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Aim: We examined the long-term effects of concussions in young adult females on visuomotor behavior
during a visually-guided reaching task of various complexities. Materials & methods: 20 females with a
history of longer than 6 months since a concussion and 20 healthy females quickly and accurately per-
formed a delayed reach to a previously cued target. Results: As both cognitive and motor load increased,
task performance decreased for both groups (p < 0.05). However, contrary to our primary hypothesis,
no differences in task performance were found between the two experimental groups (p > 0.05). Conclu-
sion: The young adult females with a remote history of concussion demonstrated no deficits in visuomotor
behavior on an attention-mediated reaching task as compared with control participants.

Lay abstract: Current literature is inconclusive regarding the long-term effects of concussion. Some have
argued that the differing results are due to many uncontrolled factors in study design. In this study, 20
females with a history of concussion more than 6 months ago and 20 healthy females performed a reach-
ing task under different levels of difficulty. As the reaching task got harder, both groups had greater
difficulty doing the task quickly and accurately (p < 0.05). Surprisingly, however, no differences in reach-
ing performance existed between the two groups (p > 0.05). Young adult females with a remote history
of concussion demonstrated no greater problems with complicated reaching tasks when compared with
control participants when experimental conditions are tightly controlled.

First draft submitted: 10 June 2019; Accepted for publication: 21 August 2019; Published online:
5 December 2019
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Mild traumatic brain injuries, or concussions, have become a public health concern of large magnitude [1]. An
estimated, 1.6 million to 1.9 million sports-related concussions occur annually in the USA in athletes under the
age of 18 [2]; however, the actual incidence of concussions may be higher due do athletes not reporting their
injury [3,4]. While awareness for the prompt identification and appropriate immediate treatments for concussions
continues to advance, a concurrent need exists to understand the long-term effects of concussions, especially for
individuals with a remote history of concussion. For the purposes of this study, remote will refer to individuals
whose most recent concussion was sustained at least 6 months prior to study participation and have returned to
normal activities. Experimental assessment of the long-term effects of concussions on individuals usually falls into
one of two categories: cognitive function testing or motor function testing.

Neuropsychological investigations of cognitive function in individuals who have sustained concussions revealed
overall cognitive decline [5,6], poorer verbal memory [7–9], longer processing speed [10–12], poorer visuospatial mem-
ory [7] and attentional deficits [10,13]. Motor deficits identified in previously concussed individuals found decreased
postural stability and bradykinesia [14], reduced upper limb movement accuracy, slowed ballistic velocity [15] and
increased choice reaction times [16]. Although independently assessing cognitive and motor functioning has its
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merits, a gap exists that may prevent researchers from fully detecting behavioral deficits. Cognitive and motor
systems can function independently, but also interact with each other using finite attentional resources needed to
complete a task [17,18]. However, traditional methods of testing individuals who have sustained a concussion often
fall short of sufficiently challenging the participants to their attentional capacity limits, limiting the detection of
behavioral deficits. Therefore, a need exists to examine this cognitive–motor interaction with a task that sufficiently
challenges previously concussed individuals to the limit of their capacity of attentional resources.

Every day, vision guides one’s actions to help one successfully navigate through a complex environment. Visuo-
motor behavior can be exemplified with tasks as simple as reaching for a pot on the stove to remove it before the
pot boils over; to walking down a sidewalk while talking to a friend, yet still avoiding any cracks or potholes as to
avoid a fall; or more complex behavior such as when driving a car during rush hour traffic and taking corrective
actions to avoid a motor vehicle accident. When our visual and motor systems interact efficiently, we may not
fully appreciate how beneficial flawless visuomotor behavior can be to daily functioning. However, when damage
to the brain occurs, deficits in visuomotor behavior can arise. These deficits can have adverse effects on day-to-day
activities, which may lead to a decreased quality of life. For example, stroke survivors have shown deficits in
visuomotor behavior (i.e., visual attention) that were significantly correlated with increased fall rates and decreased
capability to perform activities of daily living [19]. Also, patients diagnosed with Alzheimer’s disease have shown
impaired visuomotor integration correlated to cognitive decline that has implications for successfully completing
more complex visuomotor tasks, such as ascending a flight of stairs [20].

Visuomotor behavior has also been investigated in individuals who have sustained one or more concussions,
although the results have been equivocal. Visuomotor behavioral deficits, when compared with healthy controls,
include: slower reaction times in a reverse choice lower extremity stepping task [21], impaired upper limb visuomotor
performance on a 1D tracking task [15,22], decreased visuomotor processing speed on Trail Making Test A and B [12],
decreased obstacle avoidance while performing a secondary attention task [23] and altered gait kinematics during
a varying obstacle avoidance task [24]. Conversely, others have found no difference in reaction times on upper
extremity pointing task [21] and no differences in reaction times during a pointing task with varied target size [25].

Potential factors leading to the inconsistent results reported above include variation in time since injury [16,25],
age [13,26] and sex [25,26] of the participants, as well as the number of previous concussions [8,9,14,25,27–29]. Additionally,
even though cognitive demand has varied in some experiments of visuomotor behavior in previously concussed
individuals, questions have arisen as to whether enough cognitive load was used to truly tax the participants’
abilities [25]; perhaps the experimental tasks have not sufficiently challenged the participants and actual behavioral
deficits have been masked in the findings.

The purpose of this study was to examine the long-term effects of a history of concussions in young adult
females on visuomotor behavior during a visually-guided reaching task of various complexities. A behavioral task
was designed that varied both cognitive and motor demand of the task, as well as careful control for confounding
factors of time since injury, age and sex of the participants. We hypothesized that both temporal and movement
performance related to a targeted reaching task would decline based on cognitive and motor load (to varying degrees
based on the task condition), and that this decline would be accentuated in participants with a remote history
of concussion who potentially had greater limitations in attentional resources than healthy adults. However, even
when controlling for number of concussions and a number of other factors, female participants with a remote
history of concussion performed similarly to the control group.

Materials & methods
Participants
41 healthy young adult females, aged 18–28 years, with normal or corrected-to-normal vision and either no history
of concussion or at least one self-reported concussion at least 6 months ago were recruited. Due to technical
difficulties during data collection, the data from one participant was corrupted and was not included in the final
analysis. 20 females without a history of concussion (CONTROL age: 21.2 ± 2.16 years, left-handed n = 1) and
20 females with a history of concussion (CONC age: 22.3 ± 2.43 years, left-handed n = 1) participated in the
study. We chose to include individuals with a remote history of concussion (>6 months since last concussion)
who were asymptomatic due to conflicting information regarding the long-term effects of concussion because of
methodological issues such as experimental design or the heterogeneity of participants. These factors were directly
addressed in the design of the current study. Males were excluded for two reasons. First, a difference exists between
sexes when using cognitive tests to evaluate individuals with a history of concussions [7,26]. Second, females represent
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an understudied population in the concussion literature, thus warranting a need for increased investigation [30,31].
Additional exclusion criteria included: a concussion within the previous 6 months, an inability to sit comfortably for
up to an hour and a half, self-reported neurological deficits other than a concussion, a diagnosed learning disorder,
a diagnosis of ADD/ADHD or dyslexia, a current psychological disorder which requires medication (other than a
mood disorder), any vision impairment that would preclude seeing the stimulus and an arm or spinal cord injury
in the last 6 months. A power analysis conducted using G*Power (Duesseldorf, Germany) software [32] confirmed
at least 18 participants per group were required to achieve adequate power. Informed consent, as approved by the
Institutional Review Board, was obtained from the potential participants (IRB# 15.260). All participants received
compensation upon completion of the study. Additionally, all experimental data are available upon request from
the corresponding author.

Procedure
Participants were asked to temporarily cease caffeine intake at least 2 h before their testing session to mitigate
the acute effects of caffeine on cognitive function or reaction times [33,34]. After obtaining informed consent,
participants’ vision was screened using a Snellen eye chart to check near visual acuity [35]. Participants completed a
Concussion History and Symptom Survey. Section 1 (Concussion History) obtained participants’ previous history
of diagnosed (by a medical provider) and undiagnosed concussions. The purpose of this section was threefold.
First, participants recorded the length of time from their most recent concussion, if applicable. Second, participants
verified they had been medically cleared from the most recent concussion. Third, both diagnosed and undiagnosed
concussion history was documented, therefore assessing the actual number of previous concussions. Since the intake
of total concussion history was obtained via self-report, the number of diagnosed and undiagnosed concussions was
summed to arrive at a total number of previous concussions for each participant. Section 2 (Concussion Symptom
History and Evaluation) served two purposes. First, the Symptom History checklist recorded symptoms from other
head injuries not diagnosed as a concussion. LaBotz et al. [36] developed this Concussion Symptom survey as a
more sensitive measurement of previous concussion history, thus it was included to fully capture the number of
previous concussions. The second checklist, Symptom Evaluation, was from the Sport Concussion Assessment
Tool 3 (SCAT3) [37]. The purpose of this checklist was to verify that participants were asymptomatic by current
standards. The Concussion History and Symptom Survey classified participants into one of two experimental
groups: no concussion history (CONTROL) and concussion history (CONC).

A Participant Lifestyle Questionnaire assessed lifestyles that might affect how participants performed on this
task. These included sleep patterns, nicotine use, caffeine use and prescription medication for mood disorders,
which all have been supported in the literature to alter cognitive function or reaction times [33,38–41]. Participants
also answered a Sports Participation Questionnaire to assess the frequency, type and competitive level of any sports
played by the participants [42].

Participants completed the Edinburgh Handedness Inventory to assess hand dominance [43]. Scores on this
inventory determined the hand used during the experimental trials. The participants’ dominant arm (from shoulder
to the tip of the index finger) was measured. This measurement was used to compare to the theoretical path lengths
so that the maximal path lengths would be less than 80% of the total arm length. This comparison ensured no
participant performed reaches with maximal extension of the arm, which could have led to fatigue and influenced
the dependent measures.

A MiniBird kinematic system (Ascension Technology, VT, USA) was used to collect movement data during the
experiment. A customized LabView program (BloomTech, WI, USA) was used to calculate the variables of interest,
sampling the analog data at 111 Hz. The sensor was secured to the participants’ dominant dorsal-side index finger
with medical tape. The same customized LabView program presented the visual stimulus for the reaching tasks on
a laptop computer. The laptop computer was connected to a LCD projector that displayed the reaching task on a
custom-built back-projection screen.

Participants sat upright on a stationary chair in front of the projection screen (Figure 1). The projection screen
displayed a 3 × 3 grid of white squares with a central target. Each participant completed a calibration process to
determine the location of each of the eight targets and the home position in 3D space.

Participants performed each of two trial types under three different conditions (Figure 2). In the first trial type,
participants touched the center of the cued peripheral square after a brief delay (SIMPLE). In the second trial type,
participants touched the center of the square three spaces in the clockwise direction from the original location cue,
again after a brief delay (mental rotation; ROTATE). The cued target location (the eight peripheral squares) in
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Figure 1. Experimental set-up. Each 14 cm2 had a
central 1 cm2 target. The dashed line indicates the
alignment of the stimulus display relative to the
participant’s eye position.

Simple Rotate Choice Motor

Location cue

50 ms 

Delay 100 ms 

or 

motor mask 

1500–2000 ms 

Go cue

1500 ms 

Inter trial

Interval

2000 ms 

Nogo

Baseline

Figure 2. Trial sequence for the three visually-guided reaching task conditions. The overall task was for participants
to touch a square based on task instructions. Above are examples of each task condition. In the BASELINE-SIMPLE task
(orange go cue), participants touched the previously cued square after a brief delay. In the BASELINE-ROTATE (blue go
cue), participants mentally rotated the target location clockwise three spaces from the original cue location. The
CHOICE condition, participants applied either the SIMPLE rule or the ROTATE rule based on go cue color. The MOTOR
condition required participants to touch the four black squares in a self-selected order during the delay before
touching the appropriate square based on task rule. Catch trials (purple go cue) required participants to inhibit
movement during the go cue and occurred occasionally (10% of total trials) in each of the task conditions.
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both trial types was indicated by the target square briefly turning yellow. The go cue was always presented in the
center square and the trial type was indicated by the color of the cue (orange – SIMPLE; blue – ROTATE). If the
go cue was purple (NOGO), participants withheld their reach as a catch trial. Zero to three catch trials occurred in
every block of 16 trials for all of the task conditions described below such that catch trials represented 10% of the
total trials in a task condition. Due to the low number of NOGO trials, these data were excluded from subsequent
analysis.

Participants performed these two types of trials under three task conditions (Figure 2). During the BASELINE
condition, participants completed entire blocks of either SIMPLE trials or ROTATE trials. The SIMPLE BASE-
LINE was the easiest condition in terms of overall cognitive demand. The ROTATE BASELINE condition added
a level of cognitive complexity to the task as participants had to mentally rotate the target location (Figure 2).
During the CHOICE reaching condition, another level of cognitive demand was added (Figure 2). The target cue
was presented as before, but the participants did not know if the trial was to be SIMPLE or ROTATE until the go
cue was presented, thus requiring participants to quickly identify the color of the go cue, apply the associated rule
and make an accurate reach to the correct square. Also, the number of potential motor trajectories increased from
one to two in this condition, increasing motor load.

The third condition (MOTOR) was the same sequence as the CHOICE Condition with the addition of a second
motor task over the delay period. To provide sufficient time for participants to complete the second motor task,
the delay was lengthened to 1500–2000 ms when four black squares randomly appeared (Figure 2). Participants
touched all four black squares in a self-selected order and returned to the home position as quickly as possible
to wait for the go cue for the originally targeted position. The motor mask was randomly assigned to locations
on the grid and the location of one of the four black squares was counterbalanced between being congruent and
incongruent to the original location cue. This condition added motor interference and thus increased the motor
load, to the task condition as participants would potentially have difficulty preplanning their reach to the originally
cued target location. For this study, motor load was defined as the amount of motor planning and execution
required to perform the reaching task. We increased motor load by increasing the number of possible movement
trajectories in the CHOICE and MOTOR conditions, and additionally by adding a motor ‘mask’ in the MOTOR
task.

Due to the nature of the task and to limit learning bias, the following assignment of task conditions was used. The
SIMPLE BASELINE and ROTATE BASELINE conditions were counterbalanced among participants and were the
first two conditions participants performed. The CHOICE and MOTOR conditions were also counterbalanced
between the two conditions, and always followed the two baseline conditions. Participants received practice trials
before each new task condition and obtained >70% target selection accuracy to proceed to the corresponding
experimental task condition. Of the additional practice trials needed to obtain >70% target accuracy, only one
participant (CONTROL, MOTOR) needed additional trials due to not achieving the minimum accuracy threshold.
All other additional trials were due to timing errors (either participants initiated movement before the go cue was
presented or did not return to the home location within the duration of time allocated for the motor mask).
Participants also received rest breaks as needed to prevent fatigue.

Analysis
Independent variables were trial type (SIMPLE and ROTATE), task condition (BASELINE, CHOICE, MOTOR)
and concussion history (CONTROL, CONC). Dependent variables were target selection accuracy, reaction time,
reaction time variability, movement time, movement time variability, path length, path length variability, end-point
accuracy and end-point variability (horizontal and vertical). A mixed 2 × 3 × 2 repeated measures analysis of
variance (ANOVA) was run separately for each dependent measure using SPSS software (v. 22 IBM, NY, USA).
We performed a Shapiro–Wilk test of normality on all dependent measures. End-point accuracy, normalized path
length and selection accuracy were not normally distributed and thus a Huynh–Feldt correction was used and
reported for these measures. Significance level was set at α = 0.05 with adjustments made for multiple comparisons
using the Holm–Bonferroni method [44].

We performed one-tail t-tests when a directional hypothesis was tested (e.g., symptom history and severity
between healthy and concussed participants and the main effects of task condition and group assignment). Paired
t-tests were used for tests of differences among task conditions while unpaired t-tests were used for any tests between
the two participant groups.

future science group 10.2217/cnc-2019-0007



Research Article Fueger, Sergio, Heuer, Petrovska & Huddleston

The customized LabView program calculated the variables of interest. Target selection accuracy was a percentage
of reaches to correct target locations. Target selection was based on the participant’s index fingertip getting within
a ‘target ellipse’ measuring 6.0 cm in the X and Y directions and 1.0 cm in the Z direction of the target. Reaction
time was the elapsed time from the presentation of the go cue to the initial movement of the participant’s index
finger as calculated by the time the finger moved more than 2.0 cm in any direction (‘home base ellipse’) from
the home base after the ‘go’ cue presentation. Movement time was measured as the elapsed time from the initial
movement of the participants’ finger until a ‘target ellipse’ was reached. The path length variable was a normalized
value by dividing the actual path length as measured by the shortest 3D distance between the home base and the
target location. The formula for each participant’s path length was:

PATH =
n∑

i = 1

√
(xl − xk)2 + (yl − yk)2 + (zl − zk)2 (Eq. 1)

Where for each data sample ‘l’, the difference was calculated for each dimension relative to the position at the
previous time point ‘k’ and summed for the entire trajectory (n = final time point in the series) from home base to
the target.

The formula for normalized path length was:

PATHnorm =
PATHexp

PATHactual
(Eq. 2)

Reaction time variability, movement time variability and path length variability were all calculated as the respective
within-subject coefficient of variation. End-point accuracy was divided into horizontal and vertical components of
absolute error (z-plane was fixed as the participants were touching a 2D screen) and defined as the distance from the
calibrated target location to the experimental touch of the target. From the end-point accuracy values, coefficients
of variation were calculated for both the horizontal and vertical directions, thus producing end-point variability in
either direction.

For the final analysis, trials were excluded based on four criteria. First, trials with reaction times (RT) less than
150 ms and greater than 2000 ms were excluded from the final analysis (RT error). Second, a ‘miss’ error occurred
if the participant failed to initiate movement after a valid go cue typically because the participant missed the
location cue. In this case, the entire trial was excluded from the final analysis. Third, a ‘no touch’ error occurred
if the participant’s touch did not register due to the MiniBird sensor failing to pass the boundaries of the target
ellipse. Trials classified as ‘no touch’ errors were excluded from the final analysis. Fourth, if a participant touched
the incorrect target location, only the dependent variable ‘target selection accuracy’ was included from that trial in
the final analysis.

Results
Concussion history & symptoms
The concussion group averaged 3.0 ± 1.6 concussions (R = 1 – 6 concussions) and the time since the most
recent concussion was 33.24 ± 36.12 months (R = 6 – 156 months). Of the 60 total concussions reported, 33
(55%) were diagnosed by a medical practitioner (MD, ATC, PT, RN). An evaluation of previous head injuries
and the resulting symptoms identified four participants from the CONTROL group who may have sustained an
unreported concussion. Data from the control subjects were analyzed with and without these four participants
separately (See Results: Additional Analyses). As expected, SCAT3 total symptoms scores (CONTROL 0.3 ± 0.91;
CONC 3.6 ± 5.28) significantly differed between groups (t (38) = −2.80, 1-tail; p < 0.05) as well as total severity
scores (CONTROL 0.5 ± 1.79; CONC 6.0 ± 10.98; t (38) = −2.21, 1-tail; p < 0.05). Concussion characteristics
of the participants with a history of concussion are displayed in Table 1.

Participant Lifestyles
All participants reported as nonsmokers/nicotine users and all participants refrained from the intake of caffeine
at least 2 h before their scheduled testing session. Participants reported their fortnightly average amount of sleep
(CONTROL 6.7 ± 0.86 h; CONC 6.6 ± 1.01 h) and the total hours of sleep from the night before their experi-
mental session (CONTROL 6.6 ± 1.09 h; CONC 6.9 ± 1.45 h). A one-way ANOVA (F (3, 76) = 0.22; p > 0.05)
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Table 1. Summary of the concussion history and symptom survey of participants with a history of concussion.
Participant Age (years) Self-reported concussions

(n)
Time since last
concussion (months)

SCAT3 symptom score
(22)

SCAT3 severity score (132)

1 20 3 30 0 0

2 27 1 156 4 7

3 22 3 75 0 0

4 21 4 60 0 0

5 21 5 11 13 24

6 23 2 6 4 4

7 24 6 24 0 0

8 23 4 6 8 11

9 28 5 12 20 45

10 19 1 54 0 0

11 19 4 14 2 2

12 23 4 8 0 0

13 22 1 9 2 2

14 23 2 7 5 6

15 19 3 28 0 0

16 22 3 24 0 0

17 20 1 24 8 12

18 24 1 24 5 5

19 22 5 24 0 0

20 24 2 72 1 1

Mean ± SD 22.3 ± 2.43 3.0 ± 1.6 33.24 ± 36.12 3.6 ± 5.28 6.0 ± 10.98

SCAT3: Sport Concussion Assessment Tool 3; SD: Standard deviation.

revealed no difference in hours of sleep between the two groups, nor any differences between the hours of sleep from
the night before compared with the fortnightly average. Additionally, we collected data on prescription medication
usage for mood disorders across the CONTROL group (n = 1; Effexor: 75 mg/daily) and the CONC group
(n = 4; Sertraline: 50 mg/daily [n = 2]; Fluoxetine: 40 mg/daily; unspecified thyroid medication: 75 mg/daily).
All participants who reported prescription medication for mood disorders were on their respective medication for
at least 6 months (range: 0.5–5.0 years) and had taken their respective medication before the testing session.

Current sports participation
Tegner Activity Level Scale [42] scores (out of a possible score of ten) were collected for both groups. An independent
t-test (t (38) = −2.67, 2-tail; p < 0.05) revealed a significant difference between the two groups (CONTROL
5.6 ± 1.70; CONC 7.2 ± 2.07).

Visually-guided reaching task
The lowest Target Selection Accuracy (Figure 3) was 91.98% (CONC, ROTATE trial type, MOTOR task condition)
with the remaining accuracies ranging from 95.08 to 100.00%. Given the a priori prediction that the poorest
performance on the visually-guided reaching task would occur during the largest cognitive and motor demand,
further analysis was conducted. Paired t-tests revealed a significant difference in the ROTATE trial type between
the BASELINE and MOTOR condition for target selection accuracy within both the CONC group (t (19) = 4.32,
1-tail; p < 0.001; BASELINE 99.06% ± 1.79; MOTOR 91.98% ± 7.02) and the CONTROL group (t (19) = 3.26,
1-tail; p < 0.005; BASELINE 98.72% ± 2.41; MOTOR 95.08% ± 4.91). However, an independent t-test (t

(38) = 1.62, 1-tail; p = 0.054) revealed no significant difference in the MOTOR condition for the ROTATE trial
type for target selection accuracy between the two groups (CONTROL 95.08% ± 4.91; CONC 91.98% ± 7.02).

Results of the repeated measures ANOVAs for the other dependent measures revealed significant main effects for
trial type (p < 0.05) across the dependent measures of target selection accuracy (Figure 3), reaction time (Figure 4A),
reaction time variability (Figure 4B), movement time, movement time variability, path length (Figure 4C) and path
length variability (Figure 4D). Significant main effect for task condition (p < 0.05) was found for all dependent
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measures except horizontal end-point variability (p > 0.05). Significant interactions of Trial Type X Task Condition
(p < 0.05) were found for target selection accuracy (Figure 3), reaction time (Figure 4A), reaction time variability
(Figure 4B), movement time, path length (Figure 4C) and path length variability (Figure 4D). No significant
interactions were revealed for the main effect of group membership (p > 0.05) or the interactions of Trial Type X
Group (p > 0.05), Task Condition X Group (p > 0.05) and Trial Type X Task Condition X Group (p > 0.05).

Additional analyses
To confirm that a Type II error was not committed relative to the between-subjects factor of concussion history,
various analyses were conducted to address potential pitfalls to the experimental design. Each analysis was performed
independent of the other analyses.

First, to control for the differences revealed from the Tegner Activity Level Scale, participants in the CONTROL
group with a score of 5 or lower were removed (n = 8), leaving 12 participants in the control group. An independent
t-test (t (30) = −0.95, 2-tail; p > 0.05) revealed no longer any difference between the two groups in activity
level with this change in group membership (CONTROL 6.6 ± 1.08; CONC 7.2 ± 2.07). However, after this
adjustment, still no significant differences were found between the previously concussed group and the controls in
any dependent measure.

Next, the four participants in the CONTROL group with a suspected but unreported concussion were removed
from the CONTROL group (leaving n = 16) and the analyses were repeated. No significant differences were found
between the CONC and CONTROL groups for any dependent measure.

Third, three participants in the CONC group self-reported a history of concussion; however, all of their
concussions were classified as undiagnosed (by a medical practitioner). To adjust for any influence on the dependent
measures due to misreporting a concussion, the three individuals were removed from the CONC group (leaving
n = 17) and the analyses were repeated. After this adjustment, no significant differences were revealed between the
CONC and CONTROL groups for any dependent measure.

Fourth, previous evidence suggests that, if an individual has a history of three or more concussions, they
demonstrate poorer performance on a cognitive task when compared with both individuals with one or two
previous concussions and control participants [6,7,11]. In the previous analysis we had collapsed all people with a
concussion into the same group. For the next analysis, the CONC group was divided into two groups based on
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Figure 4. Examples of temporal and kinematic variables. (A) Average reaction time. (B) Reaction time variability. (C)
Path length. (D) Path length variability. For all four graphs illustrated, both main effects of trial type (p < 0.05) and
task condition (p < 0.05) were significant as well as the interaction between trial type and task condition (p < 0.05).
However, no group interactions were revealed (p > 0.05). Error bars represent standard error of the meann.

concussion history (one or two [n = 8] vs three or more previous concussions [n = 12]). An independent t-test
(t (18) = −0.13, 2-tail; p > 0.05) revealed no difference on the Tegner Activity Level Scale between the two new
CONC groups with this change in group membership (CONC1-2 7.1 ± 2.16; CONC3+ 7.3 ± 2.09). After this
group reassignment, no significant differences were found among the three groups for any dependent measure.

Fifth, to adjust for the effects of prescription medication for mood disorders on the dependent measures [33,40,41],
the five participants (CONTROL n = 1) were removed from their respective groups. The analyses were performed
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and no significant differences existed between the CONTROL and CONC groups for any of the dependent
measures.

At last, the possibility existed that an individual was inherently better at the visually-guided reaching task
regardless of their concussion history (or lack thereof ). To control for this potential confound, two separate analyses
were conducted:

• Individual difference scores for both trial types (SIMPLE and ROTATE) were calculated using the respective
task condition statistics of: choice – baseline, motor – baseline and motor – choice;

• Individual normalized scores were calculated for both trial types by dividing the task condition statistics of choice
and motor by its respective baseline value.

The results of the subsequent analyses were consistent with the original results of no significant differences
between control participants and those with a history of concussion. Based on the multiple analyses, and the
consistent finding of no significant differences between the two experimental groups, the likelihood of a Type II
error was rejected.

Discussion
We examined the long-term effects of concussions in young adult females on visuomotor behavior during a
visually-guided reaching task of various complexities by designing a behavioral task that varied both cognitive and
motor demand of the task to overextend attentional resources, as well as carefully control for confounding factors
of time since injury, age and sex of the participants. Novel to this body of work was the introduction of motor
interference, which we altered by increasing the number possible motor responses [45] or by introducing motor
interference to the task [46]. We also increased cognitive and motor load by combining the two elements in the
MOTOR condition to further challenge participants. As cognitive and motor demand increased, both temporal
and kinematic characteristics decreased for both experimental groups. This is important as a sufficient increase of
the cognitive load of a task is required to elicit a detectable difference between individuals with and without a
history of concussion [16,25], which was demonstrated in the present study since both groups showed a decline in
performance as load increased. However, no significant differences existed between the individuals without a history
of concussion and those with a long-term history of concussion for any condition. Within-subject variability is
considered a measure of the efficiency of the allocation of attentional resources as participants are challenged by
increases in cognitive load [47]. No significant differences in within-subject variability were detected between the
two groups in any of our results. Given these findings, attentional resources did not appear to be impaired in this
population at least 6 months after the most recent concussion.

Our results add to the already divergent results of the effects of a remote concussion on visually-guided reaching.
These current findings agree with those reported by Locklin et al. [25] that reported no significant differences in task
performance between the two experimental groups, although our task was more difficult as we changed the reaching
target on each trial. However, the results of the current study disagree with those reported by Brown et al. [16].
Brown et al. [16] reported a significant difference in reaction time, movement time and end-point variability between
the group with a history of concussion and those with no pervious concussions. One possible explanation for the
conflicting results is the time since most recent injury of the participants. In the current study, all participants were
asymptomatic by current standards and at least 6 months removed from their most recent concussion. However,
Brown et al. [16] included eight of the 18 previously concussed participants who were asymptomatic by current
standards yet within only 1 month from their most recent concussion. Given the detrimental effects of concussions
on cognitive performance during the acute phase of recovery [31,48–50], the possibility of this factor influencing the
results reported by Brown et al. [16] exists.

When using behavioral measures to detect differences between asymptomatic individuals with a remote history
of concussion and controls, a null result is common [11,13,29,51–56]. However, interpretation of these results has
been difficult due to methodological issues such as experimental design or the heterogeneity of participants. These
factors were directly addressed in the design of the current study. Our visually-guided reaching task did sufficiently
challenge the attentional resources of the participants and multiple methodological factors were controlled to achieve
a homogenous sample of concussed participants, which led to no detectable behavioral differences as compared
with control participants on the visually-guided reaching task.
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Limitations
While extensive efforts were made to ensure a strong experimental design, some limitations exist. Specifically,
these findings are only applicable to young adult females, aged 18–28 who had a history of concussion and were
asymptomatic by current standards. If an individual sustained her concussion in a competitive sports environment,
the likelihood of entering a return-to-play protocol is high. The current guidelines for the return-to-play protocol
incorporate both gradual increases in exercise and cognitive load/training [57]. Both exercise [58–60] and cognitive
training, or neurorehabilitation [58], can aid in recovery of function after a traumatic brain injury via neural
plasticity. Previous participation in a return-to-play protocol was not assessed in this study. Therefore, the influence
of a return-to-play protocol on the results of this study is unknown.

The influence of individual motivation and competitiveness was not assessed in this study. Individuals may
differ in their motivation and competitiveness when completing a task. Individuals high in competitiveness, or
achievement motivation, will attempt to attain a better performance at a task whether measured against themselves
or another group of individuals [61]. This relationship has been observed in both academic and sports settings [62] as
well as in experimental tasks measuring reaction time when the difficulty of the task was varied [63,64]. Additionally,
the effects of an individual’s motivation to ‘do well’ on a behavioral task or assessment has been investigated
in previous studies of individuals with a history of concussion; however, the primary focus was centered on the
assessments pre- and postinjury during the acute phase [65–67]. Simply put, the motivation of a previously concussed
athlete during the postinjury assessment can lead to better performance on the evaluation so they can quickly return
to their sport. Moreover, some evidence does exist for a participant’s motivation to influence task performance in
individuals with a history of concussion in the long-term postinjury phase [68]. Therefore, some participants may
have had higher achievement motivation than other participants or the previously concussed participants may have
been motivated to perform better on the visually-guided reaching task to downplay the long-term effects of their
injury.

One last potential limitation is a decrease in the statistical power of our follow-up comparisons due to our lower
sample sizes after removing various participants as explained above, possibly accounting for our negative results.
When comparing the effect sizes across the original analyses with the subsequent analyses, we did not see significant
changes (See Supplementary Table 1 for an example of changes in the partial eta squared across two follow-up
analyses with the greatest decrement in participant group sizes), thus the smaller group sizes did not appear to
contribute to the lack of significant findings.

Future perspective
As concussions continue to capture the attention of both the popular press and scientific community, the importance
of investigating functional motor behaviors, such as visually-guided reaching, will continue to rise. Novel reaching
tasks, such as the one designed for this study, have the potential to help researchers further understand the recovery
of the brain postconcussion. Tasks designed to alter the cognitive load as well as to challenge the potentially
diminished attentional resources in individuals with a remote history of concussion may lead to insights as to
previously undetected deficits in brain function. Additionally, the visually-guided reaching task in this study should
not be limited to postconcussion investigations. This task may prove beneficial in detecting cognitive or motor
deficits in various populations such as older adults, stroke survivors, individuals diagnosed with Alzheimer’s disease
or persons recovering from a concussion who are still symptomatic. The number of studies examining functional
behaviors will continue to rise as the benefit of such investigations may be the steppingstones leading to developing
interventions.
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Summary points

• Mild traumatic brain injuries, or concussions, continue to be a major public health concern yet the number of
studies investigating visually-guided motor behaviors in individuals with a remote history of concussions is
limited.

• Females continue to be an underrepresented population in the concussion literature and thus the exclusive
participants in this study.

• By altering the cognitive and motor demand required to successfully complete the visually-guided reaching task
in this study, the goal of this study was to sufficiently challenge the participants as to reveal previously
undetected performance deficits.

• The major finding of this study was that no significant differences existed between the two experimental groups
after increasing both cognitive and motor demand of the visually-guided reaching task.

• Given the robust findings related to the experimental design of the visually-guided reaching task, the methods
used in this study were sensitive enough to reveal any potential detectable difference between the two groups.

• The variables of age, sex, time since injury (greater than 6-month post injury), effects of caffeine and nicotine,
sleep loss, sports participation, suspected concussions, multiple concussions and the effects of psychoactive drugs
were all either controlled or considered during the analyses, yet still yielded a null result for group differences.

• The previously concussed, asymptomatic, female participants in this study performed equal to their nonconcussed
control participants.

• Factors such as participation in a return-to-play protocol and the psychological attributes (i.e., competitiveness
and motivation) of the participants were not assessed which could have influenced the results. Future studies
should take these recommendations under consideration.
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