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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.3‑6 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.7,8 Typ-
ical IPPs target biomechanical risk factors associated with 
ACL injuries, such as knee valgus and stiff-legged landing 
patterns.9,10 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,9 which has been asso-
ciated with neurocognitive deficits14 (e.g., visual attention, 
reaction time) and increased sensorimotor and visuospa-
tial neural activity12,13 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 injury15; 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.11,16 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,18‑28 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 exercises29,30 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,31 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.39,40 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: 256×256 mm; matrix: 256×256; 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 3.75×3.75 
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 
64×64 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,44 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 

II. BALANCE EXERCISES 

III. PLYOMETRIC EXERCISES 

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

Exercise Error Count 

T-test 

Agility Ladder Drills 

Single-leg Deadlifts 

Single-leg Stance (on 
foam) 

Vertical Jumps 

Squat Jumps 

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) scale47 and NASA 
Task Load Index (NASA TLX)48‑51 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 

• 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. 

• 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. 

• 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. 

1. Miss a cone 

2. Cut to the wrong direction 

1. Hit the ladder 

2. Incorrect foot placement 

1. Opposite foot touches 

ground 

2. Either hand touches ground 

3. Object placed in wrong loca-

tion 

1. Opposite foot touches 

ground 

2. Either hand touches ground 

1. Miss the target 

2. Land on wrong foot 

1. Land facing wrong direction 
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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.52 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.53,54 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.43,55 

The fMRI image analyses and statistical analyses were 
performed using the Oxford Centre for Functional MRI of 
the Brain Software Library.56 Image analysis began with 
standard pre-statistic processing applied to individual data 
in the standardized FSL recommended order,57 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.58 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).59‑61 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.62 

RESULTS 

Descriptive statistics including 95% CIs 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,63 Juelich Histolog-
ical Atlas,64,65 and the Cerebellar Atlas in MNI152 space 
after normalization with FNIRT66 and with FSL tool atlas-
query.57 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.67‑71 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).        

Day 1 (95% CI) Day 2 (95% CI) Day 3 (95% CI) Day 4 (95% CI) 

Day 4 – Day 1 
Difference 

(Effect Size) 

LESS* 
6.75±1.16 (6.0, 

7.6) N/A N/A 
5.25±2.12 (3.8, 

6.7) 
-1.5±1.69 (-0.78) 

T-test 
2.6 ± 2.8 (0.7, 

4.5) 
2.4 ± 1.9 (1.1, 

3.7) 
2.5 ± 1.9 (1.2, 

3.8) 
1.8 ± 1.8 (0.6, 

3.1) 
-.9±3.7 (-0.30) 

Agility 
9.4 ± 3.8 (6.8, 

12.0) 
7.3 ± 7.1 (2., 

12.2) 
7.1 ± 2.9 (5.1, 

9.1) 
6.8 ± 4.8 (3.5, 

10.1) 
-2.6±5.2 (-0.53) 

SLD 
7.5 ± 5.9 (3.4, 

11.6) 
4.8 ± 1.9 (3.5, 

6.1) 
7.1 ± 3.1 (5.0, 

9.3) 
7.0 ± 5.35 (3.3, 

10.7) 
-0.5±8.5 (0.08) 

SLS 
8.0 ± 5.9 (3.9, 

12.1) 
5.0 ± 4.2 (2.1, 

7.9) 
4.0 ± 4.6 (0.8, 

7.2) 
5.4 ± 6.37 (1.0, 

9.8) 
-2.6±9.9 (-0.37) 

Jump 
Squat 

4.6 ± 3.5 (2.2, 
7.0) 

4.4 ± 2.4 (2.7, 
6.1) 

4.9 ± 1.5 (3.9, 
5.9) 

4.1 ± 2.5 (2.4, 
5.8) 

-0.5±2.7 (-0.15) 

Vertical 
Jump 

5.1 ± 3.0 (3.0, 
7.2) 

3.9 ± 2.4 (2.2, 
5.6) 

4.5 ± 3.7 (1.9, 
7.1) 

3.9 ± 3.2 (1.7, 
6.1) 

-1.3±2.9 (-0.34) 

RPE–C 
3.0 ± 1.1 (2.2, 

3.8) 
2.9 ± 1.1 (2.1, 

3.7) 
3.8 ± 2.6 (2.0, 

5.6) 
4.5 ± 2.5 (2.8, 

6.2) 
1.5±2.2 (0.69) 

RPE–P 
3.6 ± 1.5 (2.6, 

4.6) 
3.9 ± 1.8 (2.7, 

5.2) 
3.6 ± 1.7 (2.4, 

4.8) 
4.1 ± 2.0 (2.7, 

5.5) 
0.5±2.5 (0.25) 

NASA–M 
9.0 ± 4.3 (6.0, 

12.0) 
8.5 ± 4.3 (5.5, 

11.5) 
10.0 ± 6.1 (5.8, 

14.2) 
10.8 ± 6.3 (6.4, 

15.2) 
1.8±5.0 (0.30) 

NASA–Ph 
9.6 ± 4.1 (6.8, 

12.4) 
9.9 ± 4.2 (6.7, 

12.8) 
9.3 ± 3.9 (6.6, 

12.0) 
8.9 ± 4.7 (5.6, 

12.2) 
-0.8±4.4 (-0.14) 

NASA–T 
7.1 ± 4.2 (4.2, 

10.0) 
7.0 ± 3.6 (4.5, 

9.5) 
8.9 ± 3.8 (6.3, 

11.5) 
8.6 ± 5.3 (4.9, 

12.3) 
1.5±6.4 (0.28) 

NASA–Pe 
10.1 ± 3.5 (7.7, 

12.5) 
7.8 ± 2.6 (6.0, 

9.6) 
8.8 ± 3.6 (6.3, 

11.3) 
9.6 ± 4.7 (6.3, 

12.9) 
-1.5±5.0 (-0.11) 

NASA–E 
11.3 ± 3.5 (8.9, 

13.7) 
12.3 ± 4.2 (9.4, 

15.2) 
10.4 ± 4.4 (7.4, 

13.4) 
11.0 ± 5.1 (7.5, 

14.5) 
-0.3±3.6 (-0.06) 

NASA–F 
7.4 ± 4.0 (4.6, 

10.2) 
6.0 ± 3.7 (3.4, 

8.6) 
6.5 ± 4.8 (3.2, 

9.8) 
7.8 ± 5.3 (4.1, 

11.5) 
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 yielded similar results 
(1.29±0.34, p=0.01).68 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.   

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,72‑76 somatosensory inte-
gration, and attention.77‑79 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 training87 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.                     

Cluster Index Brain Regions Voxel P-value 
Peak MNI Voxel Z Center of gravity Z stat-max 

x y z x y z 

Decreased Activity Pre to Post 

1 
L Supramarginal gyrus 

L Inferior parietal lobule 
L Secondary Somatosensory 

158 .0122 -50 -26 34 -53 -25.3 33.5 4.51 

2 
R Superior frontal gyrus 

R Supplementary motor cortex 
314 .000159 16 -4 72 15.7 2.21 69.2 5.33 
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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.41 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 controls91 

and an increased reliance on visual information processing 
to guide motor control.92,93 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. 

CONFLICTS OF INTEREST 

The authors declare no competing interests. 

FUNDING 

This study was supported in part by the US Department 
of Defense Congressionally Directed Medical Research Pro-
gram Peer Reviewed Orthopaedic Research Program Re-

The Impact of Visual Perturbation Neuromuscular Training on Landing Mechanics and Neural Activity: A P…

International Journal of Sports Physical Therapy



search Award (81XWH-18-1-0707) and NIH/National Insti-
tute of Arthritis and Musculoskeletal and Skin Diseases 
NIH/NIAMS; Awards NIAMS; R01AR076153 and 
R01AR077248. Opinions, interpretations, conclusions, and 
recommendations are those of the author and are not nec-
essarily endorsed by the Department of Defense and NIH/
National Institute of Arthritis and Musculoskeletal and Skin 
Diseases. 

ACKNOWLEDGMENTS 

We thank the Holzer Health system and Holly Henry MRI 
technologist and Dr. Phillip B. Long radiologist for MRI 
support. 

DATA AVAILABILITY 

The datasets generated during and/or analyzed during the 
current study are available from the corresponding author 
on reasonable request. 

© The Author(s) 

Submitted: February 12, 2024 CST, Accepted: August 28, 2024 
CST 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-NC-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc/4.0 and legal code at https://cre-

ativecommons.org/licenses/by-nc/4.0/legalcode for more information. 

The Impact of Visual Perturbation Neuromuscular Training on Landing Mechanics and Neural Activity: A P…

International Journal of Sports Physical Therapy



REFERENCES 

1. Sanders TL, Maradit Kremers H, Bryan AJ, et al. 
Incidence of anterior cruciate ligament tears and 
reconstruction: A 21-year population-based study. 
Am J Sports Med. 2016;44(6):1502-1507. doi:10.1177/
0363546516629944 

2. Montalvo AM, Schneider DK, Webster KE, et al. 
Anterior cruciate ligament injury risk in sport: A 
systematic review and meta-analysis of injury 
incidence by sex and sport classification. J Athl Train. 
2019;54(5):472-482. doi:10.4085/1062-6050-407-16 

3. Beynnon BD, Vacek PM, Newell MK, et al. The 
effects of level of competition, sport, and sex on the 
incidence of first-time noncontact anterior cruciate 
ligament injury. Am J Sports Med. 
2014;42(8):1806-1812. doi:10.1177/
0363546514540862 

4. Montalvo AM, Schneider DK, Yut L, et al. “What’s 
my risk of sustaining an ACL injury while playing 
sports?” A systematic review with meta-analysis. Br J 
Sports Med. 2019;53(16):1003-1012. doi:10.1136/
bjsports-2016-096274 

5. Mall NA, Chalmers PN, Moric M, et al. Incidence 
and trends of anterior cruciate ligament 
reconstruction in the United States. Am J Sports Med. 
2014;42(10):2363-2370. doi:10.1177/
0363546514542796 

6. Bram JT, Magee LC, Mehta NN, Patel NM, Ganley 
TJ. Anterior cruciate ligament injury incidence in 
adolescent athletes: A systematic review and meta-
analysis. Am J Sports Med. Published online October 
22, 2020:0363546520959619. doi:10.1177/
0363546520959619 

7. Sugimoto D, Myer GD, Bush HM, Klugman MF, 
Medina McKeon JM, Hewett TE. Compliance with 
neuromuscular training and anterior cruciate 
ligament injury risk reduction in female athletes: a 
meta-analysis. J Athl Train. 2012;47(6):714-723. 
doi:10.4085/1062-6050-47.6.10 

8. Grindstaff TL, Hammill RR, Tuzson AE, Hertel J. 
Neuromuscular control training programs and 
noncontact anterior cruciate ligament injury rates in 
female athletes: a numbers-needed-to-treat analysis. 
J Athl Train. 2006;41(4):450-456. 

9. Hewett TE, Myer GD, Ford KR, et al. Biomechanical 
measures of neuromuscular control and valgus 
loading of the knee predict anterior cruciate ligament 
injury risk in female athletes: a prospective study. Am 
J Sports Med. 2005;33(4):492-501. doi:10.1177/
0363546504269591 

10. Leppänen M, Pasanen K, Kujala UM, et al. Stiff 
landings are associated with increased ACL injury risk 
in young female basketball and floorball players. Am J 
Sports Med. 2017;45(2):386-393. doi:10.1177/
0363546516665810 

11. Diekfuss JA, Grooms DR, Yuan W, et al. Does 
brain functional connectivity contribute to 
musculoskeletal injury? A preliminary prospective 
analysis of a neural biomarker of ACL injury risk. J Sci 
Med Sport. 2019;22(2):169-174. doi:10.1016/
j.jsams.2018.07.004 

12. Grooms DR, Diekfuss JA, Slutsky-Ganesh AB, et 
al. Preliminary report on the train the brain project, 
Part I: Sensorimotor neural correlates of anterior 
cruciate ligament injury risk biomechanics. J Athl 
Train. 2022;57(9-10):902-910. doi:10.4085/
1062-6050-0547.21 

13. Grooms DR, Diekfuss JA, Criss CR, et al. 
Preliminary brain-behavioral neural correlates of 
anterior cruciate ligament injury risk landing 
biomechanics using a novel bilateral leg press 
neuroimaging paradigm. Di Giminiani R, ed. PLOS 
ONE. 2022;17(8):e0272578. doi:10.1371/
journal.pone.0272578 

14. Herman DC, Barth JT. Drop-jump landing varies 
with baseline neurocognition: Implications for 
anterior cruciate ligament injury risk and prevention. 
Am J Sports Med. 2016;44(9):2347-2353. doi:10.1177/
0363546516657338 

15. Swanik CB, Covassin T, Stearne DJ, Schatz P. The 
relationship between neurocognitive function and 
noncontact anterior cruciate ligament injuries. Am J 
Sports Med. 2007;35(6):943-948. doi:10.1177/
0363546507299532 

16. Diekfuss JA, Grooms DR, Nissen KS, et al. 
Alterations in knee sensorimotor brain functional 
connectivity contributes to ACL injury in male high-
school football players: a prospective neuroimaging 
analysis. Braz J Phys Ther. Published online July 17, 
2019. doi:10.1016/j.bjpt.2019.07.004 

17. Grooms D, Appelbaum G, Onate J. Neuroplasticity 
following anterior cruciate ligament injury: a 
framework for visual-motor training approaches in 
rehabilitation. J Orthop Sports Phys Ther. 
2015;45(5):381-393. doi:10.2519/jospt.2015.5549 

18. Appelbaum LG, Schroeder JE, Cain MS, Mitroff 
SR. Improved visual cognition through stroboscopic 
training. Front Psychol. 2011;2:276. doi:10.3389/
fpsyg.2011.00276 

The Impact of Visual Perturbation Neuromuscular Training on Landing Mechanics and Neural Activity: A P…

International Journal of Sports Physical Therapy

https://doi.org/10.1177/0363546516629944
https://doi.org/10.1177/0363546516629944
https://doi.org/10.4085/1062-6050-407-16
https://doi.org/10.1177/0363546514540862
https://doi.org/10.1177/0363546514540862
https://doi.org/10.1136/bjsports-2016-096274
https://doi.org/10.1136/bjsports-2016-096274
https://doi.org/10.1177/0363546514542796
https://doi.org/10.1177/0363546514542796
https://doi.org/10.1177/0363546520959619
https://doi.org/10.1177/0363546520959619
https://doi.org/10.4085/1062-6050-47.6.10
https://doi.org/10.1177/0363546504269591
https://doi.org/10.1177/0363546504269591
https://doi.org/10.1177/0363546516665810
https://doi.org/10.1177/0363546516665810
https://doi.org/10.1016/j.jsams.2018.07.004
https://doi.org/10.1016/j.jsams.2018.07.004
https://doi.org/10.4085/1062-6050-0547.21
https://doi.org/10.4085/1062-6050-0547.21
https://doi.org/10.1371/journal.pone.0272578
https://doi.org/10.1371/journal.pone.0272578
https://doi.org/10.1177/0363546516657338
https://doi.org/10.1177/0363546516657338
https://doi.org/10.1177/0363546507299532
https://doi.org/10.1177/0363546507299532
https://doi.org/10.1016/j.bjpt.2019.07.004
https://doi.org/10.2519/jospt.2015.5549
https://doi.org/10.3389/fpsyg.2011.00276
https://doi.org/10.3389/fpsyg.2011.00276


19. Appelbaum LG, Cain MS, Schroeder JE, Darling 
EF, Mitroff SR. Stroboscopic visual training improves 
information encoding in short-term memory. Atten 
Percept Psychophys. 2012;74(8):1681-1691. 
doi:10.3758/s13414-012-0344-6 

20. Smith TQ, Mitroff SR. Stroboscopic training 
enhances anticipatory timing. Int J Exerc Sci. 
2012;5(4):344-353. doi:10.70252/OTSW1297 

21. Mitroff S, Friesen P, Bennett D, Yoo H, Reichow 
WA. Enhancing ice hockey skills through stroboscopic 
visual training: A pilot study. Athl Train Sports Health 
Care. 2013;5:261-264. doi:10.3928/
19425864-20131030-02 

22. Wilkins L, Gray R. Effects of stroboscopic visual 
training on visual attention, motion perception, and 
catching performance. Percept Mot Skills. 
2015;121(1):57-79. doi:10.2466/22.25.PMS.121c11x0 

23. Hülsdünker T, Rentz C, Ruhnow D, Käsbauer H, 
Strüder HK, Mierau A. The effect of 4-week 
stroboscopic training on visual function and sport-
specific visuomotor performance in top-level 
badminton players. Int J Sports Physiol Perform. 
2019;14(3):343-350. doi:10.1123/ijspp.2018-0302 

24. Wilkins L, Appelbaum L. An early review of 
stroboscopic visual training: insights, challenges and 
accomplishments to guide future studies. Int Rev 
Sport Exerc Psychol. Published online March 1, 
2019:1-16. doi:10.1080/1750984X.2019.1582081 

25. Bennett SJ, Hayes SJ, Uji M. Stroboscopic vision 
when interacting with multiple moving objects: 
Perturbation is not the same as elimination. Front 
Psychol. 2018;9:1290. doi:10.3389/fpsyg.2018.01290 

26. Gholami F, Letafatkar A, Moghadas Tabrizi Y, et 
al. Comparing the effects of differential and visuo-
motor training on functional performance, 
biomechanical, and psychological factors in athletes 
after ACL reconstruction: A randomized controlled 
trial. J Clin Med. 2023;12(8):2845. doi:10.3390/
jcm12082845 

27. Lee H, Han S, Hopkins JT. Balance training with 
stroboscopic glasses alters neuromechanics in 
chronic ankle instability patients during single leg 
drop. J Athl Train. Published online July 1, 2023. 
doi:10.4085/1062-6050-0605.22 

28. Lee H, Han S, Hopkins JT. Altered visual reliance 
induced by stroboscopic glasses during postural 
control. Int J Environ Res Public Health. 
2022;19(4):2076. doi:10.3390/ijerph19042076 

29. Rössler R, Donath L, Verhagen E, Junge A, 
Schweizer T, Faude O. Exercise-based injury 
prevention in child and adolescent sport: a 
systematic review and meta-analysis. Sports Med 
Auckl NZ. 2014;44(12):1733-1748. doi:10.1007/
s40279-014-0234-2 

30. Myer GD, Ford KR, Hewett TE. Methodological 
approaches and rationale for training to prevent 
anterior cruciate ligament injuries in female athletes. 
Scand J Med Sci Sports. 2004;14(5):275-285. 
doi:10.1111/j.1600-0838.2004.00410.x 

31. Marx RG, Stump TJ, Jones EC, Wickiewicz TL, 
Warren RF. Development and evaluation of an 
activity rating scale for disorders of the knee. Am J 
Sports Med. 2001;29(2):213-218. doi:10.1177/
03635465010290021601 

32. Padua DA, DiStefano LJ, Beutler AI, de la Motte 
SJ, DiStefano MJ, Marshall SW. The Landing Error 
Scoring System as a screening tool for an anterior 
cruciate ligament injury-prevention program in elite-
youth soccer athletes. J Athl Train. 
2015;50(6):589-595. doi:10.4085/1062-6050-50.1.10 

33. Kim SY, Spritzer CE, Utturkar GM, Toth AP, 
Garrett WE, DeFrate LE. Knee kinematics during 
noncontact anterior cruciate ligament injury as 
determined from bone bruise location. Am J Sports 
Med. 2015;43(10):2515-2521. doi:10.1177/
0363546515594446 

34. Padua DA, Marshall SW, Boling MC, Thigpen CA, 
Garrett WE, Beutler AI. The Landing Error Scoring 
System (LESS) Is a valid and reliable clinical 
assessment tool of jump-landing biomechanics: The 
JUMP-ACL study. Am J Sports Med. 
2009;37(10):1996-2002. doi:10.1177/
0363546509343200 

35. Onate J, Cortes N, Welch C, Van Lunen BL. Expert 
versus novice interrater reliability and criterion 
validity of the landing error scoring system. J Sport 
Rehabil. 2010;19(1):41-56. doi:10.1123/jsr.19.1.41 

36. Hanzlíková I, Hébert-Losier K. Is the Landing 
Error Scoring System reliable and valid? A systematic 
review. Sports Health. 2020;12(2):181-188. 
doi:10.1177/1941738119886593 

37. Markbreiter JG, Sagon BK, Valovich McLeod TC, 
Welch CE. Reliability of clinician scoring of the 
landing error scoring system to assess jump-landing 
movement patterns. J Sport Rehabil. 
2015;24(2):214-218. doi:10.1123/jsr.2013-0135 

38. Padua DA, Boling MC, Distefano LJ, Onate JA, 
Beutler AI, Marshall SW. Reliability of the landing 
error scoring system-real time, a clinical assessment 
tool of jump-landing biomechanics. J Sport Rehabil. 
2011;20(2):145-156. doi:10.1123/jsr.20.2.145 

The Impact of Visual Perturbation Neuromuscular Training on Landing Mechanics and Neural Activity: A P…

International Journal of Sports Physical Therapy

https://doi.org/10.3758/s13414-012-0344-6
https://doi.org/10.70252/OTSW1297
https://doi.org/10.3928/19425864-20131030-02
https://doi.org/10.3928/19425864-20131030-02
https://doi.org/10.2466/22.25.PMS.121c11x0
https://doi.org/10.1123/ijspp.2018-0302
https://doi.org/10.1080/1750984X.2019.1582081
https://doi.org/10.3389/fpsyg.2018.01290
https://doi.org/10.3390/jcm12082845
https://doi.org/10.3390/jcm12082845
https://doi.org/10.4085/1062-6050-0605.22
https://doi.org/10.3390/ijerph19042076
https://doi.org/10.1007/s40279-014-0234-2
https://doi.org/10.1007/s40279-014-0234-2
https://doi.org/10.1111/j.1600-0838.2004.00410.x
https://doi.org/10.1177/03635465010290021601
https://doi.org/10.1177/03635465010290021601
https://doi.org/10.4085/1062-6050-50.1.10
https://doi.org/10.1177/0363546515594446
https://doi.org/10.1177/0363546515594446
https://doi.org/10.1177/0363546509343200
https://doi.org/10.1177/0363546509343200
https://doi.org/10.1123/jsr.19.1.41
https://doi.org/10.1177/1941738119886593
https://doi.org/10.1123/jsr.2013-0135
https://doi.org/10.1123/jsr.20.2.145


39. Kapreli E, Athanasopoulos S, Papathanasiou M, et 
al. Lower limb sensorimotor network: issues of 
somatotopy and overlap. Cortex J Devoted Study Nerv 
Syst Behav. 2007;43(2):219-232. doi:10.1016/
S0010-9452(08)70477-5 

40. Kapreli E, Athanasopoulos S, Papathanasiou M, et 
al. Lateralization of brain activity during lower limb 
joints movement. An fMRI study. NeuroImage. 
2006;32(4):1709-1721. doi:10.1016/
j.neuroimage.2006.05.043 

41. Grooms DR, Diekfuss JA, Ellis JD, et al. A novel 
approach to evaluate brain activation for lower 
extremity motor control. J Neuroimaging. 
2019;29(5):580-588. doi:10.1111/jon.12645 

42. Jaeger L, Marchal-Crespo L, Wolf P, Riener R, 
Kollias S, Michels L. Test-retest reliability of fMRI 
experiments during robot-assisted active and passive 
stepping. J Neuro Engineering Rehabil. 2015;12(1):102. 
doi:10.1186/s12984-015-0097-2 

43. Newton JM, Dong Y, Hidler J, et al. Reliable 
assessment of lower limb motor representations with 
fMRI: use of a novel MR compatible device for real-
time monitoring of ankle, knee and hip torques. 
NeuroImage. 2008;43(1):136-146. doi:10.1016/
j.neuroimage.2008.07.001 

44. Wohl TR, Criss CR, Grooms DR. Visual 
perturbation to enhance return to sport 
rehabilitation after anterior cruciate ligament injury: 
A clinical commentary. Int J Sports Phys Ther. 
2021;16(2):552. doi:10.26603/001c.21251 

45. Myer GD, Paterno MV, Ford KR, Quatman CE, 
Hewett TE. Rehabilitation after anterior cruciate 
ligament reconstruction: criteria-based progression 
through the return-to-sport phase. J Orthop Sports 
Phys Ther. 2006;36(6):385-402. doi:10.2519/
jospt.2006.2222 

46. Grooms DR, Chaudhari A, Page SJ, Nichols-Larsen 
DS, Onate JA. Visual-motor control of drop landing 
after anterior cruciate ligament reconstruction. J Athl 
Train. 2018;53(5):486-496. doi:10.4085/
1062-6050-178-16 

47. Borg G. Perceived exertion as an indicator of 
somatic stress. Scand J Rehabil Med. 1970;2(2):92-98. 
doi:10.2340/1650197719702239298 

48. Hart SG, Staveland LE. Development of NASA-
TLX (Task Load Index): Results of empirical and 
theoretical research. In: Human Mental Workload. 
Advances in psychology, 52. North-Holland; 
1988:139-183. doi:10.1016/S0166-4115(08)62386-9 

49. Sherman DA, Lehmann T, Baumeister J, Grooms 
DR, Norte GE. Somatosensory perturbations 
influence cortical activity associated with single-limb 
balance performance. Exp Brain Res. 
2022;240(2):407-420. doi:10.1007/
s00221-021-06260-z 

50. McWethy M, Norte G, Bazett-Jones D, Murray A, 
Rush J. Cognitive-motor dual-task performance of the 
Landing Error Scoring System. J Athl Train. Published 
online March 6, 2024. doi:10.4085/
1062-6050-0558.23 

51. Smith EM, Sherman DA, Duncan S, et al. Test-
retest reliability and visual perturbation performance 
costs during 2 reactive agility tasks. J Sport Rehabil. 
2024;33(6):444-451. doi:10.1123/jsr.2023-0433 

52. Friston KJ, Frith CD, Turner R, Frackowiak RS. 
Characterizing evoked hemodynamics with fMRI. 
NeuroImage. 1995;2(2):157-165. doi:10.1006/
nimg.1995.1018 

53. Logothetis NK, Pauls J, Augath M, Trinath T, 
Oeltermann A. Neurophysiological investigation of 
the basis of the fMRI signal. Nature. 
2001;412(6843):150-157. doi:10.1038/35084005 

54. Goense JBM, Logothetis NK. Neurophysiology of 
the BOLD fMRI signal in awake monkeys. Curr Biol 
CB. 2008;18(9):631-640. doi:10.1016/
j.cub.2008.03.054 

55. McGregor KM, Carpenter H, Kleim E, et al. Motor 
map reliability and aging: a TMS/fMRI study. Exp 
Brain Res. 2012;219(1):97-106. doi:10.1007/
s00221-012-3070-3 

56. Smith SM, Jenkinson M, Woolrich MW, et al. 
Advances in functional and structural MR image 
analysis and implementation as FSL. NeuroImage. 
2004;23 Suppl 1:S208-219. doi:10.1016/
j.neuroimage.2004.07.051 

57. Jenkinson M, Beckmann CF, Behrens TEJ, 
Woolrich MW, Smith SM. FSL. NeuroImage. 
2012;62(2):782-790. doi:10.1016/
j.neuroimage.2011.09.015 

58. Jenkinson M, Bannister P, Brady M, Smith S. 
Improved optimization for the robust and accurate 
linear registration and motion correction of brain 
images. NeuroImage. 2002;17(2):825-841. 
doi:10.1006/nimg.2002.1132 

59. Poldrack RA, Mumford JA, Nichols TE. Handbook 
of Functional MRI Data Analysis. Cambridge Core 
doi:10.1017/CBO9780511895029 

The Impact of Visual Perturbation Neuromuscular Training on Landing Mechanics and Neural Activity: A P…

International Journal of Sports Physical Therapy

https://doi.org/10.1016/S0010-9452(08)70477-5
https://doi.org/10.1016/S0010-9452(08)70477-5
https://doi.org/10.1016/j.neuroimage.2006.05.043
https://doi.org/10.1016/j.neuroimage.2006.05.043
https://doi.org/10.1111/jon.12645
https://doi.org/10.1186/s12984-015-0097-2
https://doi.org/10.1016/j.neuroimage.2008.07.001
https://doi.org/10.1016/j.neuroimage.2008.07.001
https://doi.org/10.26603/001c.21251
https://doi.org/10.2519/jospt.2006.2222
https://doi.org/10.2519/jospt.2006.2222
https://doi.org/10.4085/1062-6050-178-16
https://doi.org/10.4085/1062-6050-178-16
https://doi.org/10.2340/1650197719702239298
https://doi.org/10.1016/S0166-4115(08)62386-9
https://doi.org/10.1007/s00221-021-06260-z
https://doi.org/10.1007/s00221-021-06260-z
https://doi.org/10.4085/1062-6050-0558.23
https://doi.org/10.4085/1062-6050-0558.23
https://doi.org/10.1123/jsr.2023-0433
https://doi.org/10.1006/nimg.1995.1018
https://doi.org/10.1006/nimg.1995.1018
https://doi.org/10.1038/35084005
https://doi.org/10.1016/j.cub.2008.03.054
https://doi.org/10.1016/j.cub.2008.03.054
https://doi.org/10.1007/s00221-012-3070-3
https://doi.org/10.1007/s00221-012-3070-3
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1017/CBO9780511895029


60. Woolrich MW, Ripley BD, Brady M, Smith SM. 
Temporal autocorrelation in univariate linear 
modeling of FMRI data. NeuroImage. 
2001;14(6):1370-1386. doi:10.1006/nimg.2001.0931 

61. Woolrich MW, Behrens TEJ, Beckmann CF, 
Jenkinson M, Smith SM. Multilevel linear modelling 
for FMRI group analysis using Bayesian inference. 
NeuroImage. 2004;21(4):1732-1747. doi:10.1016/
j.neuroimage.2003.12.023 

62. Cohen J. Statistical Power Analysis for the 
Behavioral Sciences. Academic Press; 2013. 
doi:10.4324/9780203771587 

63. Desikan RS, Ségonne F, Fischl B, et al. An 
automated labeling system for subdividing the 
human cerebral cortex on MRI scans into gyral based 
regions of interest. NeuroImage. 2006;31(3):968-980. 
doi:10.1016/j.neuroimage.2006.01.021 

64. Eickhoff SB, Heim S, Zilles K, Amunts K. Testing 
anatomically specified hypotheses in functional 
imaging using cytoarchitectonic maps. NeuroImage. 
2006;32(2):570-582. doi:10.1016/
j.neuroimage.2006.04.204 

65. Eickhoff SB, Paus T, Caspers S, et al. Assignment 
of functional activations to probabilistic 
cytoarchitectonic areas revisited. NeuroImage. 
2007;36(3):511-521. doi:10.1016/
j.neuroimage.2007.03.060 

66. Diedrichsen J, Balsters JH, Flavell J, Cussans E, 
Ramnani N. A probabilistic MR atlas of the human 
cerebellum. NeuroImage. 2009;46(1):39-46. 
doi:10.1016/j.neuroimage.2009.01.045 

67. Scarneo SE. The Effects of an Injury Prevention 
Program in an Aquatic Environment on Landing 
Technique. University of Conneticut; 2014. 

68. Pryor JL, Root HJ, Vandermark LW, et al. Coach-
led preventive training program in youth soccer 
players improves movement technique. J Sci Med 
Sport. 2017;20(9):861-866. doi:10.1016/
j.jsams.2017.01.235 

69. Pfile KR, Gribble PA, Buskirk GE, Meserth SM, 
Pietrosimone BG. Sustained improvements in 
dynamic balance and landing mechanics after a 
6-week neuromuscular training program in college 
women’s basketball players. J Sport Rehabil. 
2016;25(3):233-240. doi:10.1123/jsr.2014-0323 

70. Owens BD, Cameron KL, Duffey ML, et al. Military 
movement training program improves jump-landing 
mechanics associated with anterior cruciate ligament 
injury risk. J Surg Orthop Adv. 2013;22(1):66-70. 
doi:10.3113/jsoa.2013.0066 

71. DiStefano LJ, Padua DA, DiStefano MJ, Marshall 
SW. Influence of age, sex, technique, and exercise 
program on movement patterns after an anterior 
cruciate ligament injury prevention program in youth 
soccer players. Am J Sports Med. 2009;37(3):495-505. 
doi:10.1177/0363546508327542 

72. de Azevedo Neto RM, Amaro Júnior E. Bilateral 
dorsal fronto-parietal areas are associated with 
integration of visual motion information and timed 
motor action. Behav Brain Res. 2018;337:91-98. 
doi:10.1016/j.bbr.2017.09.046 

73. Reader AT, Royce BP, Marsh JE, Chivers KJ, 
Holmes NP. Repetitive transcranial magnetic 
stimulation reveals a role for the left inferior parietal 
lobule in matching observed kinematics during 
imitation. Eur J Neurosci. 2018;47(8):918-928. 
doi:10.1111/ejn.13886 

74. Crottaz-Herbette S, Fornari E, Clarke S. Prismatic 
adaptation changes visuospatial representation in the 
inferior parietal lobule. J Neurosci Off J Soc Neurosci. 
2014;34(35):11803-11811. doi:10.1523/
JNEUROSCI.3184-13.2014 

75. Andersen RA. Inferior parietal lobule function in 
spatial perception and visuomotor integration. In: 
Comprehensive Physiology. American Cancer Society; 
2011:483-518. doi:10.1002/cphy.cp010512 

76. Assmus A, Marshall JC, Ritzl A, Noth J, Zilles K, 
Fink GR. Left inferior parietal cortex integrates time 
and space during collision judgments. NeuroImage. 
2003;20(Suppl 1):S82-88. doi:10.1016/
j.neuroimage.2003.09.025 

77. Chen TL, Babiloni C, Ferretti A, et al. Human 
secondary somatosensory cortex is involved in the 
processing of somatosensory rare stimuli: an fMRI 
study. NeuroImage. 2008;40(4):1765-1771. 
doi:10.1016/j.neuroimage.2008.01.020 

78. Hoechstetter K, Rupp A, Meinck HM, et al. 
Magnetic source imaging of tactile input shows task-
independent attention effects in SII. Neuroreport. 
2000;11(11):2461-2465. doi:10.1097/
00001756-200008030-00024 

79. Forss N, Jousmäki V. Sensorimotor integration in 
human primary and secondary somatosensory 
cortices. Brain Res. 1998;781(1-2):259-267. 
doi:10.1016/s0006-8993(97)01240-7 

80. Borggraefe I, Catarino CB, Rémi J, et al. 
Lateralization of cortical negative motor areas. Clin 
Neurophysiol Off J Int Fed Clin Neurophysiol. 
2016;127(10):3314-3321. doi:10.1016/
j.clinph.2016.08.001 

The Impact of Visual Perturbation Neuromuscular Training on Landing Mechanics and Neural Activity: A P…

International Journal of Sports Physical Therapy

https://doi.org/10.1006/nimg.2001.0931
https://doi.org/10.1016/j.neuroimage.2003.12.023
https://doi.org/10.1016/j.neuroimage.2003.12.023
https://doi.org/10.4324/9780203771587
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.04.204
https://doi.org/10.1016/j.neuroimage.2006.04.204
https://doi.org/10.1016/j.neuroimage.2007.03.060
https://doi.org/10.1016/j.neuroimage.2007.03.060
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1016/j.jsams.2017.01.235
https://doi.org/10.1016/j.jsams.2017.01.235
https://doi.org/10.1123/jsr.2014-0323
https://doi.org/10.3113/jsoa.2013.0066
https://doi.org/10.1177/0363546508327542
https://doi.org/10.1016/j.bbr.2017.09.046
https://doi.org/10.1111/ejn.13886
https://doi.org/10.1523/JNEUROSCI.3184-13.2014
https://doi.org/10.1523/JNEUROSCI.3184-13.2014
https://doi.org/10.1002/cphy.cp010512
https://doi.org/10.1016/j.neuroimage.2003.09.025
https://doi.org/10.1016/j.neuroimage.2003.09.025
https://doi.org/10.1016/j.neuroimage.2008.01.020
https://doi.org/10.1097/00001756-200008030-00024
https://doi.org/10.1097/00001756-200008030-00024
https://doi.org/10.1016/s0006-8993(97)01240-7
https://doi.org/10.1016/j.clinph.2016.08.001
https://doi.org/10.1016/j.clinph.2016.08.001


81. Hoshi E, Tanji J. Differential roles of neuronal 
activity in the supplementary and presupplementary 
motor areas: from information retrieval to motor 
planning and execution. J Neurophysiol. 
2004;92(6):3482-3499. doi:10.1152/jn.00547.2004 

82. Criss CR, Grooms DR, Diekfuss JA, et al. 
Simulated landing neural correlates of anterior 
cruciate ligament injury risk niomechanics. Anterior 
Cruciate Ligament Research Retreat VIII. Published 
online March 2019. doi:10.4085/1062-6050-54.081 

83. Lohse KR, Wadden K, Boyd LA, Hodges NJ. Motor 
skill acquisition across short and long time scales: a 
meta-analysis of neuroimaging data. 
Neuropsychologia. 2014;59:130-141. doi:10.1016/
j.neuropsychologia.2014.05.001 

84. Hardwick RM, Rottschy C, Miall RC, Eickhoff SB. 
A quantitative meta-analysis and review of motor 
learning in the human brain. NeuroImage. 
2013;67:283-297. doi:10.1016/
j.neuroimage.2012.11.020 

85. Taubert M, Lohmann G, Margulies DS, Villringer 
A, Ragert P. Long-term effects of motor training on 
resting-state networks and underlying brain 
structure. NeuroImage. 2011;57(4):1492-1498. 
doi:10.1016/j.neuroimage.2011.05.078 

86. Yang J. The influence of motor expertise on the 
brain activity of motor task performance: A meta-
analysis of functional magnetic resonance imaging 
studies. Cogn Affect Behav Neurosci. 
2015;15(2):381-394. doi:10.3758/s13415-014-0329-0 

87. Seidel O, Carius D, Kenville R, Ragert P. Motor 
learning in a complex balance task and associated 
neuroplasticity: a comparison between endurance 
athletes and nonathletes. J Neurophysiol. 
2017;118(3):1849-1860. doi:10.1152/jn.00419.2017 

88. Grooms DR, Diekfuss JA, Slutsky-Ganesh AB, et 
al. Preliminary report on the train the brain project, 
Part II: Neuroplasticity of augmented neuromuscular 
training and improved injury-risk biomechanics. J 
Athl Train. 2022;57(9-10):911-920. doi:10.4085/
1062-6050-0548.21 

89. Criss CR, Lepley AS, Onate JA, et al. Brain activity 
associated with quadriceps strength deficits after 
anterior cruciate ligament reconstruction. Sci Rep. 
2023;13(1):8043. doi:10.1038/s41598-023-34260-2 

90. Chaput M, Onate JA, Simon JE, et al. Visual 
cognition associated with knee proprioception, time 
to stability, and sensory integration neural activity 
after ACL reconstruction. J Orthop Res. 
2022;40(1):95-104. doi:10.1002/jor.25014 

91. Bell DR, Smith MD, Pennuto AP, Stiffler MR, 
Olson ME. Jump-landing mechanics after anterior 
cruciate ligament reconstruction: a landing error 
scoring system study. J Athl Train. 
2014;49(4):435-441. doi:10.4085/1062-6050-49.3.21 

92. Grooms DR, Page SJ, Nichols-Larsen DS, 
Chaudhari AMW, White SE, Onate JA. Neuroplasticity 
associated with anterior cruciate ligament 
reconstruction. J Orthop Sports Phys Ther. 
2016;47(3):180-189. doi:10.2519/jospt.2017.7003 

93. Kapreli E, Athanasopoulos S, Gliatis J, et al. 
Anterior cruciate ligament deficiency causes brain 
plasticity: a functional MRI study. Am J Sports Med. 
2009;37(12):2419-2426. doi:10.1177/
0363546509343201 

The Impact of Visual Perturbation Neuromuscular Training on Landing Mechanics and Neural Activity: A P…

International Journal of Sports Physical Therapy

https://doi.org/10.1152/jn.00547.2004
https://doi.org/10.4085/1062-6050-54.081
https://doi.org/10.1016/j.neuropsychologia.2014.05.001
https://doi.org/10.1016/j.neuropsychologia.2014.05.001
https://doi.org/10.1016/j.neuroimage.2012.11.020
https://doi.org/10.1016/j.neuroimage.2012.11.020
https://doi.org/10.1016/j.neuroimage.2011.05.078
https://doi.org/10.3758/s13415-014-0329-0
https://doi.org/10.1152/jn.00419.2017
https://doi.org/10.4085/1062-6050-0548.21
https://doi.org/10.4085/1062-6050-0548.21
https://doi.org/10.1038/s41598-023-34260-2
https://doi.org/10.1002/jor.25014
https://doi.org/10.4085/1062-6050-49.3.21
https://doi.org/10.2519/jospt.2017.7003
https://doi.org/10.1177/0363546509343201
https://doi.org/10.1177/0363546509343201

	The Impact of Visual Perturbation Neuromuscular Training on Landing Mechanics and Neural Activity: A Pilot Study
	Background
	Purpose
	Design
	Results
	Conclusion
	Level of evidence
	INTRODUCTION
	METHODS
	Screening
	Pre-/Post-Intervention Landing Error Scoring System (LESS) Assessment
	Pre-/Post-Intervention Neuroimaging Assessment
	Visual Perturbation Neuromuscular Training
	i. Agility Exercises
	ii. Balance Exercises
	iii. Plyometric Exercises
	Stroboscopic Glasses
	Error Scoring System
	Questionnaires
	Data & Statistical Analysis

	RESULTS
	DISCUSSION
	Landing Scores Following VPNT
	BOLD signal and Neural Activation Patterns following VPNT
	Physical and Cognitive Training Demands
	Clinical Implications
	Limitations
	Future Directions

	CONCLUSION
	Conflicts of interest
	Funding
	Acknowledgments
	Data Availability

	References


