthropometric data were obtained from each partici-
pant. Then, each participant was instructed to perform a

Table 1 Anthropometric data

Anthropometric
measure

ACLR (n = 18) Control (n = 18) P-value

Mean ± SD Mean ± SD

Age, years 26.11 ± 3.95 25.83 ± 3.51 0.82

Height, m 1.70 ± 0.09 1.66 ± 0.05 0.20

Mass, kg 68.15 ± 9.64 66.88 ± 10.37 0.70

BMI, kg/m2 23.52 ± 2.69 24.09 ± 3.73 0.60

Playing time, hours/week 4.11 ± 3.42 3.77 ± 3.07 0.76

Lactate levels, mmol/L 11.92 ± 4.56 11.30 ± 5.40 0.71

Time since surgery, years 5 ± 3.30 NA NA

ACLR Anterior cruciate ligament reconstruction; BMI Body mass index; NA Not
applicable; SD Standard deviation
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warm-up protocol consisting of 5 min of cycling at 40–
60 rpm on a cycle ergometer, 10 half squats, and five
continuous vertical countermovement jumps. To deter-
mine maximum vertical jump height and maximum long
jump distance, each participant was instructed to per-
form three vertical jumps and three long jumps as far as
possible. The highest vertical jump and the longest for-
ward jump were documented for each participant. To
familiarize the participants with the landing task evalu-
ated in this study, each participant was given a demon-
stration of the functional task and instructed to perform
two practice trials previously shown to provide good re-
liability of measurements (ICC ≥ 0.76) [33].
The landing task included a forward jump to head a

soccer ball and land on the force platforms. The soccer
ball was suspended from the ceiling at a distance equiva-
lent to 40% of the participant’s maximum long jump
from the starting point [19]. A detailed description about
the landing task included in this study has been reported
previously [19]. Participants were instructed to carry out
four trials based on our initial reliability study that found
four trials provided good reliability for all kinematics
and kinetics parameters evaluated during the landing
task (ICC ≥ 0.76).
The high-intensity exercise bout required the partici-

pants to perform a 30-s Wingate anaerobic protocol
after reading a set of instructions meant to standardize
the amount and type of verbal encouragement received
throughout the Wingate protocol [34]. After a warm-up
period of 2 min, the participant was asked to pedal as
fast as possible for 30 s against a pre-determined resist-
ance calculated as the subject’s weight multiplied by
0.090 kp [34]. Immediately after completing the Wingate
protocol, blood samples were taken from the partici-
pant’s fingertip to determine the blood lactate concen-
tration. The intensity level of the exercise bout was set
at a lactate concentration of ≥4mmol/L, which is recog-
nized as the anaerobic threshold [24]. Participants who
did not reach this level were instructed to perform an
additional 30-s bout of pedaling. All participants reached
the desirable level of exercise intensity within their first
trial of the Wingate test (Table 1). Participants were
then instructed to perform four trials of the landing ma-
neuvers. In order to limit recovery from the intensity of
the exercise throughout the post-exercise session, all tri-
als were performed within 30 s of each other. Further-
more, participants were asked to continue performing
squats while data were saved in the computer and the
Vicon system was being prepared for the subsequent
trials.

Data reduction
All kinematic and kinetic data were synchronized and
analyzed using Vicon Nexus 1.8 and the Polygon

software, version 4.0 (Vicon Motion System Ltd.). The
3-dimensional trajectory of retro-reflective markers,
from which joint angles were derived, was filtered
through a fourth-order no-lag Butterworth filter at a fre-
quency of 10 Hz. An initial reliability investigation dem-
onstrated that majority of kinematics and kinetics
parameters provide good test-retest reliability only on
sagittal plane mechanics (ICC ≥ 0.83). Therefore, the
kinematics and kinetics parameters evaluated during the
landing maneuver focused on the sagittal plane mechan-
ics. These parameters included peak ankle dorsiflexion
angle, peak plantar flexion moment, peak knee flexion
angle, peak knee extension moment, peak hip flexion
angle, and peak hip extension moment. Kinetic data
were filtered through a fourth-order no-lag Butterworth
filter at a frequency of 50 Hz. The Cardan-Euler repre-
sentation (XYZ sequence) and inverse dynamic methods
were used to calculate the joint angles and moments, re-
spectively. Joint moments were normalized to body mass
(newton meter per kilogram), expressed in the coordin-
ate system of the distal segment, and reported as
external moments. Joint angle and moment data were
exported to Excel (Microsoft Corp., Redmond, WA,
USA) and then transferred to SPSS (IBM Inc., Chicago,
IL USA) for analysis. For each parameter, the peak value
was defined as the greatest value recorded between the
moment the participant landed on the force plates and
the moment the participant achieved maximum knee
flexion. For each participant, the average of the peak
values of both limbs was calculated for each parameter,
and this average value was used for statistical analysis.
EMG data were time-synchronized to kinematic and

kinetic data and analyzed using Polygon software. For
each muscle, the mean and maximum signals recorded
between the initial contact and the moment of max-
imum knee flexion were exported to Excel. The average
EMG data were normalized by dividing the mean signals
by the maximum signals for each muscle. This approach
(dynamic normalization procedure) is frequently utilized
for normalizing EMG data acquired during dynamic ma-
neuvers and helps reduce between and within subject
variability [19, 35–37]. The normalized data for the vas-
tus medialis and lateralis, and rectus femoris, and biceps
femoris and semitendinosus were averaged to constitute
the quadriceps and hamstring muscle groups, respect-
ively. Then, the average normalized data of both limbs
were exported for statistical analysis.

Statistical analysis
The kinematic, kinetic, and EMG data were screened for
normality and outliers using the Kolmogorov-Smirnov
test and box plot test, respectively. For each anthropo-
metric parameter, an independent t-test was conducted
to check for differences between groups at baseline. A
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2 × 2 mixed analysis of variance (group×exercise) was
performed for each dependent variable. Group (ACLR
vs. control) served as the between-subjects factor, while
exercise (pre-exercise vs. post-exercise) served as the
within-subject factor. To reduce bias associated with
type-I errors, the α-level was adjusted to 0.05/3 (i.e.,
0.0167). Further adjustment of the α-level was made for
simple effects and follow-up comparisons (to 0.0167/2
or 0.0083). Effect sizes (ES) and power were calculated.
Effect sizes were calculated using F-ratios based on the

following formula: r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F ð1;df RÞ
F ð1;df RÞþdf R

q

[38]. SPSS version

23 (IBM Inc., Chicago, IL USA) was utilized to conduct
all analyses.

Results
All kinematic, kinetic, and EMG data met the assump-
tions of normality and outliers. None of the anthropo-
metric parameters differed significantly between the
groups (Table 1). There were no significant exerci-
se×group interactions for any outcome measure. How-
ever, there were significant main effects of exercise
regardless of group. Specifically, post- exercise landing
was characterized by greater hip flexion (F1,34 = 7.24, p =

0.01, ES = 0.41, β = 0.74), greater knee flexion (F1,34 =
12.16, p = 0.001, ES = 0.51, β = 0.92), and greater ankle
dorsiflexion (F1,34 = 10.97, p = 0.002, ES = 0.49, β = 0.89)
(Table 2). Additionally, post- exercise landing was char-
acterized by significantly greater hip extension moments
(F1,34 = 7.71, p = 0.009, ES = 0.42, β = 0.77), greater knee
extension moments (F1,34 = 7.04, p = 0.012, ES = 0.41,
β = 0.73), greater ankle plantarflexion moments (F1,34 =
10.38, p = 0.003, ES = 0.48, β = 0.87), and decreased
quadriceps activity (F1,34 = 8.18, p = 0.007, ES = 0.44, β =
0.79) regardless of group assignment (Tables 2 and 3).

Discussion
The purpose of this study was to evaluate the effect of
high-intensity exercise bout on kinematic, kinetic, and
muscle activations during a soccer-specific landing man-
euver performed by ACLR and healthy, non-injured soc-
cer players before and after the Wingate anaerobic
protocol. Our findings do not support our hypothesis
that participants were expected to exhibit to decrease
flexion angles during the post-exercise landing when
compared to the pre-exercise landing. Specifically, after
the high-intensity exercise bout, participants landed with
significantly increased hip flexion, knee flexion, and

Table 2 Kinematics and kinetics data

Variable Pre-exercise Post-exercise P-value

Mean ± SD Mean ± SD ME-G (β) ME-E (β) Interaction (β)

Kinematics, °

Hip Flexion

ACLR 69.96 ± 15.57 79.33 ± 18.53 0.15 (0.29) 0.011* 0.03 (0.58)

Control 65.38 ± 19.54 66.25 ± 21.45

Knee Flexion

ACLR 74.17 ± 12.86 83.22 ± 15.72 0.34 (0.15) 0.011* 0.04 (0.53)

Control 73.62 ± 11.9 75.83 ± 12.73

Dorsiflexion

ACLR 23.25 ± 6.07 26.11 ± 5.65 0.62 (0.07) 0.002* 0.11 (0.34)

Control 24.93 ± 4.22 25.91 ± 2.41

Kinetics, Nm/kg

Hip Extension moment

ACLR 2.27 ± 0.65 3.15 ± 1.15 0.02 (0.64) 0.009* 0.11 (0.35)

Control 2.11 ± 0.86 2.34 ± 0.61

Knee Extension moment

ACLR 1.80 ± 0.43 2.37 ± 0.93 0.07 (0.44) 0.012* 0.07 (0.06)

Control 1.56 ± 0.78 1.99 ± 0.75

Plantarflexion moment

ACLR 0.79 ± 0.35 1.07 ± 0.35 0.08 (0.40) 0.003* 0.58 (0.08)

Control 0.66 ± 0.39 0.86 ± 0.40

ACLR Anterior cruciate ligament reconstruction; β Power; ME-G Main effect for group; ME-E Main effect for exercise; SD Standard deviation. *Statistically
significant (p < 0.0167)
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ankle dorsiflexion (Table 2). These findings are consist-
ent with previous observations that fatigue increases
flexion angles at the hip and knee as well as ankle dorsi-
flexion during a single-leg drop landing performed by
non-injured male and female athletes [39, 40]. On the
contrary, others reported decreased hip flexion, knee
flexion, and ankle dorsiflexion during single-leg drop
landing [41]. Taken together, these findings indicate that
fatigue induces alterations in landing mechanics by ei-
ther increasing or decreasing the lower extremity joint
angles. In other words, individuals may respond to the
effect of fatigue by either increasing or decreasing
flexion angles (a stiffer or softer landing technique) to
absorb the landing impact. While stiff landing tech-
niques are thought to increase the risk of lower extrem-
ity injuries, soft landings are suggested to facilitate the
distribution of forces that act during landing [42].
In the present study, which focused on recreational

soccer players, the participants adopted a softer landing
technique following the high-intensity exercise bout, po-
tentially indicating decreased power of the gluteus maxi-
mus and quadriceps muscles, which act eccentrically to
decrease flexion angles at the hip, knee, and ankle joints
[43]. Previous researchers have reported that increased
eccentric contraction of gluteus maximus and quadri-
ceps muscles may result in a more extended position
during landing [20–22, 44]. Upon examining the EMG
data recorded during the landing task, we found that
only the normalized signal for quadriceps muscles was
significantly lower post-exercise than pre-exercise in
both groups (Table 3). Therefore, the decreased activa-
tion of the quadriceps muscles might, in part, explain

the soft landing technique utilized by the participants in
our study following the Wingate anaerobic exercise.
Our kinetics data indicated that post-exercise landing

was characterized by greater internal hip extension, knee
extension, and plantar flexion moments than noted for
pre-exercise landing (Table 2), which might be explained
by increased hip flexion, knee flexion, and ankle dorsi-
flexion angles [45]. At the hip and knee joints, greater
flexion angles may lead to greater external flexion mo-
ments, which must be counteracted by greater internal
extension moments [45]. At the ankle joint, greater
dorsiflexion angles may lead to greater external dorsi-
flexion moments, which must be counteracted by greater
internal plantar flexion moments [45]. Thus, the findings
of the present investigation indicate that the mechanical
demand on the hip extensor, knee extensor, and plantar
flexor muscles increased following the Wingate anaer-
obic protocol.
Our present results do not support the second hypoth-

esis, namely that alterations induced by the high-
intensity exercise bout would be more pronounced in
the ACLR group than in the control group. In this inves-
tigation, the ACLR group and control group demon-
strated similar alterations in landing mechanics and
neuromuscular performance in response to the Wingate
anaerobic protocol. This finding is in agreement with
previous observations that the ACLR and control groups
demonstrated similar kinematics and kinetics parameters
during a single-leg landing task after completing a fa-
tigue protocol that consisted of 10 bilateral squats to 90°
of knee flexion [9]. However, another study reported
greater hip extensor strength loss in the ACLR group

Table 3 Electromyography data

Variable Pre-exercise Post-exercise P-value

Mean ± SD Mean ± SD ME-G (β) ME-E (β) Interaction (β)

Muscle Activity

Gluteus maximus

ACLR 73.60 ± 17.26 70.93 ± 18.36 0.99 (0.05) 0.83 (0.05) 0.52 (0.09)

Control 71.54 ± 15.11 72.90 ± 17.67

Quadriceps

ACLR 79.18 ± 8.91 74.66 ± 3.67 0.02 (0.61) 0.007* 0.94 (0.50)

Control 84.62 ± 6.28 80.32 ± 12.70

Hamstrings

ACLR 60.86 ± 6.29 65.19 ± 14.66 0.07 (0.42) 0.17 (0.26) 0.67 (0.06)

Control 67.07 ± 6.91 69.38 ± 14.14

Gastrocnemius

ACLR 56.26 ± 13.46 59.48 ± 10.77 0.08 (0.41) 0.44 (0.11) 0.04 (0.54)

Control 66.00 ± 5.59 59.16 ± 11.08

ACLR Anterior cruciate ligament reconstruction; β Power; ME-G Main effect for group; ME-E Main effect for exercise; SD Standard deviation. *Statistically
significant (p < 0.0167)
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compared to the control group in response to a fa-
tigue protocol that included a 20-min anaerobic ex-
ercise on the treadmill [10]. In this context, the
results of our investigation indicate that, at 1 year or
more post-ACLR, high-intensity exercise-induced
changes in landing biomechanics are expected to be
comparable to those experienced by healthy, non-
injured individuals.
Previous researchers suggested that increased flexion

angles of the hip and knee joints (soft landing) may
reduce the loading on the ACL during landing [42].
In the present investigation, participants in both
groups altered their landing mechanics by increasing
hip flexion, knee flexion and ankle dorsiflexion angles
during the post-exercise landing. This may indicate
that athletes may change their landing technique in
response to a fatigue protocol. The adopted landing
mechanics observed in this study (soft landing) may
help the participants efficiently attenuate the external
impact forces during landing and therefore reduce the
ACL loading.
Some limitations in the present investigation should

be taken into consideration when interpreting these
results. The results of this study can be generalized
to healthy recreational soccer players and soccer
players with ACLR (around 5 years post-surgery).
Changes observed as main effects were largely driven
by changes in the ACLR group. This may indicate
that soccer players in the ACLR group do in fact dis-
play differences to healthy soccer players; however,
these differences were not observed due the small
sample size. Also, evaluating the sagittal plane only
without the medio-lateral and transverse axes data
might limit the usefulness of these results as most
ligamentous knee injuries have a triplanar mechanism
of injury. Differences between men and women were
not examined due to the small sample size in the
current study. Furthermore, the type of ACLR tech-
niques (allograft and autograft) varied across the
ACLR group, and not all ACLR participants had been
treated by the same orthopedic surgeon. The inherent
limitations of EMG measurements and the calculation
of joint moments during dynamic functional tasks
might have influenced the results of the study. Add-
itionally, different filter cut-off frequencies used for
kinetics and kinematics may produce artifacts in joint
moments. The landing phase used in this study might
pose a limitation in determining differences in landing
styles specifically at initial contact. Moreover, the
high-intensity exercise bout (Wingate anaerobic
protocol) used in the current study might not suffi-
ciently reflect the intensity of the dynamic maneuvers
that soccer players usually experience during a real
soccer match.

Conclusion
The results of this investigation indicated that the high-
intensity exercise bout induced alterations in landing
biomechanics, but these alterations did not differ signifi-
cantly according to the ACLR history. Following the
high-intensity exercise bout, individuals with ACLR
showed changes in landing biomechanics that were
comparable to those noted in healthy, non-injured
individuals.

Abbreviations
ACL: Anterior cruciate ligament; ACLR: Anterior cruciate ligament
reconstruction; EMG: Electromyography; S.D.: Standard deviations; ES: Effect
sizes; β: Power; ME-G: Main effect for group; ME-E: Main effect for exercise

Acknowledgments
Not applicable.

Authors’ contributions
Conceptualization, A.D.A., A.O., K. M, T.R; Methodology, A.D.A., A.O., Aq.M.A.,
M.M.A., Ah.M.A; Writing-original draft, A.D.A., K. M, T. R, A.O; Writing-final draft,
A.D.A., Aq.M.A., M.M.A., Ah.M.A, A.O. All authors read, revised and critically
evaluated the published version of the manuscript. All authors contributed
substantially to the review of the published version. All authors approved the
final version to be published and agreed to be accountable for all aspects of
the work.

Funding
The authors would like to thank Deanship of Scientific Research at Majmaah
University for supporting this work under project number: R-2021-59. The
funder had no role in the study other than providing financial support. The
authors reported no conflict of interests.

Availability of data and materials
The datasets analyzed during the current study are available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the institutional review board of Texas Woman’s
University and a written informed consent was obtained from each
participant.

Consent for publication
Not applicable.

Competing interests
The authors declared no competing interests.

Author details
1Department of Physical Therapy, College of Applied Medical Sciences,
Majmaah University, Al-Majmaah 11952, Saudi Arabia. 2Texas Woman’s
University, School of Physical Therapy, Houston, TX, USA. 3Department of
Rehabilitation Sciences, Prince Sattam Bin Abdulaziz University, Alkharj, Saudi
Arabia. 4School of Physical Therapy. University of the Incarnate Word, San
Antonio, TX, USA.

Received: 6 September 2020 Accepted: 28 March 2021

References
1. Mohr M, Krustrup P, Bangsbo J. Match performance of high-standard soccer

players with special reference to development of fatigue. J Sports Sci. 2003;
21(7):519–28. https://doi.org/10.1080/0264041031000071182.

2. Robineau J, Jouaux T, Lacroix M, Babault N. Neuromuscular fatigue induced
by a 90-minute soccer game modeling. J Strength Cond Res. 2012;26(2):
555–62. https://doi.org/10.1519/JSC.0b013e318220dda0.

Alanazi et al. BMC Sports Science, Medicine and Rehabilitation           (2021) 13:36 Page 7 of 8

https://doi.org/10.1080/0264041031000071182
https://doi.org/10.1519/JSC.0b013e318220dda0


3. Magalhaes J, Rebelo A, Oliveira E, Silva JR, Marques F, Ascensao A. Impact of
Loughborough intermittent shuttle test versus soccer match on
physiological, biochemical and neuromuscular parameters. Eur J Appl
Physiol. 2010;108(1):39–48. https://doi.org/10.1007/s00421-009-1161-z.

4. Krustrup P, Zebis M, Jensen JM, Mohr M. Game-induced fatigue patterns in
elite female soccer. J Strength Cond Res. 2010;24(2):437–41. https://doi.
org/10.1519/JSC.0b013e3181c09b79.

5. Borotikar BS, Newcomer R, Koppes R, McLean SG. Combined effects of
fatigue and decision making on female lower limb landing postures: central
and peripheral contributions to ACL injury risk. Clin Biomech (Bristol, Avon).
2008;23(1):81–92.

6. Benjaminse A, Habu A, Sell TC, Abt JP, Fu FH, Myers JB, et al. Fatigue alters lower
extremity kinematics during a single-leg stop-jump task. Knee Surg Sports
Traumatol Arthrosc. 2008;16(4):400–7. https://doi.org/10.1007/s00167-007-0432-7.

7. Ageberg E. Consequences of a ligament injury on neuromuscular function
and relevance to rehabilitation - using the anterior cruciate ligament-injured
knee as model. J Electromyogr Kinesiol. 2002;12(3):205–12. https://doi.org/1
0.1016/S1050-6411(02)00022-6.

8. Ristanis S, Stergiou N, Patras K, Tsepis E, Moraiti C, Georgoulis AD. Follow-up
evaluation 2 years after ACL reconstruction with bone-patellar tendon-bone
graft shows that excessive tibial rotation persists. Clin J Sport Med. 2006;
16(2):111–6. https://doi.org/10.1097/00042752-200603000-00005.

9. Webster KE, Santamaria LJ, McClelland JA, Feller JA. Effect of fatigue on
landing biomechanics after anterior cruciate ligament reconstruction
surgery. Med Sci Sports Exerc. 2012;44(5):910–6. https://doi.org/10.1249/MSS.
0b013e31823fe28d.

10. Dalton EC, Pfile KR, Weniger GR, Ingersoll CD, Herman D, Hart JM.
Neuromuscular changes after aerobic exercise in people with anterior
cruciate ligament-reconstructed knees. J Athl Train. 2011;46(5):476–83.
https://doi.org/10.4085/1062-6050-46.5.476.

11. DeMorat G, Weinhold P, Blackburn T, Chudik S, Garrett W. Aggressive quadriceps
loading can induce noncontact anterior cruciate ligament injury. Am J Sports
Med. 2004;32(2):477–83. https://doi.org/10.1177/0363546503258928.

12. Koga H, Bahr R, Myklebust G, Engebretsen L, Grund T, Krosshaug T.
Estimating anterior tibial translation from model-based image-matching of a
noncontact anterior cruciate ligament injury in professional football: a case
report. Clin J Sport Med. 2011;21(3):271–4. https://doi.org/10.1097/JSM.
0b013e31821899ec.

13. Meyer EG, Haut RC. Anterior cruciate ligament injury induced by internal
tibial torsion or tibiofemoral compression. J Biomech. 2008;41(16):3377–83.
https://doi.org/10.1016/j.jbiomech.2008.09.023.

14. Speer KP, Spritzer CE, Bassett FH 3rd, Feagin JA Jr, Garrett WE Jr. Osseous
injury associated with acute tears of the anterior cruciate ligament. Am J
Sports Med. 1992;20(4):382–9. https://doi.org/10.1177/036354659202000403.

15. Weinhandl JT, Earl-Boehm JE, Ebersole KT, Huddleston WE, Armstrong BS,
O'Connor KM. Reduced hamstring strength increases anterior cruciate
ligament loading during anticipated sidestep cutting. Clin Biomech (Bristol,
Avon). 2014;29(7):752–9.

16. Alentorn-Geli E, Myer GD, Silvers HJ, Samitier G, Romero D, Lazaro-Haro C, et al.
Prevention of non-contact anterior cruciate ligament injuries in soccer players.
Part 1: mechanisms of injury and underlying risk factors. Knee Surg Sports
Traumatol Arthrosc. 2009;17(7):705–29. https://doi.org/10.1007/s00167-009-0813-1.

17. Pollard CD, Sigward SM, Powers CM. Limited hip and knee flexion during
landing is associated with increased frontal plane knee motion and
moments. Clin Biomech (Bristol, Avon). 2010;25(2):142–6.

18. Leppanen M, Pasanen K, Krosshaug T, Kannus P, Vasankari T, Kujala UM,
et al. Sagittal plane hip, knee, and ankle biomechanics and the risk of
anterior cruciate ligament injury: a prospective study. Orthop J Sports Med.
2017;5(12):2325967117745487. https://doi.org/10.1177/2325967117745487.

19. Alanazi A, Mitchell K, Roddey T, Alenazi A, Alzhrani M, Ortiz A. Landing
evaluation in soccer players with or without anterior cruciate ligament
reconstruction. Int J Sports Med. 2020;41(13):962–71.

20. Yu B, Lin CF, Garrett WE. Lower extremity biomechanics during the landing
of a stop-jump task. Clin Biomech (Bristol, Avon). 2006;21(3):297–305.

21. Chappell JD, Creighton RA, Giuliani C, Yu B, Garrett WE. Kinematics and
electromyography of landing preparation in vertical stop-jump: risks for
noncontact anterior cruciate ligament injury. Am J Sports Med. 2007;35(2):
235–41. https://doi.org/10.1177/0363546506294077.

22. Malinzak RA, Colby SM, Kirkendall DT, Yu B, Garrett WE. A comparison of
knee joint motion patterns between men and women in selected athletic
tasks. Clin Biomech (Bristol, Avon). 2001;16(5):438–45.

23. Criswell E. Cram's introduction to surface electromyography. Sudbury, MA:
Jones and Bartlett Publishers; 2011.

24. Kindermann W, Simon G, Keul J. The significance of the aerobic-anaerobic
transition for the determination of work load intensities during endurance
training. Eur J Appl Physiol Occup Physiol. 1979;42(1):25–34. https://doi.
org/10.1007/BF00421101.

25. Kulandaivelan S, Verma SK, Mukhopadhyay S, Vignesh N. Test retest
reproducibility of a hand-held lactate analyzer in healthy men. J Exerc Sci
Physiothera. 2009;5(1):30–3.

26. Hart S, Drevets K, Alford M, Salacinski A, Hunt BE. A method-comparison
study regarding the validity and reliability of the lactate plus analyzer. BMJ
Open. 2013;3(2):e001899. https://doi.org/10.1136/bmjopen-2012-001899.

27. Leard JS, Cirillo MA, Katsnelson E, Kimiatek DA, Miller TW, Trebincevic K,
et al. Validity of two alternative systems for measuring vertical jump height.
J Strength Cond Res. 2007;21(4):1296–9. https://doi.org/10.1519/R-21536.1.

28. Moir G, Shastri P, Connaboy C. Intersession reliability of vertical jump height
in women and men. J Strength Cond Res. 2008;22(6):1779–84. https://doi.
org/10.1519/JSC.0b013e318185f0df.

29. Daniel DM, Malcom LL, Losse G, Stone ML, Sachs R, Burks R. Instrumented
measurement of anterior laxity of the knee. J Bone Joint Surg Am. 1985;
67(5):720–6. https://doi.org/10.2106/00004623-198567050-00006.

30. Wroble RR, Van Ginkel LA, Grood ES, Noyes FR, Shaffer BL. Repeatability of
the KT-1000 arthrometer in a normal population. Am J Sports Med. 1990;
18(4):396–9. https://doi.org/10.1177/036354659001800411.

31. Hanten WP, Pace MB. Reliability of measuring anterior laxity of the knee
joint using a knee ligament arthrometer. Phys Ther. 1987;67(3):357–9.
https://doi.org/10.1093/ptj/67.3.357.

32. Bach BR Jr, Warren RF, Flynn WM, Kroll M, Wickiewiecz TL. Arthrometric
evaluation of knees that have a torn anterior cruciate ligament. J Bone Joint Surg
Am. 1990;72(9):1299–306. https://doi.org/10.2106/00004623-199072090-00004.

33. Ortiz A, Olson SL, Roddey TS, Morales J. Reliability of selected physical
performance tests in young adult women. J Strength Cond Res. 2005;19(1):
39–44. https://doi.org/10.1519/14163.1.

34. Inbar O, Bar-Or O, Skinner JS. The Wingate Anaerobic Test. Champaign, IL.
[etc.]: Human Kinetics; 1996.

35. Rodacki AL, Fowler NE, Bennett SJ. Vertical jump coordination: fatigue
effects. Med Sci Sports Exerc. 2002;34(1):105–16. https://doi.org/10.1097/
00005768-200201000-00017.

36. Besier TF, Lloyd DG, Ackland TR. Muscle activation strategies at the knee
during running and cutting maneuvers. Med Sci Sports Exerc. 2003;35(1):
119–27. https://doi.org/10.1097/00005768-200301000-00019.

37. Croce RV, Russell PJ, Swartz EE, Decoster LC. Knee muscular response
strategies differ by developmental level but not gender during jump
landing. Electromyogr Clin Neurophysiol. 2004;44(6):339–48.

38. Field AP. Discovering statistics using IBM SPSS statistics 2018.
39. Coventry E, O'Connor KM, Hart BA, Earl JE, Ebersole KT. The effect of lower

extremity fatigue on shock attenuation during single-leg landing. Clin
Biomech (Bristol, Avon). 2006;21(10):1090–7.

40. Madigan ML, Pidcoe PE. Changes in landing biomechanics during a
fatiguing landing activity. J Electromyogr Kinesiol. 2003;13(5):491–8. https://
doi.org/10.1016/S1050-6411(03)00037-3.

41. Augustsson J, Thomee R, Linden C, Folkesson M, Tranberg R, Karlsson J.
Single-leg hop testing following fatiguing exercise: reliability and
biomechanical analysis. Scand J Med Sci Sports. 2006;16(2):111–20. https://
doi.org/10.1111/j.1600-0838.2005.00446.x.

42. Decker MJ, Torry MR, Wyland DJ, Sterett WI, Richard SJ. Gender differences
in lower extremity kinematics, kinetics and energy absorption during
landing. Clin Biomech (Bristol, Avon). 2003;18(7):662–9.

43. Myer GD, Ford KR, Brent JL, Hewett TE. The effects of plyometric vs.
dynamic stabilization and balance training on power, balance, and landing
force in female athletes. J Strength Cond Res. 2006;20(2):345–53. https://doi.
org/10.1519/R-17955.1.

44. Walsh M, Boling MC, McGrath M, Blackburn JT, Padua DA. Lower extremity
muscle activation and knee flexion during a jump-landing task. J Athl Train.
2012;47(4):406–13. https://doi.org/10.4085/1062-6050-47.4.17.

45. Levangie PK, Norkin CC, Levangie PK. Joint structure and function : a
comprehensive analysis. Philadelphia: F.A. Davis Co.; 2011.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Alanazi et al. BMC Sports Science, Medicine and Rehabilitation           (2021) 13:36 Page 8 of 8

https://doi.org/10.1007/s00421-009-1161-z
https://doi.org/10.1519/JSC.0b013e3181c09b79
https://doi.org/10.1519/JSC.0b013e3181c09b79
https://doi.org/10.1007/s00167-007-0432-7
https://doi.org/10.1016/S1050-6411(02)00022-6
https://doi.org/10.1016/S1050-6411(02)00022-6
https://doi.org/10.1097/00042752-200603000-00005
https://doi.org/10.1249/MSS.0b013e31823fe28d
https://doi.org/10.1249/MSS.0b013e31823fe28d
https://doi.org/10.4085/1062-6050-46.5.476
https://doi.org/10.1177/0363546503258928
https://doi.org/10.1097/JSM.0b013e31821899ec
https://doi.org/10.1097/JSM.0b013e31821899ec
https://doi.org/10.1016/j.jbiomech.2008.09.023
https://doi.org/10.1177/036354659202000403
https://doi.org/10.1007/s00167-009-0813-1
https://doi.org/10.1177/2325967117745487
https://doi.org/10.1177/0363546506294077
https://doi.org/10.1007/BF00421101
https://doi.org/10.1007/BF00421101
https://doi.org/10.1136/bmjopen-2012-001899
https://doi.org/10.1519/R-21536.1
https://doi.org/10.1519/JSC.0b013e318185f0df
https://doi.org/10.1519/JSC.0b013e318185f0df
https://doi.org/10.2106/00004623-198567050-00006
https://doi.org/10.1177/036354659001800411
https://doi.org/10.1093/ptj/67.3.357
https://doi.org/10.2106/00004623-199072090-00004
https://doi.org/10.1519/14163.1
https://doi.org/10.1097/00005768-200201000-00017
https://doi.org/10.1097/00005768-200201000-00017
https://doi.org/10.1097/00005768-200301000-00019
https://doi.org/10.1016/S1050-6411(03)00037-3
https://doi.org/10.1016/S1050-6411(03)00037-3
https://doi.org/10.1111/j.1600-0838.2005.00446.x
https://doi.org/10.1111/j.1600-0838.2005.00446.x
https://doi.org/10.1519/R-17955.1
https://doi.org/10.1519/R-17955.1
https://doi.org/10.4085/1062-6050-47.4.17

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Participants and study design
	Instrumentation
	Procedure
	Data reduction
	Statistical analysis

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

