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Context: Neuromuscular training (NMT) facilitates the ac-
quisition of new movement patterns that reduce the anterior
cruciate ligament injury risk. However, the neural mechanisms
underlying these changes are unknown.

Objective: To determine the relationship between brain
activation and biomechanical changes after NMT with biofeed-
back.

Design: Cohort study.
Setting: Research laboratory.
Patients or Other Participants: Twenty female high school

soccer athletes, with 10 in an augmented NMT group and 10 in a
control (no training) group.

Main Outcome Measure(s): Ten participants completed 6
weeks of NMT augmented with real-time biofeedback to reduce
knee injury-risk movements, and 10 participants pursued no
training. Augmented neuromuscular training (aNMT) was imple-
mented with visual biofeedback that responded in real time to
injury-risk biomechanical variables. A drop vertical jump with 3-
dimensional motion capture was used to assess injury-risk
neuromuscular changes before and after the 6-week interven-
tion. Brain-activation changes were measured using functional
magnetic resonance imaging during unilateral knee and multi-
joint motor tasks.

Results: After aNMT, sensory (precuneus), visual-spatial
(lingual gyrus), and motor-planning (premotor) brain activity
increased for knee-specific movement; sensorimotor cortex
activity for multijoint movement decreased. The knee-abduction
moment during landing also decreased (4.66 6 5.45 newton
meters; P¼ .02; Hedges g¼0.82) in the aNMT group but did not
change in the control group (P . .05). The training-induced
increased brain activity with isolated knee movement was
associated with decreases in knee-abduction moment (r ¼
0.67; P ¼ .036) and sensorimotor cortex activity for multijoint
movement (r¼ 0.87; P¼ .001). No change in brain activity was
observed in the control group (P . .05).

Conclusions: The relationship between neural changes
observed across tasks and reduced knee abduction suggests
that aNMT facilitated recruitment of sensory integration centers
to support reduced injury-risk mechanics and improve sensori-
motor neural efficiency for multijoint control. Further research is
warranted to determine if this training-related multimodal neuro-
plasticity enhances neuromuscular control during more complex
sport-specific activities.

Key Words: functional magnetic resonance imaging, mo-
tion capture, injury prevention, neuroimaging, sensorimotor
control, landing neuromuscular control
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Key Points

� Neuromuscular training augmented with biofeedback reduced the peak knee-abduction moment during landing.
� Neuromuscular training–associated neuroplasticity increased sensory, visual-spatial, and motor-planning activity for

knee movement and reduced sensorimotor cortex activity for loaded multijoint movement.
� Neural activity changes from augmented neuromuscular training may enhance novel intervention pathways to

facilitate injury-risk reduction.

T
he majority of sport-related anterior cruciate
ligament (ACL) injuries are noncontact, commonly
resulting from motor-coordination errors that lead

to excessive dynamic knee valgus (medial collapse
resulting in elevated knee-abduction moments or loading).1

The motor-coordination cause of ACL injury is exemplified
by video analyses of injury events occurring in the athletic
field of play, which often demonstrate that factors such as a
ball or another player in close proximity or distracted
attention (or a combination of these) are involved in most
noncontact ACL injuries.1 These external distractors may
affect the ability of the central nervous system (CNS) to
anticipate and prepare for high-risk situations (eg, rapid
changes in direction) while avoiding compromising knee
positions (eg, excessive knee valgus).2 As compromised
motor coordination, distracted attention, and decreased
neurocognitive ability may all contribute to the mechanism
of noncontact ACL injuries, considering the CNS in injury-
prevention efforts may enhance injury-risk reduction.2

However, despite previous studies3,4 demonstrating that
altered CNS function may predispose athletes to ACL
injury, prevention strategies have not been updated to
reflect these risk factors.

The current standard of care for preventing ACL injuries
is neuromuscular training (NMT), and although it is
moderately effective when implemented, injury-resistant
movement is not always achieved or sustained,5 especially
in high-risk female athletes.6 Further, the ACL injury
incidence has remained unchanged and is actually increas-
ing in female athletes.7 This is due in part to a lack of
program adherence, education, and instruction,8 compound-
ed by the unchanged effectiveness of NMT for ACL injury
prevention in nearly a decade,9 remaining at approximately
100 athletes required to be treated to prevent 1 ACL injury.
Although NMT incorporates progressive exercises (includ-
ing balance, strength, and plyometric activities) that have
positive effects on physical and mental preparation for
sport,8 the injury-prevention focus of traditional NMT is
limited to improving the body mechanics associated with
injury risk. These movements are typically evaluated using
standardized biomechanics laboratory testing,10 which
neglects critical aspects of neural function that may
contribute to the injury risk and the neuroplasticity
associated with the acquisition of injury-resistant move-
ment patterns.3,4 Knowledge of ACL injury-prevention
neurotherapeutic targets may inform the design and
implementation of more effective strategies to target the
neural activity that results in motor coordination leading to
injury.

Initial studies on the effects of NMT, augmented with
real-time, interactive visual biofeedback, showed improved
injury-risk biomechanics during squatting relative to sham
biofeedback and transfer of those improved mechanics to
landing.11 Further, resting-state brain sensorimotor connec-

tivity enhancements after this augmented neuromuscular
training (aNMT) were associated with improvements in
injury-risk landing mechanics.12 However, no researchers
have yet evaluated the effects of interventions on neural
activity during a knee sensorimotor task. Thus, the purpose
of our preliminary study was to identify (1) neural activity
changes in isolated knee joint and multijoint motor tasks
after aNMT and (2) the association between those neural
changes and injury-risk movement strategies13 in high
school female soccer players.

METHODS

Participants

Of the initial 38 participants, 25 were allocated to the
intervention arm; 7 of these were ineligible for neuroim-
aging due to orthodontic braces. Of the remaining 18 in the
intervention arm, 2 athletes did not complete the tasks
correctly or had testing challenges involving technology
(scanner failure, unable to hear the metronome for task
regulation and timing) or comprehension (fell asleep, did
not understand the instructions); 1 athlete experienced a
combination of challenges. The remaining 15 girls
underwent first-level neuroimaging analyses and quality
assurance to evaluate the usability of the functional
magnetic resonance imaging (fMRI) data for subsequent
higher-level analyses. Specifically, excessive head motion
and data quality assurance was determined via conservative
criteria: .2 mm of absolute head motion or .0.3 mm of
relative head motion for either task at either time point;
adequate blood-oxygenation-level–dependent signal-model
fit, with stable baseline and task-activation profiles; or
excessive task-correlated head motion. This resulted in 5
additional athletes being excluded for left-sided movements
and 8 for right-sided movements. Therefore, all higher-
level neuroimaging analyses used left-side motor-task data
only as it yielded the most acceptable data (n¼ 10) for this
preliminary report. The control group contained 13
participants, with 3 excluded for excessive head motion
based on the same quality control criteria. In the final
analysis, 20 athletes were chosen for the study, with 10 in
each group (Table 1). Specifically, 10 participants com-
pleted 6 weeks of aNMT with real-time biofeedback
designed to reduce knee injury-risk movements (Figure
1),11,12 and 10 served as control individuals who received
no intervention. All athletes underwent fMRI and biome-
chanical testing preintervention and postintervention (6–7
weeks apart for both cohorts). Participants (and a parent or
legal guardian if under 18 years) completed an MRI
screening form and provided informed assent or consent,
respectively. The protocol was approved by Cincinnati
Children’s Hospital Medical Center Institutional Review
Board.
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Augmented Neuromuscular Training

During the 6-week training period, participants in the
aNMT group completed 3 training sessions per week on
nonconsecutive days, for a total of 18 possible training
sessions. Each session lasted 90 minutes, starting with an
agility-ladder 5-minute warm-up and then a standard NMT
program involving stations of weightlifting, plyometrics,
core development, and speed training.14 Athletes were
organized into small groups of 6 to 8 girls to complete 2 of
the 4 stations (45 minutes each) during each session and
were led through the program by 1 or 2 instructors per
group. For 2 sessions each week, the athletes performed
biofeedback training individually by pursuing 1 of 6
exercises while maintaining the goal shape of a dynamic
visual stimulus—a rectangular shape that was mapped and
transformed in real time (lag , 20 milliseconds) as a
function of key biomechanical specifications (Figure 1).11

After completing 2 sessions of an exercise, the participant
progressed to the next exercise in the following order: body
squats, followed by single-legged Romanian dead lifts,
pistol squats, overhead squats, squat jumps, and, finally,
tuck jumps. Each session consisted of 3 sets of 10
repetitions with biofeedback. The shape was presented to
the girls on a projector screen, and their only instruction
was to maintain this shape. Unknown to the athlete, the
goal shape corresponded to movement patterns associated
with a low injury risk. If she moved using biomechanics
associated with a higher ACL injury risk (eg, knee valgus,
asymmetric loading, insufficient knee or hip flexion), then
the rectangular stimulus became distorted in a manner that
reflected the severity of the deficit (Figure 1).11 The average
number of training sessions attended by participants was
15.0 6 1.9, with 83.3% NMT session compliance, and all
athletes completed all 12 sessions of biofeedback training
(100% aNMT compliance). Girls in the control group did
not participate in the training and performed their regular
off-season activities.

Preintervention and Postintervention Landing
Biomechanical Analysis

All participants performed 3 drop vertical jumps before
and after the 6-week training period at the Human
Performance Laboratory of the Cincinnati Children’s
Sports Medicine Biodynamics Center. Thirty-one retrore-
flective markers (B&L Engineering) were secured to
specific locations throughout the body for 3-dimensional
(3D) motion capture.10 For the drop vertical-jump trials,
athletes stood on top of a 31-cm box with their feet 35 cm

apart. They stepped off the box with both feet and onto 2
force plates (model BMS600900; Advanced Mechanical
Technology, Inc) sampled at 1200 Hz. Immediately after
landing on the force plates, the girls were instructed to
perform a maximum vertical jump while raising both hands
to attempt to grab a vertically suspended basketball that
was aligned with their previously recorded maximum jump
height. Participants were allowed familiarization trials, and
any incorrectly performed trials were repeated until 3 were
correctly performed. The marker trajectories were recorded
using a high-speed motion-analysis system with 39 digital
cameras (Raptor-E; Motion Analysis Corp) at 240 Hz with
a data-collection computer (model Z840; Hewlett Packard
Development Co). Data were postprocessed using Cortex
software (version 6.2; Motion Analysis Corp). For each
athlete, the external peak knee-abduction moment
(pKAM)13 was computed using an inverse-dynamic anal-
ysis in Visual3D (C-Motion, Inc) and averaged bilaterally
over the 3 trials.

Magnetic Resonance Imaging Set-Up

On the same day as the fMRI, participants first completed
a mock scanner session during which they were trained on
knee motor tasks with a standardized video and practiced
with experimenter guidance. All girls wore standardized
shorts and socks without shoes to control for skin tactile
feedback. Athletes were positioned supine on the MRI table
with their legs in a custom apparatus using padding and
straps to reduce head motion.15 To further reduce head
motion and increase comfort, they were placed in the head
coil with earplugs, headphones, and foam pads between the

Table 1. Participant Demographics and Knee-Abduction Moment

Data by Group, Mean 6 SD

Characteristic Intervention (n ¼ 10) Control (n ¼ 10)

Age, y 15.7 6 1.06 16.2 6 0.63

Height, cm 164.2 6 7.24 165.2 6 4.24

Weight, kg 55.82 6 9.02 60.07 6 9.54

Body mass index, kg/m2 20.34 6 2.25 22.0 6 3.22

Knee-abduction moment, nm

Preintervention 16.91 6 11.63 12.13 6 8.81

Postintervention 12.24 6 10.27 9.64 6 5.99

Difference 4.66 6 5.45a 2.49 6 6.76

a Indicates significant difference (P , .05).

Figure 1. Three-dimensional rendering of visual biofeedback
stimulus for augmented neuromuscular training intervention
(aNMT). The aNMT stimulus is a real-time, interactive biofeedback
stimulus responsive to and driven by select biomechanical
variables identified in previous research11 as contributing to injury
risk. The specific variables driving aNMT biofeedback for this study
were a function of the following variables: (1) trunk lean, (2) knee-to-
hip joint extensor moment force ratio, (3) knee-abduction moment
of force, and (4) vertical ground reaction force ratio. These
variables were calculated in real time and used to render a visual
geometric shape (rectangle displayed on a projector screen). The
feedback shape changed in real time according to the biomechan-
ical variables as the athlete performed an exercise. The desired
outcome for athletes was to move and produce a perfectly
symmetric stimulus shape that corresponded to low injury-risk
biomechanics. Deviations of the biomechanical variables from the
desired injury-resistant movement-pattern goal values yielded
specific, systematic distortions of the feedback shape.
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head and coil. Inside the head coil, a mirror was placed so
that the girls could see the projector screen for task
instructions. In addition, fluidized positioners (models
14010004, 1401007, 1401011; Mölnlycke) were placed
under each girl’s back, and hook-and-loop straps secured
the torso. To standardize arm placement and reduce
accessory movement, participants held handlebars that
were secured to the sides of the MRI table.

Isolated Knee Extension-Flexion Motor Task

The isolated knee task consisted of unilateral knee
extension-flexion paced by a metronome at 1.2 Hz over a
preset range of motion (08–458) with foam wedges under
the knees to ensure a starting position of 458 of flexion.
Participants wore ankle braces to prevent ankle movement.
Each girl contracted her quadriceps muscle to raise her leg
to extension and then lowered the leg without touching the
heel to the table, so that the heel was approximately 1 in
(2.54 cm) above the table (to decrease abrupt table contact
and limit accessory head motion). During the task, athletes
were given cues on the projector and sounds via the
metronome to guide their leg into flexion and extension for
18 repetitions (36 clicks, with each click indicating the
move into extension or flexion) over each 30-second
movement block. Each individual completed 4 movement
blocks on each leg as separate runs, with an interspersed
rest; the starting leg was randomly selected.

Multijoint Leg Press Against Resistance (Ankle, Knee,
and Hip Extension-Flexion)

The multijoint leg-press task consisted of a combined
unilateral ankle, knee, and hip extension-flexion movement
under load.16 For this task, athletes lay supine on the MRI
table in a leg-press testing apparatus made up of 2 pedals on
a track (allowing both sides to be set up for movement, but
the left and right sides were tested independently).
Participant restraints were similar to those of the knee
motor task but with the ankle braces removed. Each girl
flexed a single knee to approximately 458 of flexion (with
concurrent hip and ankle flexion) with the feet moving
along the track and then extended that knee to approxi-
mately 08 of flexion with the resistance of about 20% of
body weight via resistance bands.15 Similar to the knee
motor task, metronome sounds (1.2 Hz) and visually
displayed numeric cues helped guide the participants
during the tasks to ensure smooth transitions between each
30-second movement block and 30-second rest.

Magnetic Resonance Imaging Data Acquisition and
Analyses

Neuroimaging was acquired on an Ingenia scanner
(model 3.0 T; Philips Medical Systems) using a 32-channel
phased-array head coil. Data for fMRI were acquired with a
gradient-echo planar imaging sequence using a periodic
block design in which 30 seconds of motor task was
interspersed with 30 seconds of rest. Twenty frames were
acquired per cycle for a total of 4 movement cycles for each
leg captured in separate runs, with a 3-second repetition
time, a 3.75- 3 3.75-mm in-plane resolution, and a 5-mm
slice thickness for 38 axial slices (field of view¼240 3 240
mm, matrix¼ 64 3 64). A 3D high-resolution T1-weighted

image (repetition time¼ 8.3 milliseconds, echo time¼ 3.7
milliseconds, field of view¼ 256 3 256 mm, matrix¼ 256
3 256, slice thickness¼ 1 mm, 176 slices) was collected for
registration.

Neuroimaging analyses were performed using the
Functional MRI of the Brain (FMRIB) software library
(FSL; version 5.0.10; Oxford Centre).17,18 Data were
spatially registered and smoothed to correct for head-
motion artifact and improve sensitivity in quantifying
functional activation.19 This included standard preprocess-
ing applied to individual data, including nonbrain removal,
spatial smoothing using a Gaussian kernel of 5-mm full
width at half maximum, and standard motion correction.20

Realignment parameters21 (3 rotations and 3 translations)
from the motion-correction procedure were included as
covariates to account for confounding effects of head
movement. High-pass temporal filtering at 120 seconds and
time-series statistical analysis were carried out using a
linear model with local autocorrelation correction.22

Functional images were coregistered with the respective
high-resolution T1-weighted image and normalized to a
standard Montreal Neuroimaging Institute 152 template
using the FMRIB nonlinear image registration tool.20,21

First-level analysis of lower extremity movement relative to
rest was performed using a general linear model analysis
cluster-significance threshold of P , .05 (random field
cluster–multiple comparisons corrected) and z . 2.3.

Statistical Analysis

Baseline demographics and pKAM were compared
between groups (aNMT, control) using independent t tests
to determine any differences before the intervention (a set a
priori at P , .05). Due to the preliminary nature of this
report with a small sample size, we conducted paired t tests
(preintervention and postintervention) separately for each
group to assess longitudinal changes in pKAM (a set a
priori at P , .05 and the Hedges g effect size reported). For
brain activity, baseline between-groups comparisons
(aNMT . control and control . aNMT) were completed
with voxel-wise independent t tests; longitudinal within-
group changes with voxel-wise paired t tests (postinterven-
tion . preintervention and preintervention . postinterven-
tion) were completed with a set a priori at P , .05 (random
field cluster–multiple comparisons corrected) and cluster z
. 2.3. Two Pearson correlation analyses (1 for each fMRI
task) were used to determine the relationship between
preintervention and postintervention neural activity chang-
es (% signal change of the average activity for all clusters
different from preintervention to postintervention) and
pKAM changes (preintervention-postintervention absolute
difference).

RESULTS

No demographic differences were present between
groups (P values . .05; Table 1). Additionally, the groups
did not differ at baseline for pKAM (P . .05) or brain
activity (z , 2.3, P . .05). After training, the intervention
group reduced pKAM (P ¼ .02, Hedges g ¼ 0.82). During
the knee task, the intervention group increased brain
activity in 3 clusters associated with sensory, visual-spatial,
and motor planning after aNMT relative to baseline (Figure
2; Table 2). During the multijoint leg press, the intervention
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Figure 2. A, Three-dimensional representation of clusters of increased activation for the left isolated knee task after augmented
neuromuscular training (n¼10); the control group (n¼10) had no change with time. B, Yellow¼cluster 1, primarily precuneus and parietal
activity. C, Orange¼ cluster 2, primarily lingual gyrus and intracalcarine cortex activity. D, Red¼ cluster 3, secondary somatosensory and
premotor activity.

Table 2. Neuroplasticity of Augmented Neuromuscular Training for Left Knee and Multijoint Motor Tasks

Cluster Brain Regionsa Side

Voxels

(No.) P Value

Montreal Neuroimaging Institute

Coordinate of Peak Voxelb
z Statistic

Maximumx y z

Isolated knee movement

1 Precuneus, superior parietal cortex, and superior

lateral occipital cortex

Right 964 ,.001 18 �68 46 3.38

2 Lingual gyrus, precuneus intracalcarine cortex,

and supracalcarine cortex

Right 461 .023 24 �64 12 3.33

3 Secondary somatosensory cortex and premotor cortex Right 416 .040 60 4 34 3.4

Multijoint movement

1 Precentral gyrus (primary motor cortex) and

postcentral gyrus (primary somatosensory cortex)

Right 380 ,.001 6 �34 80 6.88

Abbreviations: FSLeyes, FSL image viewer for 3-dimensional and 4-dimensional data; FSL, Functional Magnetic Resonance Imaging of the
Brain software library.
a Brain regions with significant activation set a priori at P ,.05 random-effects analysis, random field cluster–corrected for multiple

comparisons, and z threshold set at z . 2.3. Anatomical regions identified with FSLeyes and FSL function atlasquery based on peak
voxel location and .5% probability of cluster of activity in anatomical region based on the Harvard-Oxford Cortical Structural Atlas17,23–25

(cluster 1 [both movements] and 2) and Juelich Histological Atlas26–28 (cluster 3).
b x, y, and z are based on the Montreal Neuroimaging Institute standard brain template coordinates.
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group decreased activity in 1 cluster localized to the
primary motor and somatosensory cortex activity after
aNMT relative to baseline (Figure 3; Table 2). No
longitudinal changes in neural activity were observed for
the control group (z , 2.3, P . .05) or pKAM (P . .05).

The preintervention-to-postintervention increase in knee
sensory integration brain activity, averaged across all 3
clusters (sensory, visual-spatial, and motor planning), was
correlated with the training-induced reduction of pKAM
(ie, dynamic knee valgus) during landing (r ¼ 0.67, P ¼
.036; Figure 4). The preintervention-postintervention in-
creased activity during the knee task was also correlated
with the decreased primary motor and somatosensory
cortex brain activity during the multijoint leg-press task
(r ¼ 0.87, P ¼ .001). However, the preintervention-to-
postintervention changes in pKAM during landing were not
associated with changes in brain activity for the multijoint

leg press (r¼�0.32, P¼ .38; Figure 4). Head motion during
the isolated knee task was 0.23 6 0.07 mm of absolute
motion and 0.06 6 0.02 mm of relative motion averaged
across both time points. Head motion during the multijoint
leg-press task was 0.36 6 0.17 mm of absolute motion and
0.08 6 0.04 mm of relative motion averaged across both
time points.

DISCUSSION

Female athletes who completed 6 weeks of aNMT
reduced pKAM during landing, with associated increased
neural-activity changes. Specifically, reduced pKAM was
associated with increased neural activity during the isolated
knee task in the contralateral precuneus and secondary
somatosensory and superior parietal cortices (areas inte-
grating sensorimotor coordination and limb spatial aware-
ness)29–31; lingual gyrus, lateral occipital cortex, and

Figure 3. A, Three-dimensional representation. B, Two-dimensional triplanar view of the primary somatosensory and motor cortex
activation decrease postintervention (blue) for the left multijoint leg press in the augmented neuromuscular training group (n = 10).

Figure 4. Relationship between brain activation changes (% signal change of only voxels identified in Table 2 as different from
preintervention to postintervention with respect to each motor task, y axis) and landing injury risk (peak knee-abduction moment [Nm])
difference from pre- to postneuromuscular training (x axis). Larger x-axis values indicate a greater decrease in knee-abduction moment
from pretest to posttest. Larger y-axis values indicate an increase in brain activation and smaller values indicate a decrease in brain
activation from pretest to posttest. A, Knee-task brain activity (averaged across all 3 identified clusters) increased. B, Multijoint leg-press
task brain activity decreased across the 1 identified cluster.
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supracalcarine and intracalcarine cortices (areas processing
congruent sensory and visual feedback and cross-modal
integration for motor control)32,33; and premotor cortex
(area engaging in complex motor planning).34,35 Further,
aNMT reduced neural activity during the multijoint task in
the contralateral primary motor and somatosensory cortices
(referred to as the sensorimotor cortex, with a collective
role in motor execution, organization, and direct sensory
perception).

Isolated Knee Extension-Flexion Neural-Activity
Changes With aNMT

Augmented NMT resulted in increased brain activity in
multiple sensory integration regions during the isolated
knee task, taxing the quadriceps to maintain knee positional
and timing control. That increase in brain activity (all 3
clusters averaged) was associated with decreased pKAM
during the drop-jump landing. This correlation may have
indicated an adaptive relationship between neural-activity
changes and injury-risk reduction after aNMT. Of note,
aNMT used biofeedback that linked proprioceptive pro-
cessing, visual feedback, and motor processing, and
therefore, the observed neural-activity changes may have
been related to a mechanistic underpinning of aNMT.
Recently, an fMRI experiment using the same isolated
knee-movement paradigm showed that individuals with
biomechanics classified as high injury risk exhibited less
precuneus and parietal cortex activity.36 Less neural activity
in these regions was attributed, in part, to reductions in
proprioceptive and spatial awareness, which may have
impaired the ability to sense out-of-plane movements
(excessive valgus) and make rapid motor corrections. The
ability of aNMT to engage these sensory integration regions
for knee motor control may support such biofeedback-
augmented approaches to reducing injury-risk coordination
that are secondary to deficits in sensory processing.
Alternatively, as we did not test a sham control group, it
was possible that it was not the biofeedback but the NMT or
the combination that induced these effects or the combi-
nation of both.37,38

Previous researchers38,39 using a similar neuroimaging
paradigm found greater lingual gyrus activity in individuals
with a history of ACL reconstruction (ACLR) relative to
matched control individuals. Greater neural activity in the
extrastriate visual regions was suggested to be evidence of a
sensory reweighting effect from knee injury, by which
disruptions in joint mechanoreception promoted shifts in
neural cross-modal sensory processing biasing toward
visual-spatial brain activity for movement control.33,41 In
comparing the postinjury results with the effects of aNMT,
it is important to consider differences in experimental
design and the relative nature of the blood-oxygenation-
level–dependent signal-contrast interpretation (the data
cannot be compared in absolute terms across study designs
but depends on the contrasts such as group [ACLR versus
control] or within-participant change [the current report]).
In an earlier case-control investigation,39 greater lingual
gyrus activity in ACLR participants was assessed relative to
control participants; in this study, we found a within-
participant increase in lingual gyrus activity after aNMT
training using a biofeedback tool that specifically engaged
cross-modal proprioceptive visual processing. Thus, the

greater overall anatomical regional activity did not mean
the lingual gyrus was activating to the same relative degree
in both studies, nor was it engaged in the exact same neural
process or changed in the same way. However, these
findings do support the potential of both ACLR and aNMT
to affect cross-modal sensory processing through different
pathways.

The ACLR-specific lingual gyrus activity39,40 occurred
more inferiorly than the increase after aNMT, and as such,
was more associated with extrastriate body properties for
limb representation,42 with connectivity to the temporal and
frontal cortex. The more superior aNMT activation
included the intracalcarine and supracalcarine cortices,
with connectivity to the parietal lobe and precuneus, and
was more specific for matching proprioceptive cues with
visual information (cross modal) as opposed to visual limb
representation.43,44 Therefore, despite similar overall ana-
tomical region activity between aNMT effects and ACLR
relative to control group differences, unique subregions
were likely being activated with nuanced but related
functionality and different connectivity and concurrent
activity across the brain.45 The ability to modulate cross-
modal neural activity via aNMT could be a viable target for
rehabilitation to modify sensory reweighting by linking
visual-spatial with knee proprioceptive neural processing.
This strategy may improve neuromuscular coordination
without the explicit reliance on matched visual cues with
knee-joint position typically performed in rehabilitation.
This biofeedback could potentially shift the cross-modal
processing pathway from relying on explicit attention and
visual limb representation to relying on the integration of
proprioceptive afferent feedback.

The increased premotor activity concurrent with sensory
activity after aNMT may have indicated engagement of a
motor learning circuit specific to imitation and modeling
due to the biofeedback training.46 Although this imitation
typically requires a similar model (human), previous
authors47,48 demonstrated that with practice, objects can
be neurologically integrated, similar to body segments;
thus, the biofeedback, despite being an ambiguous
rectangle, may have induced a similar effect for movement
modeling. In our study, elevated premotor activity may
have also been a downstream consequence of changes in
movement planning secondary to alterations in activity
among cross-modal (lingual gyrus and supracalcarine
cortex) and sensory (precuneus) regions for knee motor
coordination. In addition, the lateral nature of neural
activation pointed to increased motor planning and
secondary sensory processing activity in response to
external stimuli (similar to the rectangular goal target in
aNMT), whereas more medial activity indicated program-
ming motion from internal cues.49,50

Loaded Multijoint Leg-Press Neural-Activity Changes
With aNMT

In some respects, the multijoint leg-press task provided a
higher-fidelity assay than previous fMRI paradigms by
capturing neural activity for loaded, combined ankle, knee,
and hip motion.15 Along with the added multijoint
requirements and resistance likely increasing motor output
(motor cortex) demand, the restricted range of motion due
to the foot-pedal tracks may have reduced the probability of
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detecting sensory processing changes relative to the
isolated knee task (during which several sensory integration
regions increased in activity after aNMT).16 The sensori-
motor cortex efficiency (ie, decreased neural activity)
response from aNMT to control the ankle, knee, and hip
under load may have supported an improved neuromuscular
capability not directly linked to pKAM during landing (as it
was not correlated with pKAM changes). Therefore, the
efficiency response could have been secondary to increas-
ing muscular strength from NMT as opposed to directly
affecting injury-risk coordination. A similar neural effi-
ciency response has been reported in highly trained athletes
executing motor tasks.51 In these studies, high-level karate
athletes required less brain activation to stand on 1 leg than
their nonathletic counterparts, indicating that the extensive
training needed to remain stable on 1 leg over time made
the task less neurologically demanding. Standard NMT
could have had a similar effect, as the load and coordination
demand of the NMT exercises increased over the 6 weeks;
the multijoint leg press became relatively less neurologi-
cally complex, requiring less sensorimotor cortex activity
to sustain performance. Additionally, the biofeedback
targeting injury-risk movement may not have been the
driver of efficiency, as the reduction in activity was not
significantly related to pKAM adaptations; it could have
simply been secondary to increased lower extremity muscle
strength and capacity (or the sensorimotor cortex efficiency
was a downstream effect of sensory processing changes for
isolated knee movement).

In a previous investigation,36 those classified as high
injury risk displayed increased cognitive-motor neural
regions (frontal cortex and posterior cingulate gyrus)
during the same multijoint leg-press task. Because aNMT
was not successful in directly modulating activity in these
specific brain regions, further intervention refinement may
be needed to incorporate the increased cognitive challenge
during motor execution along with focused coordination
training. Although sensorimotor cortex efficiency was not
significantly related to pKAM changes, it was possible the
sensory visual-motor–planning increase for knee-joint
positioning was supporting the sensorimotor cortex effi-
ciency response with the vital sensory and preparatory
motor information to fine tune motor action, possibly
facilitating reduced injury-risk motions. This idea is
speculative, but we hypothesize that sensorimotor cortex
efficiency could increase the capability for elevated task
complexity and play a role in the transfer of injury-resistant
movement patterns to more demanding sport scenarios with
more extensive cognitive and perceptual demands.52

Limitations

Limitations of our research included an inability to
deconstruct whether the observed effects were due to the
unique biofeedback, the NMT, or some combination
thereof or to generalize the results beyond female
adolescent athletes. We analyzed data from the left side
only due to the novel nature of the neuroimaging paradigm
and prioritizing the side that yielded the most data that
passed quality assurance. However, future authors should
examine the effects of limb dominance, lateralization, and
side-to-side asymmetries on neural activity and biofeed-
back training effects. The primary biomechanical variable

prospectively associated with ACL injury and used as a
marker for injury-risk neuromuscular control in the current
study was pKAM.13 Knee-abduction mechanics may not
predict injury risk in all populations.53 However, associated
knee-valgus motion was commonly identified during
noncontact ACL injury1 and was a frequent intervention
target for reducing the ACL injury risk.8 Hence, despite the
need for future research with complementary biomechan-
ical assessments (eg, global movement profiles), these
preliminary data provided initial support for the ability of
aNMT to improve NMT, potentially by promoting adaptive
neuroplasticity.

CONCLUSIONS

This preliminary report from the Train the Brain Project
for ACL injury prevention indicated that 6 weeks of aNMT
resulted in greater sensory-associated processing and
motor-planning neural activity for isolated knee movement
and decreased sensorimotor cortex activation for loaded
multijoint movement, which may facilitate improved
movement strategies (reduced pKAM) in high school
female soccer players. Future confirmatory research with
larger sample sizes can validate or refute these neuromus-
cular adaptations to optimize training techniques for ACL
injury prevention.
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