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Sport experience is correlated with complex motor skill recovery in
youth following concussion

MARC DALECKI!, DIANA J. GORBET?*?, ALISON MACPHERSON?, & LAUREN
E. SERGIO*?

1School of Kinesiology, Louisiana State University, Baton Rouge, LA, USA; *>School of Kinesiology and Health Science, York
University, Toronto, ON, Canada & 3Centre for Vision Research, York University, Toronto, ON, Canada

ABSTRACT

A previous study showed prolonged cognitive—motor integration (CMI) deficits in youth with a history of concussion who
were classified as asymptomatic by current return-to-play protocols, highlighting potential differences between clinical
symptom recovery and skill recovery. The present study examines factors that may influence skilled performance recovery
(defined as matching the skill level of no-concussion history peers) post-concussion in a similar cohort. Sixty-four
asymptomatic youth (M =13 yrs.) soccer, hockey, and lacrosse players with a concussion history (M = 14 months post-
concussion) who returned to play and sixty-two age-matched team members with no previous concussion participated in
this study. They performed two touchscreen-based eye—hand coordination tasks, including a direct interaction and a CMI
task. We analysed the relationship between CMI performance and concussion history, and whether age, sex, number of
concussions, and years of sport experience in their sport affected skill recovery. Individuals with concussion history and
higher amounts of sport experience (7-12 years) reached a performance level matching their no-history peers quicker
(after 12 months) than those with concussion history and lower sport experience (1-6 years; recovery after 30 months).
This effect was independent of the number of concussions, age, and sex. The present results point towards an important
role of eye-limb coordination-related sport experience in functional CMI recovery post-concussion. Youth with a
concussion history but greater sport experience may have more skill-related motor “reserve”. This reserve may directly aid
in behavioural recovery post-concussion, or the greater neurological efficiency associated with athletic experience provides
a compensatory mechanism that provides faster functional recovery.

Keywords: Mild traumatic brain injury, children, adolescents, return to play, cognitive—motor integration

Highlights

e Our study indicates an important role of sport-related visuomotor experience for complex motor skill recovery in youth
with a history of concussion.

e Youth with a concussion history and higher levels of eye—limb coordination-related sport experience had quicker motor
skill recovery times (around 12 months) compared to their peers with less sport experience (around 30 months).

e These findings may underline a difference between assessments of readiness to return to play using current clinical
assessment techniques and true time of sport-relevant skill recovery post-concussion.

Introducti .
ntroduction 1020 vyears post-concussion (Meehan 3rd &

Concerns about short- and long-term effects of sport-
related concussions and repeated head impacts suf-
fered by athletes have become more prevalent in
recent years (Mainwaring, Pennock, Mylabathula,
& Alavie, 2018; Sollmann et al., 2018). Studies
have shown links to mild cognitive impairment
(MCI), Alzheimer’s disease (AD) (Guskiewicz
et al., 2005), memory loss, headache, and migraine

Bachur, 2009), as well as structural and functional
brain changes in contact-sport players (Davenport
et al., 2014; McAllister et al., 2001; Slobounov,
Sebastianelli, & Simon, 2002; Solomon et al., 2016;
Tremblay et al., 2013; Tremblay et al., 2014;
Zhang et al.,, 2010). Another alarming feature of
sport-related concussions is that there is a higher
risk of getting another once you have had one,
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especially for young players within the first 6-12
months after they return to play post-concussion
(Guskiewicz et al., 2003; Karlin, 2011). It is impor-
tant to understand the mechanism(s) that underlie
this increased vulnerability and to understand the
factors that might be relevant for a safer return to
play. There is an apparent gap between the time
points of clinical recovery (usually 2—4 weeks) using
current assessment techniques (e.g. SCAT 5,
ImPACT, see McCrory et al., 2017), and underlying
physiological recovery. An increasing number of
studies suggest that multiple skill-related behaviours
and underlying brain function and structure can
take from 3 months to 3 years to return to pre-con-
cussion levels (Dalecki, Albines, Macpherson, &
Sergio, 2016; Slobounov et al., 2002; Slobounov,
Gay, Johnson, & Zhang, 2012).

Our previous work has demonstrated a similar
pattern of findings in children and adolescents with
a history of sport-related concussion. Cognitive—
motor integration (CMI) performance was impaired
for up to 2 years post-concussion, despite all study
participants being classified as asymptomatic by
current return-to-play protocols (Dalecki et al.,
2016). CMI requires the brain to concurrently
implement elements of cognition and motor function
to perform complex motor actions. This is an impor-
tant skill in everyday life and in many sports, e.g.
when passing a hockey puck and attending to the
teammate on the left while skating to the right.
CMI deficits post-concussion could be related to
the increased risk for re-injury in players with a
history of concussion. Specifically, although simple
motor functions have likely recovered at return to
play, motor functions requiring cognitive integration
may not have fully recovered. It is, therefore impor-
tant to gain knowledge about factors that may influ-
ence recovery of CMI capacities post-concussion,
given its use during play.

Previous studies showed that post-concussive CMI
deficits had an inverse relationship with age and skill
level (Brown, Dalecki, Hughes, Macpherson, &
Sergio, 2015; Dalecki et al., 2016; Hurtubise, 2016;
Sergio et al., 2017). Thus, one might expect that
more years of eye-limb coordination-related sports
experience could compensate for CMI skill impair-
ment. Age is another potentially relevant recovery
factor since complex cognitive—spatial abilities
(which are crucially relevant for cognitive—motor
integration) emerge later in development than
simple goal-directed reaching abilities (Lubans,
Morgan, Cliff, Barnett, & Okely, 2010; Paus,
2005), possibly leading to faster CMI performance
recovery in adolescents than in younger children.
There are also sex-related differences in eye—hand
coordination development and performance

(Albines, Granek, Gorbet, & Sergio, 2016; Gorbet
& Sergio, 2007), which may lead to different CMI
recovery times between girls and boys. Therefore,
in the present study, we examine factors that may
influence the recovery of CMI performance in
youth with a history of concussion, such as age, sex,
number of concussions, and years of sport experience
in eye—limb coordination sports.

Methods
Participants

Sixty-four youth with a history of sport-related con-
cussion (13.14 % 1.68 yrs.; 30 females; last concus-
sion M =14.31%*11.30 months prior to testing,
range: 0.25-48 months) and 62 healthy age-
matched controls with no history of concussion
(11.97 £1.87 yrs.; 29 females) participated in this
study. Demographic data are summarised in the Sup-
plementary file I, Tab. 1. Participants, parents, team-
managers, and coaches were interviewed in order to
obtain detailed information about the concussion
history, i.e. the numbers and dates (month/year).
The concussion history assessment was based on
self-reports; however, participants were only included
in the study if they reported that concussions were
medically diagnosed and sport-related. At the time
of testing, all participants were reported to be
healthy, not diagnosed with a current concussion,
and were fully participating in their team sport. All
concussion history participants were defined as
“asymptomatic” in accordance with current return-
to-play protocol guidelines at the time of testing,
i.e. SCAT 3 and Child SCAT 3 (Kissick & Johnston,
2005; McCrory et al., 2013). Note that concussion
history and control participants were recruited from
the same hockey, soccer, and lacrosse teams. In
addition to demographic data (age, sex) and type of
sport, we recorded information about when partici-
pants started playing their sport (year). This
allowed us to calculate the years of eye—limb coordi-
nation-related sport experience (“years of sport
experience”). Fifty-six participants in the concussion
history group and 54 participants in the no-history
group played on select level, and 8 players from
both groups played on recreational level (cf. dataset
in supplementary file IV). Due to study restrictions,
we were not able to access direct clinical information
about concussion severity or the time of return to
play. Testing took place in the greater Toronto
area, Ontario, Canada, between 2013 and 2015.
The study protocol was approved by York Univer-
sity’s Ethics Review Board and conformed to the
standards of the Canadian Tri-Council Research
Ethics guidelines. Parents, coaches, and children/



CMI condition

a)  Standard (5T) condition

b) Participants with 5 years of sport experience, age 12 (left)
and 13 (right)

No-history Concussion history

ST condition

CMI condition

c) Participants with 8 years of sport experience, age 13 (both)

No-history Concussion history

ST condition

CMI condition

Figure 1. Schematic description of the experimental tasks. In a
standard task with direct goal interaction (condition ST, (a) left
image), participants slid their finger on a touch screen to move a
cursor from a central target to one of four peripheral targets. In
the cognitive-motor integration task (condition CMI, (a) right
image), targets were in a different plane from hand motion, and
feedback was reversed 180° (i.e. there was a decoupling between
viewed target location and hand motion). In each trial, a peripheral
target was presented either at the top, right, bottom, or left of a
central target. Figure (b) and (c) show typical full hand path data
of four participants, aged 12 and 13 years, performing the ST
and CMI condition: Two participants with no history of concus-
sion, and two with concussion history, with (b) five years of sport
experience, and (c) eight years of sport experience. Note the
poorer hand path of the participant with a concussion history and
five years of sport experience when compared to the other partici-
pants in the CMI condition.
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adolescents signed written informed consent/assent
forms before participating in this study. Note that
50 of the concussion history and 49 of the no-
history control group were also included in a previous
study (Dalecki et al., 2016).

Procedures

Participants performed two visuomotor transform-
ation tasks that required sliding the index finger of
the dominant hand along an Acer Iconia 6120 dual-
touch screen laptop, which has touch screens in the
vertical and horizontal planes. Participants slid their
finger from a central home target to peripheral
targets in two different conditions. The “Standard”
condition (ST) was the standard visuomotor
mapping task, where the spatial location of the
viewed target and the required movement were in
alignment (i.e. hand movements were made on the
vertical screen directly to visual targets) (cf. Figure
1(a), left image). The “Cognitive—motor integration”
condition (CMI) was a non-standard visuomotor
mapping task. This task included two levels of decou-
pling between vision and action: targets were again
viewed on the vertical touch screen, but participants
had to slide their finger along the horizontal touch
screen, and in the opposite direction of a presented
target (feedback reversal). That is, to move the
cursor to the left, they had to slide their finger to
the right, etc. (cf. Figure 1(a), right image).

The peripheral targets presented on the vertical
touch screen were of 20 mm diameter, red coloured
and presented to the left, right, above or below the
central target (also 20 mm in diameter). The distance
between the centres of the peripheral and central
target (i.e. the screen centre) was 75 mm. The task
itself was displayed on a 170X 170 mm black
square with the surrounding background coloured
grey, in order to maintain a constant visual border.
There were a total of 20 trials (i.e. 5 to each peripheral
target) per condition, thus, altogether 40 test trials
per participant. Trials were presented in a pseudo-
randomised order to the peripheral targets in both
conditions.

The trial timing and required responses of partici-
pants were as follows for the ST condition: (1) a
green coloured centre target was presented on the
vertical touch screen. (2) Participants touched the
target with the index finger of their dominant hand.
The target then changed colour to yellow. (3) After
holding the centre target for 4000 ms a red peripheral
target appeared and the centre target disappeared,
serving as the “go-signal” for participants to concur-
rently look at the target and slide their index finger
along the touch screen to move the cursor to the
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target. (4) Once the peripheral target was reached and
held for 500 ms, the peripheral target disappeared
and the trial ended. (5) The next trial began with
the presentation of the centre target after an inter-
trial interval of 2000 ms. The sequence was the
same for the CMI condition, but participants
moved their finger along the horizontal touchscreen
in the opposite direction of the presented target to
move the cursor on the vertical screen.

The order of performing the ST and CMI con-
ditions was randomised across participants in each
group. To ensure task comprehension, each partici-
pant performed two practice trials in each direction
in both conditions. Participants were instructed to
move as quickly and accurately as possible, and
ambient distractions were kept to a minimum. Par-
ticipants had full vision of their hand and fingers.
The experimenter monitored participant’s eye move-
ments during the experiment and if incorrect move-
ments were made, participants were reminded to
always look towards the target and not to their
hand. Those incorrect movements were less than
2% of trials and were eliminated before final data
analysis. Data processing details are presented in
the Supplementary File II.

Dependent measures

The dependent variables of interest from the visuo-
motor transformation tasks were reaction time
(RT), ballistic movement time (MT), total move-
ment time (TMT), ballistic path length (BallPL),
path length (PL), peak velocity (PeakVel), as well as
movement accuracy and precision variables (AE,
VE).

Performance iming. Mean reaction time (RT) across
trials was calculated as the time between disappear-
ance of the central target and movement onset, i.e.
the participant began the movement execution by
sliding the cursor towards the target. Movement
time (MT) was calculated as the time between move-
ment onset and the first movement offset, thereby
representing the ballistic initial movement without
corrective movements. Total movement time
(TMT) was calculated between movement onset
and final movement endpoint (i.e. reaching the per-
ipheral target). The peak velocity (PeakVel) was the
maximum velocity in mm/s during the ballistic
movement.

Pathlength. Measurements of pathlength were
recorded for each trial. The ballistic pathlength
(BallPL)) was quantified as the distance in mm
between the starting position and the endpoint of

the first ballistic movement (i.e. distance covered
during the ballistic movement time). Full pathlength
(FullPL) was calculated as the distance between start
and end location of the entire movement (i.e. includ-
ing corrections). Movements comprising curves or
deviations from a straight path between the central
and peripheral target would thus result in a longer
pathlength.

Endpoint analysis. The constant absolute error (AE),
i.e. the endpoint accuracy, was determined as the dis-
tance between the average movement endpoint for
each target location () x/n, ). y/n) and the actual
target position (defined by the x and y coordinates
at the centre of the target). Variable error (VE), i.e.
the endpoint precision, was determined as the dis-
tance between the endpoints of the individual move-
ments (02) from their mean movements.

Direction reversals. Direction reversals (DR) were only
applicable in the CMI condition. They were calcu-
lated when there was a deviation of more than + 90°
from the straight line between the centre and periph-
eral target in either direction during the first half of
each movement, and were recorded as a percentage
of completed trials.

Statistical analysis

Trials containing outcome measures >2 standard
deviations (SDs) away from the mean for a given con-
dition in a given participant were considered outliers
and removed before statistical analysis. All remaining
data were checked for normal distribution (Shapiro—
Wilk’s test) and sphericity (Mauchly’s test), and were
Greenhouse-Geisser corrected where necessary. Stat-
istical analyses were performed using SPSS statistical
software (IBM Inc.). Statistical significance levels
were set to a < 0.05.

Visuomotor task performance variables. For all depen-
dent measures (RT, MT, TMT, PeakVel, BallPL,
FullPL, AE, VE), effects of group (Concussion
history, No-history) and condition (ST, CMI) were
analysed wusing a repeated-measures mixed
ANOVA. When there were significant main or inter-
action effects, pair-wise comparisons were used. We
additionally performed ANCOVA’s with the covari-
ates sex, age, and number of concussions. Also, a sep-
arate analysis using sex and age as main effects was
run to test for any sex-related or age-related behav-
ioural differences. The number of direction reversals
(DRs) in the CMI condition was compared between
groups using a one-way ANOVA.



Relationship berween CMI task performance and concus-
ston history. To investigate whether possible CMI per-
formance deficits were related to the time since the
last concussion, we correlated the dependent main
variables of the CMI condition with the time since
last concussion (in months) with a linear regression
analysis. The precise time since the last concussion
was not available for nine participants (marked as
“N/A” in the Supplementary file I, Tab. 1). These
individuals were excluded from the correlation analy-
sis. The estimates of timing for these participants fit
within the time range of the other participants.
Therefore, they were included in the main analysis
(cf. above).

Recovery factors analysis. To investigate whether poss-
ible performance deficits in the concussion history
group were related to age (years), sex, number of con-
cussions, and sport experience (years), we performed
correlation analyses between these factors and all
CMI performance variables across all participants.
We also performed the same analysis for the concus-
sion history and control groups separately. Note that
we had 13 participants in the concussion history and
fourteen participants in the control group without
precise “years of sport experience” data. These indi-
viduals were excluded from the correlation analysis
and marked as “N/A” in the Supplementary file I,
Tab. 1.

Results

The analysis using sex and age as main effects yielded
no significant differences for all dependent variables.
Thus, we merged data across sex and age. Notably,
there was an effect of both concussion history and
years of sport experience on rule-based skilled per-
formance recovery. Figure 1(b) and (c) show typical
hand path data from four participants performing
the ST and CMI conditions. Note the poorer hand
path of the participant with concussion history and
five years of sport experience in the CMI condition
(Figure 1(b), bottom right image) when compared
to the other participants.

CMI performance and relationship to concussion
history

Participants with a history of concussion showed sig-
nificant CMI deficits and a significant relationship
between the time since last concussion and CMI per-
formance. ANOVA outcomes and descriptive stat-
istics are summarised in the Supplementary file III,
Tab. 2. Pair-wise comparisons revealed significant
differences in the CMI condition between groups
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(Concussion history, No-history) for MT, TMT,
PL, BallPL, and AE. Figure 2(a) summarises the
mean results for total movement time (TMT),
showing that the performance deficit in the concus-
sion history group was most pronounced in the
CMI condition. Similar patterns were observed for
MT, PL, and BallPL.

The correlation analysis between CMI measures
and the time since concussion yielded significant
effects for MT (r=-0.314, p<0.05), TMT (r=
—0.334, p»<0.05), and PeakVel (r=0.373, p<
0.01). All other CMI and ST measures showed
no significant relationship to time since last concus-
sion (all p>0.05). Figure 2(b) shows the fitted
regression line between total movement time in
the CMI condition and the time since the last con-
cussion. Also shown is the mean total movement
time in the CMI condition of the participants with
no-history of concussion (along the x-axis, grey
solid line; the grey dashed lines represent the
confidence interval) to illustrate the baseline per-
formance of the age-matched controls. Notably,
the regression line for participants with a concus-
sion history does not cross the baseline of the
no-history controls until approximately 18 months
(the confidence interval ranges from 10 to 24
months). Similar patterns were observed for MT
and PeakVel.

Recovery factors analysis

Age, sex, and number of concussions showed no sig-
nificant effects on CMI performance recovery post-
concussion (all p > 0.05). However, there was a sig-
nificant relationship between years of sport experi-
ence and CMI performance across all participants
for MT (r=-0.214, p<0.05), TMT (r=-0.226, p
<0.05), VE (r =—0.198, »p<0.05), and DR (r=
—0.273, p<0.01). When examining the two groups
(Concussion history, No-history) separately, we
found a significant relationship between years of
sport experience and CMI performance in the con-
cussion history group for MT (r=-0.305, p<
0.05), TMT (r=-0.275, p<0.05), PL (r=-0.288,
$<0.05), BallPL. (r=-0.408, »p<0.01), and DR (r
=-0.348, p<0.01), but no significant relationships
in the no-history control group (all p > 0.05). Accord-
ingly, Figure 2(c) shows the regression line for the
CMI performance variable total movement time
(TMT) of concussion history participants and the
non-significant trend line of no-history controls.
The regression lines of the concussion history and
no-history group are distinctly separated when par-
ticipants have had less sport experience (approxi-
mately 1-6 years), but this difference disappears
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a Movement timing b Relation between CMI performance c Relation between CMI performance
and time since last concussion and years of sport experience
2000 + ® No-history 3000 q . 3000 - * Concussionhistory
* . FERE = No-history
W Concussion history Syl ) - = Regression line Concussion history
-E- 1600 - = = Ragrusilon lne Concuision hisioey - 2500 4 = Trondline No-history controls
E E . s Mean Baseline Mo-hivery controb
E :‘ Uper and hrwes sesfidencs intenal .g.
H 2000 4 . baseline Na-wistory contrels @ 2000 A
S 1200 = 5 . : .
E g : R=0.305 3 *
£ n.s £ 1500 £ 1500
(7]
g 800 g §
E E 1000 1 £ 1000 -
- =
£ 400 4 H E
500 . 2 500 - .
0 o T T T T d 0 T T T T T -
ST i 0 10 20 30 40 50 0 2 4 6 2 10 12

time since last concussion [months] sport experience [years]

Figure 2. Mean (a) total movement time TMT across concussion history and no-history control participants in the ST and CMI conditions.
*=p<0.05, ** = p<0.01, n.s. = non-significant. Error bars represent the standard deviation of the mean. (b) Relationship between the total
movement time in the CMI condition and time since the last concussion for each child with concussion history (dots), represented by the
regression line (black line). Also included is the mean total movement time of the CMI condition of the healthy controls with no concussion
history (grey horizontal line). The grey dotted lines indicate the upper and lower confidence intervals of the control group’s total movement
time. The red arrow denotes where the two lines of the concussion history and no-history controls cross, and the grey shading shows the cross
between the confidence interval for the control group and the regression line of the concussion history group. (c) Shows the relationship
between the total movement time in the CMI condition and the years of sport experience, subdivided into the concussion history (black
regression line) and no-history groups (grey trend line). Note the difference between the concussion history and no-history group lines
with less (around 1-6 years) but not with a larger amount (around 7-12 years) of sport experience.

1-6 years of sport experience. There was a significant
relationship between CMI performance and the time

with increasing sport experience (approximately over
7 years).

We therefore separated the dataset into partici-
pants with 7-12 years and 1-6 years of sport experi-
ence in the concussion history and the no-history
control group. The concussion history group
allowed another regression analysis between CMI
performance and time since last concussion (cf.
Figure 2(b)) and participants with 7-12 years and

since last concussion for total movement time in the
7-12 years (r=-0.392, p<0.05) and 1-6 years (r=
—0.604, p<0.05) of sport experience groups.
Figure 3(a) shows this relationship for the 7-12
years (light grey solid line) and 1-6 years (black
solid line) groups. The regression line of the concus-
sion history participants in the 7-12 years of sport

a Relation between CMI performance and recovery b Movement timing CMI condition c Movement execution CMI condition
for 1-6 and 7-12 years of sport experience
® i Y, 1-6 years of sport
506 = Y. 712 yasrs of 5 2000 - = No-history 120 1
== Regression line Cancussion history, . ™ Concussion history . n.s.
1-6 years of sport experience

w2500 A Regression line Cancussion history, = 1600 4 n.s. 100 +

E o 7-12 years of sport experience E T
o P -his @

E 2000 | == Mean Baseline No-history cantrols g E 30 4
- £
. E 1200 5
=

£ 1500 - g S 60 A
@ [ =
g g 80 i

E 1000 J---Fdusssmmm b Mg E — 40 4
3 3 3

*  sp0 4 - R=0352 § 400 - 20 4

p=0.03
0 0 4 0 4
o . 20 40 1- 6 years of 7 - 12 years of 1- 6 years of 7 - 12 years of
time since last concussion [months] sport ! sport sport experience sport experience

Figure 3. (a) Relationship between the total movement time in the CMI condition and the time since last concussion (months), subdivided
into the 7-12 and 1-6 years of sport experience groups. Note the difference between the regression lines for both groups, and their different
time points of crossing the mean baseline of the control group with no history of concussion (grey dashed line), which is around 12 months for
the 7-12 years of sport experience group and around 30 months for the 1-6 years group. (b) Total movement time, and (c) full path length in
the CMI condition across concussion history and no-history control participants subdivided into the 7—12 and 1-6 years of sport experience
groups. Notably, concussion history participants with fewer years of sport experience had CMI performance deficits when compared to their
peers with concussion history, but there was no significant difference between the two groups (7—12 years, 1-6 years) in the no-history control
group. * =p<0.05, ** =p <0.01, n.s. = non-significant. Error bars represent the standard deviation of the mean.



experience group crosses the baseline of the no-
history controls (dark grey dashed line) after about
12 months, but the 1-6 years of sport experience
group crosses after about 30 months.

Finally, we performed one-way ANOVA and
ANCOVA analyses for all CMI performance vari-
ables for both sport experience groups (1-6 years,
7-12 years) with the factor group (Concussion
history, No-history). CMI performance variables
showed significant differences between the concus-
sion history and the no-history group in the 1-6
years of sport experience group (TMT, PL, and
DR, all p<0.05). ANCOVA revealed that this
effect was independent of age, sex, and number of
concussions (all p>0.05). In contrast, there were
no significant differences between the concussion
history and the no-history control group in the 7-12
years of sport experience group (all p>0.05).
Accordingly, Figure 3 shows the results for (b) total
movement time, and (c) full path length. Youth
with concussion history and 1-6 years of sport experi-
ence had CMI deficits when compared to their no-
history peers, an effect that was not present in the
7-12 years of sport experience group (see Figure 3
(b,c), and Supplementary file ITI). A similar pattern
was observed for DR.

Discussion

The present study investigated the nature of cogni-
tive—motor integration (CMI) skill recovery in youth
with a history of concussion and potential factors
that influence it. First, we replicated the previously
reported prolonged CMI deficits in youth with a
history of concussion (Dalecki et al., 2016). In the
present study, these deficits lasted approximately 18
months post-concussion, which is in agreement
with our previous study. Importantly, we found that
youth with a concussion history and more eye—limb
coordination-related sport experience demonstrated
quicker CMI recovery compared to their peers with
less experience. Specifically, youth with a concussion
history and more years of eye—limb coordination-
related sport experience reached CMI performance
levels matching their non-concussed peers more
quickly (after around 12 months) than those with a
concussion history and less sport experience (after
around 30 months, see Figure 3(a). Given that
CMI performance is particularly important in
contact sports, this finding of faster CMI skill recov-
ery in individuals with greater sport experience is
likely relevant for safe return to the field. Indeed, pre-
vious studies reported an up to threefold higher risk
for young individuals with a history of concussion
to receive another concussion or injury within 12
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months of returning to game-play (Guskiewicz
et al., 2003; Karlin, 2011).

Our findings suggest that the period of time in
which individuals are at risk of re-injury after return
to play could be shorter in individuals with more
sport experience compared with individuals with
less experience. In turn, this may leave the athlete
with less sport experience more vulnerable to injury
for a longer time, due to lingering CMI deficits.
This idea is in line with findings of previous concus-
sion history studies of youths, varsity athletes, and
elite athletes. There was an inverse relationship
between CMI deficits and skill level across these
studies (Brown et al., 2015; Dalecki et al., 2016; Hur-
tubise, 2016; Sergio et al., 2017). All of these results
strongly suggest an important role of visuomotor
sport-related experience in compensation for CMI
deficits post-concussion. This compensation is
likely achieved due to the development of more effi-
cient neurological processes for CMI (i.e. “motor
reserve”). This motor reserve may also lower the
risk of re-injury in young players after returning to
play.

Although our data demonstrate that CMI deficits
resolve more quickly with high levels of previous
experience playing sports, these data do not allow
us to determine whether this symptom resolution
occurs due to underlying physiological recovery or
compensation by motor reserve. Others have shown
that individuals with a history of concussion that
were cleared for game play performed similarly to
those with no history of concussion during a visuos-
patial search task but with increased activation in
fronto-parietal and cerebellar regions, which was
explained as a potential compensatory mechanism
(Slobounov et al., 2010). This decreased efficiency
of visuomotor-related brain networks could poten-
tially affect brain function in later life, as suggested
by imaging data from retired professional full-
contact sport athletes with concussion history (Trem-
blay et al., 2014). Therefore, while the faster recovery
of CMI in individuals with high levels of sport experi-
ence could potentially decrease the risk of re-injury,
this faster symptom resolution could come at the
cost of the brain having to work harder to keep up
performance, and possibly deficits later in life.

Prolonged CMI deficits with a concussion history
may be due to disruptions in communication
between brain regions responsible for planning and
execution of cognitive-motor integration (Gorbet &
Sergio, 2009; Gorbet & Sergio, 2016; Granek &
Sergio, 2015; Hawkins, Sayegh, Yan, Crawford, &
Sergio, 2013; Sayegh et al., 2014). Studies have
indeed reported fronto-parietal network changes
post-concussion (Slobounov et al., 2010; Tremblay
et al., 2014). The relationship between the rate of
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CMI recovery and previous experience playing sports
found here further supports this idea. Accordingly,
several studies reported more efficient fronto-parietal
networks with high levels of eye—limb coordination-
related sport experience, e.g. in gymnasts, badmin-
ton, and basketball players (Di et al., 2012; Park
et al., 2009; Wang et al., 2016).

In our present study, we did not find a relationship
between age and the course of CMI recovery post-
concussion. This result was unexpected since devel-
opmental changes are well known over childhood
and adolescence (Lubans et al., 2010; Paus, 2005).
Potential age-related effects may have been washed
out because of the large sports-related experience
range (1-12 years) in a group with a relatively
smaller age range (8—15 years). A few other studies
have reported sex-related differences in children
and adults for bimanual and complex eye—hand
coordination tasks, as well as in concussion rates
and symptom-related recovery post-concussion
(Albines et al., 2016; Black, Cat, Sergio, & Macpher-
son, 2016; Gorbet & Sergio, 2007; Karlin, 2011;
Lenroot & Giedd, 2010). However, we did not find
effects of sex on CMI recovery or performance.
This lack of sex-related differences may be related
to the fact that based on their ages, most of our par-
ticipants were likely pre-pubescent, and therefore
potential sex differences due to hormonal influences,
neck muscle development, and body mass may not
yet have been very prominent in this group (Chiang
Colvin et al., 2009; Collins et al., 2014; Covassin,
Schatz, & Swanik, 2007; Tierney et al., 2005).

Limitations

Although our sample size was relatively high overall, a
larger sample size would be helpful for investigating
the interplay between a history of sport-related con-
cussion and potential recovery-related factors such
as age, sex, and years of sport experience. Another
limitation of the present study was that the assess-
ment of concussion history was based on self-
reports. Therefore, although interviews included par-
ticipants, parents, coaches, and team managers,
potential errors are possible due to imprecise
memory. However, potential participants were
excluded from the study when reports of concussion
history or years of sport experience data were incom-
plete, vague, or inconsistent across people who were
interviewed. Nevertheless, the lack of direct confir-
mation of concussion history, severity, and the
exact timing of return to play from clinical records
is a limitation of the study. Furthermore, future
studies should also aim to include more detailed
information about sport experience, such as amount

of practice hours per week. Moreover, the
current results apply to eye-limb skill sports, but
these findings might not be generalisable to sports
that require less eye—hand coordination, such as
track, swimming, dance, or cycling. Though the
sports sampled in the present study are among the
ones with greater rates of concussion (Meehan
3rd & Bachur, 2009), future studies should investi-
gate whether the same findings are true for sports
that rely less upon eye—hand coordination. Also,
future studies that implement longitudinal
approaches would provide additional insight into
the underlying recovery mechanisms within partici-
pants and the links to re-injury and potential long-
term risks.

Conclusions

The results of the present study indicate an important
role of sport-related visuomotor experience in
complex motor skill recovery in youth with a
history of concussion. Youth with a concussion
history and higher levels of sport-related visuomotor
experience (7 years or more) had quicker CMI
recovery times (around 12 months) compared to
their peers with less sport-related visuomotor
experience (around 30 months). We suggest that
this faster CMI recovery after a concussion may be
linked to a greater motor skill-related neurological
“reserve” acquired from participating in eye—limb
coordination sports and allowing for behavioural
performance compensation. These findings may
underline a difference between assessments of readi-
ness to return to play using current clinical assess-
ment techniques and true time of sport-relevant
skill recovery post-concussion.
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