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Abstract

Sports-related concussions (SRCs) are associated with neuromuscular control deficits in athletes
following return to play. However, the connection between SRC and potentially disrupted neural
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regulation of lower extremity motor control has not been investigated. The purpose of this study
was to investigate brain activity and connectivity during a functional magnetic resonance imaging
(FMRI) lower extremity motor control task (bilateral leg press) in female adolescent athletes

with a history of SRC. Nineteen female adolescent athletes with a history of SRC and nineteen
uninjured (without a history of SRC) age- and sport- matched control athletes participated in this
study. Athletes with a history of SRC exhibited less neural activity in the left inferior parietal
lobule/supramarginal gyrus (IPL) during the bilateral leg press compared to matched controls.
Based upon signal change detected in the brain activity analysis, a 6 mm region of interest (seed)
was defined to perform secondary connectivity analyses using psychophysiological interaction
(PPI) analyses. During the motor control task, the left IPL (seed) was significantly connected

to the right posterior cingulate gyrus/precuneus cortex and right IPL for athletes with a history

of SRC. The left IPL was significantly connected to the left primary motor cortex (M1) and
primary somatosensory cortex (S1), right inferior temporal gyrus, and right S1 for matched
controls. Altered neural activity in brain regions important for sensorimotor integration and motor
attention, combined with unique connectivity to regions responsible for attentional, cognitive, and
proprioceptive processing, indicate compensatory neural mechanisms may underlie the lingering
neuromuscular control deficits associated with SRC.
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fMRI; Bilateral Motor Control; Inferior Parietal Lobule; Motion Analysis

Introduction

An estimated 1.9 million sports-related concussions (SRCs) occur in pediatric and
adolescent athletes each year (Bryan, Rowhani-Rahbar, Comstock, Rivara, & Seattle

Sports Concussion Research, 2016; Meehan, d'Hemecourt, Collins, & Comstock, 2011),
and generally result in acute neural alterations, as well as cognitive, behavioral, and
neuromuscular deficits (Bonnette et al., 2020; Hammeke et al., 2013; Howell et al., 2019;
Kaushal et al., 2019; Lancaster et al., 2016; Murray et al., 2021; Newsome et al., 2016;
Wilde et al., 2019). While resolution of many cognitive and clinical symptoms may occur
in the days and weeks following initial injury (Broglio et al., 2022; McCrory et al., 2017),
many go unrecognized by athletes and/or are not reported in a timely fashion, thus reducing
opportunities for clinical management and positive long term outcomes. Further, athletes
who have sustained a concussion exhibit lingering neuromuscular control deficits that persist
beyond typical clinical clearance and return to play (Buckley, Munkasy, Tapia-Lovler, &
Wikstrom, 2013; De Beaumont et al., 2011; Howell, Beasley, Vopat, & Meehan, 2017;
Howell et al., 2020; Howell, Buckley, Lynall, & Meehan, 2018; Howell et al., 2019; Howell,
Osternig, & Chou, 2015; Howell, Stracciolini, Geminiani, & Meehan, 2017; Hugentobler et
al., 2016; Lapointe et al., 2018; Quatman-Yates et al., 2015). Interestingly, female athletes
appear to be more susceptible to SRC injury than males (McGroarty, Brown, & Mulcahey,
2020) and are at a ~2.8 times greater risk for musculoskeletal (MSK) injuries following
SRC relative to their uninjured female counterparts (Herman et al., 2017). Persistent
neuromuscular control deficits following a SRC are likely related to the 1.6 - 3.9 times
increased risk of subsequent lower extremity injury following return to play (Biese et al.,
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2021; Brooks et al., 2016; Fino et al., 2019; Gilbert, Burdette, Joyner, Llewellyn, & Buckley,
2016; Herman et al., 2017; Lynall, Mauntel, Padua, & Mihalik, 2015; Lynall et al., 2017;
Nordstrom, Nordstrom, & Ekstrand, 2014). Risk of subsequent lower extremity injury has
been shown to be elevated for up to three years following the initial concussive injury
(McPherson, Shirley, Schilaty, Larson, & Hewett, 2020), however, the precise timeframe for
increased MSK injury risk and specific relationship between SRC and altered neuromuscular
control is not clearly defined.

Athletes with a history of SRC exhibit maladaptive landing biomechanics (Dubose et al.,
2017; Lapointe et al., 2018) and conservative gait strategies (e.g., reduced step length and
gait velocity) (Buckley et al., 2013; Gagné et al., 2019; Howell, Beasley, et al., 2017; Howell
etal., 2015; Murray et al., 2021). Most often, neuromuscular alterations are observed under
cognitively demanding conditions (e.g., dual-task) (Howell, Beasley, et al., 2017; Howell

et al., 2018; Lapointe et al., 2018), suggesting a potential shift in attentional resources or

a breakdown in multisensory (cognitive, visual, attention, and sensorimotor) integration to
achieve a previously ‘automated’ task. Despite elevated risk for subsequent MSK injury
following SRC, current clinical treatments tend to prioritize the resolution of cognitive

and behavioral symptoms rather than lingering neuromuscular control deficits. Residual
neuromuscular impairments are hypothesized to be the result of SRC-related insults within
the central nervous system (CNS; brain and spinal cord) (Wilkerson, Grooms, & Acocello,
2017) and characterization of brain alterations following SRC may help to better understand
the sequela of neuromuscular deficits. Better understanding of the mechanisms involved in
SRC-related MSK injury risk could optimize clinical treatment strategies for athletes who
sustain an SRC.

Alterations to the CNS in athletes post SRC have been evaluated using numerous techniques
including, but not limited to, functional magnetic resonance imaging (fMRI), diffusion
weighted imaging (DWI), magnetic resonance spectroscopy (MRS), electroencephalography
(EEG), and transcranial magnetic simulation (TMS) (Charney et al., 2020; Churchill,
Caverzasi, Graham, Hutchison, & Schweizer, 2017; Conley et al., 2018; De Beaumont,
Lassonde, Leclerc, & Theoret, 2007; Kaushal et al., 2019; Keightley et al., 2014; Lancaster
et al., 2018; Lancaster et al., 2016; McCuddy et al., 2018; Meier et al., 2020; Narayana

et al., 2019; Newsome et al., 2016; Wilde et al., 2019; Yuan et al., 2021; Zhu et al.,

2015). Notably, fMRI is considered the gold standard for non-invasively evaluating both
cortical and subcortical brain functioning with high spatial resolution, providing mechanistic
insight into human behavior (indirect assessment of neural activity via the quantification of
the blood oxygen level dependent [BOLD] signal) (Friston, Frith, Turner, & Frackowiak,
1995; Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001). However, acquiring high
quality fMRI data has been historically limited to the evaluation of neural activity while

a participant is at rest, performing cognitive tasks, or while completing fine motor control
tasks. Thus, potential lingering alterations in neural activity important for the coordination
of dynamic lower extremity movements in athletes with a history of SRC is unknown.
Recent methodological advances now allow for high quality fMRI data to be acquired while
participants perform more dynamic lower extremity motor control tasks including ankle
plantarflexion/dorsiflexion, isolated knee flexion/extension movements, simulated gait, and
simulated bilateral lower extremity landing (Criss, Onate, & Grooms, 2020; Grooms et al.,
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2022; Grooms et al., 2019; Jaeger et al., 2014; Newton et al., 2008). Three-dimensional
motion analysis methods integrated in the MR environment now further permit concurrent
biomechanical quantification of lower extremity movement during fMRI scanning (Anand,
Diekfuss, Bonnette, et al., 2020; Anand et al., 2021; Strong et al., 2023). Supported by
these technological advancements, we aimed to evaluate brain function (i.e., BOLD signal
activity and connectivity) during a motor control task, consisting of bilateral ankle, knee,
and hip flexion/extension movement against resistance (i.e., bilateral leg press) (Grooms et
al., 2022; Slutsky-Ganesh, Anand, Diekfuss, Myer, & Grooms, 2023), in female adolescent
athletes with a history of SRC relative to matched controls. We hypothesized that female
adolescent athletes with a history of SRC would exhibit distinct neural strategies during a
lower extremity motor control task relative to controls.

One hundred and six female adolescent athletes from local middle and high schools were
recruited to take part in a larger, ongoing research study related to anterior cruciate ligament
(ACL) injury risk factors, which included biomechanical and neuroimaging assessments. A
questionnaire was used to assess prior history of SRC (described below). After excluding
those with a history of neuropsychiatric disorders, non-sports related brain injuries, history
of neurotrauma, claustrophobia, orthodontic hardware, and/or contraindications to MRI (n
= 61), 45 female adolescent athletes indicated prior head impact exposure that resulted in
concussion-related symptoms (symptoms acquired from the Sport Concussion Assessment
Tool [SCAT]5) (Echemendia et al., 2017). Fourteen subjects were then excluded due to
being left-handed (7= 3), had incomplete fMRI data (n= 1), incidental finding (n= 1),

no concurrent biomechanics data (/7= 2), unknown claustrophobia requiring scanning to

be ceased (7= 1), or no age- and sport- matched controls available (7= 6). During data
preprocessing, 12 additional subjects were excluded due to poor quality fMRI data (7= 10
with excessive head motion during task-based motor task [> 1mm] and /7= 2 with functional
registration errors). The final sample included 19 currently asymptomatic female adolescent
athletes designated to the history of SRC group.

The 19 right hand/foot dominant female athletes (15.2 + 1.2 years; 165.6 + 8.0 cm; 62.2 +
5.3 kg; 22.8 + 2.2 body mass index [BMI]; 6.2 + 3.8 years of sport participation) with a self-
reported history of SRC (time since injury 16.9 + 15.9 months; range: 1 - 61 months) were
age- and sport- matched to nineteen right hand/foot dominant female adolescent athletes
with no history of SRC (15.2 + 1.2 years; 162.0 £ 6.2 cm; 61.4 + 8.6 kg; 23.3 £ 2.9 BMI;
6.3 £+ 3.2 years of sport participation) from the same local middle or high school sports
teams (Table 1). Due to the preliminary nature of this study, our analyses included athletes
who were presently asymptomatic but reported a history of SRC within any time frame. The
study was approved by the institutional review board at Emory University and all data was
collected at Emory Sports Performance And Research Center (SPARC). Participants and
parents/legal guardians signed a written informed assent and consent prior to MRI screening.

Though the present study was restricted to the data available from participants enrolled
within the larger study, prior literature supported our final sample size as adequate for the
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proposed analyses. Specifically, statistically significant differences in neural activity during
the bilateral fTMRI leg press were reported when classifying groups by ACL injury risk
landing biomechanics with a total 7= 9 (high injury risk 7= 4, low injury risk n=5)
(Grooms et al., 2022) . Statistically significant relationships in bilateral fMRI leg press
neural activity and biomechanics related to ACL injury risk were also reported with a total
n=29 (ACL injury risk landing variables) and n= 17 (in-scanner coordination metrics)
(Grooms et al., 2022; Slutsky-Ganesh et al., 2023). Thus, a total 7= 38 (history of SRC
group 1= 19, matched controls 7= 19) was considered appropriately powered for this
preliminary study.

History of Concussion Questionnaire—All participants completed a concussion
history questionnaire that was modified from prior literature (Llewellyn, Burdette, Joyner,
& Buckley, 2014) (see supplementary appendix). The questionnaire was comprised of

two sections. The first section of the questionnaire asked athletes about head injuries

they acquired during sport participation in which they did not seek medical attention and
continued playing. Provided with a list of 22 concussion-related symptoms (cognitive,
behavioral, emotional, and vestibular) from the SCAT5 (Echemendia et al., 2017), athletes
were asked to respond if they had suffered a blow to the head during sport which resulted

in any of the listed symptoms. Symptom scores for the history of SRC group are reported

in Table 2. Upon indication of one or more symptoms, athletes were asked how many

times those symptoms had occurred following a hit to the head, and about their most recent
incident with a hit or blow that resulted in symptoms. The purpose of this first section was to
identify athletes who may have suffered a possible concussion but failed to report or did not
know they had suffered a concussion. The second section of the questionnaire asked about
the athlete’s history of clinically diagnosed concussions. They were provided with a formal
definition of concussion, and then asked who diagnosed it and how many prior concussions
they had sustained. The same 22 concussion-related symptoms described in the first section
were again provided so athletes could indicate which symptoms they experienced following
their most recent clinically diagnosed SRC. To achieve the purpose of this study, all athletes
who indicated concussion-like symptoms after a hit or blow to the head (n = 10) or indicated
a prior history of clinically diagnosed SRC (n = 9) were included in the SRC history group.

MRI Acquisition Parameters—MRI acquisition was conducted on a 3.0T GE SIGNA
Premier Scanner (General Electric; Milwaukee, Wisconsin) equipped with a 48-channel
phased array head coil. Scans included T1-weighted Magnetization-Prepared RApid
Gradient-Echo (MP-RAGE) sequences to acquire high resolution anatomical images with
the following parameters: repetition time (TR) = 2000ms; echo time (TE) = 2.4ms; field of
view (FOV) = 256x256 mm; matrix = 256x256 mm; and slice thickness = 1mm. Functional
MRI acquisition included multi-band whole-brain gradient-echo echo-planar imaging (EPI)
sequences with the following parameters: TR = 1500ms; TE = 30ms; FOV = 240%240 mm;
reconstructed matrix = 128x128 mm; slice thickness = 4 mm; voxel size= 3x3x4; axial
slices = 44; through-plane acceleration factor = 2.
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fMRI Lower Extremity Motor Control Apparatus—\We utilized previously published
methods to design a lower extremity motor control apparatus that permitted bilateral lower
extremity movement during fMRI . The MRI-compatible lower extremity motor control
apparatus used in this study was an extension from the previously described unilateral task
(Anand et al., 2021; Grooms et al., 2022). In brief, the lower extremity motor control
apparatus is comprised of two independent horizontal sliding foot pedals which allow for
individual unilateral movement, as well as bilateral and alternating movement (Figure 1).
Elastic resistance bands are anchored at three different points, including a fixation point at
the center of the board such that the band is wrapped around each individual foot pedal and
positioned on the lateral side of each leg (adjacent to each subject’s greater trochanter). The
addition of the elastic band provides standardized resistance against the ankle, knee, and hip
during various flexion/extension movements (manufacturer peak rated force ~9.1kg).

Participant Preparation—Prior to fMRI motor control paradigm acquisition, all
participants underwent guided MRI movement training with a research scientist. Athletes
performed two bilateral leg press practice trials on the same MRI-compatible lower
extremity motor control apparatus prior to the scan. The research scientist instructed the
participants to maintain limited head movement during the movement trials and guided them
through the bilateral movement task. Athletes were told to move both legs simultaneously
and match their peak knee extension and flexion in sync with a 1.27 Hz metronome.

This standardized approach was designed to provide athletes with a clear understanding of
expectations, to ensure robust data collection with limited head motion artifact.

fMRI Lower Extremity Motor Control Paradigm—Participants were placed in the
MRI in a supine position with their head in the 48-channel phased array head coil. The

head coil was further equipped with a mirror, allowing participants to view a high-definition
television monitor (NordicNeuroLab, Bergen Norway) located at the end of the MRI table
(outside the bore). Participants were told to maintain their gaze on the monitor throughout
the duration of the scan as this is where they would receive visual information about

the initiation and termination of the task. All participants wore a set of custom-made
headphones for hearing protection, communication during scanning, and for presentation of
auditory cues for each movement task. A pair of pneumatic headphones from Scan Sound
Inc., (model PAD-HS) (Deerfield, FL, USA) with a slim profile were modified with memory
foam padding to conform to the participants head and fit inside the 48-channel head coil.
Head padding at the top of the head, around the headphones, and beneath the neck was

used to secure the participant’s head and ensure participants were comfortable within the
head coil. Additional pads were placed between the shoulder and the head coil to further
reduce head movement. Fluidized positioners were placed underneath the participant’s back
and head to keep their body from moving in the z plane (superior and/or inferior) during

the movement tasks. Two Velcro straps, affixed to the MRI table, were placed across the
chest and pelvis also for the purpose of reducing unnecessary movement that could result in
motion-related artifacts.

The fMRI lower extremity motor control task was set up in Psychtoolbox 3.0.17 using
MATLAB 2022a (Mathworks, Natick, MA) and employed a block design in which
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participants completed cyclical rest and move blocks. All participants completed bilateral
ankle, knee, and hip flexion/extension movements against resistance paced by a 1.27 Hz
metronome (audible during move blocks, only). Participants completed a total of four
blocks of 30s of flexion/extension movements alternated with 30s of rest. Participants were
prompted with a visual countdown at the end of each move/rest block (2-1-Move, 2-1-Stop,
respectively) to guide the onset and termination of each movement cycle (Figure 1).

Biomechanics Data Acquisition—Three-Dimensional movement biomechanical data
were collected using 8 high-speed (120Hz) MRI-compatible motion analysis cameras
(Qualisys, Qualisys Corp., Gothenburg, Sweden). Participants were outfitted with 12 mm
reflective skin markers placed bilaterally at the following landmarks: the anterior superior
iliac spine (ASIS), greater trochanter, medial and lateral femoral condyles, medial and lateral
malleoli, head of first and fifth metatarsals, and first distal phalanx. The thigh and shank
were fitted with a rigid cluster with four marker clusters, and the dorsal aspect of each foot
was fitted with a rigid cluster of three markers, allowing for concurrent measurements of
lower extremity biomechanics during fMRI. A static T-pose capture was done prior to fMRI
scanning for anatomical skeleton calibration for all biomechanics calculations. A sacral
marker that was placed for skeleton calibration was removed before the participants were
set up on the MRI table. A second static capture was done in supine position to improve
automatic recognition and tracking.

Biomechanics Preprocessing—The biomechanics data were preprocessed in QTM
(Qualisys Track Manage, Qualisys Corp., Gothenburg, Sweden) and all misidentified and
unidentified marker trajectories were corrected. A lower body skeleton was developed in
Visual3D (C-Motion Corp., Germantown, Maryland) to model the pelvis, femur, shank,

and foot. The static pose capture was used to define the individualized skeleton from the
anatomical markers and the rigid marker clusters were used for tracking segments defined by
the anatomical markers. Custom in-house pipelines were developed using MATLAB 2022a
(Mathworks, Natick, MA) to process all datasets through Visual3D and extract the joint
kinematic data for higher-level analyses. Time series measures of knee sagittal and frontal
plane angles were obtained for the entire duration of the tasks and the data was analyzed for
each movement block.

Biomechanics Dependent Variables—Biomechanics measurements included mean
knee frontal and sagittal plane range of motion across the four fMRI movement blocks.
Additionally, the number of cycles (flexion/extension movements) for the left and right leg
were recorded to quantify stimulus exposure. The total number of cycles for each leg were
then averaged, demeaned, and included as a covariate of no interest in the fMRI general
linear model (GLM) analysis.

Demographics—SPSS software (Version 28.0; IBN Corp., Armonk, NY) was used to
evaluate between-group (SRC vs controls) demographic data (age, weight, height, BMI,
and years of sport participation) and head motion (absolute and relative motion) using
independent #tests. Significance was set a priori at alpha < .05.

Psychophysiology. Author manuscript; available in PMC 2024 September 01.
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fMRI Pre-processing—fMRI data was processed using FMRIB’s Software Library (FSL)
(Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012). Data underwent standardized
preprocessing, which included brain extraction, motion correction using MCFLIRT
(Jenkinson, Bannister, Brady, & Smith, 2002), spatial smoothing (Gaussian kernel=6

mm full width at half maximum), slice timing correction, and intensity normalization.
Functional images were linearly registered to anatomical T1-weighted MP-RAGE scans,
and non-linearly registered to standardized space (Montreal Neurological Institute template:
MNI-152). Following initial preprocessing, data underwent independent component analysis
for automated removal of motion artifact (ICA-AROMA) (Pruim et al., 2015). Following
ICA-AROMA, data was then visually inspected and underwent quality assurance using

the interface for batch processing data using ICA-AROMA (INFOBAR) (Anand, Diekfuss,
Slutsky-Ganesh, et al., 2020). Usable data was determined based on the BOLD signal model
fit, a stable baseline, and < 1 mm absolute head motion. Following visual inspection, all
data then underwent a high-pass filter with 100 s cutoff. Individual subject level analyses

for the bilateral leg press trial were completed using the FSL FEAT tool (Woolrich, Ripley,
Brady, & Smith, 2001). Time series analyses were carried out using FILM prewhitening with
local autocorrelation correction, a 30s block design, (30s move/30s rest) and a cluster-wise
threshold of z > 3.1 and p < 0.05.

Primary fMRI Analyses: Task-related Activation—Higher-level group analyses
included a two-sided independent #-test to assess differences in task-related activation

in athletes with a history of SRC compared to matched-controls (contrasts with total 7
=38: [history of SRC > matched-controls; matched-controls > history of SRC]). Due to a
potential variation in gray matter volume within the population sample (athletes age ranged
from 12-18 years old), a gray matter voxel-wise covariate was included in the analyses
(Oakes et al., 2007). Further, although athletes were instructed to move to the pace of the
1.27 Hz metronome to standardize movement cycles, there was some variation amongst
participants in the total flexion/extension cycles completed during fMRI (M =718, SD=
8.4). Therefore, total cycles were included as a covariate of no interest in analyses (see
Biomechanics Dependent Variables Subsection). All higher-level analyses were computed
across the entire brain with multiple comparison correction using cluster-based thresholding
of z>3.1and p<0.05.

History of SRC Classification Secondary Analyses.

Given our decision to combine data for those who reported a clinical diagnosis of
concussion and those who only reported symptoms of a concussion, we performed a one
way between-subjects ANOVA with group as the independent factor (diagnosed concussion
[n=10], symptoms of concussion [/7= 9], matched controls [/7=19]) and % mean BOLD
signal change from the left inferior parietal lobule (IPL) as the dependent variable. The %
BOLD signal change for each subject was extracted from the resultant cluster (left IPL) from
the overall activation analysis using FSL’s featquery tool. Additionally, given the large range
of time from the initial SRC incident (diagnosed or self-reported symptoms) in the present
study, we examined the relationship between time since SRC and functional brain activity,
using time since SRC incident as a covariate of interest in the higher level GLM analysis.

Psychophysiology. Author manuscript; available in PMC 2024 September 01.
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Task-related Connectivity—Psychophysiological interaction (PPI) analysis allows for
investigation of task-related connectivity (i.e., temporally correlated neural activity) between
a seed region and other brain regions. A seed region was defined based on the results from
the group analysis described above. PPl was applied using the seed region of interest (ROI)
and task-elicited connectivity was evaluated during the bilateral leg press. Specifically,

to identify task specific changes in functional connectivity, we generated an interaction
regressor by mean-centering the task time course and demeaning the seed region time course
data. The GLM included a regressor variable to capture the physiological measure, which in
this case was the BOLD time series from the seed region, and a psychological contrast
(block design) along with the interaction term of the task design (O'Reilly, Woolrich,
Behrens, Smith, & Johansen-Berg, 2012). Brain regions which had temporally correlated
neural activity with the seed region during the bilateral leg press were then identified.
Higher-level group analyses included a two-sided independent #test to assess differences in
task-related connectivity in athletes with a history of SRC compared to matched-controls
(contrasts with total 7=38: [history of SRC > matched controls; matched controls > history
of SRC]). As PPl is novel to the fMRI lower extremity motor control literature (not analyzed
previously with the fMRI bilateral leg press), we also reported each group’s task-related
connectivity, regardless of statistically significant between-group differences (exploratory
post hoc analyses). Specifically, two separate independent models for matched controls (7
=19) and history of SRC (n7=19) were performed, using one samples #-tests, to determine
significant connectivity for each group, respectively. All task-related connectivity analyses
included a multiple comparison correction using cluster-based thresholding of z > 3.1 and p
< 0.05.

Biomechanics Data Analyses—Independent sample £tests were used to compare the
matched controls and the athletes with a history of SRC for all biomechanical dependent
variables (number of cycles, mean frontal, and sagittal plane range of motion), with an alpha
set a prioriat p < 0.05.

Demographics

All demographic data can be found in Table 1. Overall, there were no significant differences
in age, height, weight, or BMI between the matched controls and athletes with a history

of SRC. Additionally, absolute and relative head motion between the groups was not
statistically significant (all p> .05). Concussion symptom scores for the history of SRC
group (diagnosed concussion and concussion symptoms are detailed in Table 2.

Biomechanics

Overall, there were no significant between-group differences in mean frontal or sagittal
plane range of motion measures for both limbs between the matched-controls and athletes
with a history of SRC (all p’s >.05). Additionally, there were no significant differences in
the number of flexion/extension cycles completed between the groups (p > .05; see Table 3).
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Task-related Activation

fMRI analysis revealed that athletes with a history of SRC displayed less activity relative to
matched controls in the left inferior parietal lobule/supramarginal gyrus (‘IPL’ henceforth;
MNI coordinates: x = =52, y = =40, z = 50; Voxels: 184; p=0.025; Z max = 4.34) during
the bilateral leg press. See Figure 2 for a visual representation of the significant cluster.

History of SRC Classification Secondary Analyses—There was a significant group
effect on % mean BOLD signal change, ~(2, 35) = 10.80, p < .001. Post hoc comparisons
using the Tukey honest significant difference (HSD) test indicated that the % BOLD signal
change for both the diagnosed concussion and symptom of concussion groups were lesser
than the matched controls (p=.01 and p <.001, respectively). However, there was no
significant difference in % BOLD signal change between the diagnosed concussion and
symptom of concussion groups (p = .59). These data indicate that the lesser left IPL
task-related activation observed for those with a history of SRC was not uniquely driven

by whether athletes had reported a diagnosis of concussion or only reported symptoms of

a concussion (see Figure 3 for a visual representation). Additionally, given that time from
concussion may be a factor in functional activity during the bilateral leg press task, we
evaluated the brain activity for the history of SRC group with the addition of time since
concussion as a covariate of interest. Higher-level GLM analysis revealed that time since
concussion was not directly related to brain activity during the bilateral leg press task (p >
.05 and z< 3.1), indicating that more or less time since the concussive incident to the present
study did not uniquely affect neural activity.

Seed Creation

The significant between-group differences for task-related activation were used to motivate
a seed region for PPI analyses reported below. Specifically, we created a 6 mm diameter
spherical seed at the peak coordinates from the ‘group comparison of task-related activation’
cluster (left IPL; MNI coordinates: x=-52, y=-40, z= 50).

Task-Related Connectivity

No statistically significant differences in task-related connectivity between the two groups
was observed (p ’s> .05, Z’s >3.1).

Exploratory Post Hoc Analyses—Matched controls had significant task-related
connectivity between the left IPL (i.e., seed region) and the left primary motor cortex (M1)
and primary somatosensory cortex (S1), the right inferior temporal gyrus, and the right S1
(Figure 4; Table 4). The history of SRC group displayed significant task-related connectivity
between the left IPL and the bilateral posterior cingulate gyrus/precuneus and the right IPL
(Figure 5; Table 4).

Discussion

The purpose of this study was to utilize an fMRI lower extremity motor control paradigm
(bilateral leg press) to investigate task-evoked neural activity and connectivity in female
adolescent athletes with a history of SRC. By examining the effects of concussion history
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on brain function during a bilateral leg press, we aimed to advance prior work that

has evaluated motor system impairments resulting from SRCs (Charney et al., 2020; De
Beaumont et al., 2007). Overall, the findings from this study revealed that female adolescent
athletes with a history of SRC exhibited less activation within the left IPL relative to
matched controls. Using the left IPL as a seed ROI, task-related connectivity for matched
controls and for those with a history of SRC were identified to further characterize each
group’s neural strategy. Despite no significant between-group differences in task-related
connectivity, exploratory post hoc analyses revealed distinct neural strategies employed
during the motor task (via independent statistical models). Matched controls displayed
significant sensorimotor task-related neural connectivity, whereas those with a history of
SRC displayed significant task-related neural connectivity within brain regions related to
attention and cognition (Leech & Sharp, 2014), spatial processing, and proprioception (Ben-
Shabat, Matyas, Pell, Brodtmann, & Carey, 2015; landolo et al., 2018). The present fMRI
results in athletes with a history of SRC indicated disruptions in sensorimotor integration
that may impair motor attention, potentially serving as the mechanism for the lingering
deficits in neuromuscular function following SRC. Moreover, task-related connectivity
within brain regions responsible for attention and proprioception for those with a history

of SRC may indicate maladaptive allocation of neural resources to achieve the bilateral leg
press constraints.

Task-related Activation

Female adolescent athletes with a history of SRC had less brain activity in the left IPL
during the bilateral leg press relative to matched controls, specifically within the region of
the supramarginal gyrus that borders the intraparietal sulcus. The inferior parietal cortex is
important for balance control and postural stability (Surgent, Dadalko, Pickett, & Travers,
2019), with the left IPL playing a critical role in spatial and temporal timing judgements
(Assmus et al., 2003), as well as overt and covert attentional tasks (Silk, Bellgrove, Wrafter,
Mattingley, & Cunnington, 2010). Original investigations of the left IPL suggested that
individuals with parietal lesions exhibited difficulty with disengaging attention from one
task and reorienting their focus towards another (Posner, Walker, Friedrich, & Rafal, 1984).
Further work has described the juxtaposition of orienting attention and overt eye movement,
allowing for identification of parietal attention systems specifically related to regulating
limb movement response, termed ‘motor attention’ (Rushworth, Nixon, Renowden, Wade,
& Passingham, 1997). Early TMS studies further demonstrated the left IPLs role in motor
attention, as temporary disruption of the left IPL affects a participant’s ability to orient
attention away from one task to another (Rushworth, Ellison, & Walsh, 2001). Specifically,
when individuals receive an orienting cue for a movement, motor preparation task switching
is disrupted and the participant struggles to disengage motor attention from one movement
to another (Rushworth, Ellison, et al., 2001).

This role of the left IPL for the integration of visuospatial attention and motor control
(Rushworth, Johansen-Berg, Gobel, & Devlin, 2003; Rushworth, Paus, & Sipila, 2001;
Villiger et al., 2013) highlights a distinct mechanism whereby a breakdown of attentional
resources may facilitate a loss of motor stability after SRC (Avedesian, Singh, Diekfuss,
Myer, & Grooms, 2021). While this study did not specifically evaluate the effects of dual-
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task conditions on lower extremity motor control (e.g., by adding a secondary cognitive
task), previous findings have shown that athletes with a concussive injury exhibit greater
functional activity in the supramarginal gyrus during balance assessment under dual-task
conditions (Urban et al., 2021). While divergent from the results reported here, activation
differences in the left IPL may highlight a potential brain biomarker related to altered motor
control and attention following SRC. Specifically, during basic motor control (balance),
dual-task conditions may evoke a neural compensatory response (hyperactivation) to achieve
desired motor output following initial concussion injury, whereas the reduction in activation
found in athletes with a history of SRC during a dynamic motor task (bilateral leg press)
may indicate the neuromotor system is less prepared for incoming dual-task demands

for athletes with a history of SRC. Thus, requiring a greater redistribution of attentional
resources to initiate movement. Alternatively, relatively greater versus lesser left IPL activity
may be task-specific, with each uniquely interacting with dual-task demands for athletes
with a history of SRC. Considering the mounting evidence for gait alterations seen under
dual-task conditions when motor attention is taxed (Howell, Beasley, et al., 2017; Howell et
al., 2018; Howell et al., 2015; Howell, Stracciolini, et al., 2017), our findings may provide
a neurologic link between SRC history and dual-task cost for neuromuscular control (i.e.,
the performance difference resulting from a shift between undivided and divided attention).
Moreover, considering that dual-task cost examinations have revealed a breakdown in motor
coordination and postural stability (Hugentobler et al., 2016; Quatman-Yates et al., 2015)

in both acute and asymptomatic concussion stages (Gagné et al., 2019; Howell, Beasley, et
al., 2017; Howell et al., 2018; Howell et al., 2015; Howell, Stracciolini, et al., 2017), the
degradation of motor coordination when attentional resources are utilized for a cognitive
task may be due to altered motor attention associated activity and connectivity.

Task-related Connectivity

The left IPL was used to motivate a seed region to further characterize the neural strategies
employed during the fMRI leg press. Despite no significant between-group differences in
task-related connectivity between athletes with a history of SRC and matched controls,
exploratory analyses provided further, preliminary insight into the neural strategies each
group utilized.

Matched Controls—PPI analyses revealed a primarily sensorimotor task-related
connectivity strategy in the matched control group. Specifically, results showed task-related
connectivity of the left IPL with the left primary motor and primary somatosensory cortex,
the right primary somatosensory cortex, and the right inferior temporal gyrus. Previous
functional connectivity investigations of the human parietal lobule revealed that the left
supramarginal gyrus is connected to the left primary motor cortex (Rushworth, Behrens,

& Johansen-Berg, 2006; Zhang & Li, 2014). Moreover, effective communication between
brain regions responsible for sensorimotor integration is critical for motor performance,
with movement output relying on sensory information to help shape optimal motor
responses (Gale, Flanagan, & Gallivan, 2021). These connectivity patterns between the

left and right somatosensory regions along with the left primary motor cortex suggest that
matched controls maintain a connectivity pattern in which sensory, motor, and sensorimotor
integration brain regions are working in concert for lower extremity motor performance (i.e.,
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regions important for motor control are operating ‘in sync’ to move both limbs). While
we hypothesize the sensorimotor connectivity strategy employed for matched controls is
an appropriate and expected neural strategy in matched female adolescent athletes, future
research is warranted given the limited prior literature utilizing fMRI, bilateral lower
extremity motor control, and/or PPI analyses.

Athletes with a History of SRC—PPI analyses revealed that athletes with a history of
SRC exhibited a task-related connectivity neural strategy that relied on regions important
for attention and cognition. Specifically, results showed task-related connectivity of the left
IPL with the bilateral posterior cingulate gyrus (PCG)/precuneus cortex, and the right IPL.
The PCG is part of the posterior cingulate cortex (PCC), an area that has been noted for

its central role in the default mode network (DMN). The DMN is known to exhibit highly
correlated activity at rest, but also shows deactivation during externally directed attentional
tasks (Raichle et al., 2001). Disruptions in the DMN, specifically within the PCC, is
evidenced in individuals following brain injuries (Bonnelle et al., 2011; Yount et al., 2002).
Further, alterations within resting state PCC and precuneus connectivity are associated with
impaired sustained attention (Bonnelle et al., 2011). Considering that the PCG plays a
critical role in attention, and the right IPL is responsible for additional visuospatial attention
processing, proprioception, and attention orienting (Corbetta & Shulman, 2002; Numssen,
Bzdok, & Hartwigsen, 2021), connectivity among the left IPL, the PCG and right IPL,
during the bilateral leg press task, may be suggestive of an attentional-based compensatory
connectivity strategy to successfully complete the motor task. In summary, these task-related
connectivity results shed light into the underlying mechanism for neural dysregulation,
specifically distinct neural compensatory strategies for the reduced activity in the left IPL,
which may be impairing dual-task motor behavior in athletes with a history of SRC.

Clinical Implications

Findings from this study may inform future neurotherapeutic targets for lower extremity
injury risk reduction strategies in adolescent female athletes with a history of SRC. Athletes
with a history of SRC exhibit altered gait (Howell, Beasley, et al., 2017; Howell et

al., 2020; Howell et al., 2018; Howell et al., 2015; Howell, Stracciolini, et al., 2017),

jump landing biomechanics (Lapointe et al., 2018; Lynall et al., 2018), postural stability
(Hugentobler et al., 2016; Quatman-Yates et al., 2015), as well as an increased risk of
lower-extremity MSK injury (Howell et al., 2020; Lynall et al., 2015; Lynall et al., 2017;
McPherson, Nagai, Webster, & Hewett, 2020) despite being cleared for return to sport.
Thus, interventional techniques that seek to address lingering neuromuscular impairments
are crucial to the overall health of adolescent athletes. Considering that our findings
revealed those with a history of SRC exhibited alterations within motor attention regions
and subsequent recruitment of additional neurocognitive resources, a breakdown of motor
coordination under cognitively demanding scenarios that lead to lower extremity MSK
injury may be due to attentional deficits. Moreover, our findings provide a first step towards
isolating a potential CNS disruption following SRC that may contribute to future lower
extremity injury. Restoration of IPL activity and connectivity to motor and somatosensory
regions as seen in the matched controls may improve motor coordination recovery under
dual-task conditions in athletes with a history of SRC. Thus, our data indicate that clinical
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management of SRC should continue to aim to address motor control and motor attention
alterations through targeted sensorimotor rehabilitation that optimize cognitive and motor
performance. For instance, current clinical approaches that utilize dual-task interventions
may be particularly beneficial to correct motor and cognitive dysfunction in athletes post-
SRC (Fritz & Basso, 2013; Fritz, Cheek, & Nichols-Larsen, 2015; Ingriselli et al., 2014).

Adjunctive motor learning strategies to current clinical care may support or accelerate

the long-term restoration of motor function for female athletes with a history of SRC
(Avedesian et al., 2021). For instance, the OPTIMAL (Optimizing Performance Through
Intrinsic Mativation and Attention for Learning) theory of motor learning which has
robustly shown to improve the acquisition, retention, and transfer of motor skills (Wulf

& Lewthwaite, 2016) is theorized to promote adaptive neuroplasticity related to injury
prevention, rehabilitation, exercise, and play (OPTIMAL PREP) (Diekfuss, Bonnette, et
al., 2020; Diekfuss et al., 2021; Diekfuss, Hogg, et al., 2020). Specifically, athletes with

a history of SRC motor behavior and associated neural functioning may be uniquely
supported when adopting an external focus of attention, are provided autonomy support,
and/or are provided enhanced expectancies for future performance (Avedesian et al., 2021).
For instance, recent work demonstrated that a single session of visual biofeedback double-
leg squat training with real-time positive feedback (i.e., enhanced expectancies) reduced
dual-task cost for single-leg postural control in healthy controls (Williams et al., 2022).
However, we emphasize that sensorimotor-based interventions such as OPTIMAL PREP,
remain largely theoretical and necessitate future research before clinical implementation.
Specifically, future randomized controlled trials are needed to a) evaluate the relative
effectiveness of sensorimotor-based interventions on restoring motor and cognitive function
and b) characterize underlying mechanisms to support more targeted, future application of
neurotherapeutics aiming to restore neuromuscular control in athletes with a history of SRC
(i.e., the degree of brain activity/connectivity changes in response to a given sensorimotor
intervention).

The current findings reported in this study are limited to a small sample of female adolescent
athletes and thus cannot be generalizable to male populations or older athletes. Additionally,
self-reporting for SRC is inherently limited as athletes may fail to accurately recall prior
concussion history. Moreover, a lack of consistent medical reporting/diagnostic criteria

may not capture athletes with a prior concussion. This investigation only evaluated coarse
kinematic movement parameters (mean range of motion), no kinetic measures were taken
(force applied) and the task was a relatively slow and controlled movement. We recognize
that athletes with differing anthropometrics could also have affected the amount of force
exerted and neural activity during the bilateral leg press, but our matching procedure likely
minimized any potential confounds of between group differences in force applied on the
study outcomes. Thus, the present paradigm may only partially reflect the cognitive and
motor demands that athletes experience during dynamic sport activities. Future prospective
research should consider larger sample sizes with a cohort of males for comparison,
incorporate more objective measures of head impact exposure (head impact accelerometry),
and consider the use of additional physiology-related assessments, such as eye tracking,
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respiration, and/or heart rate variability, to control for potential confounding variables that
may be unique to those with a history of SRC (e.g., acute oculomotor deficits). Additionally,
refined diagnostic criteria to classify SRC magnitude (e.g., probe at loss of consciousness
[mild to moderate TBI/SRC]) and integrated MRI-compatible technologies that permit
measurement of kinetic data (MR-safe loadcells to evaluate joint torque) concurrent with
neural activity is warranted.

Conclusion

Overall, the findings from this study revealed that SRC was associated with less neural
activity in a brain region responsible for sensorimotor integration and motor attention.
Athletes without history of SRC utilized functional connectivity with regions within the
sensorimotor network, whereas those with a history of SRC exhibited connectivity between
sensorimotor and attentional brain regions, during the bilateral leg press. The current
findings support our initial hypothesis that female adolescent athletes with a history of

SRC would display distinct brain activity and task-related connectivity during the bilateral
leg press task. Further functional activity in the left IPL may be indicative of a sensorimotor
integration disruption and potential impairment of the motor attention system during the
bilateral leg press in athletes with a history of SRC. The elevated functional connectivity
between the left IPL and attentional regions for the history of SRC group suggest alterations
of the motor attention system. The study results point toward opportunities for future
research to apply targeted therapies that remediate both neural and motor dysfunction before
athletes return to play.
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Figure 1:
fMRI lower extremity motor control apparatus and paradigm. A) Visual cue with countdown

indicating the start and stop of each 30 second movement block. B) fMRI block design
paradigm and modeled hemodynamic response function, which includes 5-30 seconds of
rest interleaved with 4-30 seconds of movement. C) Participant completing the bilateral
leg press to a 1.27 Hz metronome. Participants moved both legs simultaneously for
approximately 18 flexion/extension cycles during each movement block.
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Figure 2:
fMRI activity results from bilateral leg press task. A single significant cluster in the left

inferior parietal lobule/supramarginal gyrus (IPL) (MNI coordinates: x =52, y=-40, z =
50; shown in blue) during the bilateral leg press task was identified for the history of sports-
related concussion group. Athletes with a history of sports-related concussion demonstrated
less activity within the left IPL relative to matched controls. The left IPL cluster surpassed z
threshold of 3.1 and a cluster significance of p < 0.05.
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Figure 3:
fMRI secondary brain activity analysis for history of SRC subgroups and matched controls.

The % Blood Oxygen Level Dependent (BOLD) signal change from the resultant left
inferior parietal lobule (IPL) cluster from the overall activation analysis was calculated

to visualize activation in the region across groups (Diagnosed Concussion, Concussion
Symptoms, and Matched controls). There were no significant differences in left IPL
deactivation between the diagnosed and concussion symptoms groups (p = .59). * However,
the diagnosed concussion and concussion symptom group each exhibited more deactivation
in the left IPL relative to matched control subjects (p= .01 and p < .001), respectively. Error
bars represent +/- 1 standard error of the mean.
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Figure 4:
Matched controls task-related connectivity results. A) 6mm spherical seed region placed

in the left inferior parietal lobule/supramarginal gyrus (IPL). B) Task-related connectivity
results yielded significant connections with the left primary motor cortex/primary
somatosensory cortex (M1/Sl), right inferior temporal gyrus (ITG), and right somatosensory
cortex (S1). Significant clusters surpassed zthreshold of 3.1 and a cluster significance of p<
0.05.
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Figure 5:
History of sports-related concussion task-related connectivity results. A) 6mm spherical seed

region placed in the left inferior parietal lobule/supramarginal gyrus (IPL). B) Task-related
connectivity results yielded significant connectivity with the bilateral posterior cingulate
gyrus/precuneus cortex (PCC/PC) and the right IPL. Both clusters surpassed z threshold of
3.1 and a cluster significance of p< 0.05.
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Group Matched Controls  History of SRC  t-statistic df  p-value
(n=19) (n=19)

(MD = SD) (MD # SD)
Age (years) 15.21+1.27 15.2+1.27 .000 36  1.000
Height (cm) 162.03 +6.18 165.56 + 8.00 -1.527 36 135
Weight (kg) 61.35 + 8.60 62.23 +5.32 -381 36  .706
Body Mass Index (kg/m2) 23.35+2.91 22.77+2.25 673 36 506
Time Since SRC (months) - 16.9+159
Sport Participation (years) 6.32+3.20 6.21 +3.29 .100 36 921
Head Motion
Absolute 0.31+0.12 0.32+0.12 -.276 36 .784
Relative 0.10 +0.03 0.12 +£0.05 -1426 36 163
Sport, n (%)
Basketball 3(7.9) 3(7.9)
Soccer 6 (15.8) 6 (15.8)
Volleyball 10 (26.3) 10 (26.3)

Note: All demographics are reported as mean (MD) + standard deviation (SD), with p-values from independent samples #tests to quantify if any
significant between-group differences.

Abbreviations: SRC, sports-related concussion; df, degrees of freedom
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SRC Concussion Symptom Scores

Table 2

Symptoms

Headache

Dizziness

Emotional

Didn’t Feel Right
Confusion

Sensitivity to Noise
Drowsiness

Blurred Vision
Irritable

Difficultly Concentrating
Pressure in Head
Feeling Slowed Down
Neck Pain

Balance Problems
Sadness

Difficulty Remembering
Trouble Sleeping

Ina Fog

Nausea or Vomiting
Sensitivity to Light
Nervous or Anxious
Fatigue or Low Energy

Other

% Of reported symptoms
Diagnosed Concussion
(n=9)

100
88.98
22.22
77.78
55.56
66.67
33.33
55.56
1111
44.44
66.67
66.67
22.22
22.22
22.22
44.44
22.22
44.44
11.11
44.44
1111
44.44
11.11

% Of reported symptoms
Concussion Symptom
(n=10)

100
80.00
10.00
30.00
20.00
30.00
10.00
70.00
20.00
10.00
50.00
30.00
20.00
20.00
10.00
10.00
10.00
20.00
20.00
40.00
20.00
20.00
10.00

Note: Symptoms are reported as percentages between those with a clinical diagnosed concussion and those with self-reported concussion

symptoms following hit or blow to the head.

Abbreviations: SRC, sports-related concussion
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fMRI Biomechanical Variables

Table 3

Variables Matched Controls
(M £SD)
Left Mean Sagittal ROM 27.69 + 12.62
Right Mean Sagittal ROM 25.52 +£10.91
Left Mean Frontal ROM 2.78 £2.06
Right Mean Frontal ROM 3.12+2.48
Total Cycles 72.87 £5.37

History of SRC
(M £ SD)

24.83 +£11.64
23.25+10.13
2.77+210
2.78 +1.58
70.71 £ 10.64

t-statistic

725
.668
.014
511
.789

df

36
36
36
36
36

p value

0.473
0.508
0.989
0.613
0.435
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Note: Biomechanics measures for each leg were calculated during the bilateral leg press. Range of motion and total number of cycles are reported
as mean (MD) + standard deviation (SD), with p-values from independent samples t tests to quantify if any significant between-group differences.

Abbreviations: SRC, sports-related concussion; ROM, range of motion; df, degrees of freedom
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Table 4

Task-Related Connectivity Using Psychophysiological Interaction Analysis (PPI)

Page 31

Matched-Controls

Clusters  Brain Regions Side Voxels (#) pvalue  Zmax
1 Primary Motor/Primary Somatosensory Cortex Left 921 p<0.0001 4.86
2 Inferior Temporal Gyrus Right 429 p<0.001 4.29
3 Primary Somatosensory Cortex Right 428 p<0.001 4.4

MNI Coordinates (xyz)
-28, -26, 52
56, =30, —26
30, —34, 54

History of SRC

Clusters  Brain Regions Side Voxels (#) pvalue  Zmax
1 Posterior Cingulate / Precuneous Cortex Bilateral 405 p=0.001 4.85
2 Right Inferior Parietal Lobule/Supramarginal Gyrus Right 393 p=0.002 4.65

MNI Coordinates (xyz)
4,-38, 46
62, -38, 34

Note: A 6mm spherical seed was place at the Left Inferior Parietal Lobule/Supramarginal Gyrus (MNI coordinates: x ==52, y= -40, z = 50).

Abbreviations: SRC, sports-related concussion; MNI, Montreal Neurological Institute
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