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Abstract: (1) Background: We aimed to compare gender differences in knee biomechanics and
neuromuscular characteristics, and to determine the relationships between lower limb muscle pre-
activations and knee biomechanics during a single leg drop landing, in order to identify riskier
landing patterns to prevent injury and intervene properly. (2) Methods: Descriptive laboratory
cross-sectional study on 38 healthy untrained subjects with low to moderate physical activity sta-
tus. (3) Results: During the initial-contact phase of landing, females demonstrated greater peak
vertical ground reaction force (GRF) normalized to body weight (49.12 ± 7.53 vs. 39.88 ± 5.69 N/kg;
p < 0.001; Hedge’s g = 1.37), peak knee anterior reaction force normalized to body weight
(0.23 ± 0.04 vs. 0.17 ± 0.05 N/kg; p < 0.001; Hedge’s g = 1.33), and decreased pre-activation of
the semitendinosus (45.10 ± 20.05% vs. 34.03 ± 12.05%; p = 0.04; Hedge’s g = 0.67). The final
regression equation was peak knee anterior reaction force = 0.024 + 0.025 (peak knee flexion mo-
ment) − 0.02 (semitendinosus-to-vastus lateralis pre-activation ratio) + 0.003 (peak vertical GRF)
(R2 = 0.576, p < 0.001). (4) Conclusions: Overall, the data provided in this study support that a
reduced semitendinosus-to-vastus lateralis pre-activation ratio predicted an increase in knee anterior
reaction force and potentially an increase in ACL forces. Female non-athletes had gender-specific
landing characteristics that may contribute to ACL injury. Future studies are warranted to consider
more possible predictors of non-contact ACL injury.
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1. Introduction

Anterior cruciate ligament (ACL) injury continues to be a significant health concern
worldwide. It is estimated that more than 2 million ACL injuries occur each year, which
leads to a considerable financial burden on healthcare systems [1]. These injuries are
especially devastating to athletes because they result in long recovery times, difficulty in
return to pre-injury level, and even disability in later life [2]. Individuals who experienced
an ACL injury also have an increased risk of developing osteoarthritis (OA) [3], resulting
in the early onset of OA between the ages of 30 and 50 years. Most non-contact ACL
injuries occur in the period following the initial contact of the foot with the ground in
tasks that involve sudden decelerations or rapid directional changes, such as landing,
cutting, or pivoting movements [4]. Unilateral landings are more prone to cause ACL
rupture compared with bilateral landings, due to a decreased base of support and increased
demand on the musculature of a single leg to absorb the impact [4].

Female athletes are 2–6 times more likely to suffer ligament rupture compared to age-
matched males with comparable athletic ability [5]. However, the precise mechanism of
non-contact ACL injury remains controversial based on current clinical and biomechanical
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evidence. One of the joint forces that primarily increases ACL strain leading to ligament
injury is proximal tibia anterior shear force, as it represents the most direct loading mecha-
nism of the ligament [6,7]. An internal tibial torque in the transverse plane also contributes
to ACL loading, but only at small knee flexion angles (0–30◦) [8,9]. An injury video analysis
reported female soccer players had higher knee flexion angles at initial contact and injury
frame compared to male players [10]. However, gender comparisons observed during
laboratory tasks, such as single leg landings, show equivocal findings. For example, in
some studies, females tend to show a more extended knee angle during single leg landings
in laboratory tasks [11,12], with larger flexion moments [13] and greater vertical ground
reaction forces [11,12,14], while other studies found no significant differences during uni-
lateral landings in knee flexion [14–16] or ground reaction force based on sex [15]. The
potential reason for the inconsistency in research evidence might be due to male and female
participants partaking in different types of sports training, which specifically change their
landing pattern. The differences in muscular strength of the lower limb might influence the
landing performance [17]. Based on the current evidence, it is difficult to conclude upon a
gender-specific difference in single-leg landing patterns exhibited by a cohort with similar
training level.

Recent evidence shows a significant correlation between neuromuscular control strate-
gies and knee biomechanics [18]. Increased quadriceps activation during the deceleration
phase of landing might cause anterior tibial translation, thereby increasing excessive loads
within the ACL [19]. A decreased hamstring to quadriceps myoelectric pre-activation
ratio was reported to be a risk for ACL injuries [20]. However, there is a controversy as to
whether reduced hamstring activation or excessively elevated quadriceps activation are bet-
ter predictors of ACL injury [18,21]. In addition, it remains unclear whether females have
decreased pre-activation of hamstrings, compared to males, and whether this activation
pattern is correlated with riskier landing biomechanics.

Regarding the neuromuscular controls, regulation of stiffness is achieved by the ago-
nist and antagonist muscle co-activation before ground contact, and during the deceleration
phase [22]. It seems that most falls occur during 25–50 ms after initial contact with the
ground, and most non-contact ACL injuries occur within 40 ms after initial contact. [23,24].
However, since the suggested latency of muscular reflexes elicited by electrical stimulations
of ACL is 80–100 ms, it seems unlikely that there is time for mechanosensory feedback to
directly protect against injury [25]. This indicates that muscle pre-activation is critical for
dynamic joint stability during fast movements such as drop landings. The magnitude of the
muscle pre-activation before ground contact is influenced by motor learning experience [26].
Thus, understanding the pre-activation neuromuscular patterns related to high-risk knee
joint biomechanical variables in a cohort with similar training experience may provide an
additional concept to predict the risk of injury or the effectiveness of training in later life.

The effectiveness of any prophylactic intervention relies on a reasonable underlying
etiological rationale of the associated conditions. However, the mechanisms of non-contact
ACL injury are not fully understood, and it is therefore important to identify riskier landing
patterns in order to intervene properly and reduce the risk of injury. Explicit knowledge
of neuromuscular and biomechanical characteristics that can predict dangerous loading
patterns may provide important evidence for the future development of injury prevention
training programs. Therefore, the first aim of this study was to compare gender differences
in knee biomechanics and neuromuscular characteristics during a single leg drop landing
task. The second aim was to determine the relationships between lower limb muscle
pre-activation patterns and knee joint biomechanics during a single leg drop landing task.

The variables tested included knee flexion angle, external knee flexion moment,
ground reaction force, knee anterior reaction force, and pre-activation of the semitendinosus
(ST) and vastus lateralis (VL) muscles. Based on epidemiological investigations supporting
that females are more likely to suffer ACL injuries, as well as previous studies conducting
biomechanical observations on gender related differences, it was hypothesized that females
would have a larger peak knee anterior reaction force, decreased knee flexion angle, greater
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knee flexion moment, and greater ground reaction force than males during the single leg
drop landing task. It was also hypothesized that there would be a linear regression model
predicting the knee anterior reaction force based on these biomechanical variables.

2. Materials and Methods

Ethical approval for the study was granted by the hospital ethics committee. An
a priori power calculation indicated a minimum of 17 participants in each group was
needed to achieve an effect size >1, an α level of 5%, and a power of 80%. This effect size
was calculated based a between-group difference of 0.15 of EMG in ST:VL neuromuscular
pre-activation [20]. For the linear multiple regression analysis, it was estimated that 38 par-
ticipants were needed to get an R2 > 0.3, an α level of 5% and a statistical power of 80% [27].
Hence, 18 healthy males and 20 healthy females with similar low—moderate habitual
physical activity levels assessed by the International Physical Activity Questionnaire-Short
Form (IPAQ-SF) [28] provided written informed consent and voluntarily took part in the
study. To minimize the potentially confounding effects of training background on landing
performance, and particularly neuromuscular pattern, exclusion criteria included any:
(1) previous training experience in a strength, power, or aerobic program during the last
two years; (2) any recent injury to the lower extremities in the previous six months; (3) suf-
fered from any disorder that impacted on sensory input, musculoskeletal function, or motor
function; (4) unable to provide written informed consent prior to their participation in the
study. After signing informed consent, their anthropometric parameters were recorded,
including age, height, body mass index (BMI), and characteristics of the dominant leg,
defined as the leg with which they could kick a ball the furthest.

Kinematic and kinetic data describing the performance of each landing were collected
using a 3-D motion capture system that included eight cameras, capturing at 100 Hz (VI-
CON Motion Systems Ltd. Oxford, UK) and a force plate at 1000 Hz (AMTI, Advanced
Mechanical Technology INC, Watertown, MA, USA), respectively. Seventeen reflective
markers (14 mm diameter spheres) were placed on anatomical landmarks according to
the Plug-In Gait marker set on the second metatarsal head, posterior calcaneus, lateral
malleolus, lateral shank, lateral knee, lateral thigh, anterior superior iliac spine, posterior
superior iliac spine and sacrum. Surface electromyographic data were recorded using
a wireless EMG device at 2000 Hz (Noraxon, Inc., Scottsdale, AZ, USA). Surface EMG
electrodes (bipolar surface electrodes, 272 S, Noraxon, Inc., Scottsdale, AZ, USA) with a
10-mm diameter and 1-cm inter-electrode distance, were placed parallel to the presumed
orientation of the muscle fibers of vastus lateralis (VL) and semitendinosus (ST) in accor-
dance with the SENIAM guidelines [29]. Each reference electrode was placed on a nearby
bony area. Before placement, the skin under each electrode site was shaved and cleaned
with alcohol. The markers and sEMG electrodes were placed by a trained physiotherapist
and then confirmed by a second trained physiotherapist. Before data collection, the subjects
followed a 5 min standardized warm-up program (5-min treadmill jogging followed by
stretching) and practiced the drop landing task until comfortable with the action. The
subjects were instructed to prepare on a 30-cm high box with single leg standing and hands
on the waist. Then, they were asked to perform a single leg drop-off and land on the force
plate positioned 30 cm from the front of the box for three successful trials. Any landing that
was not stable and required extra steps or hops after touch-down was repeated. Successful
trials were defined as those in which the participant landed with their foot entirely on the
force place without having to extra steps of hops. Three successful trials were recorded for
each participant.

The kinematic and kinetic variables were computed using the Vicon’s plug-in gait
model (PiG; Vicon Motion Systems, Oxford, UK), which is developed on the basis of the
‘Newington’ model [30,31]. The definitions of kinetics parameters are shown in Figure 1.
Kinematics were calculated for each joint using Euler angles. Moments and forces are then
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calculated using inverse dynamics and anthropometric properties. From Newton’s second
law, ∑F = ma. By summing horizontal forces,

Fxproximal + Fxdistal = m × ax, (1)

The ankle proximal force was calculated first. The ankle proximal force is equal and
opposite to the shank distal force because of Newton’s third law. Equation (1) can then be
applied to the shank to estimate the horizontal knee resultant force (knee anterior reaction
force). The muscle forces that are generated from actively contracting muscles should be
incorporated in estimating tibia anterior shear force [32], but the knee anterior reaction
force that we used in this paper is a resultant force that includes all muscular, ligamentous,
and contact forces applied at the knee, and does not represent shear force loading on the
ACL. The Dempster’s body segment parameters were applied in inverse dynamics analysis.
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The sEMG data were filtered by a 10–500 Hz band pass filter to attenuate movement
artifacts. Root mean square signal processing was used with a 50-ms moving window.
The pre-activation phase was considered to occur 100 ms prior to initial contact. Initial
contact (IC) was determined when the force vector (vertical GRF) first exceeded 10 N. The
reason for using the 100 ms prior to initial contact as pre-landing timing is due to the
pre-activation of the muscles and the electromechanical delay, which is reportedly between
50 ms [33] and 120 ms [34]. The IC was determined at the first frame when the force vector
(vertical GRF) exceeded 10 N for a width of at least 40 samples [35]. Observations by a
researcher were then applied to further confirm the determination of the IC events. The
average muscle activation amplitude over 100 ms prior to initial contact was normalized to
the peak amplitude of the respective muscle from the three trials of landing. Simultaneous
semitendinosus to vastus lateralis (ST:VL) pre-activation ratio was used to calculate the
muscle pre-activation ratio using a formula: ST:VL pre-activation ratio = (averaged ST
normalized to peak amplitude within 100 ms prior to IC)/(averaged VL normalized to peak
amplitude within 100 ms prior to IC).

Between-gender differences in biomechanical and neuromuscular variables were
assessed by independent-sample t-tests using SPSS (26.0, IBM, Chicago, IL, USA). An alpha
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level of 0.05 was used to determine the significance of differences between the groups. All
data were expressed as mean and standard deviation. Hedge’s g indicated the magnitude of
effect size [36] (|g| < 0.2 ‘negligible’, |g| < 0.5 ‘small’, |g| < 0.8 ‘medium’, |g| > 0.8 ‘large’).
The Shapiro–Wilk test was applied before the analysis to examine the normal distribution
of the data. Levene’s test was performed to evaluate the equality of variances between
two groups. Stepwise multiple regression was used to determine the neuromuscular and
biomechanical variables that significantly predicted knee anterior reaction force during the
deceleration phase of landing. The predictor variables included peak posterior/vertical
GRF normalized to body weight, knee flexion angle, knee abduction angular excursion,
knee flexion moment, pre-activation of the vastus lateralis and semitendinosus, and sex.
Measurements of ST:VL pre-activation ratio were examined by regression analysis to assess
their correlation with knee flexion moment and peak knee flexion angle within 100 ms.
All assumptions of the multiple linear regression were checked. An alpha level of 0.05
was selected to identify the predictor variables to be included in the final equation and for
determining the significance of the model in predicting the response variable.

3. Results

There was no difference in the mean age of the males (age: 23.9 ± 3.0; mass 68.5 ± 10.9 kg;
height 1.74 ± 0.04 m) and females (age: 23.1 ± 2.0; mass 54.6 ± 6.9 kg; height 1.63 ± 0.05 m),
whereas significant differences between mass and height existed (p < 0.001, p < 0.001, re-
spectively). There was no difference in IPAQ-SF levels between the two genders (Pearson’s
chi-square = 2.620; p = 0.106), indicating similar low–moderate physical activity status.
The intraclass correlation coefficient (ICC) of GRF and knee flexion angle is 0.90–0.99;
with a coefficient of variation (CV) of 5.44–10.39% demonstrating high reliability in the
kinematic and kinetic measurement. The pre-activation of VL and ST has large but there is
acceptable data variability with an ICC of 0.88–0.84 and CV of 21%. There is one outlier in
the pre-activation of the ST:VL with a z-score of 4.52, but the outlier was not influential in
statistical analysis (see supplementary notes).

The means and standard deviations for each of the neuromuscular and biomechanical
variables are reported in Table 1. The Shapiro-Wilk test was applied before the analysis to
examine the normal distribution of the data, and all variables except ‘Pre-activation of the
ST:VL 100 ms before IC’ are normally distributed, which would be a limitation in statistical
analysis. During the post-contact phase of a single leg landing, females demonstrated
greater peak vertical GRF (p < 0.001) and peak knee anterior reaction force (p < 0.001). A
significant decrease in pre-activation of the semitendinosus muscle before initial contact
(p = 0.04) was observed in the females. However, no other gender differences in muscle
activation were found. There was also no gender-based difference in peak knee flexion
moment or peak flexion angle.

Pearson’s correlation coefficients between the response variables and the potential
predictor variables are listed in Table 2. By reducing the family wise error rates, Bonferroni
correction was applied and the significant correlations at an adjusted alpha level were
indicated. Peak knee anterior reaction force significantly correlated with pre-activation of
the semitendinosus, ST:VL pre-activation ratio, knee angular excursion on the frontal plane,
peak vertical GRF, peak posterior GRF, peak knee flexion moment, and gender. Of those
variables, peak knee flexion moment, ST:VL pre-activation ratio, and peak vertical GRF
were shown to be better predictors in the multiple regression model (p < 0.001) summarized
in Table 3. This model accounted for 57.6% of the variance in the peak knee anterior reaction
force during the single leg landing task. The regression equation was Y = 0.024 + 0.025
(peak knee flexion moment) −0.02 (ST:VL pre-activation ratio) + 0.003 (peak vertical GRF).
Pre-activation of the semitendinosus muscle was found to be a significant predictor of peak
knee flexion moment (R2 = 0.345, p < 0.001). Specifically, a 10% increase in semitendinosus
pre-activation predicted a 0.20 N*m/kg decrease in peak knee flexion moment. A significant
portion of the variance in the knee flexion angle within 100 ms after initial contact was
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explained by the ST:VL pre-activation ratio (R2 = 0.351, p < 0.001) (Figure 2), with a one unit
increase in the ST:VL pre-activation ratio predicting a 4.33◦ increase in knee flexion angle.

Table 1. Biomechanical and neuromuscular data (means and standard deviations) for all of the
subjects, the male subjects, the female subjects and the gender difference.

Variables Total
(n = 38)

Male
(n = 18)

Female
(n = 20) p Value g

Peak posterior GRF (N/kg) 6.89 ± 1.34 6.50 ± 1.11 7.24 ± 1.46 0.09 0.57
Peak vertical GRF (N/kg) 44.75 ± 8.11 39.88 ± 5.69 49.12 ± 7.53 <0.001 * 1.37

Peak knee anterior reaction force (N/kg) 0.20 ± 0.05 0.17 ± 0.05 0.23 ± 0.04 <0.001 * 1.33
Peak knee flexion moment (N*m/kg) 2.72 ± 0.54 2.61 ± 0.65 2.83 ± 0.42 0.21 0.41

Peak knee flexion angle (degrees) 55.60 ± 10.54 57.76 ± 10.44 53.65 ± 10.51 0.23 0.39
Peak knee flexion angle within 100 ms after

IC (degrees) 48.00 ± 6.46 47.99 ± 5.97 48.00 ± 7.03 0.99 0.002

Pre-activation of the VL 100 ms before IC (%) 33.51 ± 11.86 33.74 ± 12.74 33.31 ± 11.35 0.91 0.04
Pre-activation of the ST 100 ms before IC (%) 39.28 ± 17.05 45.10 ± 20.05 34.03 ± 12.05 0.04 * 0.68
Pre-activation of the ST:VL 100 ms before IC 1.35 ± 0.88 1.54 ± 1.10 1.18 ± 0.61 0.22 0.41

GRF: ground reaction force. IC: Initial contact. Pre-activation: The EMG values of each subphase were normalized
to the peak EMG during landing from 30 cm height. VL: vastus lateralis. ST: semitendinosus. g: Hedge’s g effect
sizes. * p < 0.05.

Table 2. Pearson’s correlations among the response variables (peak knee anterior reaction force) and
the predictor variables.

Variable 1 2 3 4 5 6 7

1. Peak knee anterior reaction
force (N/kg) - −0.562 ** −0.482 ** 0.302 * 0.663 ** 0.358 * 0.457 **

2. Pre-activation of the ST
100ms before IC (%) - 0.563 ** −0.379 * −0.542 ** −0.178 −0.588 **

3. Pre-activation of the ST:VL
100ms before IC - −0.089 −0.365 * −0.142 −0.088

4. Knee abduction angular
excursion (degrees) - 0.528 ** 0.053 0.196

5. Peak vertical GRF (N/kg) - 0.39 * 0.324 *
6. Peak posterior GRF (N/kg) - 0.228
7. Peak knee flexion moment

(N*m/kg) -

Bold indicates correlation is significant at alpha level adjusted by Bonferroni correction. GRF: ground reaction
force. IC: Initial contact. Knee abduction angular excursion = peak knee varus (+) − peak knee valgus (-).
Pre-activation: The EMG values of each subphase were normalized to the peak EMG during landing from 30 cm
height. VL: vastus lateralis. ST: semitendinosus. * p < 0.05. ** p < 0.005.

Table 3. Regression coefficients for predicting peak knee anterior reaction force.

Variable B 95%CI β t p

Peak proximal knee
flexion moment (N*m/kg) 0.025 [0.014, 0.036] 0.28 2.367 0.024

Pre-activation of the ST:VL
100ms before IC −0.016 [−0.023, −0.009] −0.287 −2.39 0.023

Peak vertical GRF (N/kg) 0.003 [0.002, 0.004] 0.468 3.703 0.001
Constant 0.024 [−0.018, 0.066] - 0.580 0.566

GRF: ground reaction force. VL: vastus lateralis. ST: semitendinosus. R2 = 0.576 (N = 38, p = 0.000). CI = confidence
interval for B.
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4. Discussion

The findings of this study partially supported our hypothesis. We found that females
had a higher knee anterior reaction force, vertical GRF, and lower pre-activation of the
semitendinosus compared to males. Our findings also suggested that a linear regression
model with an equation shows the relationship between predictor variables (peak vertical
GRF, peak knee flexion moment, and ST:VL pre-activation ratio) and peak knee anterior
reaction force. The results of our study preliminarily showed differences in landing biome-
chanics between genders and riskier landing movements, which may have implications
for future research on these high-riskier landing biomechanics and injury prevention on
young untrained sports enthusiasts.

Proximal tibia anterior shear force has been reported to positively correlate with knee
anterior drawer force and exerted anterior tibial translation [6,7]. While a proxy measure of
forces acting on the ACL, this variable can provide a useful, measurable indicator of ACL
strain, which could provide a measurable risk factor for non-contact ACL injury. Findings
suggested that females experienced a greater knee anterior reaction force compared to
males, a finding consistent with those of previous studies [27,37], though the magnitude of
differences found in this study as 35% higher for females was smaller than those previously
reported a 50% difference [27,37]. A possible reason for the lower knee anterior reaction
force in the current study is the shorter landing distance (30 cm) than that in the stop-
landing study (~69 cm) [27]. Evidence shows that knee anterior reaction force increased
significantly as jump distance increased [38]. A study with 10 cm drop-landing distance
showed a similar reaction force as the current study [39]. We provide additional evidence
for higher proximal tibia anterior shear force in females, compared to males, which, as
discussed later, could provide a key risk factor for ACL injury.
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The gender-related differences in knee anterior reaction force stem from neuromuscu-
lar control differences. In agreement with previous research [18], our study suggests that
females exhibit a lower pre-activation of the semitendinosus and subsequent increases in
knee anterior reaction force. Despite the supporting ‘quadriceps dominance’ theory, our
results show that a low ST:VL pre-activation ratio in females was mainly determined by
reduced hamstrings activation rather than excessive quadriceps during the pre-landing
phase, a finding inconsistent with [40,41]. In fact, an association between reduced pre-
activation of the medial hamstring and risk of injury in non-contact ACL injury has been
reported [20,21,42–44]. Additionally, female athletes who performed exercises with a more
balanced quadriceps and hamstring ratio showed medial hamstring activation in vari-
ous risk movement tasks [20,42–44]. Thus, increasing medial hamstring activation may
benefit ACL rehabilitation and injury-prevention programs rather than simply inhibiting
quadriceps activation. However, the high variability within a population of subjects should
be noted. Neuromuscular fatigue could be a potential consideration [45]. Each subject
in the current study repeatedly performed an average of 5.4 ± 1.5 times to obtain three
successful landings. Given the difficulty in landing on single-leg, additional alterations
in motor control and motor unit recruitment can occur [46]. Further variability may be
attributed to biomechanical factors. Given the variation in landing movement each time,
the VL and ST muscles are susceptible to changes in length after changes to hip or knee
angle [47]. Subsequent differences in muscle length and tension can result in EMG activity
changes [48]. Generalizability for estimating the pre-activation could be limited, due to the
high variation within each population. However, in addressing the aims, medium effect
size in gender comparison of the pre-activation of ST and a significant correlation between
pre-activation of ST and knee anterior reaction force were found in the current study.

The reduced co-activation between the hamstrings and quadriceps in women may
result in greater knee joint instability than that observed in men. As evidenced by our
results, a decrease in semitendinosus pre-activation contributed to an increase in peak
knee flexion moment during the deceleration phase of landing. The underlying rationale
of stabilizing the knee might be that hamstrings create a posteriorly directed force on
the ACL that counteracted the anteriorly directed stress forces on the tibia [22]. Anterior
shear force is generated primarily from active quadriceps contraction force, which is most
pronounced at less flexed knee joint angles of 0–30 degrees of flexion [19]. Regarding the
knee flexion angle, the current finding was unable to conclude that knee flexion angle
during the deceleration phase has gender specific difference or a relationship with knee
anterior reaction forces. Our finding supports previous evidence [14–16], while it is in
conflict with the concept that females have decreased knee flexion angles [13,40]. The
possible explanation for the discrepancy is that anatomical risk factors of ACL injury,
such as femoral intercondylar notch width [49], patellar tendon tibial shaft angle [50], and
tibial slope, can be different between the genders [51], and thereby contribute to different
knee flexion angle and ACL loading. Given the evidence that athletes with non-contact
ACL injury had less knee flexion angle in matches compared with healthy control [52],
the current evidence showing a greater knee flexion angle associated with an increase in
ST:VL pre-activation ratio provides a potential practical intervention method to reduce non-
contact ACL injury. Additionally, a proper H:Q muscular co-contraction to produce the joint
compression [22,53] would provide proprioceptive feedback control via mechanoreceptors
embedded in the ACL tissue to further improve knee stability [54]. However, it remains
unclear why females have a decreased pre-activation of the hamstrings during high-risk
movements associated with non-contact ACL injuries. One potential explanation for this
occurrence might be that the decreased amplitude of H:Q muscular pre-activation facilitates
more explosive jumping and landing movements, in which the knee extensors would more
efficiently provide high concentric push-off and eccentric landing force and power.

The inclusion of peak vertical ground reaction force in the final regression model
suggested that peak vertical GRFs were associated with ACL injuries, a finding consistent
with those of previous studies [52,55]. In contrast, some studies reported the opposite
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results on vGRF in those men who had a greater peak vGRF than that measured in women
during landing [15,56]. It should be noted that landing biomechanics can be affected by
different types of landing task [56]. The vertical drop landing in our study might have led
to increased peak vGRF [56], revealing different biomechanical mechanisms of ACL injury.
Evidence has indicated that ground reaction force is influenced by the ability of postural
control or/and ankle stability [57,58], and therefore baseline control of postural stability
is required in future studies. Similar to vGRF, our results also indicated that an increase
in external knee flexion moment was associated with an increase in knee anterior reaction
forces. A knee flexion moment is required to balance a knee extension moment generated
by the quadriceps [59]. The quadriceps are needed to control knee flexion, which generates
an anterior force on the tibia by pulling the patellar ligament [59]. Although our findings
showed that a decrease in ST pre-activation predicted an increase in a peak knee flexion
moment during the deceleration phase of landing, without knowledge of the muscle forces,
it is difficult to confirm if the increased internal quadriceps moment is due to an elevated
quadriceps force and/or a reduced hamstrings force.

One of the factors that may influence the landing performance is the muscular strength
of the lower limb [17]. The current study did not control the lower limb strength, but a
recent study with a similar cohort as our study showed that males have higher lower
limb strength than females in non-athletes [60]. The females had a smaller muscle cross-
sectional area, leading to the less strength compared to males in the general population [61].
We cannot provide evidence that the cause of differences is purely due to gender without
controlling for relative strength levels or morphological characteristics. However, it is rather
difficult to purposefully recruit stronger females in order to obtain a strength-matched
cohort, without compromising the generalization of the study. In the current study, an
untrained cohort with low–moderate physical activity status was chosen, which reduced
the confounding effects that are modifiable through training, such as strength, sporting,
and movement.

There are certain limitations associated with the method. It should be noted that the
current study established an association between various biomechanical parameters with
peak knee anterior reaction force, but we cannot directly conclude that those biomechanical
parameters correlate with ACL loads. Anterior shear force has been established as a
loading factor on ACL strain [6,7], but the knee anterior reaction force, estimated by
inverse dynamics in this study does not represent shear force loading on the ACL or shear
force exerted by the patellar tendon. The muscle forces that are generated from actively
contracting muscles should be incorporated into the model in future research to predict
forces loading on the ACL. More variables can be incorporated into the regression equation,
such as muscle strength, anatomical influences, lower limb joint stability, postural control,
and different types of landing tasks, as these variables would have mixed effects on the
result. Laboratory simulation study cannot fully mimic the landing scenario in a real-
life event, as the knee joint forces would be more complex to cope with unanticipated
activities that involve landing in real life, and thereby different from those in laboratory.
The current study was unable to control for the same drop height. The subjects drop-
landed from a 30 cm box, but the box height and drop height are typically different [62,63].
However, we could ensure that all of our participants did not receive any professional
landing- or jumping-related training, which could reduce the learning effects on the results.
Future studies are therefore warranted to consider more possible predictors of non-contact
ACL injury in non-sports populations to help explain why females have a decreased
pre-activation of the hamstrings associated with non-contact ACL injuries.

5. Conclusions

The results of our analysis in female non-athletes demonstrated higher peak knee
anterior reaction force, vertical GRF, and lower pre-activation of the semitendinosus. In-
creased peak vertical ground reaction force, knee flexion moment, and a reduced ST:VL
pre-activation ratio predicted an increase in knee anterior reaction force and potentially an
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increase in ACL forces. The semitendinosus pre-activation correlated negatively with peak
knee flexion moment. The ST:VL pre-activation ratio was positively correlated with knee
flexion angle. Our findings therefore provide additional knowledge on the neuromuscular
patterns of lower limbs and suggest a potential mechanism for non-contact ACL injury
in non-athletes. The results of our study have implications for future research in terms of
screening for non-contact ACL injury risks and the development of prophylactic training
programs to prevent these injuries.

Practical implications:

• Increased pre-activation of the semitendinosus rather than decrease vastus lateralis
may decrease proximal tibia anterior shear force.

• Higher proximal tibia anterior shear force may be related to a higher risk of ACL injury
in females.

• Knee flexion angle appears not to show gender-specific differences during single leg
drop landing tasks.

• Vertical rather than posterior ground reaction force may be related to proximal tibia
anterior shear force in drop landing tasks.
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