1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Neurorehabil Neural Repair. Author manuscript; available in PMC 2020 September 19.

-, HHS Public Access
«

Published in final edited form as:
Neurorehabil Neural Repair. 2020 September ; 34(9): 804-813. doi:10.1177/1545968320943578.

REPEATED CONCUSSIONS IMPAIR BEHAVIORAL AND
NEUROPHYSIOLOGICAL CHANGES IN THE MOTOR LEARNING
SYSTEM

Gabriela Cantarero, PhD,
Johns Hopkins, Physical Medicine and Rehabilitation, Baltimore, MD, USA

Jake Choynowski, BS,
Walter Reed Army Institute of Research, Behavioral Biology, Silver Spring, MD, USA

Maria St. Pierre, MS,
Walter Reed Army Institute of Research, Behavioral Biology, Silver Spring, MD, USA

Manuel Anaya, MD,
Johns Hopkins, Physical Medicine and Rehabilitation, Baltimore, MD, USA

Matthew Statton, MS,
Kennedy Krieger Institute, Physical Medicine and Rehabilitation, Baltimore, MD, USA

William Stokes, BS,
Johns Hopkins Physical Medicine and Rehabilitation, Baltimore, MD, USA

Vincent Capaldi, MD,
Walter Reed Army Institute of Research, Behavioral Biology, Silver Spring, MD, USA

Vikram Chib, PhD,
Johns Hopkins, Biomedical Engineering, Baltimore, MD, USA

Pablo Celnik, MD
Johns Hopkins, Physical Medicine and Rehabilitation, Baltimore, MD, USA

Abstract

Background—Concussions affect nearly 3 million people a year and are the leading cause of
traumatic brain injury-related emergency department visits among youth. Evidence shows
neuromotor regions are sensitive to concussive events and that motor symptoms may be the
earliest clinical manifestations of neurodegenerative traumatic brain injuries. However, little is
known about the effects repeated concussions play on motor learning. Namely, how does
concussion acuity (time since injury) affect different behavioral and neurophysiological
components of motor learning?

Methods—Using a three-pronged approach, we assessed: (1) behavioral measures of motor
learning, (2) neurophysiological measures underlying retention of motor learning known as
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occlusion, and (3) quantitative survey data capturing affective symptoms of each participant.
Collegiate student athletes were stratified across 3 groups depending on their concussion history:
(1) noncon - no history of concussion, (2) CHRONIC — chronic-state of concussion (>1year post-
injury), or (3) ACUTE - acute-state of concussion (<2 weeks post-injury).

Results—We found that athletes in both the acute- and chronic-state of injury following a
concussion had impaired retention and aberrant occlusion in motor skill learning as compared to
athletes with no history of concussion. Moreover, higher numbers of previous concussions
(regardless of the time since injury) correlated with more severe behavioral and
neurophysiological motor impairments by specifically hindering neurophysiological mechanisms
of learning to affect behavior.

Conclusions—These results indicate the presence of motor learning impairment that is evident
within 2 weeks post-injury. Our findings have significant implications for the prognosis of
concussion and emphasize the need for prevention, but can also direct more relevant rehabilitation
treatment targets.

INTRODUCTION

An estimated 1.6-3.8 million concussions occur each year in the US (1-5). A major
challenge in recognizing and treating concussions lies in the variable signs and symptoms a
person may experience. In humans, repeated concussions have been associated with greater
cognitive, motor, and affective symptom severity (16), longer recovery time (7), a higher
susceptibility to sustain subsequent concussive events (13,14), and a higher risk of
developing progressive neurological diseases such as dementia (7,15).

By and large, prior research has focused on cognitive and affective symptoms in spite of
increasing evidence that the motor system is sensitive to repeated concussive events (11-17)
and that motor symptoms are typically the earliest clinical manifestations of chronic
traumatic brain injuries (18). Moreover, following a concussion, young athletes can show
deficits in their abilities to acquire new motor skills (15,16), despite no evidence of
movement impairment as assessed through self-report measures and standard concussion
evaluations. Overall this suggests that motor learning may be a more sensitive aspect of
brain function than simple motor impairments detected with basic neurological tests.

To date, the effect of concussions on motor learning has only been tested in the chronic state
of injury (i.e. at least 9 months out from the date of injury) [16]; it has never been probed
early after injury. Furthermore, though evidence in the cognitive domain has shown impaired
working memory following concussion (19,20), no concussion research has focused on the
retention (i.e. memory consolidation) component of motor learning.

Here, we addressed these gaps by studying motor learning deficits in both the acute- (<2
weeks post-injury) and chronic-state of injury (>1 year post-injury), and across 3 domains:
(1) behavioral measures of motor learning - including a dissociation between the acquisition
and retention components of motor learning (elements known to have distinct underlying
mechanisms and temporal dynamics [21-32], (2) neurophysiological measures of motor
learning including occlusion - a temporary blocking of artificially-induced long-term
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potentiation (LTP)/LTP-like plasticity in animals (33-35) and humans (32,37-41) following
learning and shown to accurately predict motor retention in healthy individuals (32,37,38),
and (3) quantitative surveys of affective symptoms.

We predicted that deficits in motor learning and abnormal occlusion would be more
pronounced in the acute-state of injury following a concussion as compared to athletes in a
chronic-state and those with no history of concussion. We also hypothesized athletes with a
higher number of prior concussions would have more severe deficits than those with fewer
prior concussive events.

MATERIALS AND METHODS

Experimental Design

The study was approved by the Johns Hopkins School of Medicine and Walter Reed Army
Institute of Research Institutional Review Boards in accordance to the declaration of
Helsinki; written informed consent was obtained from all participants. Male and female
athletes were recruited from Johns Hopkins University contact sports (Football, Wrestling,
Lacrosse, Water Polo, Soccer, Baseball, and Field Hockey) and non-contact sports (Track
and Field, Swimming, Fencing, Volleyball, and Tennis) programs.

All subjects came in for a multi-day study to complete a battery of motor behavioral tasks,
neurophysiological measures, and survey questionnaires as part of the Behavioral And
Neurophysiological Markers of Concussion (BANCO) study.

Based on a questionnaire interview about prior concussion history (Supplementary Methods,
Appendix 1), athletes were divided into 3 non-overlapping groups.

1 Non-Concussed (Noncon): athletes with no prior history of concussion.

2. Chronic-State Concussed (cHronic): athletes who had sustained 1+ prior
concussion(s) and were at minimum one year from the date of their last
concussion.

3. Acute-State Concussed (acuTe): athletes who had sustained 1+ prior
concussion(s) and were within 2 weeks from the date of their last concussion.

Motor Behavior

Motor Skill Task: Sequential Visual Isometric Pinch Task (SVIPT)—As described
in 37, subjects squeezed an isometric force transducer between the thumb and index finger
to navigate a cursor between a HOME position and 5 gates (Fig 1). Subjects trained 120
trials (4 blocks of 30 trials) of the SVIPT, and then returned the following day for a retention
test of the SVIPT of 120 trials. Movement time per trial was the time from movement onset
to reaching gate 5. Error rate was the proportion of trials with at least 1 over- or
undershooting movement per block. Motor learning was determined as changes in the speed-
accuracy trade-off function, defined as the skill measure, &
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1 — error rate

a=
error rate(ln(movement time)b)

where the value of b is 5.424 (42).

Performance improvement was quantified into effects within a training session (online),
between training sessions (offline), and across training sessions (D2-D1), defined as:

Online=skillpy jast block —SKillp1 first block
Offline=skillp2 first block—SKillp2. last block

D2'Dl:Ski “mean_DZ—Ski"mean_Dl

Motor Neurophysiology

Resting Motor Threshold (rMT)—Using a neuronavigation system (Rogue Resolutions,
Montreal, Canada) we co-registered each subject’s head to a standard magnetic resonance
image. “Hot spot” was identified as the optimal primary motor cortex (M1) area for eliciting
motor evoked potentials (MEP) in the first dorsal interosseous (FDI) muscle at rest. rMT
was defined as the minimum transcranial magnetic stimulation (TMS) intensity that evoked
an MEP of 50 pV in at least 5 out of 10 trials (43). rMT was assessed at the beginning and
end of each TMS session. If rMT changed by more than 3%, the neurophysiological
measures were repeated on a different day.

Occlusion—We used a combination of two types of non-invasive brain stimulation to
measure levels of occlusion of LTP-like plasticity (a biomarker for the utilization of
neuroplasticity in M1 (32,36,37): (1) TMS to quantify MEP amplitude changes in M1.
Stimulus Intensity ImV (S1mV) was used to assess corticospinal excitability; twelve MEPs
were recorded and averaged for each SImV measurement. (2) Anodal transcranial direct
current stimulation (AtDCS) to induce LTP-like plasticity in M1 (quantified as an increase in
MEP amplitude).

Following motor training on the SVIPT, MEP amplitudes were recorded before, immediately
after (0 min), and at 5 min increments up to 25 min after application of 7 min of AtDCS
(Figure 1; see Supplementary Methods for details). Changes in MEP amplitudes were
expressed as a ratio of the MEP amplitude at post time-points relative to the pre-tDCS time-
point. Occlusion was defined as the aftereffects elicited by AtDCS on MEP amplitude
following motor training.

Occlusion Index (Ol) is a metric shown to accurately predict motor retention in healthy
individuals. It is calculated as the difference between the post-tDCS MEP amplitude
following application on a Baseline Day (D0) and the post-tDCS MEP amplitude following
application after training (D1). For individuals with very variable post-tDCS responses, the
peak mean MEP amplitude was used instead of the mean:
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oI = DO[P()SI MEP] _ Dl[Post MEP]

Pre MEP Pre MEP

Questionnaires and Interview Measures

Multiple questionnaires were administered to each subject to measure basic sports
demographics, estimated 1Q, concussion history, and the most common affective symptoms
associated with concussion: headache, fatigue, pain, anxiety, and sleep. These affective
symptom questionnaires included: British Columbia Post-Concussion Checklist (BC-PSI),
Headache Impact Test (HIT-6), Migraine Disability Assessment Test (MIDAS), Patient-
Reported Outcomes Measurement Information System—Pain Interference (PROMISE-PI
SF-6), Epsworth Sleepiness Scale (ESS), Pittsburgh Sleep Quality Index (PSQI),
Multidimensional Fatigue Inventory (MFI), and State-Trait Anxiety Inventory (STAI).

Statistical Analysis:

The primary behavioral outcome measure was skill. Differences in performance were
compared using ANOVAR\ With between factor GROUP (NONCON, CHRONIC, ACUTE) and
within-factors DAY (D1, D2) and BLOCK (B1, B2, B3, B4).

The primary outcome measures for corticospinal excitability was MEP amplitude changes
following A-tDCS and was compared using ANOVARM with between-factor GROUP and
within-factor TIME (Pre-tDCS, mean of post-AtDCS timepoints). A secondary measure was
the Occlusion Index.

The primary outcome measures for affective symptoms were the composite score for each
survey questionnaire; differences across groups were compared using a one-way ANOVA.

Associations between number of concussions and motor behavior (D2-D1), the O/, or the
survey questionnaires were assessed using 2-tailed Kendall’s tau. Correlations between O/
and motor behavior (D2-D1) were assessed with 2-tailed Spearman’s rho.

All data are given as means + SEM. Effects were considered significant if p<0.05. Post-hoc
analyses were done using two-tailed LSD t-tests.

Mediation Analysis—We performed a between-participant regressions with variables for
participants’ number of prior concussions, the O/, and D2-D1 performance of the SVIPT
(44). Model 1 was used to test whether the number of prior concussions mediates the
relationship between the Of/and D2-D1 motor behavior with O/ being the independent and
D2-D1 the dependent variable. Model 2 tested the opposite hypothesis where the
independent variable was D2-D1 and O/ was the dependent variable. Model 3 was a reverse
mediation analysis where the O/ served as the mediator and the number of prior concussions
and D2-D1 were the independent dependent variables, respectively. Using bias-corrected
bootstrapping based on 10,000 resamples, we tested whether the specified mediator
significantly mediated the relationship between the independent and dependent variables.
The best-fitting model was considered to be the one with the smallest Akaike’s information
criterion (AIC).
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Data Availability Statement

RESULTS

The data that support the findings of this study are available from the corresponding author,
GC, upon request.

A total of 56 participants completed the study (66 subjects were recruited, however, 3 failed
screening and 7 failed to complete the study). Twenty-three athletes (7F, 16M) with no
history of concussion were categorized as Non-Concussed (Noncon). Twenty-one athletes
(4F, 17M) were categorized as Chronic-State Concussed (cHronic) with an average number
of 2.14+0.23 (mean £ SE) prior concussions with the most recent one occurring an average
of 47+7.91 months prior to testing. Twelve athletes (1F, 11M) were categorized as Acute-
State Concussed (acuTe) with an average of 2.33+0.40 prior concussions, the most recent
occurred an average of 8.5+£0.93 days prior to testing. There no significant differences in
IMT (F(z,55)=.02,p=.98) or change in IMT (F; 55=.34,p=.72) during each session (Table 1).

Concussed athletes show impaired multiple-day retention which is proportional to number
of prior concussions

Changes in skill showed a significant effect for Day (F(; 53=49.78 p=<.01), Block
(F(3,159)=28.937,p<0.01), and a Day X Group interaction (Fz 53)=3.756,p=.03, Fig 2A).
Subjects in the cHronic and acuTe groups retained less across days (D2-D1) as compared to
subjects in the Nnoncon group (p=.03 and p=.02, respectively, Figure 2A), but there was no
significant difference between cHronic and acuTe groups (p=0.69). Moreover, there was a
significant negative correlation between number of prior concussions and D2-D1 of skill (r=
-3.95,p<0.01, Fig. 2C) indicating that athletes with a higher number of prior concussions
showed poorer retention across days. Neither online changes for Day 1 or Day 2
(F(2.55)=1.37,p=.26) nor offline changes (£ 55=0.15,p=0.86) were significantly different
between groups. A table including summaries of the number of sports and non-sports related
concussions can be found in the Supplementary Materials.

Concussed athletes show impaired occlusion and a negative relationship between
Occlusion Index and prior number of concussions

cHroNIc and AacuTe groups showed significantly less occlusion as compared to the Noncon
group (F(255=5.63,p<0.01; p=0.04 and p<.01, respectively)[Fig 3A]. This indicates that
skill training was associated with stronger occlusion in Noncon athletes than cHronic and
AcuTE. However, no significant differences were found between acute and cHroNic groups
(p=0.16). Comparing the Occlusion Index, the Noncon group showed a strong trend for
larger O/ values with large D2-D1 skill measure (0=0.07; Fig 3A], consistent with prior
studies (32,36,37).

Additionally, we found a positive correlation between number of prior concussions and
occlusion (r=-.307,p=<0.01)[Fig 3B] indicating that athletes with a higher number of prior
concussions showed poorer occlusion.
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Importantly, although the number of concussions was correlated with retention and
abnormalities in occlusion, the interaction between retention and occlusion was present.
Consistent with previous studies (36,37), we showed a significant correlation between O/
and the skill performance difference between practice days (r=.434,p=0.01; Fig 4A),
indicating an association between occlusion and skill retention that was not disrupted by a
history of concussion.

Occlusion Index causally influences multi-day motor skill retention

Because O/and D2-D1 motor performance are correlated (Fig. 4A) both with concussion
history and each other, we investigated the hypothesis that the O/ has a causal influence on
D2-D1 performance.

Model 1 (a=-0.7,p<0.01,6=0.20,p<0.01,;¢’=0.30,p=0.02,c¢=0.46,p<0.01,ab=0.16,p<0.01) and
Model 2 (a=-0.78 p<0.01,b=-0.17,p=0.02,¢’=0.28 p=0.03;¢=0.41,p<0.01,ab=0.13,p=0.02)
both showed partial mediation indicating that prior concussion history partially predicted the
relationship between O/and D2-D1 performance, whereas Model 3 did not (a=
=0.27,p<0.01,b=.28 p=0.03;¢c’=-0.1, p=0.02,c=-0.24,p<0.01,ab=—0.08,p=0.09). The reverse
mediation analysis (Model 3) ruled out misspecification of Model 1. Between Model 1 and
2, the best-fitting model was considered to be the one with the largest delta of C* and C
(AIC), a measure of the reduction in the direct effect. Figure 4B shows that Model 1
(A/C=0.16) had the higher delta measure as compared with Model 2 (A/C=0.13).

Together, the greater change in the mediation effect for Model 1 indicates that number of
prior concussions hinders D2-D1 motor performance through its influence on the O/.

Acutely concussed athletes endorse higher severity of symptoms relating to pain,
headache, and the PCS-checklist

Comparing demographic and survey questionnaires (Table 1) we found significant
differences across groups for BC-PCS (F; 55=12.8,p<.01), MIDAS (F 3 55=6.1,p<.01), and
PROMIS-PI (F 55=8.8,p<.01) where the acute group had significantly higher scores as
compared to the Noncon and cHronic for the BC-PCS (p<0.01 and p<0.01, respectively),
MIDAS (p<0.01 and p<0.01, respectively), and PROMIS-PT (p<0.01 and p<0.01,
respectively). In addition, the MIDA and PROMIS-PI each showed a significant positive
correlation with number of prior concussions (r =.25, p=0.03 and r =.22, p=0.05,
respectively) indicating that athletes with a higher number of previous concussions endorsed
higher symptoms for headaches and pain-interference. Similarly, cHronic athletes endorsed
higher symptoms for the MIDAS and PROMIS-PT than noncon athletes, however, these
measures failed to reach significance (p=.66, p=.31, respectively). In contrast, NONCON
endorsed higher BC-PCS symptoms than the cHronic, but this measure also failed to reach
significance (p=.15). Potentially the higher endorsements of symptoms on the BC-PCS by
NoncoN athletes implicates the lack of specificity of the measure for symptoms of
concussion.

Importantly, we found no differences in the number of previous concussions for cHronic and
AcUTE athletes (p=.56). Therefore, and consistent with the acute concussion diagnoses, the
Acute group endorsed significantly higher severity of symptoms relating to pain, headache,
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and PCS-checklist in the 2 weeks prior to testing; despite a similar number of prior
concussions when compared to the cHronic group. Of note, at the time of testing 4 out of 12
AcuTte athletes verbally endorsed still feeling symptomatic.

We found no significant differences between groups for pain during session
(F(2,55=99,p=.38), fatigue during testing (Fz 55=.90,p=.42), MFI (F 2 55=.86,p=.43),
HIT-6 (F255)=.17,p=.85), STAI (F (2 55=.50,p=.61), PSQI (F 7 55=.36,p=.70), and ESS
(F(2.55)=-41,p=.66). There were also no significant differences in estimated 1Q,
(F(255):. 01,p=.99) or GPA (F(355,):0.6Zp:0.52).

Altogether these results suggest no appreciable differences between groups in terms of
estimated 1Q, GPA, and symptoms revolving around pain and fatigue during the testing
session, nor general feelings of pain, fatigue, anxiety, and sleep in the 2 weeks prior to
testing.

DISCUSSION

This study aimed to investigate the effects concussion acuity and repetition on different
behavioral components of motor learning as well as occlusion: one of motor learning’s
underlying neurophysiological mechanisms. We found that both Chronic- and Acute-state
concussed athletes had impaired retention and occlusion in motor skill learning compared to
Non-concussed athletes. Furthermore, the number of prior concussions (regardless of date of
injury) was proportional to impaired retention and occlusion. Interestingly, we also found
evidence that motor cortical activity is what drives improvements in motor performance such
that impairment in motor learning from concussions are mediated by its effects on occlusion
to hinder behavioral retention. Taken together, these results indicate the presence of impaired
motor learning, specifically retention processes, in young athletes with a history of
concussion and that these impairments appear within 2 weeks post-injury.

This is the first study to assess the effects of concussion on acquisition and retention of
motor learning. However, previous work has failed to address whether concussed athletes
show impaired /earning in the cognitive domain as well. Indeed, an important issue to be
addressed in future work is whether occlusion and motor learning impairments are indicative
of more generalized learning impairments or whether these learning deficits are specific to
the motor domain.

Contrary to our predictions, we saw no significant differences between the Acute- and
Chronic-state injury groups in terms of their behavioral or neurophysiological metrics for
motor learning, in spite of Acute-state athletes endorsing significantly higher affective
symptoms prior to testing. Unexpectedly, we found that concussed athletes behaved quite
similarly, regardless of their concussion acuity; i.e. less than 2 weeks prior versus over one
year prior. Although on average our acute-state athletes were tested only 8 days following
injury, previous work has suggested that most athletes recover performance in computerized
cognitive tests and balance measures by 8 days following injury (45). Thus, our lack of
group divergence between the acute- and chronic-state athletes maybe because some of our
acute subjects were outside their acute window of injury. A second possibility is that our
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current behavioral and neurophysiological metrics simply were not sensitive enough to
detect differences across these athletes. A third possibility is that because both groups had a
similar number of prior concussions, the Chronic-group would in fact have more chronic
state concussions than the Acute-group, a potential confound to our results. A final
consideration is that sub-concussive injuries in the contact sport athletes could introduce
another confounding factor to our results. Unfortunately, we did not have a rigorous way to
quantify the number of sub-concussive hits between our groups.

Interestingly, we also did not observe impairments in the acquisition of the motor skill task
as was previously described using the Serial Reaction Time Task (SRTT) in 15 and 16.
Discrepancies between our results and this previous work could be due to a number of
reasons. (1) The average number of prior concussions and overall magnitude of injuries
varied between studies: Athletes in the DeBeaumont studies consisted only of football
players with a range of 2—7 prior concussions (average of 2.87 £+ 1.41); higher than our
current study with a range of 1-6 prior concussions (chronic-state average: 2.14 + 0.23;
acute-state average: 2.33 £ 0.40). Thus, the athletes in the DeBeaumont studies may have
been more impaired than our current athletes. (2) A difference in the demographics of
athletes between studies: We recruited athletes from a variety of contact sports, including
both male and female athletes, whereas the DeBeaumont study solely recruited male football
players. (3) A difference in the motor task between studies (SRTT vs SVIPT). SRTT is a
four-choice reaction time task containing a repeating sequence that participants learn to
predict. Importantly, the SRTT has significant cognitive components related to working
memory to learn the repeated a sequence while the movements to execute the task are simple
and over-learned (type presses). In contrast, the SVIPT requires learning highly sensitive
sensorimotor control of key presses in a simple, yet specific sequence order. Hence the
difference across studies may be because the SVIPT demands more motor skill learning
without confounds from other cognitive domains.

The limitations of this study include: (1) a limited number of female participants preventing
analysis for potential sex differences, and (2) self-report of symptoms and previous history
of concussions.

In conclusion, the present study on concussions in university-level athletes found abnormal
motor learning (in particular reduced retention) associated with disrupted neurophysiological
changes in M1. These findings were present as early as 2 weeks following injury and persist
years following the last concussive event. Our results indicate the need to develop early
interventions to reduce the long-term effects of repeated concussions. Given the evidence of
impaired motor learning in young athletes and the prevalence of motor impairments in aging
athletes, older athletes may have an even higher susceptibility to develop abnormal motor
learning following concussion later in life. Future work will need to determine the potential
interactions between concussions, motor learning and aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG 1. Experimental protocol for all subjects.
Sequential Visual Isometric Pinch for Task (SVIPT). Participants squeezed a force

transducer to control movement of an on-screen cursor. Participants were instructed to
navigate the cursor as quickly and accurately as possible between a HOME position and 5
gates by alternating the force exerted onto the transducer. Subjects trained 4 blocks of 30
trials of the SVIPT (Training Day — Day 1) and then returned the following day and trained
another 4 blocks of 30 trials of the SVIPT (Retention Day — Day 2). In all subjects, MEP
amplitudes (black arrows) were measured before (Pre), immediately after (O min, P1), and at
5 min increments up to 25 min after application (P2-P6) of 7 min of AtDCS (grey ray). This
was assessed immediately after training on the first day (occlusion), then on a separate day
but without motor training (Baseline).
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FIG 2: Performance of the SVIPT.
Black circles are the average performances of noncon athletes, blue circles represent cHronic

athletes, and red circles represent acute athletes. Vertical dotted line denotes the separation
between Day 1 and 2 of training. (A) Y-axis represents the skill measure of the SVIPT and
the x-axis depicts blocks of training. Note that subjects in the Nnoncon group outperformed
both the cHronic and acuTe athletes on Day 2 of training, whereas no significant differences
in performance between groups were seen for Day 1. (B) The bar graph shows group
averages of the SVIPT measure on Online on D1, Online on D2, Offline between D1 and
D2, and overall performance on D2 relative to D1 (D2-D1). The Noncon athletes performed
significantly better than the cHronic and acute athletes for D2-D1. (C) Correlation between
Concussion History and Motor Behavior. Y-axis represents the number or prior concussions
and the x-axis represents the difference in motor performance between days 2 and 1 on the
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SVIPT. Note that athletes with the largest number of prior concussions show the poorest
performance on D2 relative to D1. Data are means + SEM. *p<0.05.
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FIG 3: Neurophysiological Measures of M 1.
Black represents neurophysiological responses from noncon athletes, blue represents

cHronIc athletes, and red represents acuTe athletes. (A) MEP amplitude ratios for pre- and
post-A-tDCS. Y-axis represents the average MEP amplitude standardized to the pre-tDCS
MEP amplitude and x-axis represents the two neurophysiological metrics: Occlusion and
Occlusion Index. Left bar graph depicts average MEP amplitude for P1-P6 following motor
training for each group. Right bar graph depicts Occlusion Index for each group. Subjects
who with no history of concussion had a larger magnitude of occlusion than athletes in
either the cHronic or acuTe state of injury. Data are means + SEM. *p<0.05. (B) Correlation
between Concussion History and Occlusion Index. Y-axis represents number or prior
concussions and x-axis the Occlusion Index. Circles represent individual subject data and its
color the group affiliation. Note that athletes with the largest number of prior concussions
show the smallest magnitude in the Occlusion Index.
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FI G 4: Relationship between motor behavior and neurophysiology of M 1.
(A) Correlation between the Occlusion Index and motor behavior. Y-axis represents average

skill measure on D2 minus D1 and x-axis represents the Occlusion Index (Ol). Black circles
represent athletes with no history of concussion (Noncony), blue circles represent athletes in
the cHronic of injury, and red circles represent athletes in the acute state of injury. Note that
subjects who had the largest Ol following training of SVIPT had the highest and
performance D2 relative to D1. (B). Mediation analysis. Top panel: The 3 variables assessed
using mediation analysis: concussion history, occlusion index, and D2-D1 motor
performance. The numbers next to the double headed arrows are coefficients of correlations
between the variables. Regression analyses established correlations between athletes’
concussion history, occlusion index, and D2-D1 motor performance. Bottom panel: Model 1
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and 2 illustrate two different mediation analyses with concussion number as the mediating
variable. Model 3 illustrates the reverse mediation analysis used to rule out model
misspecification. Models 1 and 2 were significantly mediated by prior number of
concussions (whereas Model 3 did not) with Model 1 serving as the best-fitting model.
*p<0.05
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TABLE 1:

Participant demographics and questionnaires

GROUP NON-CON (N=23) CHRONIC (N=21) ACUTE (N=12) STATISTICS
GPA 3.23+0.10 3.34+0.08 3.41+0.10 p=52
HART 235+0.94 23.6+0.92 23.3+1.30 p=.99
RMT 36+12 36+13 36+16 p=.98
D(RMT) 1+0.19 1+0.25 1+0.20 p=72
FATIGUE 24+0.14 26+0.19 2.1+0.40 p=42
MFI 39.7+21 386+22 44.1+50 p=43
BC-PCS 43+0.95 25+0.64 98+13 p<0.01*
STAI 64.2+29 60.3+3.2 61.3+25 p=.61
MIDAS 1.0+0.48 15+0.62 58+17 p<0.01*
HIT-6 44.71 + 155 4455 +1.74 46.08 +2.27 p=85
PSQI 50+0.35 4.8+0.36 53+0.72 p=.70
ESS 73+064 71+059 63+12 p=.66
PROMIS-PT 1.12+0.07 1.24%0.10 1.72+0.14 p<0.01*
PAIN INTENSITY  1.39+0.33 1.48 £0.33 2.75+0.45 p=.38
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