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Abstract: Landing on a single-leg without receiving direct visual information (e.g., not looking at
the ground) may increase the risk of injury. We examined whether visual focus contributed to the
changing lower-extremity dynamics and patellofemoral joint stress during a single-leg drop jump
task. Twenty healthy volunteers visited the laboratory for three separate sessions. During each
session, participants randomly performed either of two types of a single-leg drop jump task from
a 30 cm high wooden box. Subsequently, participants looked at the landing spot (central vision
condition) or kept their heads up (peripheral vision condition) when performing the task. Sagittal and
frontal plane lower-extremity joint angles and joint moments (in the ankle, knee, and hip), including
the vertical ground reaction force, and patellofemoral joint stress during the first landing phase (from
initial contact to peak knee flexion) were compared. Greater ankle inversion and hip adduction
were observed when landing with the peripheral vision condition. However, the magnitudes were
negligeable (Cohen’s d effect size <0.35). No statistical difference was observed in other comparisons.
Landing on a single-leg from a 30 cm height without receiving full visual attention (peripheral vision

condition) does not increase the risk of lower-extremity traumatic and overuse injuries.

Keywords: visual information; kinematics; kinetics; traumatic; overuse

1. Introduction

Landing on a single-leg is a common cause of lower-extremity injuries [1,2]. Therefore,
kinematic and kinetic variables during a single-leg-landing task are proposed to increase the
risk of traumatic [2-5] and overuse (e.g., repetitive trauma) [6,7] injuries. For example, the
anterior cruciate ligament (ACL) injuries are associated with decreased knee flexion angles
(stiff landing) [4], increased tibial internal rotations [2], greater knee valgus with increased
knee abduction moments [5], and increased vertical ground reaction forces (GRF) [3].
Additionally, increased ankle inversion, knee adduction angle, and hip abduction angle [8],
including plantar flexion moments [9] at landing relate to ankle sprains. Furthermore,
impact forces to the knee joint from repeated landings acutely alter the patellofemoral
cartilage morphology as well [10] or lead to an overuse injury, such as patellofemoral
pain [7] and patella tendinopathy [6].

Control of dynamic joint stability during a single-leg landing is therefore initiated
through afferent information acquisition [11]. Interpretations of sensory input from the
visual, vestibular, and proprioceptive systems also help us perceive body positioning and
joint movements in space [12], maintain spatial orientation and equilibrium to control pos-
ture and balance [13,14], provide feedback for executing motor responses [15], and acquire
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movement patterns for improving performance [16]. Hence, as the largest contributor to
feedback control [17], the visual system gives us important information for processing
images (e.g., spatial awareness, depth, and motion perception, light, and color), especially
on multi-joint movements involving impact forces such as a single-leg landing. Moreover,
unlike the vestibular and proprioceptive systems (e.g., autonomic nervous system), one
can voluntarily control the number of visual inputs. For example, a deficit of direct visual
information during landings (e.g., not looking at the landing spot by blocking vision or
looking ahead) can alter their normal movement patterns in the lower-extremity [18]. Fur-
thermore, these neuromechanical alterations, due to limited visual input, can be associated
with factors that are proposed to increase the risk of injury [19].

Based on previous studies concerning visual blocking (e.g., being blindfolded) during
double-leg landings, some researchers [19,20] reported movement alterations while oth-
ers [21,22] did not. A study executing single-leg landing [23] also reported no difference
in sagittal and frontal lower-extremity joint kinematics between landing conditions while
receiving full (e.g., looking at the ground) and less (e.g., looking ahead) visual information.
Therefore, while the relationship between injury risks and the level of visual input is incon-
clusive, the results of previous studies [18-23] have revealed several practical limitations.
First, a complete absence of visual information using a blindfold [19-22] is extremely rare
in real athletic situations. Hence, landing with peripheral vision (not looking at the ground
with eyes-open) is more common due to the tendency to focus on other things, such as
the ball or other individuals. Second, previous studies examining visual input observed
double-leg landings [18-22], although single-leg landing was associated with a higher risk
of injury than double-leg landing [24-26]. A study [23] also exists that reported single-leg
landing; however, this study reported joint kinematics at time points of 100 ms before
landing and at initial contact. Thus, the results of this study [23] have limitations because
injuries occurred after landing [27-29]. Third, increased patellofemoral joint stress (PFJS)
during functional activities was related to patellofemoral pain [30,31], which accounted
for approximately 7% of all musculoskeletal conditions [32]. However, the relationship
between the level of visual input and the risk of injury overuse has never been examined in
single-leg landing.

Therefore, understanding the differences in lower-extremity dynamics and PFJS be-
tween two landing conditions (central vs. peripheral vision) during a single-leg drop jump
task would address the aforementioned limitations. The central vision condition is defined
as directing visual attention to the landing spot while the peripheral vision condition is de-
fined as looking up (e.g., 30° of cervical extension), and thus not having the lower-extremity
and the landing spot in view. The results of our study would be beneficial in identifying
the risk of lower-extremity traumas and overuse injuries, including the possibility of devel-
oping injury prevention strategies, especially for those who frequently perform jumping or
landing tasks. Hence, this study compared the lower-extremity movement of two landing
conditions (central vs. peripheral vision) during the landing phase while performing a
single-leg drop landing task. Specifically, we examined whether observed lower-extremity
kinematics and kinetics were known traumatic injury-related movements, such as increased
vertical GRF [20], decreased knee flexion angle [19], or increased plantar flexion moment [9].
Furthermore, we determined the risk of overuse injury, and the amount of PFJS in both
landing conditions was compared. Specifically, lower-extremity dynamics (joint angles,
joint moments, and vertical GRF) and PFJS were examined as well to estimate the risk
of traumatic and overuse injuries using statistical parametric mapping (SPM). Based on
previous data [21-23], we hypothesized similar movements in the sagittal and frontal plane
lower-extremity joint kinematics, kinetics, vertical GRF, and PFJS, regardless of looking at
the landing spot.
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2. Methods
2.1. Design

We used a laboratory-based crossover repeated measures design where participants
randomly performed two types of a single-leg drop jump at each session for three separate
sessions. This study design was intended to washout the order effect and obtain data for
two conditions measured on different days. Additionally, the independent variable was
set at that examined during the landing condition (central vs. peripheral vision) while the
drop jump task was being conducted. However, the dependent variables were the sagittal
and frontal planes, lower-extremity (ankle, knee, and hip) joint angles, and joint moments,
as well as the vertical GRF and PFJS.

2.2. Participants

Twenty healthy adults (10 females: 22 + 2 years, 162 & 4 cm, 57 £ 6 kg; 10 males:
25 £ 4 years, 176 £ 6 cm, 74 £+ 11 kg, body mass index: 23.9 kg/ m?) volunteered to
participate in the study. Participants who had no history of lower-back or lower-extremity
injuries for the last six months and who have never undergone any orthopedic surgery in
their lifetime were included, whereas participants who had a history of musculoskeletal,
perceptual, neurological, or balance disorders were excluded. The study protocol complied
with the principles of the Declaration of Helsinki. Before participation in this study, all
participants provided informed consent. Moreover, the University’s Institutional Review
Board approved the testing procedures and informed consent form used in this study.

2.3. Procedures

Participants completed the three separate data collection sessions 48 h apart. Upon
arrival to the laboratory for each session, participants changed into standardized spandex
shorts, shirts, shoes, and socks. Participants were then instructed on how to perform the
single-leg drop jump, after which they were given ample practice trials of the tasks for
consistent movements within and between sessions. Subsequently, participants stood on
a 30 cm high wooden box (positioned 3 cm away from the force platform) on the left leg
while the right hip and knee joint were flexed at 90°. Next, participants were asked to drop
down (neither stepping nor jumping down) with their right foot onto the force platform
and perform an immediate vertical jump as high as they could and land back on the same
force platform [33]. The tasks were repeated if their right foot did not completely land
on the force platform or if their left foot touched the ground [34]. Once participants were
familiar with the task, two types of a single-leg drop jump were then introduced. For
the central vision condition, participants performed the single-leg drop jump on the force
platform while looking at the landing spot (force platform). However, for the peripheral
vision condition, participants were asked to keep their heads up (cervical extension at 30°
reference to the anatomical position) during the drop jump tasks. The angle (30°) for this
landing condition was determined by a pilot work which determined that it was the angle
where participants were unable to see their lower-extremity and the ground contact.

2.4. Data Collection and Reduction

Three-dimensional motion and GRF data were recorded using eight near-infrared cam-
eras (200 Hz; Vicon, Santa Rosa, CA, USA) and a floor-embedded force platform (2000 Hz;
AMTI, Watertown, MA, USA), respectively. Spatial trajectories from the reflective markers
were digitized as well using the Plug in Gait module of the Vicon Nexus software (Vicon,
Centennial, CO, USA). Afterward, these trajectories and vertical GRF data were filtered
using a fourth-order Butterworth low-pass filter with zero lag at a cut off frequency of 12 Hz,
determined by residual analysis [35]. Then, smoothed marker coordinates were used to
define segment axes and joint centers through the Plug in Gait model. Data from the initial
contact (vertical GRF: >10 N) to the peak knee flexion during the first landing phase were
also analyzed [36]. Subsequently, for the time to peak knee flexion, the number of frames
from initial contact to peak knee flexion was converted into milliseconds (ms). Joint angles



Appl. Sci. 2022,12, 2599

40f12

were then calculated using a Cardan sequence (flexion/extension, adduction/abduction,
and internal/external rotation). Next, joint moments (internal) were calculated by an
inverse dynamic approach using anthropometric, kinematic (joint angle), and force (GRF)
data. Finally, MATLAB (version 2020a, Math Works, Natick, MA, USA) software was used
to reduce and extract the necessary data in the outcomes from Vicon Nexus.

PFJS was calculated using a previously described mathematical model [30]. Then,
the effective lever arm for quadriceps muscles was estimated at each time point based on
the given knee joint angles (Equation (1) in Table 1). Subsequently, quadriceps muscle
forces were also estimated by dividing the knee joint moment by the effective lever arm
for the quadriceps (Equation (2)). The patellofemoral joint reaction force was estimated
by multiplying the quadriceps muscle force with constant k (Equation (3)) [37], which
represents the relationship between quadriceps muscle force and patellofemoral joint’s
compression force (Equation (4)). The patellofemoral joint contact area was estimated using
a previously described equation [38] (Equation (5)). Then, the PFJS was determined by
dividing the patellofemoral joint reaction force by the patellofemoral joint contact area
(Equation (6)).

Table 1. Patellofemoral joint stress calculations.

Equation # Discription

Lever arm = 0.8E-8x3 — 0.129E-7x2 + 0.28E-5x + 0.462

! x = tibiofemoral joint angle (deg)

2 Quadriceps Force (N) = knee extension moment (N-m)/lever arm

3 k = (4.62E-1 + 1.47E-3x — 3.84E-5x*)/(1 — 1.62E-2x + 1.55E-4x? — 6.98E-7x)
4 Patellofemoral joint reaction force (N) = k x quadriceps force

5 Patellofemoral joint contact area (mm?) = 0.0781x> + 0.6763x + 151.75

6 Patellofemoral joint stress (MPa) = patellofemoral joint reaction

force/patellofemoral joint contact area

2.5. Statistical Analysis

Nine trials of each drop jump task (central vs. peripheral vision) were averaged. A
paired Student’s t-test was then conducted to determine the statistical differences in time
to attain peak knee flexion using the statistical package R (version 4.1.0, R Development
Core Team). Each dataset on joint angles, joint moments, vertical GRF, and PFJS within
time-series (data from initial contact to peak knee flexion during the first landing) was also
time-normalized into 101 data points (representing 0-100%). Afterward, each dependent
variable between landing conditions was compared with SPM paired t-test [39] using
MATLAB software with an open-source SPM code (www.spm1d.org). The « level was set
at 0.05 for all tests. Cohen’s d effect size (d) was calculated when statistical significances
were detected. Then, the effect sizes within the period were averaged.

3. Results

We did not observe any statistical difference between landing conditions (central
vs. peripheral vision) in time to peak knee flexion (Table 2), lower-extremity joint angles
(sagittal plane: Figure 1).

Table 2. Time to peak knee flexion.

Landing Condition Time to Peak Knee Flexion
Central vision 0.162 £ 0.019 ms
Peripheral vision 0.169 4= 0.022 ms

Values are mean =+ 95% confidence intervals. There was no statistical difference (t = —1.4; p = 0.16).
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Figure 1. Sagittal plane joint angle. Descriptive statistics for each condition (mean + 1 standard
deviation error cloud) for the ankle (A), knee (B), and hip (C) joint angles. Time was determined from
initial contact (0%) to peak knee flexion (100%). The black line is the t-value of each time point for the
ankle (D), knee (E), and hip (F) joint angles. The dotted redline is the threshold of significance. No
significant difference was observed in the sagittal plane joint angle between the landing conditions.

We observed significant difference in the frontal plane ankle and hip joint (Figure 2).
Specifically, participants with the peripheral vision condition showed greater ankle joint
inversion (7.5% to 13.3%: 0.3°, d = 0.19; 29.0% to 30.6: 0.4°, d = 0.23; 76.3% to 91.8%: 0.4°,
d = 0.23, Figure 2A,D) and hip joint adduction (10.5% to 26.3%: 0.9°, d = 0.35; 66.3% to
96.9%: 1.2°, d = 0.31, Figure 2C,F).

We did not observe statistical difference between landing conditions in joint moments
(sagittal plane: Figure 3; frontal plane: Figure 4), and vertical GRF and PFJS (Figure 5).
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Figure 2. Frontal plane joint angle. Descriptive statistics for each condition (mean + 1 standard
deviation error cloud) for the ankle (A), knee (B), and hip (C) joint angles. Time was determined
from initial contact (0%) to peak knee flexion (100%). The black line is the t-value of each time point
for the ankle (D), knee (E), and hip (F) joint angles. The dotted redline is the threshold of significance.
The gray areas are the time periods in which significant differences occurred. Statistical differences
were detected in the frontal plane ankle (D) and hip (F) joint angle between the landing conditions.
No significant difference was observed in the frontal plane knee joint angle (E).
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Figure 3. Sagittal plane joint moment. Descriptive statistics for each condition (mean =+ 1 standard
deviation error cloud) for the ankle (A), knee (B), and hip (C) joint moments. Time was determined
from initial contact (0%) to peak knee flexion (100%). The black line is the t-value of each time
point for the ankle (D), knee (E), and hip (F) joint moment. The dotted redline is the threshold of
significance. No significant difference was observed in the sagittal plane joint moment between the

landing conditions.
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Figure 4. Frontal plane joint moment. Descriptive statistics for each condition (mean =+ 1 standard
deviation error cloud) for the ankle (A), knee (B), and hip (C) joint moments. Time was determined
from initial contact (0%) to peak knee flexion (100%). The black line is the t-value of each time
point for the ankle (D), knee (E), and hip (F) joint moment. The dotted redline is the threshold of
significance. No significant difference was observed in the frontal plane joint moment between the

landing conditions.
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Figure 5. Vertical ground reaction force and patellofemoral joint stress (PFJS). Descriptive statistics for
each condition (mean =+ 1 standard deviation error cloud) for vertical ground reaction force (A) and
PFJS (B). Time was determined from initial contact (0%) to peak knee flexion (100%). The black line
is the t-value of each time point for the vertical ground reaction force (C) and PFJS (D). The dotted
redline is the threshold of significance. Likewise, no significant difference was observed in vertical
ground reaction force and PFJS between the landing conditions.

4. Discussion

This study compared the lower-extremity dynamics (joint kinematics, kinetics, and
vertical GRF) and the PFJS between the landing with and without looking at the landing
spot during a single-leg drop jump task. Although we observed several alterations in the
frontal plane ankle and hip joint (Figure 2), the magnitudes of changes were negligeable
(altered joint angles < 1.2°, d < 0.35). Therefore, our hypothesis that no difference would be
observed in movement dynamics and PFJS was mostly supported, which agreed with the
results of previous reports in which visual input was manipulated. Specifically, blindfolded
subjects in previous studies did not show alterations in vertical GRF [21] and preparatory
muscle activities [22] during the double-leg landing relative to a condition with normal
vision (not blindfolded). Moreover, landing while receiving less visual information (e.g., not
looking at the ground with eyes open) showed no difference in vertical GRF and preparatory
muscle activity [18] during a double-leg landing compared with landing conditions that
received full visual information (e.g., looking at the ground). Our data therefore propose
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that less visual focus on the landing spot during the landing phase of a single-leg drop
jump does not increase the risk of lower-extremity traumatic and overuse injuries.

Furthermore, no difference observed in most dependent variables between the landing
conditions explained the delimitation of this study. Hence, the landing height and the
horizontal distance from the force platform were fixed at 30 cm and 3 cm, respectively.
The lower-extremity joints also have to manage greater external forces as landing height
increases [40]. Therefore, previous studies have suggested that the dropping height, which
possibly increases injury risk during double-leg landing, was >60 cm [41]. A study also pro-
posed that single-leg landings from a height of 30 cm or less does not exceed the threshold at
which the normal integration of sensory input is altered [42]. Our participants were healthy
populations that the amount of visual deficit would have easily been complemented by
other systems (e.g., substitution of proprioception) [43], including a short-term learning
effect [44]. Previously, only ten practice trials ended the neuromechanical compensatory
movements during double-leg landing when participants were blindfolded [22]. Another
study [21] reported that perceiving and understanding the laboratory environment (e.g.,
landing height, equipment, and testing procedures) before being blindfolded did not re-
sult in movement deviations. However, our participants were proposed to have learned
movement patterns of the single-leg drop jump task through repetitive practice trials over
three separate days. Therefore, the adaptation of the task-specific movement [16,22] and
environmental perception [21] may also explain why we did not observe any movement
differences between the landing conditions.

As we discussed in the introduction, little data are available on movement alterations
regarding the level of visual information during landing [18-23]. Double-leg landing
without receiving visual information (being blindfolded) resulted in decreased knee flexion
and increased vertical GRF [19,20]. These movement alterations also increased the risk of
traumatic injuries because the vestibular and proprioceptive system did not completely
compensate for visual information deficits (blocking vision) [20]. Alternatively, movement
alterations were not observed when looking at the landing spot was manipulated during
the single- [23] and double- [18] leg-landing periods. Hence, since our participants did
not use a blindfold, they fully received visual information (central vision condition) or
at least partially (peripheral vision condition) during the task. This result implies that
the normal sensorimotor system would function as long as it received visual afferent
information [45], thereby maintaining dynamic joint stability. Furthermore, we analyzed
the whole landing phase (initial contact to peak knee flexion) of the task [26,33], which
did not show any difference between landing conditions. Our data (time ranged between
162 ms and 169 ms, Table 2) also included the estimated time frame for ACL injuries
(20 to 70 ms) [27-29] or ankle sprain (50 to 90 ms) [1]. Therefore, unless visual inputs were
blocked, the level of visual information (visual focus) is not proposed to be a factor that
alters the lower-extremity landing mechanics from a 30 cm height.

As a single-leg drop landing can acutely cause femoral cartilage deformation [10], the
amount of PFJS can be the potential source of overuse injury [10,46]. Likewise, our data
showed that the level of visual information did not affect PFJS during the landing phase.
Therefore, since the cumulative joint contact stress can lead to joint degeneration [46], the
amount of PFJS estimates the risk of the patellofemoral conditions [30]. The peak PFJS in
our participants during the task was also calculated as approximately 9 MPa (Figure 5),
which is similar to that of descending walking [47]. Additionally, compared to other
functional movements, this value is smaller than that of the body weight of two-legged
squats (12 MPa) [48], but greater than that of single-leg squats (7 MPa) [49], forward lunging
(6.0 MPa) [50], self-selected fast waking (3 MPa) [30], single-leg hopping (2 MPa) [51], and
self-selected free walking (2.0 MPa) [30], whereas the amounts of peak PFJS during various
movements have been reported [30,47-51]. Similarly, the specific amount or duration of
(cumulative) PFJS that is proposed to lead to overuse injury is unknown [48,50,52]. Thus,
our results demonstrated that the amount of PFJS related to overuse injury is not affected
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by the level of visual information (visual focus) during a task that requires single-leg
dynamic stability.

Notably, it is important to acknowledge the study limitations. Females have different
landing mechanics, such as greater GRF [53], greater knee valgus [54], and less knee
flexion [55]. Hence, comparing sex differences was not the purpose of our study, which
was also not considered in the statistical analyses as in previous studies with a similar
study design (crossover repeated measures) [20,23]. Therefore, future studies should
examine the interaction between the level of visual input and sex discrepancies in the risk
of injury during a single-leg drop jump task. Second, PFJS in our study was calculated
using the kinematic and kinetic variables in the sagittal plane [30]. Thus, since the patella
moved in multiple planes, future estimation of PFJS should take account of variables in
multiple planes using other methods (e.g., computational modeling using OpenSim) [56].
Lastly, parameters on landing conditions (e.g., visual focus, height, and movement after
landing) were unpredictable in real athletic situations. An unanticipated single-leg-landing
condition also showed greater ankle joint and impact kinetics [9,57] than an anticipated
landing condition. Therefore, care should be taken when applying the results of our study
to unanticipated landing conditions.

5. Conclusions

A single-leg landing with less visual focus (by looking up) on a landing spot did not
change lower-extremity movement patterns. Therefore, the level of visual inputs has little
effect on the risk of traumatic and overuse injuries when landing from a height of 30 cm.
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