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Abstract

Context: Laboratory-based biomechanical analyses of sport-relevant movements such as landing
and cutting have classically been used to quantify kinematic and kinetic factors in the context

of injury risk, which are then used to inform targeted interventions designed to improve risky
movement patterns during sport. However, the noncontextual nature of standard assessments
presents challenges for assessing sport-relevant skill transfer.

Objective: To examine injury-risk biomechanical differences exhibited by athletes during a
jump-landing task performed as part of both a standard biomechanical assessment and a simulated,
sport-specific virtual reality (VR)-based assessment.

Design: Observational study.
Setting: Medical center laboratory.

Participants: Twenty-two female adolescent soccer athletes (age = 16.0 [1.4] vy, height = 165.6
[4.9] cm, and weight = 60.2 [11.4] Kg).
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Interventions: The landing performance was analyzed for a drop vertical jump task and a
VR-based, soccer-specific corner-kick scenario in which the athletes were required to jump to
head a virtual soccer ball and land.

Main Outcome Measures: Hip, knee, and ankle joint kinematic differences in the frontal and
sagittal planes.

Results: Athletes exhibited reduced hip and ankle flexion, hip abduction, and frontal plane ankle
excursion during landing in realistic sport scenario compared with the standard drop vertical jump
task.

Conclusion: VR-based assessments can provide a sport-specific context in which to assess
biomechanical deficits that predispose athletes for lower-extremity injury and offer a promising
approach to better evaluate skill transfer to sport that can guide future injury prevention efforts.

Keywords

sport biomechanics; virtual reality; injury risk

Biomechanical analyses of sport movements have classically been used to quantify
kinematic (ie, joint angular motion) and kinetic (ie, joint moments of force) factors

in the context of task performance, injury risk, or pathology. Traditional biomechanical
assessments include indices of walking and running gait, as well as sport-relevant tasks,
such as landing and cutting, to identify risk factors for musculoskeletal injuries in sport,
particularly at the kneel-2 and ankle.2 The prospective determination of risk factors for
injury in sport using standard biomechanical tasks can identify athletes at high risk for
injury,* which can then be used to inform training interventions to ameliorate aberrant
biomechanics to reduce injury risk.> Although neuromuscular training interventions can
lead to task-specific biomechanical improvements in the performance of classic laboratory
tasks,59 these interventions do not consistently reduce injury risk (see Sugimoto et al1°
for a review). This may be due, in part, to the lack of adequate knowledge on how to
optimize interventions to maximize the potential for sport-relevant skill transfer. It also may
indicate that the laboratory tasks do not adequately correspond to the movement demands
placed on athletes during more dynamic sport contexts. Subsequently, researchers rely on
these traditional biomechanical assessments as proxies for the evaluation of this transfer.
Given that traditional assessments evaluate biomechanical performance on a set of standard,
noncontextual tasks, these assessments may not accurately represent movement patterns
(and thereby, injury risk) exhibited during actual sport competition and may be limited

in their generalizability to sport-specific performance. Therefore, it may be more effective
to examine injury-risk biomechanics on individuals performing sport-specific tasks within
the real-world sport environment itself either exclusively or in conjunction with, and as a
validation of, standard assessments.

Analysis of real-world, sport-specific injury risk biomechanics presents logistical challenges
that limit the feasibility of such investigations aimed to understand realistic sport demands,
such as issues with equipment, weather, compliance with teams and regulatory staff, lack

of experimental conditions.11 Accordingly, studies have attempted to evaluate the movement
patterns of sport-specific tasks within the laboratory, including shot anticipation in handball,
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sprinting,12-14 kicking in soccer, blocking in volleyball, and skillful performance (ie,
passing, dribbling, and shooting) in basketball.1> However, given that these skills were
examined outside of an actual sport environment, the associated analyses are still limited in
their generalizability to sport. Moreover, limited data exist that examine specific injury risk
biomechanics that have previously been identified using classical biomechanical assessment,
such as external knee abduction moment.2 A promising solution that may overcome the
limitations of classical assessments involves simulating sport-specific environments through
virtual reality (VR), which can effectively present simulated scenarios that facilitate real-
world athletic performance and competition.16:17 VVR-based assessments may provide a more
accurate profile of injury risk and adaption from training by examining the biomechanics

of athletes performing fundamental tasks that occur in sport, although they are immersed

in a well-controlled sport-specific scenario that accounts for the complex environments of
actual competition, including interactions with other players, objects, and sport implements.
VR technology has been implemented in the biomechanical analysis of handball throwing
kinematics, rugby strategy,18 and cutting in soccer!l; however, only the latter examined
movement patterns specific to injury risk.

Traditional biomechanical assessments are useful in identifying biomechanical factors for
injury, screening athletes based on these factors, and informing targeted interventions to
improve the factors that are modifiable; however, it is unclear how the biomechanical profile
of an at-risk athlete varies between a standard, noncontextual environment, such as that of a
traditional biomechanical assessment and an actual sport (or simulated sport) environment.
In the case of the latter, a sport movement context might provide an indication of the

true nature of an athlete’s risk for injury while participating in a given sport. Therefore,

the purpose of this study was to examine movement patterns exhibited by athletes during

a jump-landing task performed as part of both a standard biomechanical assessment (ie,
drop vertical jump [DVJ]) and a sport-specific VR-based assessment to examine potential
differences in assessed injury risk biomechanical factors. It was hypothesized that the VR
scenario would elicit increased magnitude of injury risk biomechanics compared with the
standard biomechanical assessment.

Methods

Design

The present study was an observational study undertaken in a medical center biomechanics
laboratory.

Participants

Thirty-eight healthy, female adolescent soccer athletes (mean [SD]; age = 16.0 [1.3] v,
height = 1.65 [5.5] m, and weight = 59.5 [9.9] kg) participated in this study. All athletes
had no recent history of lower-extremity injury or other neuromuscular contraindications
that would prevent them from normal athletic activity. Prior to the initial data collection,
the study protocol was approved by the Cincinnati Children’s Hospital Medical Center’s
Institutional Review Board, and informed, written consent was obtained from each
participant and legal guardian.
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Each athlete underwent both a standard biomechanical assessment, which included a
series of dynamic landing and jumping tasks, followed by a VR-based assessment of
jump-landing performance during a soccer-specific corner-kick scenario in which athletes
moved dynamically to head a virtual soccer ball. For both the standard laboratory and

VR assessments, each athlete was instrumented with 37 retroreflective markers (9 mm

in diameter) with a minimum of 3 tracking markers per segment. Markers were placed

on the sternal notch and sacrum between the S5 and T1 vertebrae and bilaterally on the
acromioclavicular joint, lateral epicondyle of the elbow, midwrist, anterior superior iliac
spine, greater trochanter, midthigh, medial and lateral femoral condyles, tibial tubercle,
lateral and distal aspects of the shank, and medial and lateral malleoli. Participants also
wore a standardized shoe (Supernova Glide 2; Adidas AG, Herzogenaurach, Germany)
with markers embedded at the heel, the dorsal surface of the midfoot, the lateral foot
(fifth metatarsal), and central forefoot (between the second and third metatarsals). For the
VR assessment, athletes also wore a custom-built, head-mounted display with 5 additional
markers (20 mm in diameter) attached for tracking of head position and orientation, to which
the virtual environment was streamed wirelessly with a 1:1 mapping of head movement
in the laboratory to the resultant head motion in the environment (see Kiefer et al'l for
additional technical specifications). The 3-dimensional marker trajectories were collected
using a 39-camera passive optical motion capture system (Motion Analysis Corp, Santa
Rosa, CA) that sampled at 240 Hz for the standard assessment and 120 Hz for the VR
assessment.

A separate static trial was collected at the start of each assessment with the subject in
anatomical pose and with foot direction and placement standardized to the laboratory’s
coordinate system to define each subject’s neutral kinematic posture. The standard
biomechanical assessment included 3 successful trials of a DVJ task. During the DVJ,
participants stood on top of a 31-cm box with their feet aligned with tape at the edge of the
box situated approximately shoulder-width apart. Participants were then instructed to drop
off the box with both feet at the same time, land on the floor immediately in front of the box,
and perform a maximum vertical leap to reach a hanging overhead target (Figure 1). The VR
assessment began with the participants completing an acclimation scenario in which they
performed various walking, jogging, and running tasks designed to acclimate them to move
naturally through the virtual environment. After completing this scenario, the participants
then entered a simulated soccer corner-kick scenario, which consisted of 2 practice trials
followed by 4 recorded trials. For each trial, participants were required to jump and head

a virtual soccer ball that was kicked by a computer-controlled nonplayer character toward

a virtual goal (Figure 2). The trials were counter-balanced so that the athlete performed 1
practice trial and 2 recorded trials each in which they approached the ball from the left

and right side of the goal, respectively. The scenario was programmed such that the kicked
ball followed a parabolic trajectory, during which the ball passed directly in front of the
virtual goal as it was descending. The height of the arc was standardized according to
participants’ height so that the inclination angle was approximately the same for each athlete
as it approached the area in front of the virtual goal, and such that each participant would be
required to jump roughly the same amount—corresponding to a maximum effort jump—to
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successfully make head contact with the virtual ball. Before the scenario began, participants
were instructed to attempt to jump and head the ball toward the virtual goal to the maximum
of their ability.

Each trial was visually inspected to determine the effort by which the participant performed
the trial; only trials in which the athlete achieved an acceptable level of effort were assessed.
Effort was indicated through a qualitative inspection of each recorded trial and determined
acceptable if the athlete made a substantial effort at heading the ball (ie, the athlete’s head
position during the attempt was close in proximity to the ball in the simulated scenario).
Participants who did not perform at least 2 acceptable trials from either side were excluded
from the final analysis, leaving 22 athletes (mean [SD]; age = 16.0 [1.4] y, height = 165.6
[4.9] cm, and weight = 60.2 [11.4] kg) for analysis.

Due to the difference in sampling frequencies between the standard and VR conditions,

the marker data collected during performance on the DVJ task were down sampled to

match that of the frequency of the VR condition (ie, 120 Hz). Marker trajectories were
filtered using a low-pass, fourth-order Butterworth filter at a cutoff frequency of 12 Hz, and
lower-extremity Cardan joint angles were calculated using a 6-degree-of-freedom skeletal
model in Visual3D (C-Motion Inc, Germantown, MD). Kinematic waveforms were exported
and time-normalized to 101 points (representing 0%-100% of the given analysis phase)
during the landing period after the jump (ie, when participants made contact with the ground
after jumping to either reach for the overhead target or head the virtual soccer ball) using
custom MATLAB software (The Math-Works Inc, Natick, MA). The landing phase of a
jump-landing task has been shown previously to exhibit differential movement patterns and
increased magnitude of kinematic differences with respect to the stance phase before the
jump,1® and subsequently, it was examined in the present study because it was a feature of
the movement goals in both the standard (ie, DVJ) and VR (ie, header task in the soccer
corner-kick scenario) conditions. The second landing phase was determined as the period of
time between the first heel strike after the jump to maximum knee flexion. Heel strike and
toe-off events were determined using a proprietary algorithm in Visual3D.20

Statistical Analysis

Hip, knee, and ankle joint angular motions were extracted from the time-normalized landing
phase in both conditions and averaged across trials and sides for all athletes for statistical
analysis. Specifically, the joint angular motions during the landing phase were compared

by computing the statistical distance between the mean waveforms in the standard and VR
conditions using Cohen @21 Meaningful differences (ie, constituting a large effect size)
between kinematic waveforms were postulated as having an effect size &> 0.8, whereas a

trend (ie, constituting a medium effect size) was postulated as having an effect size 0.5 > d<
0.8.21.22

To further assess the groups in terms of statistical significance, discrete joint angles

at specified time points during the landing phase were compared between conditions.
Specifically, hip angles in the sagittal and frontal planes at the time of peak knee flexion,
peak knee angle in the sagittal and frontal planes, and ankle angle in the sagittal plane

at the time of peak knee flexion were extracted and compared across the standard and
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VR conditions using Wilcoxon signed-rank tests. The Pvalue was selected to be .05 to
indicate statistical significance and adjusted using Holm-Bonferroni corrections for multiple
comparisons.

Figure 3 shows the mean kinematic waveforms for the 3 lower-extremity joints during the
landing phase for both the standard and VR conditions during the landing phase, and Table
1 presents the summarized meaningful differences and trends between kinematic waveforms
across conditions. In general, athletes in the VR condition exhibited reduced sagittal plane
range of mation, particularly in the latter half of the landing phase (ie, approaching peak
knee flexion) as indicated by meaningful differences at the ankle and trends at the hip and
knee and meaningful differences at the ankle and hip joints in the frontal plane during the
beginning and middle of the landing phase, respectively.

Table 2 presents the summarized hip, knee, and ankle kinematic measures for the tested
athletes during the landing phase in both conditions. The cohort exhibited reduced sagittal
plane flexion at the hip and ankle at the point of peak knee flexion in the VR condition
compared with the standard condition (both adj < .05). In addition, during the standard
condition, the athletes exhibited increased hip abduction at the point of peak knee flexion
and increased ankle inversion at initial contact (both adj £ < .05).

Discussion

The purpose of this study was to examine how the biomechanical profiles of soccer athletes
vary between traditional biomechanical assessments using standard, noncontextual tasks,
and VR-based assessments that simulate real-world sport scenarios (and thus, facilitate
movement patterns more similar to actual sport performance). Specifically, we examined
kinematic factors previously shown to be associated with future musculoskeletal injury—
in particular, anterior cruciate ligament (ACL) injury—during the landing phase of a jJump-
landing task in both a standard (ie, DVJ) condition and in a VR (ie, header task in the
soccer corner-kick scenario) condition. Interestingly, athletes performing a soccer-specific
task in VR landed with reduced hip, knee, and ankle flexion, as well as slightly decreased
hip abduction and ankle inversion. The sport-specific nature of the header task assessed in
VR may more accurately reflect the biomechanical risk profile of soccer athletes performing
a jump-landing maneuver during sport-specific scenarios.

Because the landing phase of a jump-landing task has been shown previously to elicit
increased magnitude of biomechanical deficits compared with the stance phase prior to
jumping®? and landing from a jump was a common feature of task execution in both the
standard condition (ie, landing from a DVJ) and VR condition (landing after jumping to
head a virtual soccer ball), analyzing the landing phase provided a suitable comparison
for assessing the kinematic profile of the athletes across both conditions. Reduced sagittal
plane joint motion during landing and jumping in the DVJ has been associated with an
increased risk of ACL injury, due to the decrease in muscular energy absorption?3 and
increase in magnitude of ground reaction force (and subsequently, higher joint moments
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that excessively stress the passive structures of the knee).12 Although it appears that, in
general, athletes in both conditions made contact with the ground in approximately the same
sagittal plane joint configuration, athletes in the VR condition exhibited reduced sagittal
plane range of motion during landing that result in stiffer landings (ie, ones that likely

result in higher ground reaction forces). In addition, athletes in the VR condition may have
exhibited a decreased ability to attenuate the ground reaction forces on landing as evidenced
by reduced frontal plane range of motion at the ankle joint. In general, when loaded during
dynamic movement, the foot attenuates ground reaction forces through ankle frontal plane
excursion that is coupled with rotation of the shank and thigh segments.24 Landing “toe
first” (ie, with a plantar flexed foot)—along with inversion of the foot—allows for a similar
force-attenuating mechanism through eccentric contraction and energy absorption by the
plantar flexors and passive absorption by the structures of the foot via rearfoot pronation,
respectively. A reduction in the frontal plane ankle excursion on landing, as exhibited

by the athletes in the VR condition, may inhibit this mechanism, leading to unmitigated
ground reaction forces that may increase the risk for injury; moreover, this may induce
compensatory (and possibly risky) kinematic strategies onto the proximal kinematic chain,
such as that at the hip in the frontal and transverse planes.2> Subsequently, the reduced
sagittal plane joint range of motion, hip abduction, and frontal plane ankle motion during
landing after a header task in a soccer corner-kick scenario assessed in VR, in contrary to the
standard condition, are consistent with a kinematic profile of an athlete at increased risk for
ACL injury.

It is possible that the landing in the VR condition more closely reflects that of a landing after
a jumping task in a sport-specific scenario than of other standard assessments. Although not
experimentally controlled for in the present study, the variation in participants” movement
patterns (and subsequently, the increased magnitude of the elicited injury risk factors)

in the VR condition may have been due to the fact that their attention was explicitly
focused on a goal-relevant behavior (ie, heading a moving soccer ball). Participants were
not explicitly instructed to focus on their movement patterns during the DVJ and were
given an external focus of attention during this task by instructing them to reach for an
overhead target during the laboratory-based task. It can be reasonably assumed that heading
a moving soccer ball in an immersive, VR environment is more attentionally demanding
than reaching to grasp a static target at a constant position within a controlled, laboratory
environment. As such, it may be that the resultant movement patterns exhibited in the VR
condition was illustrative of the more naturalistic self-organization and coordination of the
musculoskeletal system that emerges during jumping in a sport-specific environment and
that perhaps those patterns exhibited in the standard condition were more constrained due
to the controlled, noncontextual nature of the environment.26 Thus, movement patterns in

a sport-specific environment might elicit a more accurate movement response based on
foundational coordination processes that arise in service of the sport-specific task goal

as the athlete’s attention is directed to sport-specific informational variables (ie, other
players, objects, sport implements, or the environment itself). As such, the inclusion of more
naturalistic or sport-specific movements may enhance existing biomechanical screening,
analysis, and intervention paradigms for prevention and rehabilitation purposes.
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There are several limitations in the present study that should be taken into consideration.

A significant limitation is the loss of data from excluded participants (ie, the final analysis
only retained 22 of 38 athletes) indicated as not having put forth an acceptable effort level
during the header task. Some participants may not felt fully comfortable in the simulated
environment, which may have precluded their full participation in the task. It may also

be possible that our operational definition of effort was too stringent and that, for some
excluded athletes, their effort more closely resembled their actual sport effort; however,

this is difficult to confirm. Future investigations that examine VR in sport should focus on
ensuring that participants are comfortable in the simulated environment, such as with the
use of a longer “acclimation” scenario, taking necessary steps to ensure full immersion (eg,
limiting ambient sound and light), and emphasizing the importance of giving full effort to
complete a given task in conjunction with providing additional feedback that motivates a
more urgent movement performance. Similarly, it is also possible that the landing phase

as defined in the present study did not represent a suitable kinematic mapping across the
standard and VR conditions. It is possible that the differences in coordination strategies
between a drop landing and a countermovement of reduced magnitude (as in the VR task)
could have obfuscated the results. However, the timing, magnitude, and ranges of motion

of the drop-landing task appear to be reasonably comparable in both conditions (Figure 3).
Another limitation was the failure to capture joint moments of force during the jump-landing
task in the VR condition. Although standard biomechanical tasks such as the DVJ allow

for consistent ground reaction force calculation due to the placement of task execution over
embedded force platforms, it is difficult to consistently gather ground reactions forces in the
VR condition due to the lack of clean foot strikes on the force platforms. Not having joint
moment of force data perhaps increases the difficulty in accurately assessing risk for injuries
that are biomechanical in nature, such as ACL tear. Given the development of portable force
sensors, it will be necessary to assess their viability for this type of analysis in the future.
Finally, it is also possible that the effort level in executing the jump-landing task across
conditions or even within athletes was not consistent, and similarly, the effort level exhibited
by the individuals in the VR condition may not have approached that which is actually
exhibited in a real-world environment.

Conclusion

The VR-based assessments can provide a sport-specific context in which to assess
movement patterns that, while comparable with standard assessments, exhibit increased
magnitudes of biomechanical deficits, particularly in the sagittal and frontal planes that
predispose athletes for lower-extremity injury. Based on the current results, untethered VR
simulations may provide a promising approach to better evaluate training adaptation transfer
to sport that can guide future developments in injury prevention.
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Figure 1 —.
A representative participant and applied skeletal model performing the drop vertical jump
task.
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Figure 2 —.

Tr?e corner-kick scenario. Panel A shows the beginning of the scenario from the perspective
of the participant with the nonplaying character in position to kick the ball. Panel B shows
the participant wearing the head-mounted display in the laboratory space getting ready

to head the ball, and Panel C shows the participant view of the approaching ball. Panel

D shows the participant heading the ball in the laboratory space, and Panel E shows the
participant view of the ball being headed.
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Figure 3 —.

Kinematic time series for the hip, knee, and ankle joints during the landing phase (ie, heel
strike to peak knee flexion) of the jump-landing task in the standard condition (ie, DVJ, light
grey; blue in online) and the VR (ie, header task in the soccer corner-kick scenario, dark
grey; red in online). Shaded regions denote standard error regions of each condition.
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