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Abstract

Background: Assessment of asymmetries in dynamic postural stability and lower extremities kinetics during landing technique are
considered factors for injury prevention and achieve optimal athletic performance. Nevertheless, the relationship between these factors
has not been established. This study aimed to investigate the effects of leg length asymmetry on dynamic stability and leg stiffness upon
initial contact with the ground after vertical landing. Methods: Twenty healthy adult men landed on the ground from a height of 30
cm; we measured leg length, leg stiffness, lateral pelvic tilt angle, peak vertical force (PVF), the loading rate, dynamic postural stability
index (DPSI), and the correlations among these variables. Results: At initial contact, the right leg was significantly longer and showed
greater lateral pelvic tilt than the left leg. These characteristics increased the loading rate at the time of PVF on the right leg, which in turn
affected leg stiffness and pelvic tilt. The DPSI was also decreased for the right leg compared with the left leg. In the correlation analysis,
we observed strong, positive correlations and high explanatory power for PVF, the loading rate, vertical stability index, and DPSI, with
r >0.822 and R? >57%. Conclusions: The identified associations support the validity of the result, showing that the right leg failed in
its rapid stabilization strategy. The leg length asymmetry is suspected to affect asymmetrical impact patterns, DPSI, and leg stiffness.
Given the number of individuals with leg-length inequalities who play sports relying on jumping and landing patterns, reducing the rate
of injury possibly incurred.
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1. Introduction tors, such as the mechanisms of stress distribution, response
to fatigue, technical level and adaptation, and environmen-
tal interactions [2]. Thus, the variance in athletic perfor-
mance that is produced on each side of the body can be af-
fected by systematic or random factors, and there is no clear
reason to control this variance. On the other hand, the up-
per and lower limbs of humans experience similar overall
stress, and asymmetric athletic performance between sides
can contribute to unilateral injury when it is chronic or ac-
cumulated over time [2].

Injuries during sports activities typically occur during
landing and affect the health of the patient [1]. Unilateral
and bilateral landing both occur, depending on the nature of
the specific sport and the athlete’s objectives, but the func-
tion of both legs is assumed to be symmetrical based on
biomechanical research data on landing [2].

Humans tend to favor one side of the body, and people
can be observed to use one hand or foot preferentially with
regard to sporting ability [3,4]. People usually demonstrate
dominant or non-dominant orientation, but while approxi-
mately 90% of people are right-hand dominant, only 25%—
45% show a preference for the right leg during lower limb
movements [5]. This is because movements of the domi-
nant lower limb require more brain activity than upper limb

Various factors can cause significant stress on the mus-
culoskeletal system, but analyzing only one leg and assum-
ing that the functions of both legs are the same lead to limi-
tations in athletic function that can be generated by minute
differences. In the long term, asymmetric landing can de-
velop into severe fractures and sprains, or even degenera-

movements [6,7].

Biomechanical differences in dominant or non-
dominant orientation are related to physiological, anatomic,
and lower limb asymmetry, and cause considerable confu-
sion during landing [1]. Variation in athletic performance is
a natural biological phenomenon that reflects various fac-

tive arthritis [8]. Differences in lower limb length are ma-
jor factors in acute and chronic injury of the sacroiliac joint
[9], and are closely related to the development of lower back
pain [10]. Specifically, excessive movements and failure to
control the magnitude of the ground reaction force (GRF) in
the longer leg can cause injury and secondary falls [11,12],
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but the function of both legs needs to be assessed simultane-
ously to enhance our understanding of the causes of injury
and improve safety.

During landing, the length of the lower limb is altered
by flexion and extension of the hip, knee, and ankle joints,
as well as tilting of the trunk [13,14]. According to the
movement systems theory, the composition of the sensori-
motor system originates from interactions within a complex
system, including the neuromuscular and musculoskeletal
systems, and adjustment or restriction of the degrees of free-
dom [15]. In fact, numerous musculoskeletal elements, in-
cluding the muscles, tendons, and ligaments, act together
like a spring during walking, running, and landing. When
the lower limb functions in a healthy manner, leg stiffness
can be properly adjusted in diverse conditions [16,17], but
it is not clear what effect differences in leg lengths have on
optimal stiffness control and dynamic stability upon initial
contact.

In vertical landing, it is important to simultaneously
recognize asymmetry in leg length and changes in the ver-
tical GRF, and to predict a pearson’s capacity to maintain
their balance while transitioning from a dynamic to a sta-
tionary position during athletic exercises. It is essential to
understand the stabilization time, depending on the muscle
patterns, reflexes, and reactions that are required to mini-
mize the range of the GRF [18]. New research is required
to help prevent injury and achieve optimal athletic perfor-
mance by evaluating leg stiffness, which can be observed
using the lower limb length and size of the GRF.

We investigated the effects of leg length asymmetry on
leg stiffness and dynamic postural stability upon initial con-
tact with the ground in participants who performed vertical
landing movements. In addition, we aimed to quantify land-
ing strategies and mechanisms through a correlation analy-
sis of related variables for each leg, such as the peak vertical
force (PVF), loading rate, leg length, and pelvic angle.

2. Materials and methods
2.1 Subjects

20 healthy adult men participated (mean + standard
deviation: 21.70 years & 1.89 years, height: 1.77 m 4 5.58
m, weight: 82.73 kg + 17.50 kg) in this study. They met
the subject criteria for this study. Before participating in
the experiment, all participants received a thorough expla-
nation of the study’s content and aims, and provided their
voluntary written consent.

2.2 Experimental procedures

To examine the relationship between leg length and
leg stiffness during vertical landing movements, we deter-
mined the dominant and non-dominant legs using the ball-
kick and step-up tests. Without being briefed on the ball-
kick test in advance, participants were instructed to kick a
ball. The leg that had initial contact during the ball-kick
test was identified as the dominant leg, and the leg that first

stepped onto the bench was identified as the dominant one
in the step-on test [19,20].

For kinematic and kinetic measurement of the main
joints of the lower limbs during landing movements, a mo-
tion analysis device consisting of eight motion analysis
cameras (6 Eagle and 2 Raptor-E Camera System, Mo-
tion Analysis Corporation, Santa Rosa, CA, USA), and two
force plates (OR6-5-2000, Advanced Medical Technolo-
gies Inc., Watertown, MA, USA) were used. GRF data were
obtained through two force plates sampling at 600 Hz. Be-
fore measuring, we installed eight cameras each to the right,
left, and front of the participant, all of which were within a
7 m range. After preparing an environment in which the
range of motion could be captured, we performed calibra-
tion to establish the spatial coordinates. The sampling rate
of the camera was set to 120 frames/sec, and the margin of
error was 0.3 mm or less. Next, we attached 19 reflective
markers (15 markers were used to track the position and
movement while 4 markers were used for calibration only
and removed after it) that were 15 mm in diameter on the
lower limbs of the participants in accordance with the He-
len Hayes Markers Set, which allowed us to assess landing
movements (Fig. 1).

Pelvis center

Leg length

Center of pressure

Fig. 1. Marker attachment point.
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In order to simulate the landings encountered during
athletic participation, subjects were asked to perform a bi-
lateral drop landing task. To orient participants with task,
each subject was asked to perform 3—5 practice trials. Once
subjects were comfortable with the task, they were asked
to perform 3 test trials for landing task from a height of 30
cm. Each subjects were instructed to jump with their heads
up and hands in a position to touch the designated marker
and place their hands on their hips as soon as they felt sta-
ble. Researchers and participants determined whether their
movements were successful. We measured the mean values
from three trials.

2.3 Data measurement

We calculated the angle between the center of pressure
(COP) and the center of the pelvis using the angle that we
observed in the frontal plane (Fig. 2).
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Fig. 2. Tilt angle between pelvis center and center of pressure
(COP).

We calculated dimensionless leg stiffness (Kjeg) using
Silder’s method [15]. For leg length, we calculated the dis-
tance from the center of the pelvis to the COP at initial con-
tact in three dimensions, and we calculated the leg stiffness
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based on the time of PVF.

PVF

_ 2
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PVF was calculated by dividing the PVF produced
upon landing (N) by the participant’s body weight. The
resulting value was then calibrated (N/BW). [, is the cal-
ibrated value of the rate of change in the leg length during
the stance phase, and [,,,;,, is the minimum leg length. Leg
length was measured from the center of pressure [21] to the
central point of the pelvis [22] as shown in Fig. 1.

To measure the dynamic postural stability index
(DPSI) during landing, we referred to the protocol of Wik-
strom [ 18], but to determine a clear endpoint after landing,
we modified the time at which we used the data points and
the equation for the vertical direction. The medial-lateral
stability index (MLSI) and anterior-posterior stability index
(APSI) assess the fluctuations from 0 along the frontal and
sagittal axes of the force plate, respectively. The vertical
stability index (VSI) assesses the fluctuation from the sub-
ject’s body weight to standardize the vertical GRF along the
vertical axis of the force plate.

MLSI = /[ (0 — Xpvr)? / number of data points ]

APSI = /[¥ (0 — Ypyr)? / number of data points ]

VSI = /[Z (0~ Zpyr)? / number of data points | “
DPSI = /[2 (0 — xpvr)® + 2 (0 — ypvr)® + 2 (0 — zpvr)®

/ number of data points |

An increased DPSI value indicated less stability, and
a decreased DPSI value indicated improved stability. We
calculated the asymmetry index of the variables that were
calculated above using Robinson’s equation (1987) with the
mean values of the left and right sides. An asymmetry index
value of 0 corresponded to prefect symmetry, while higher
values indicated increased asymmetry.

Right-Left

x 100
+(Right + Left)

)

All kinematic and kinetic data were processed using
Cortex 4 (Motion Analysis Corporation, Santa Rosa, CA,
USA). The body was assumed to be a linked rigid body
system. The center of mass of the pelvis and each seg-
ment were calculated by assigning coordinates to the cen-
tral point of body joints and were used as parametric data
[22]. The two-dimensional (2D) data collected by the eight-
image analysis camera were converted to three-dimensional
(3D) data by the non-linear transformation method. To re-
move errors due to noises in data processing, Butterworth
low-pass digital filtering was used for smoothing, and the
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Fig. 3. Result of the leg length (left), and tilt angle of pelvis center (right) according to the landing leg. ***p < 0.001.

cut-off frequency was set to 10 Hz.

Using the SPSS 23.0 statistics program (IBM Corp.,
Armonk, NY, USA), we calculated the means and standard
deviations for the kinematic and mechanical variables that
were described above, and we performed paired samples
t-tests to compare the two legs. We used Pearson’s corre-
lation coefficients to analyze the correlations between the
variables of interest and the asymmetry index, and we used
a statistical significance level of p < 0.05 for all tests.

3. Results

In the Table 1, we compared the kinematic and me-
chanical variables during the vertical landing movement,
the leg length at initial contact with the ground was signif-
icantly longer for the right leg than for the left (p < 0.001)
(Fig. 3). Pelvic tilt was significantly larger for the right leg
than the left leg (p < 0.001) (Fig. 3). At the time of PVF, leg
length, stiffness, and tilt showed no significant difference
between the two sides, but the loading rate was statistically
higher for the right leg than the left leg (p < 0.05) (Fig. 4).
There was no significant difference in the anterior-posterior
DPSI, but the right leg showed significantly increased ver-
tical DPSI and reduced stability (p < 0.05) (Fig. 5).

In the correlation analysis using the asymmetry index
as Table 2, we limited our analysis to results with » >0.70 to
determine clear correlations. Strong, positive correlations
with high explanatory power were observed for the PVF,
with 7 = 0.837 (y = 1.0597x — 23.881, R? = 0.070, p <
0.01) for the loading rate, » = 0.822 (y = 0.8417x — 25.298,
R2 =0.675, p < 0.01) for the vertical stability index, and »
=0.808 (y = 0.8117x — 21.469, R% = 0.653, p < 0.01) for
the bilateral DPSI. Strong, positive correlations were also
observed for the loading rate, with » = 0.900 (y = 0.7276x
—7.6325, R? = 0.809, p < 0.01) for the vertical stability
index and = 0.898 (y = 0.7123x — 4.2263, R? = 0.806, p <
0.01) for the DPSI, and » = 0.900 (y = 0.9723x + 3.1016, R?
=0.983, p < 0.01) for the correlation between the vertical
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Fig. 4. Loading rate, PVF, and leg stiffness according to the
landing leg.

stability index and DPSIL.

4. Discussion

Diverse exercise, in which jumping and landing move-
ments are the major components, contributes to the de-
velopment and persistence of injuries [15,23,24]. Lower
limb alignment differences or strength, endurance or power
deficits may also play a role and explain findings [25].
Several further factors are related to injury, but in particu-
lar, asymmetrical leg length is apparent upon initial contact
with the ground. However, there are no clear methods or
information to successfully control impact absorption and
stability in patients with asymmetric leg length.

Generally, the kinematic characteristics of asymmetry
can affect musculoskeletal relationships such as the force-
length relationship, and one study argued that an exces-
sive load can be sustained by the muscle tissue of one leg
when the force distribution between the two legs is altered
[26,27]. In our study, when we observed the mechanical
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Fig. 5. Medial-lateral and anterior-posterior stability index for each subjects.
Table 1. Result of kinetic variables between bilateral leg during vertical landing.
. . Vertical landing
Section Variables t p-Value
Left leg Right leg Al (%)
. Lengths (cm) 98.05 £4.75 100.70 £ 4.95 2.51 5.732  0.001"**
Initial contact ) .
Tilt angle of pelvis (deg) 78.68 £2.18  74.05 £2.07 5.98 6.702  0.001"**
Leg length (%) 86.40 +£2.82  86.60 £ 3.88 1.80 1.758 0.095
Leg stiffness 13.77 £4.63  16.10 £9.05 1.15 1.262 0.222
PVF phase during landing  Tilt angle of pelvis (deg) 78.77 £1.71 68.00 £ 34.86 3.87 1.369 0.187
Peak vertical force (N/BW)  1.77 + 0.39 1.71 £ 0.40 4.09 0.501 0.622
Loading rate (N/BW/sec) 2697 +£9.81 358242034 1954 2319  0.032*
Medial-lateral 1.48 +0.76 1.07 £ 0.52 29.08 2722  0.014"
DPSI Anterior-posterior 1.45 £0.42 1.65 £+ 0.69 14.77  1.321 0.202
Vertical 1498 £503 1925+854 2185 2740  0.013"
Dynamic postural stability 1792 + 568 2198 £9.21 18.14 2346  0.030"
*p < 0.05; ***p < 0.001.
Table 2. Results of correlation (r).
. Initial contact (IC) PVF phase during landing
Section
Tilt angle Leglength PVF stiffness Tilt angle Loadingrate MLSI  APSI VSI DPSI
Length (IC) 0.080 -0.542  0.314 0.035 0418 0.071 -0.019 -0.218 -0.061 —0.075
Tilt angle (IC) -0.062  0.195 -0.198 0.620 —-0.015 0312 -0.192 -0.106 —0.092
Leg length 0.166 -0.333  —0.430 0.239 0223 0368 0322 0.344
PVF 0.413 0.008 0.837** 0.583 0372 0.822** 0.808"*
Stiffness -0.249 0.622 0.175 0262 0.540  0.521
Tilt angle -0.241 -0.167 -0.511 -0.321 -0.356
Loading rate 0.534 0.525 0.900"* 0.898"*
MLSI 0478 0.604  0.666
APSI 0.595 0.675
VSI 0.991™*
**p < 0.01.
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characteristics of the lower limbs at the time of PVF af-
ter the initial contact, we found that the length of the right
and left legs was very similar. Each leg could absorb the
PVF symmetrically. Conversely, the loading rate and leg
stiffness were higher in the right leg than in the left leg. A
high loading rate indicates that a large GRF cannot be dis-
tributed properly across the lower limb joints within a short
time [28], and is closely related to neuromuscular problems,
joint degeneration, and bone fracture [29,30]. In addition,
an increased loading rate is associated with increased leg
stiffness, which is consistent with the results of our study,
in which leg stiffness was higher in the right leg, which
showed an increased loading rate [31].

Regarding the calculation of leg stiffness in our study,
there was a strong association between the change in leg
length and impact. Increasing the range of motion of the
lower limb joints can effectively decrease leg stiffness and
the impact that is transferred from the feet to the head
[32,33]. However, stiff motion of the right leg at initial
contact with the ground was inevitably maintained until the
time of PVF, resulting in failure to control leg stiffness.
In other words, a certain amount of stiffness control is es-
sential during exercise, and one study reported that stiff-
ness can be controlled appropriately [34,35]. In the case of
asymmetric leg length at the initial contact, similar to our
study, other authors thought that leg stiffness is controlled
by increased lateral pelvic tilt.

In the present study, the right leg, which was longer
at the initial contact than the left, showed a worse anterior-
posterior stability index, vertical stability index, and DPSI
than the left leg. Athletes can reduce the risk of injury upon
landing by maintaining a neutral posture and stabilizing the
leg as soon as possible after landing; leg length asymmetry
indicates failure of this strategy [12,36]. In particular, when
we performed a correlation analysis for each leg using the
asymmetry index, we observed correlations of » >0.822 and
R2 >57% for the PVF, loading rate, vertical stability index,
and DPSI. These variables were calculated from the impact
type or size of the impact over time, and thus are closely
related to postural control and the stabilization time. In-
creased values for these variables indicate a relatively large
increase in force components within a short time.

Maintaining balance during landing reflects success-
ful impact absorption [18]. Because landing strategies are
usually planned [37,38], temporal restrictions in an unpre-
dictable situation can lead to high loads that can damage the
spine or nerve pathways in and around the spine [39—41].
Therefore, leg length asymmetry at initial contact indicates
reduced postural control in one leg to maintain stability and
impact absorption. Therefore, an increased load is applied
to one side of the body that increases the risk of secondary
ankle sprain or slipping.

5. Conclusions

Leg length asymmetry at initial contact with the
ground, which was the focus of our study, is thought to play
a subtle but important role in the rate of injury. Despite in-
creasing the lateral pelvic tilt to offset the impact pattern, we
found that successful maintenance of the landing function
in both legs was impossible. Therefore, if participants in
sports practice maintain leg length symmetry on landing, it
should enable them to successfully land in various sporting
environments.
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