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Background

Athletes at risk for anterior cruciate ligament (ACL) injury have concurrent deficits in
visuocognitive function and sensorimotor brain functional connectivity.

Purpose

This study aimed to determine whether visual perturbation neuromuscular training
(VPNT, using stroboscopic glasses and external visual focus feedback) increases physical
and cognitive training demand, improves landing mechanics, and reduces neural activity
for knee motor control.

Design

Controlled laboratory study.

Methods: Eight right leg dominant healthy female athletes (20.4%1.1yrs; 1.6+0.1m;
64.4%7.0kg) participated in four VPNT sessions. Before and after VPNT, real-time landing
mechanics were assessed with the Landing Error Scoring System (LESS) and neural
activity was assessed with functional magnetic resonance imaging during a unilateral
right knee flexion/extension task. Physical and cognitive demand after each VPNT
session was assessed with Borg’s Rating of Perceived Exertion (RPE) for both physical and
cognitive perceived exertion and the NASA Task Load Index. Descriptives and effect sizes
were calculated.

Results

Following VPNT, LESS scores decreased by 1.5 = 1.69 errors with a large effect size (0.78),
indicating improved mechanics, and reductions in BOLD signal were observed in two
clusters: 1) left supramarginal gyrus, inferior parietal lobule, secondary somatosensory
cortex (p=.012, z=4.5); 2) right superior frontal gyrus, supplementary motor cortex (p<.01,
z=5.3). There was a moderate magnitude increase of cognitive RPE between the first and
last VPNT sessions.

Conclusion

VPNT provides a clinically feasible means to perturbate visual processing during training
that improves athletes’ real-time landing mechanics and promotes neural efficiency for
lower extremity movement, providing the exploratory groundwork for future randomized
controlled trials.
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Level of evidence
Level 3

INTRODUCTION

The anterior cruciate ligament (ACL) is a static knee stabi-
lizer that is commonly injured in sports.1-2 The incidence of
ACL injury has continued to rise over the years, with young
female athletes being at an increased risk for noncontact
ACL injuries compared to males.3-¢ Injury prevention pro-
grams (IPP) are a common tool used to reduce the incidence
of ACL tears, but these programs have limited efficacy, as
they require ~100 participants to prevent a single ACL in-
jury and may not target all aspects of injury risk.”8 Typ-
ical IPPs target biomechanical risk factors associated with
ACL injuries, such as knee valgus and stiff-legged landing
patterns.?10 However, the efficacy of IPPs may be limited
by treatment approaches targeting biomechanical outputs
without accounting for critical nervous system processes
that contribute to injury risk.11-13

Dynamic knee valgus, or collapse of the knee toward
midline during landing, is a specific and sensitive biome-
chanical risk factor for ACL injury,? which has been asso-
ciated with neurocognitive deficits!4 (e.g., visual attention,
reaction time) and increased sensorimotor and visuospa-
tial neural activity!213 for knee movement during func-
tional magnetic resonance imaging (fMRI). Taken together,
these studies suggest athletes at increased risk of ACL in-
jury employ sensorimotor control strategies highly influ-
enced by the visuocognitive system. Further support comes
from three prospective studies: one that identified baseline
visuospatial deficits in uninjured athletes who later sus-
tained an ACL injury!5; and two studies that used resting
state MRI to identify decreased sensorimotor brain func-
tional connectivity in uninjured athletes who later sus-
tained an ACL injury.1116 Taken together, these neuro-
physiological and neurocognitive data support the
influence of sensory and visuospatial cognition on injury-
risk. Therefore, incorporating visuocognitive training into
IPPs may improve their efficacy by preparing athletes for
the visually and cognitively demanding dynamic sport en-
vironment.

A simple and relatively cost-effective way that IPPs
could add visuocognitive training is by incorporating stro-
boscopic glasses (SG).17 SG allow for portable visual per-
turbation by alternating between clear and opaque lens
states at controllable frequencies. This high degree of con-
trol enables clinicians/athletic trainers/coaches to incre-
mentally perturb the amount of visual information avail-
able to their athletes during neuromuscular training. SG
has previously been used in a research setting to assess
training effects on behavioral performance, neurocognitive
function, and sport-specific abilities,!8-28 but there is a
paucity of research quantifying neural activity changes fol-
lowing visuocognitive training with SG. Therefore, we de-
veloped visual perturbation neuromuscular training (VPNT,
injury prevention exercises2%:30 overlayed with visual per-
turbation via SG and external focus feedback to direct at-
tention to the environment) to fill this gap. The purpose

of this study was to determine changes in landing mechan-
ics, neural activity (quantified using blood-oxygen-level-
dependent [BOLD] signal) for knee motor control, and
physical and cognitive training demands in young female
athletes following VPNT.

METHODS

SCREENING

This study was approved by Ohio University’s Institutional
Review Board, and all experiments were performed in ac-
cordance with the approved protocol. Pre-/post-interven-
tion procedures and VPNT were carried out by one re-
searcher (TW). Female recreational athletes (at least 3
hours of moderate-to-vigorous exercise per week, including
one hour of running, cutting, pivoting, or decelerating
every week) aged 18-30 were included. Eight female partici-
pants (8 F; age = 20.4 £ 1.1 years, height = 1.6 £ 0.1 m, mass
= 64.4 * 7.0 kg) from Ohio University (Athens, OH) were
enrolled to participate in this study, and informed writ-
ten consent was obtained prior to participation. All par-
ticipants were right leg dominant and met the exercise
requirement criteria, as determined by the Marx Activity
Rating Scale,3! which assesses one’s general level of activ-
ity on four metrics indicating involvement in activities re-
quiring running and rapid change of direction (run=2.6%0.7,
cut=1.9+1.6, decelerate=1.9%1.6, pivot=2.1#1.5). No formal
power analysis was completed as these data are exploratory
and meant to be hypothesis-generating.

Participants were excluded who were contraindicated for
fMRI (e.g., pregnancy, implanted metal devices, claustro-
phobia, and any other criteria as determined by the MRI op-
erator), had visual impairments, had a history of seizures
or epilepsy, or had a history of surgery on the back, hip,
leg, knee, etc. Other screening criteria included: primary
sport, leg dominance, and exclusion for previous leg injury
or medical history of anxiety disorder, ADHD, depression,
diabetic neuropathy, concussion or traumatic brain injury,
cerebral palsy, balance disorder, vertigo, Parkinson’s dis-
ease, multiple sclerosis, substance abuse or dependence,
heart disease/defect.

PRE-/POST-INTERVENTION LANDING ERROR SCORING
SYSTEM (LESS) ASSESSMENT

The LESS is a clinical tool used to assess lower extremity
injury risk by identifying injury risk landing mechanics dur-
ing a jump-landing task.32:33 To ensure participants were
enrolled that would benefit from the training, potential
subjects were screened and only enrolled participants with
high injury risk landing mechanics (LESS score of 6+). This
cutoff was selected as prior work validated the 6+ error
threshold with 3D motion capture to discriminate between
high and low risk biomechanics.34 A total of 20 athletes
were screened and eight met the enrollment criteria.
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A designated experimenter (TW) was trained to evaluate
jump-landing mechanics in real-time using the LESS. For
training, TW rated the landing biomechanics of athletes us-
ing the LESS while watching 50+ videos from frontal and
sagittal views. TW’s ratings were compared with an expert’s
ratings (with 10+ years of clinical experience) until TW’s
ratings were reliable and valid (over 90% agreement).35-37
The LESS methods have previously demonstrated good to
excellent intra- (ICC: .82-.99) and interrater (ICC: .83-.92)
reliability as well as good intersession reliability (ICC:
_81)‘36,38

Participants performed the jump-landing task for the
LESS four times: twice with a face-forward frontal view and
twice with a right (dominant) sagittal view. Participants
performed the jump-landing task on a 30 cm tall box,
landed at a distance equal to half their height, and were
given unlimited practice trials until they could perform the
task correctly and explicitly follow test instructions.32 Par-
ticipants received the following instructions and no addi-
tional feedback: 1) stand at the edge of the box in a neutral
position, 2) jump forward so both your legs leave the box si-
multaneously, 3) land just past the target line, and 4) jump for
maximal height immediately after landing. Trials were con-
sidered successful if the participant jumped from the box
using both feet, cleared the minimum distance and per-
formed the task in a fluid motion. All unsuccessful trials
(e.g., the participant jumped vertically from the box) were
excluded and repeated until four successful jumps were
completed.32 After the final VPNT training session, partic-
ipants completed the same jump-landing task to determine
intervention efficacy of reducing high injury risk landing
biomechanics. Total LESS score was used for statistical
analyses pre- and post-intervention.

PRE-/POST-INTERVENTION NEUROIMAGING
ASSESSMENT

All participants completed a pre- and post-intervention
fMRI neuroimaging session (~45 minutes including set-up,
instruction, and scan time). During imaging, all partici-
pants wore standardized shorts and socks without shoes to
reduce the possibility of altered skin tactile feedback. Par-
ticipants also wore a splint to lock their right (dominant
leg) ankle at neutral (~0 degrees) to minimize ankle move-
ment throughout the scan. Headphones and hearing pro-
tection were provided for safety and communication. While
lying supine in the scanner, participants were strapped
down to the table with four straps: one across the thighs
at the mid-point between the greater trochanter and knee
joint line, one across the hips at the anterior superior iliac
spines, and two in an X pattern across the chest from each
shoulder to the pelvis. Participants were also fitted with
customized padding to reduce head motion. This padding
was high-density MRI-safe foam that was inserted around
the sides and top of the head to remove space between the
skull and head coil. This was customized based on skull
size. The straps and customized padding were employed to
reduce head motion during imaging. A priori head motion
threshold for exclusion was set at >0.35 mm of relative mo-
tion to ensure high quality data.

The methods used for the fMRI knee motor control task
are based on previous literature that mapped whole brain
activity and lateralization of the brain activity during iso-
lated lower extremity movements.3%40 Similar knee specific
motor tasks have demonstrated good to excellent reliability
across days to weeks.41-43 Standardized auditory cues in-
formed the participants when to move and rest, and the fre-
quency of the movement (1.2 Hz). The participants’ dom-
inant (right) leg rested upon a foam roller and alternated
from ~40 degrees flexion to full extension, while the non-
dominant (left) leg rested at full extension (0 degrees). This
motion was completed continuously for 30 seconds with 30
seconds of rest (right leg relaxed at ~40 degrees flexion) for
four total cycles. The participants were given an opportu-
nity to ask questions and practice the task with feedback
from the experimenter.

Prior to data collection at the MRI, participants com-
pleted a mock MRI session where they familiarized them-
selves with the MRI environment, restraints to reduce head
motion, and the lower extremity motor task. The partic-
ipants were permitted to ask questions and practice the
tasks with feedback from the experimenter. The practice
session included three practice blocks (30 seconds each) of
the motor task with examiner cueing to ensure the partici-
pant understood the task, followed by a complete run of the
task with the same feedback and timing as during the actual
MRI data collection session. This standardized training and
mock scanning session played a vital role in reducing head
motion during the task, performing the task correctly, and
ensuring participants were not claustrophobic.

fMRI scans were collected at Holzer Health (Athens, OH)
using a 16-channel head coil. Prior to the functional data
collection, a 3-diminsional high-resolution T1-weighted
image (repetition time: 2000 ms, echo time: 4.58 ms, field
of view: 256x256 mm; matrix: 256x256; slice thickness 1
mm, 176 slices, 8° flip-angle) was collected for image reg-
istration (~8 minutes). fMRI collection parameters included
10 whole-brain gradient-echo-echo planar scans per block
(4 movement blocks, 5 rest blocks) acquired with a 3 second
TR with anterior-posterior phase encoding and a 3.75x3.75
in plane resolution, 5 mm slice thickness for 38 axial slices
with a 35 ms TE, 90° flip angle, field of view 240 mm and
64x64 matrix. The functional knee extension/flexion run
lasted 4 minutes and 30 seconds. fMRI measured regional
brain activity during rest and motor control conditions,
which were contrasted to isolate the regional brain activity
to the knee flexion/extension task.

VISUAL PERTURBATION NEUROMUSCULAR TRAINING

All participants completed four separate one hour-long
training sessions within two to three weeks. These sessions
combined agility, balance, and plyometric exercises with vi-
sual perturbation training. VPNT exercises were developed
based on a previous clinical commentary and methodology
paper,** detailing how chosen exercises were selected to
offset the risk of initial ACL rupture and further modified
to incorporate a movement goal that required the partici-
pants to interact with an external visual object or target.30:
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45,46 Each training session spanned one hour with rest in-
terspersed throughout the session to avoid fatigue.

I. AGILITY EXERCISES

» Exercise 1: The T-test involved running 6 m to tap a
cone, cutting to the right or left for 3 m to tap another
cone, cutting the opposite direction for 6 m to tap a
third cone, returning to the center by cutting 3 m to
tap the first cone, then running 6 m back to the start
position — thereby running in a “T” shape. The exper-
imenter verbally instructed the participant which di-
rection to cut after the participant left the start po-
sition, but prior to reaching the first cone reducing
ability to plan direction and anticipatory time.

» Exercise 2: Agility ladder drills required the partici-
pant to quickly match specified foot placement pat-
terns within the agility ladder. The experimenter used
five visual aids to instruct each participant on how to
perform the foot placement pattern to minimize di-
rect explicit feedback (cones, lines etc.) and increase
the salience of the SG visual perturbation.

II. BALANCE EXERCISES

» Exercise 1: Single-leg Romanian deadlifts required
the participant to pick up and gently set down a cup
at one of three locations marked on the ground (-30,
0, +30 degrees from center) at a distance equal to his
or her max volitional reaching distance. The exper-
imenter verbally instructed the participant of which
location to place the cup at random. The participant
alternated legs for each trial.

» Exercise 2: Single-leg stance required the participant
to stand on a foam surface while holding a light-
weight bar horizontally for 30 seconds. The exper-
imenter instructed the participant to maintain the
bar’s horizontal orientation and to quickly reset her
single-leg stance if the participant placed a second
limb on the ground. The participant alternated legs
for each trial.

III. PLYOMETRIC EXERCISES

» Exercise 1: The vertical jump task required partici-
pants to reach 80% of their max vertical jump height
as measured by a Vertec, a vertical jump tester that
serves as the external target during the task. Addi-
tionally, the vertical jump task incorporated an unan-
ticipated unilateral landing, where the experimenter
called out the desired landing leg as soon as the par-
ticipant began the flight phase of the jump.

» Exercise 2: The jump squat task incorporated a cog-
nitive challenge: participants had to perform a jump
squat and land facing a target in one of four locations
(0, 90, 180, 270 degrees from the participant in the
center); the specified location was quickly called out
at random by the experimenter.

Table 1. Error scoring system used to assess behavioral
performance.

Exercise Error Count
T-test 1. Missacone
Cut to the wrong direction
Agility Ladder Drills 1. Hit the ladder
2. Incorrect foot placement
Single-leg Deadlifts 1. Opposite foot touches
ground
2. Either hand touches ground
3. Object placed in wrong loca-
tion
Single-leg Stance (on 1. Opposite foot touches
foam) ground
2. Either hand touches ground
Vertical Jumps 1. Miss the target
2. Land onwrong foot
Squat Jumps 1. Land facing wrong direction

STROBOSCOPIC GLASSES

All participants initially performed all exercises without SG
to familiarize themselves with the task at every training
session. SG were then worn throughout all other trials for
each exercise. For the first training session, SG remained
at level 1 throughout the whole training session (highest
frequency of fluctuation between clear and opaque states
and the lowest level of visual perturbation). For the second,
third, and fourth training sessions, SG remained at levels 2,
3 and 4, respectively, for the duration of each training ses-
sion. SG’s opaque state duration progressively lengthened
with each subsequent training session (25 ms for level 1,
43 ms for level 2, 67 ms for level 3, and 100 ms for level
4) while the clear state duration remained constant across
SG levels (100 ms), thereby creating greater interruptions
in the availability of visual information for the participants.
This approach standardizes SG difficulty exposure for each
participant.

ERROR SCORING SYSTEM

An error scoring system (Table 1) assessed behavioral per-
formance during training sessions. Scores are reported as
counts, which reflect the number of errors incurred during
each exercise. All errors are counted equally (one count per
error).

QUESTIONNAIRES

The Rating of Perceived Exertion (RPE) scale?” and NASA
Task Load Index (NASA TLX)48-5! were presented to the
athletes after each training session to assess perceived lev-
els of difficulty performing exercises with SG. RPE assesses
perceived exertion level on a scale from 0 (Nothing at All)
to 10 (Very, Very Hard). Both physical and cognitive RPE
were assessed. Physical exertion refers to the physical work
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of the athlete to perform the exercise. Cognitive exertion
refers to the mental work required of the athlete to com-
plete the exercise goal. NASA TLX assesses mental work-
load on six separate scales (mental demand, physical de-
mand, temporal demand, performance, effort, frustration),
each with 21-point scale gradations.

DATA & STATISTICAL ANALYSIS

The fMRI technique used in this study quantified the BOLD
signal via the hemodynamic response (blood flow) by con-
trasting the lower extremity motor control condition with
interspersed rest conditions.>2 The BOLD response quan-
tified via fMRI collection and analysis has been validated
against actual neural recordings, demonstrating a very high
correlation between blood flow and neural activity.5354 The
reliability of fMRI quantification of the BOLD signal is gen-
erally high and specific to knee movement and has high in-
ter-session reliability. 4355

The fMRI image analyses and statistical analyses were
performed using the Oxford Centre for Functional MRI of
the Brain Software Library.5¢ Image analysis began with
standard pre-statistic processing applied to individual data
in the standardized FSL recommended order,>” which in-
cluded nonbrain removal, slice timing correction, standard
motion correction and realignment parameters (3 rotations
and 3 translations) as covariates to limit confounding ef-
fects of head movement and spatial smoothing at 6 mm
before statistical analysis.>8 High-pass temporal filtering
at 100 Hz and time-series statistical analyses were carried
out using a linear model with local autocorrelation correc-
tion. Functional images were coregistered with the respec-
tive high-resolution T1 image and the standard Montreal
Neurological Institute template 152 using linear image reg-
istration. This registration process allowed data from each
participant to be spatially aligned on a standardized brain
template for comparison.

The subject-level analysis of knee sensorimotor control
relative to rest was completed using a cluster corrected z-
score greater than 3.1 and significance threshold of p<.05
(corrected). The cluster correction for multiple comparisons
uses a variant of the Gaussian random field theory to de-
crease type I error in statistical parametric mapping of
imaging data by evaluating the activation not only at each
voxel, but also at the surrounding voxel cluster (as it is un-
likely that the voxel tested and surrounding voxels are ac-
tive above the threshold due to chance).>%-61 The paired
contrast between the pre- and post-intervention brain ac-
tivity was cluster corrected with z scores greater than 3.1
and a significance level of p<.05 (corrected). This pair-wise
analysis compares each individual’s pre-/post-intervention
brain activity and averages those differences at the group
level.

Descriptive statistics including means, standard devia-
tions, 95% confidence intervals (CIs), and Hedge’s g effect
sizes were calculated for the LESS, error scores during each
training session, RPE, and NASA TLX. With this being a
proof-of-concept study with a small sample size, inferential
statistics were not calculated. To evaluate the impact of
VPNT on these variables, Hedge’s g effect sizes were used

because of the small sample size and interpreted as 0.0-0.3
as small, 0.4-0.5 as medium, and 0.6-0.8 as large.2

RESULTS

Descriptive statistics including 95% Cls and effect sizes for
the LESS, error scores, RPE, and NASA TLX are provided in
Table 2. All re-assessments were completed within 23 *+ 4.3
days from initial assessments. LESS scores decreased by 1.5
* 1.69 errors with a large effect size after VPNT. Regarding
individual participant’s changes in LESS scores, 5 partici-
pants’ scores decreased, 3 did not change, and 0 increased
after VPNT (Figure 1). Agility errors from day 1 to day 4
of VPNT had a medium effect size with decreased errors of
-2.6%5.2. Lastly, RPE-C had a large effect size between day
1 and day 4 of VPNT with an increase of 1.5%2.2 points.

Regional brain activity are reported that were identified
in FSLeyes based on peak-voxel with the Harvard-Oxford
Cortical & Subcortical Structural Atlas,®3 Juelich Histolog-
ical Atlas,6465 and the Cerebellar Atlas in MNI152 space
after normalization with FNIRT®® and with FSL tool atlas-
query.>7 The atlasquery function from FSL utilizes the av-
eraged probability across all voxels in the cluster to identify
probabilistic anatomy across the cluster ensuring reporting
of peak voxel location and overall cluster spatial represen-
tation.

The results are presented as a z-score (activation level
relative to the contrast of pre- vs post-intervention) and
percent signal change for each group from baseline to sen-
sorimotor control in Table 3. By comparing pre- and post-
intervention regional brain activity, reduced BOLD signals
were demonstrated in two clusters following VPNT (Figure
2, Table 3): 1) left supramarginal gyrus, inferior parietal
lobule, secondary somatosensory cortex (158 voxels; 4.51 z-
stat; p=0.0122 cluster corrected; MNI -50,-26,34); 2) right
superior frontal gyrus, supplementary motor cortex (314
voxels; 5.33 z-stat; p=0.000159 cluster corrected; MNI
16,-4,72). The clusters are the group average of the paired
contrasts of each participant at pre/post timepoints (n=7).
One participant was excluded from the fMRI analysis due
to excessive head motion (>0.35 mm relative head motion
and task correlated). Average relative head motion across
the remaining seven participants was 0.11#0.05 mm and
absolute head motion was 0.35+.19 mm.

DISCUSSION

LANDING SCORES FOLLOWING VPNT

Each participant’s landing mechanics were evaluated with
the LESS at pre-/post-intervention timepoints to assess
VPNT effects on biomechanical ACL injury risk. There was
a decrease in LESS score after VPNT, indicating that VPNT
can improve landing mechanics and potentially reduce in-
jury risk. The mean difference in LESS score after VPNT
(1.5%1.69) is similar to other reports of improved LESS
scores after injury prevention programs, despite the rela-
tively shorter intervention of only two weeks.6”-7! For ex-
ample, an aquatic injury prevention program that only in-
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Table 2. Descriptive statistics of the LESS (yellow), error scoring system (blue), RPE (green), and NASA-TLX
(orange). Values for each training session (days 1, 2, 3, 4) were averaged across all participants (n=8) and
reported as mean * standard deviation (95% CI). The difference between the first and last session (Day 4 — Day 1)
is reported as mean * standard deviation (effect size). *For the LESS, “Day 1” and “Day 4” correspond to testing
days before and after Days 1 and 4 of training, respectively. Abbreviations: SLD (single-leg deadlift); SLS (single-leg
stance); RPE (Rating of Perceived Exertion); RPE-C (RPE, Cognitive); RPE-P (RPE, Physical); NASA (NASA Task Load
Index); NASA-M (NASA, Mental); NASA-Ph (NASA, Physical); NASA-T (NASA, Temporal); NASA-PE (NASA,
Performance); NASA-E (NASA, Effort); NASA-F (NASA, Frustration).

LESS*

T-test

Agility

SLD

SLS

Jump
Squat

Vertical
Jump

RPE-C

RPE-P

NASA-M

NASA-Ph

NASA-T

NASA-Pe

NASA-E

NASA-F

Day 1(95% Cl)

6.75+1.16 (6.0,
7.6)

2.6+28(0.7,
4.5)

9.4+38(6.8,
12.0)

7.5£5.9(34,
11.6)

8.0+5.9(3.9,
12.1)

4.6+35(22,
7.0)

5.1+3.0(3.0,
7.2)

3.0+1.1(2.2,
3.8)

3.6+1.5(26,
4.6)

9.0+4.3(6.0,
12.0)

9.6+4.1(6.8,
12.4)

7.1+£4.2(4.2,
10.0)

10.1+£3.5(7.7,
12.5)

11.3+3.5(8.9,
13.7)

7.4+40(4.6,
10.2)

Day 2 (95% Cl)

N/A

24+£1.9(11,
3.7)

73+£7.1(2,
12.2)

48+1.9(3.5,
6.1)

50+4.2(2.1,
7.9)

44+24(27,
6.1)

3.9+24(22,
5.6)

29+1.1(21,
3.7)

3.9+1.8(27,
5.2)

85+4.3(5.5,
11.5)

9.9+4.2(6.7,
12.8)

7.0+3.6(4.5,
9.5)

7.8+2.6(6.0,
9.6)

12.3+4.2(9.4,
15.2)

6.0+3.7 (34,
8.6)

Day 3(95% Cl)

N/A

25+£1.9(1.2,
3.8)

7.1£2.9(5.1,
9.1)

7.1£3.1(5.0,
9.3)

4.0+4.6(0.8,
7.2)

4.9+1.5(3.9,
5.9)

45+3.7(1.9,
7.1)

3.8+2.6(20,
5.6)

3.6+1.7(24,
4.8)

10.0+6.1(5.8,
14.2)

9.3+3.9(6.6,
12.0)

8.9+£3.8(6.3,
11.5)

8.8+3.6(6.3,
11.3)

10.4+4.4(7.4,
13.4)

6.5+4.8(3.2,
9.8)

Day 4 (95% Cl)

5.25+2.12 (3.8,
6.7)

1.8+1.8(0.6,
3.1)

6.8+4.8(3.5,
10.1)

7.0£5.35(3.3,
10.7)

5.4+6.37(1.0,
9.8)

4.1+£25(24,
5.8)

3.9+32(17,
6.1)

45+25(2.8,
6.2)

4.1+£20(27,
5.5)

10.8+6.3 (6.4,
15.2)

8.9+4.7(5.6,
12.2)

8.6+£5.3(4.9,
12.3)

9.6+4.7(6.3,
12.9)

11.0+5.1(7.5,
14.5)

7.8+53(4.1,
11.5)

Day4 - Day 1
Difference
(Effect Size)

-1.5+1.69 (-0.78)

-9+3.7 (-0.30)

-2.6+5.2 (-0.53)

-0.5+8.5 (0.08)

-2.6+9.9 (-0.37)

-0.5+2.7 (-0.15)

-1.342.9(-0.34)

1.5+2.2(0.69)

0.5+2.5(0.25)

1.8+5.0(0.30)

-0.8+4.4 (-0.14)

1.5+6.4(0.28)

-1.5+5.0(-0.11)

-0.3+£3.6 (-0.06)

0.4+5.8 (0.08)

cluded female participants and lasted for six weeks
improved LESS scores by 1.68%1.68 (p=0.004).67 Another
study that included mixed-gender youth soccer teams im-
plemented a prevention training program led by athletic
trainers for eight weeks and vyielded similar results
(1.29%0.34, p=0.01).58 The ability of VPNT to achieve sim-
ilar behavioral outcomes as traditional IPPs in a shorter
timeframe could improve athlete/coach compliance for
teams with limited resources and time.

It is important to note that while most participants (n=>5)
in the present study experienced improved landing me-
chanics after the intervention, some participants (n=3) did
not change scores and no participants experienced wors-
ened (higher) LESS scores. Therefore, while VPNT may
preferentially improve some athletes’ landing mechanics
more than others, no athlete experienced worsened per-

formance after training. In comparison to previous stud-
ies67.71 that used LESS to measure an injury prevention
program’s efficacy and reported an increase in LESS score
post-intervention for some select participants, the current
study may lack such findings due to the individualized na-
ture of the training sessions, the addition of SG and exter-
nal focus feedback, or small sample size. Further, Gholami
et al.26 showed that training with visual information dis-
ruption improved landing mechanics in a larger study with
athletes who already completed post-op ACL reconstruc-
tion rehabilitation.

Motor performance errors were tracked during each
training session that consisted of objective, clinical-
friendly measures of motor performance (e.g., the number
of times an athlete placed their opposite foot down during
a single-leg balance task). As SG difficulty increased with
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Figure 1. Left: Individual participant LESS scores at
pre- and post-VPNT timepoints; two subjects with
identical scores (pre/post LESS of 6) overlap and share
the same circle/line. Right: Within-subject differences,
with the mean of difference represented by the solid
horizontal line.

Cluster 1.

Cluster 2.

Figure 2. Cross-sections of composite brains that
reflect the two clusters with statistically significant
decreased neural activity following VPNT. Cluster 1:
left supramarginal gyrus, inferior parietal lobule,
secondary somatosensory cortex. Cluster 2: right
superior frontal gyrus, supplementary motor cortex.

each training session, the error scores did not substantially
change between Day 1 and Day 4 of training for all exercises
except for the agility ladder drills, which had a medium ef-
fect size of decreased errors (Table 2). Taken together, the
training effects on error scores indicate that progressing SG
difficulty between levels 1 through 4 does not impair mo-
tor performance as assessed by our clinician error scoring
system (Table 1). Therefore, decreasing the amount of vi-

sual information available to athletes with SG did not hin-
der participant’s ability to complete their desired move-
ment goals/objectives during training.

BOLD SIGNAL AND NEURAL ACTIVATION PATTERNS
FOLLOWING VPNT

Another aim of this study was to quantify the brain ac-
tivation changes after VPNT during a knee flexion/exten-
sion task. Cluster 1 of decreased activation included the
left supramarginal gyrus, inferior parietal lobule and sec-
ondary somatosensory cortex, indicating increased neural
efficiency (i.e., reduced neural activity demands) in visu-
ospatial/visuomotor processing,’2-7¢ somatosensory inte-
gration, and attention.”’”"79 Cluster 2 of decreased acti-
vation included the right superior frontal gyrus and
supplementary motor cortex, indicating increased neural
efficiency in motor planning.80:81 Overall, neural efficiency
in both clusters may reflect training effects from VPNT,
which aimed to improve neuromuscular control and the
neural activity associated with baseline high injury risk
landing mechanics (e.g., increased visuospatial and senso-
rimotor neural activity).82 Decreased activity in both clus-
ters aligns with motor skill learning83-85 and improved ex-
pertise86.87 specific to lower extremity motor control.
Recently, Grooms et al.,88 similarly examined brain acti-
vation changes during a knee flexion/extension task in
healthy female athletes who underwent neuromuscular
training with implicit augmented biofeedback and identi-
fied an association between sensory neural activity changes
and improved landing mechanics.

The current results are also similar to prior work by Sei-
del et al.87 that measured brain activity with functional
near-infrared spectroscopy during balance training, finding
decreased neural activity pre to post-training in the pri-
mary motor cortex and inferior parietal lobe to maintain
postural stability. The similar regions of decreased activity
secondary to improvements in lower extremity motor con-
trol (the current study) and postural control (Seidel et
al.87), despite the differences in intervention (multimodal
balance training8” vs. VNPT) and testing (fNIRS vs. fMRI),
may support the key role of proprioceptive processing and
motor planning neural efficiency to improve motor perfor-
mance.

In addition to decreased localized neural activity de-
mands, neural efficiency can be a function of enhanced con-
nectivity between supporting regions. Previous work using
resting-state fMRI identified increases in fronto-parietal
connectivity following dynamic balance training, where
participants had to maintain the horizontal positioning of
an unstable stabilometer platform for repeated 30 second
intervals.85 After two ~45 minute training sessions spread
over two weeks, intrinsic functional connectivity increased
between the supplementary motor cortex and parietal cor-
tex. These results following balance training align with the
results of the current study, as VPNT (four, 1-hour training
sessions spread over two weeks) facilitates functional activ-
ity changes in fronto-parietal regions (clusters 1 and 2 of
the current study) that could support enhanced connectiv-

ity.
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Table 3. Regions of brain activity are reported that were identified in FSLeyes with the Harvard-Oxford Cortical & Subcortical Structural atlas, Julich histological atlas and
the Cerebellar Atlas in MNI152 space after normalization with FNIRT and with FSL tool atlasquery. “*Indicates identified on peak voxel.

Peak MNI Voxel Z Center of gravity Z stat-max
Cluster Index Brain Regions Voxel P-value
X y z X y Zz
Decreased Activity Pre to Post
L Supramarginal gyrus
1 L Inferior parietal lobule 158 .0122 -50 -26 34 -53 -25.3 33.5 451
L Secondary Somatosensory
2 R Superior frontal gyrus 314 000159 16 -4 72 157 221 69.2 533

R Supplementary motor cortex
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PHYSICAL AND COGNITIVE TRAINING DEMANDS

There were no substantial changes in physical or cognitive
training demands across the intervention as assessed with
the RPE-P and NASA TLX. There was an increase in RPE-
C, indicating that VPNT preferentially increases cognitive
demand over physical demand. Overall physical and cogni-
tive training demands were largely maintained by increas-
ing the visual perturbation dosage each session. One might
expect a decrease in training difficulty and demand over
time if the SG were not worn, as the athletes experience
practice and learning effects for the exercises. Furthermore,
of the six metrics measured with the NASA TLX, “frustra-
tion” tended to score the lowest. This suggests SG is not
aversive to athletes during exercise, which is important for
clinicians who want to ensure that their patients have ade-
quate “buy in” and do not become frustrated with the tech-
nology.

CLINICAL IMPLICATIONS

This study utilized SG to perturbate vision during agility,
balance, and plyometric exercises in female recreational
athletes. By comparing pre-/post-intervention brain activ-
ity during a knee flexion/extension task, the results show
that VPNT has the potential to modulate somatosensory,
visual, and motor neural activity. Promoting increased
neural efficiency in visuomotor and visuospatial regions of
the brain, VPNT may have the ability to improve neuromus-
cular control and movement efficiency. Additionally, sub-
jective reports of frustration with SG were low, and our
athletes’ motor performance (error count) was not sub-
stantially worsened by progressing SG difficulty. Therefore,
SG is an attractive, novel modality that warrants further
research in future studies that apply visual perturbation
training to populations with a maladaptive, increased re-
liance on vision for motor control (e.g., patients with
ACLR).89:90

LIMITATIONS

While the reliability of fMRI quantification of the BOLD sig-
nal is generally high and specific to knee movement has
high inter-session reliability,43:55 this study is limited by
the lack of a control group and small sample size (n=8).
Thus, the analyses included 95% CIs and effect sizes in-
stead of inferential statistics to illustrate this proof-of-con-
cept pilot study.

The inclusion of a control group, who underwent the
same intervention without SG, would allow the authors to
delineate whether the results were driven by visual per-
turbation, neuromuscular training, or their combination.
However, published reliability data indicates that no
change in the neural activity metrics should be expected
across this timeframe if engaged in regularly daily activity,
increasing probability that the intervention induced the
changes.4! The inclusion of only high injury risk female
athletes may prevent the generalization of these findings to
non-female athletes and athletes with low injury risk land-
ing biomechanics. And it is reasonable that VPNT may not

be as effective in athletes who already display good landing
mechanics. Finally, due to practice trials and performance
of four or more recorded trials for the LESS, there was po-
tentially a learning effect of the LESS which could have in-
fluenced the scores. However, the practice trials are nec-
essary to ensure the LESS is being performed correctly to
complete the assessment, and these methods have demon-
strated high reliability.32 Controlling the total number of
trials completed (practice and recorded) may be beneficial
for a larger clinical trial.

FUTURE DIRECTIONS

Future research may explore VPNT training effects with
a longer timeframe (such as six or eight weeks), VPNT
training effects in other populations (such as males, the
aging, or patients with ACL injuries), or whether the be-
havioral and neuroimaging effects of VPNT are resilient
against time (e.g., 3-month follow-up). Patients with ACL
injuries may preferentially benefit from VPNT as they ex-
hibit increased LESS scores relative to uninjured controls®!
and an increased reliance on visual information processing
to guide motor control.?2.?3 Future research is needed to
examine task-based connectivity following VPNT, as the
current study provides support for the use of primary and
secondary motor regions and parietal cortex as key regions
of interest. Also, the incorporation of 3D motion capture
would enable future researchers to increase their sensitivity
to movement metrics altered by VPNT. Future research is
needed to compare an intervention group to a control
group to provide further validation for this proof-of-con-
cept study. Finally, future clinical trials with larger sample
sizes should also consider potential factors that could limit
reproducibility and reliability of the collection including
the learning curve of examiners training individuals, the
length of training sessions, and the cost of MRI.

CONCLUSION

This proof-of-concept pilot study evaluates the potential
of VPNT to alter landing mechanics, neural activity, and
physical/cognitive training demands in uninjured female
recreational athletes. The findings suggest that visual per-
turbation training improves landing mechanics and vi-
suocognitive abilities simultaneously by promoting neural
efficiency in brain regions responsible for sensorimotor in-
tegration, visuomotor/visuospatial processing, and motor
planning.
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