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1. Introduction

several months as symptoms resolve. However, at the group level, undergraduates reporting
a history of concussion (mean: 4.14 years post-injury) show lasting deficits in visual working
memory performance. To clarify what predicts long-term visual working memory outcomes given
heterogeneous performance across group members, we investigated factors surrounding the injury,
including gender, number of mild traumatic brain injuries, time since mild traumatic brain injury
(mTBI), loss of consciousness (LOC) (yes, no), and mTBI etiology (non-sport, team sport, high
impact sport, and individual sport). We also collected low-density resting state electroencephalogram
to test whether spectral power was correlated with performance.

Aim: The purpose of this study was to identify predictors for poor visual working memory outcomes
in current undergraduates with a history of concussion.

Methods: Participants provided a briefhistory of their injury and symptoms. Participants also completed
an experimental visual working memory task. Finally, low-density resting-state electroencephalogram
was collected.

Results: The key observation was that LOC at the time of injury predicted superior visual working
memory years later. In contrast, visual working memory performance was not predicted by other
factors, including etiology, high impact sports, or electroencephalogram spectral power.
Conclusions: Visual working memory deficits are apparent at the group level in current undergraduates
with a history of concussion. LOC at the time of concussion predicts less impaired visual working
memory performance, whereas no significant links were associated with other factors. One
interpretation is that after LOC, patients are more likely to seek medical advice than without LOC.
Relevance for patients: Concussion is a head injury associated with future cognitive changes in some
people. Concussion should be taken seriously, and medical treatment sought whenever a head injury occurs.

of mTBI makes it worthy of attention. For example, in the United
States there are an estimated >3 million yearly pediatric cases

There is growing interest in concussion, generally considered of mTBI [3]. Symptoms usually resolve over several weeks and
a mild traumatic brain injury (mTBI) [1,2]. The sheer prevalence patients gradually return to activities without lasting cognitive
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consequences [4] in pediatric [5] and adult [6] populations.
There are now widespread and effective “when in doubt, sit it
out” public health policies guiding return-to-play decisions [7,8]
and clinicians’ groups regularly publish updated assessment and
management guidelines [1,9-12]. Despite the efforts, there is no
standard in care when treating a concussion.

Although full cognitive recovery is expected within ~3 months
of amTBI, subsets of mTBI cohorts exhibit long-lasting cognitive
changes. In particular, executive functions such as working
memory (WM) can show impairment when tested [13,14]. It is also
known that there is insufficient data following up mTBI patients
over time to comprehensively understand the range of cognitive
outcomes [15]. Despite the emerging evidence identifying the
possibility of lasting cognitive changes long after mTBI, there is
still a lack of research in understanding the long-term sequelae
associated with a history of mTBI [e.g. 16]. One explanation for
lasting cognitive impairment is that mTBI causes heterogeneous
diffuse axonal injury due to shearing forces [17-25]. This damage
can disrupt connectivity and impact behavior [26-28]. There
is also growing concern that lasting anatomical and behavior
changes are particularly associated with high impact sports such
as football and hockey [29-32]. However, a major challenge
in assessing mTBI is the need for a reliable biomarker in the
form of a laboratory test [33] and for advanced neuroimaging
scanning techniques to be able to detect mTBI [22,34,35]. Given
this challenge, it is worth noting that recent research shows that
atypical neural network activity can be detected using resting-
state electroencephalogram (rs-EEG) data [36-38].

One overlooked population that may shed light on the lasting
consequences of mTBI are current undergraduates with a history of
mTBI. It is a conservative experimental approach, because students
must rely on cognition to be successful in an academic environment.
However, if deficits are identified it suggests that lasting deficits
are likely more prevalent than previously believed. In the previous
research, undergraduates with a history of mTBI were found to be
significantly impaired at visual WM tasks [39]. More specifically,
undergraduates with a history of mTBI were significantly impaired
at maintaining three-items for 900 ms in change detection tasks
using color patch or oriented line stimuli (Figure 1). Subsequent
experiments showed that extending encoding times or shortening
maintenance durations did not benefit the mTBI group, and neither
did providing performance feedback. However, in the heterogeneous
mTBI population, these group level comparisons could not shed
light on which factors predicted later cognitive performance. Our
goal in this analysis was to identify the predictors of later visual
WM deficits in undergraduates with a history of mTBI. Again, the
participants are undergraduates with a self-reported history of mTBI
(>3 months post-injury) and their peers without a history of mTBI.
WM is a key executive function that allows us to temporarily store
and actively manipulate information unavailable to perception.
WM is capacity limited and draws from frontoparietal networks
that may be impacted by frontal coup and/or contrecoup torsional
impact [22]. WM more generally allows us to perform upper
level cognitive tasks such as reading [40-42], learning [43,44],
multitasking [45], language comprehension [46,47], and problem
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Figure 1. Visual WM task paradigms and stimulus configurations. Trial
sequence and timing for the two WM change detection tasks: (A) Color
patch stimuli, in which the white cue indicated the hemifield to covertly
attend, and the (B) oriented line segment stimuli. For both tasks, a WM
recognition probe appeared at the end of the trial and participants made
a key press response indicating whether the probe was identical to what
was shown during encoding (old) or whether it was a new stimulus item
(new).

solving [48-50]. In addition, WM is significantly correlated with
fluid intelligence [51,52]. In essence, WM is an important executive
function that is heavily involved in the upper level cognition and
may be affected by damage to multiple brain regions.

The prior work could not address the heterogeneity of outcomes
in a highly heterogeneous population. Here, we sought to better
understand what predicts WM performance years after mTBI. We
examined etiology of mTBI (non-sport, individual sport, team sport,
and high-impact sport), and loss of consciousness (LOC) on visual
WM performance. We included factors that commonly show a
relationship with cognitive performance, such as gender, time since
mTBI, and number of mTBIs. We also collected low-density rs-
EEG data from three frontal electrodes sites to evaluate if changes in
power spectral densities can predict later visual WM performance.
The previous findings using rs-EEG in mTBI participants report
abnormalities following injury [36-38,53-55]. We were primarily
interested in power spectral densities differences not only in mTBI but
also in evaluating if our portable low-density EEG system can detect
neural changes commonly picked up by conventional EEG systems.
Thus, the focus of this work is to better understand why some people
are impaired years after mTBI and others are indistinguishable
from those who have never had a mTBI. We anticipated that team
sports and high impact etiologies would be associated with worse
outcomes, as would LOC. We predicted that spectral power derived
from rs-EEG might begin to clarify the underlying mechanism (s)
accounting for behavioral performance. To answer these questions,
we re-analyzed previously publish data and included newly collected
data from mTBI and control participants.

2. Materials and Methods
2.1. Participants

Data from a total of 93 undergraduates with a history of mTBI
were analyzed. Data came from two sources. First, we re-analyzed
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data from participants who had provided mTBI etiology in the
color change detection task (Experiment 3: N=21 mTBI) and the
line orientation change detection task (Experiment 4: N=22 mTBI)
from the publication described above [39]. Second, we included
recently collected data from controls and undergraduates with a
history of mTBI who have not been previously reported (N=50)
in a replication of the color change-detection task (Figure 1A).
To evaluate the interaction across different experimental tasks
collected from these samples, we converted performance into
z-scores computed from the appropriate control group data (N=93).

The mTBI participants were divided into four groups as a
function of mTBI etiology: Non-sports (N=35), team sports
(N=13), high-impact sport (N=27), and individual sports (N=18);
Table 1. High-impact sports were classified using National
Collegiate Athletic Association (NCAA) outcome measures using
the annual national estimate rates during the 2009-10 to 2013-14
academic years. All mTBIs were closed-head injuries. The non-
sports group included: Twelve falls, eight head bangs, five car
accidents, three being hit by a car, one blast, one trampoline, one
fight, one aerial dancing, and three did not report specific etiology
but indicated it was not sport related. The team sports group
consisted of the following injuries: Three cheer, three basketball,
two rugby, one men’s soccer, one lacrosse, one softball, one tennis,
and one volleyball. The high-impact sport contained injuries from
the following causes: Thirteen football, 11 women’s soccer, two
wrestling, and one hockey. The individual sports group included the
following causes: Six snowboarding, four skiing, two motocross,
one biking, one para vaulting, one skateboarding, one surfing, one
wakeboarding, and one weightlifting. The history of mTBI group
(N=93 total, M: 21.3 years, 51 females) was compared to an age-
and education- matched control group (N=93 total, M: 22.9 years,
62 females); Table 1 for demographics breakdown. The University
IRB approved all protocols. Participants provided written consent
and received $15/hour or course bonus credit, their choice.

2.2. Apparatus

Experiments were coded in MatLab (The Mathworks, Natick,
MA) using the Psychophysics Toolbox 3.0 extension [56]. For
each experiment, a single monitor was used and found significant
group differences. Across experiments three different monitor
sizes were used (197 NEC MultiSync CRT, 16” MGC CRT,

Table 1. Participant demographics.

15” MacBook Pro). CRT monitors ran at 75 Hz with 1024x768
resolution and MacBook ran at 1440x900 with participants seated
at a distance of 57 cm.

2.3. Stimuli and procedure
2.3.1. Color Patch Stimuli (Figure 1A)

Seventy-one mTBI and control participants completed this
task across three experimental manipulations. The experiments
all found a significant deficit in the mTBI group at a set size 3,
900 ms delay. Trials began with fixation (0.4°%0.4°, 300 ms),
followed by a spatial cue (white arrowhead: 2.1°%0.4°, 200 ms)
directing covert attention to one hemifield. In our condition of
interest, three colored squares appeared (0.7°x0.7°; cyan, white,
red, blue, yellow, green, and magenta, 100 ms). Stimuli appeared
within 2 rectangular areas (7.1°x12.2°) at 4.6° from fixation. After
a delay (900 ms), a single probe item appeared (3 s). Participants
indicated whether the stimulus and probe item matched what
was shown at encoding (“0” key, 50%) or not (“n” key). Self-
paced trials included three breaks. Participants completed 24
practice trials to acclimatize them to the task. Across experiments,
participants completed 120 or 192 trials of the set size 3, 900 ms
delay condition. Participants were instructed to maintain fixation
and eye movements were monitored by eye movement artifacts
collected using HD-EEG (data not discussed).

2.3.2. Oriented Line Stimuli (Figure 1B)

Twenty-two mTBI and control participants participated in
the task (Experiment 4) [39]. Participants were instructed to
remember the orientations of 4 lines (7.5°x1.5°) displayed
equidistantly (6.5°) from fixation. Trials began with a fixation
cross (1500 ms), followed by a longer encoding period (1000 ms)
to facilitate performance. The maintenance delay was consistent
with the first task (900 ms). A recognition probe item appeared,
and participants reported (“0” match, “n” mismatch, 50% chance)
whether the probe item matched the orientation of the original line
segment. There were 200 trials.

2.4. Analysis

In both of the WM change detection tasks (Figure 1A, B for
diagrams of the color patch and line orientation versions of the

Age (SD) ##F) # mTBI Range # Years (SD) Time range LOC

Non-sport 22 (4.1) 35(23) 223 1-8 5(54) 0.25-25.25y 16
Team-sport 20.4 (2.4) 13 (8) 1.76 1-3 3.66 (2.9) 0.25-8y

Individual-sport 20.6 (2.9) 18 (5) 2.61 1-7 2.3(2.1) 0.25-9y

High-impact sport 21.3 (2.6) 27 (15) 3.26 1-12 428 (4.1) 042-16y 11
Task 1 controls 23.1 (4.3) 71 (46) - - - - -
Task 2 controls 22.4(3.5) 22 (15) - - - - -
All controls 22.9 (4.1) 93 (62) - - - - -

Each row reports the demographic data from each history of mTBI group (top to bottom: Non-sport, team sport, individual sport, high-impact sports, control group 1, control group 2, and
combined control groups). The column labels refer to the following: Age: Current age in years, # (#F): Number in the cohort and the number who are female; # mTBI: Mean number of mTBIs
reported for that group, Range #: The range in reported numbers of mTBIs in that group, Years (SD): Mean time (standard deviation) in years (y) since the most recent mTBI, Time Range: The
range in reported time since the most recent mTBI, LOC: Number of participants in each group reporting loss of consciousness (LOC).
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task), the primary behavioral performance measure was WM
capacity: K = Set size*(Hit rate — False alarm rate) [57,58].
These K values were converted to standardized z-scores using the
appropriate control sample (color patch stimuli, N=71; oriented
line stimuli, N=22 control). Z-score values were used to compare
performance across experiments using different retrieval probes.

2.5. Low-density resting-state EEG collection and analysis
2.5.1. EEG Data Collection

We used a wireless three-electrode B-Alert SleepProfiler
system (Advanced Brain Monitoring, ABM, Carlsbad, CA) to
make EEG measurements. The system was controlled by a tablet
computer and used ABM software. The three electrodes were
located on the subject’s forehead in positions AF7, FpZ, and AF8.
The sampling rate was 256 Hz and electrode impedance was kept
to below 40 kQ. Resting state measurements were collected in two
successive 2-min periods.

2.5.2. Artifact Removal and Feature Extraction

The EEG signals were bandpass filtered to record frequencies in
the range 0.1 Hz-100 Hz. Signal artifacts from muscle movement
(EMQG), eye blinks, excursions, saturations, and spikes as well as
regions with excursions and saturated signals were marked and
eliminated from the analysis. EMG artifacts were flagged by
monitoring high-frequency EEG power in the 70-128 Hz band
and low-frequency EMG in the 35-40 Hz band. A small number of
blink-like artifacts were detected and removed using the algorithm
described in Chang et al.[59].

Matlab software version R2018a (The Mathworks, Natick)
was used to perform feature extraction and data analysis. Power
spectral densities (PSD) were calculated from 1 to 40Hz in 1-Hz
frequency and 1-s time bins. The conventional EEG bands (delta
1-3Hz, theta 3-7Hz, alpha 8-13Hz, beta 13-30Hz, sigma 12-
15Hz, and gamma 25-40Hz) were obtained by combining the
1-Hz frequency bins. The feature variables used in the analysis
were the PSD base-10 logarithm of these EEG bands averaged
over the full testing period.

The same analysis as performed on the behavioral data was
applied to each of the EEG power bands. This included a series
of forward regressions including gender, number of mTBIs, time
since TBI, LOC, and mTBI etiology.

3. Results

3.1. Behavioral Results: mTBI versus Control Participants

The first question is to demonstrate that there was a group
difference in these pooled data. The majority of the mTBI
participants (N=71) completed the color patch change detection
task (Figure 1A) in which the condition held in common across
experiments was the set size 3, and maintenance delay duration of
900 ms condition. If we pool these data and compare the history of
mTBI data to performance in N=71 control participants, there is a
significant impairment in the mTBI group (t(70)=5.55,p<0.00001,
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Cohen’s d=0.94). The remaining N=22 participants completed the
line orientation task using a set size of 4 and a maintenance delay
of 900 ms and compared performance to 22 control participants
(t(21)=2.21, p=0.03, Cohen’s d=1.26). To collectively evaluate
performance across tasks, we converted the data to z-scores using
the appropriate task-specific control group and conducted a one-
sample t-test that showed the mTBI group performed significantly
worse than did the control group (t(92)=—6.90 p<0.00001, Cohen’s
d=0.70; Figure 2A).

3.2. Regression Analysis: Predicting WM Performance

The purpose of this analysis was to identify any factors that
predict WM performance in undergraduates with a history of
mTBI. Toward this end, we conducted a forward regression
including the factors of: gender (male, and female), number of
mTBI’s, time since mTBI, LOC (yes, no), and mTBI etiology
(non-sport, team sport, high impact sport, and individual sport).
Of these factors, LOC was the only significant predictor of later
visual WM performance (R>=0.05, F,,,=4.72,p=0.03). The nature
of this relationship was unexpected. Participants reporting LOC at
the time of their mTBI were less impaired on the WM task ($=0.7,
p=0.03; Figure 2B and C). None of the other predictors reached
significance (all p’s>0.26). When we compared task performance
between the mTBI groups reporting LOC (N=38) and No LOC
(N=55), there is a significant difference (z-score data: t(91)=—2.22,
p=0.03, Hedge’s g=0.46) such that participants who reported LOC
performed better on the WM task; Figure 2B.

3.3. Low-Density Resting-State EEG Analyses

To determine whether there were readily detectible differences
in anterior power, the rs-EEG data were subjected to the same
analysis as the behavioral data. More specifically, EEG power
bands (delta 1-3Hz, theta 3-7Hz, alpha 8-13 Hz, beta 13-30Hz,
sigma 12-15Hz, and gamma 25-40 Hz) were subjected to a series
of forward regressions with the factors of gender, number of
mTBIs, time since TBI, LOC, and mTBI etiology. However, there
was no significant effect of LOC in any of the spectra bands.

4. Discussion

At the group level, undergraduates at a large state university
show impairment at visual WM tasks even years after mTBI [39].
The goal of the current paper was to better understand what
factors predict their overall lower, but heterogeneous visual WM
performance. Specifically, we evaluated whether factors, including
etiology, LOC, gender, or spectral power were predictors for later
WM performance. We observed no significant difference in visual
WM outcomes across any of these factors except for LOC. The
presence of LOC at the time of the mTBI predicts less severely
impaired visual WM in undergraduates long after mTBI.

4.1. Implications

These data add to the accumulating evidence indicating that
mTBI should be taken seriously, and that findings are not always
intuitive. The implication of these data is that regardless of the cause
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Figure 2. Loss of consciousness (LOC), but not etiology, predicts later visual WM performance in undergraduates with a history of mTBI. (A) Bar
plot including z-score data for control (N=93) and mTBI (N=93) participants for the visual WM tasks. (B) Bar plot showing behavioral performance
(z-scores) showing the significant difference (*) between groups defined by LOC (N=38) and No LOC (N=55). The data reveal that mTBI participants
who reported LOC at the time of their mTBI performed better on the visual WM task than those who reported no LOC. (C) The violin plot includes
embedded box plots indicating the median and quartile (q1, and q3) range of visual WM performance with whiskers noting the range of values
(minimum, maximum, and excluding outliers). The violin plot shows the smoothed probability density of the empirical data for non-sport (N=35,
LOC=16), team-sport (N=13, LOC=5), individual-sport (N=18, LOC=6), and high-impact sport (N=27, LOC=11). Data are spatially jittered to show
data from each participant (open symbol: No LOC; closed symbols: LOC). The data reveal no clear link between etiology and visual WM, but along
the orthogonal dimension of LOC at time of injury reveal better visual WM outcomes in those whose mTBI included LOC.

of the mTBI, the consequences of mTBI may not be self-limiting,
even after physical symptoms resolve. In other words, in some
people, there appears to be lasting cognitive consequences of
mTBI. Although there are emerging links between high impact
sports and chronic traumatic encephalopathy [reviewed in: 20]; in
the current sample, the etiology of the mTBI was not associated
with later visual WM performance despite the significant overall
deficits in visual WM. A recent paper examining similar factors
in retired NFL players revealed no significant linear relationships
between number of concussions, LOC, and years played and
later cognitive performance [60]. What remains unsatisfactory
is that there is no way to predict whether someone who has just
experienced a mTBI will have lasting cognitive consequences.
Furthermore, there are no evidence-based interventions that would
effectively restore any performance deficits even if vulnerable
individuals could be identified.

The group-difference visual WM deficit for the mTBI group
suggests an alternative interpretation that merits further comment.
Although we interpret the data to show that mTBI leads to worse
visual WM, it is possible that it is the other way around. People
who are poor at executive function tasks such as WM may get more
mTBIs. This perspective is supported by research showing that
impulsive individuals, especially during adolescence, take more
risks and have worse executive function [reviewed in: 61]. It is
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worth the reminder that the bulk of our mTBI group experienced
their mTBI while teenagers. Other findings do point toward pre-
injury aggression and mood disorders [62]. Furthermore, several
populations show significantly higher incidence of mTBI in their
medical histories, including individuals with serious behavioral
disorders such as intermittent explosive disorder and suicidal
ideation [63], juvenile offenders in detention [64], and perpetrators
of partner abuse [65]. In short, the distribution of who is likely
to have had a mTBI is not uniform. Yet, because we were testing
undergraduates who have to maintain an elevated level of executive
functioning and emotional regulation for academic success, we may
be sampling from the most highly-functioning subset of the pool.

4.2. Why Does LOC Predict Less Impaired Visual WM in
Undergraduates?

Of particular interest is that LOC is not required for diagnosis
of mTBI [66]. Yet, LOC during mTBI is typically associated
with greater white matter damage [67-69], and with impaired
performance on prospective memory [70], and executive
function [71]. Of particular relevance here, children who have
detectible brain abnormalities visible on CT scan show lasting
cognitive deficits for at least 1 year [72]. In other words, LOC is
usually associated with more severe mTBI that can lead to visible
white matter abnormalities and lasting cognitive changes.
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These findings contrast with our observation that LOC
predicted less impaired visual WM in undergraduates with a
history of mTBI. We speculate that in our sample, the presence of
LOC ensured that the mTBI was taken more seriously and medical
treatment was sought and followed. In contrast, we suspect that
in many mTBI without LOC, no medical treatment was sought,
and this may mean that the person returned to play or did not
take the opportunity to rest post-injury. Evidence supporting this
perspective comes from estimates suggesting that most mTBI go
untreated by medical professionals. Unfortunately, we did not
collect descriptions of medical treatment or compliance at the
time of their mTBI.

4.3. Open Questions

By demonstrating that LOC paired with mTBI predicts
less impaired WM in undergraduates, the current paper raises
new questions. Undergraduates provided self-report of mTBI
that was not verified by medical documentation. Because
undergraduates could participate as controls, there was no
incentive to deceive researchers. Our view was that accepting
self-report would only work against a positive finding showing
group differences. The heterogeneity of outcomes, though, does
raise questions regarding the relationship between compliance
with medical advice — if it was sought in the first place. As we
used a convenience sample it is also possible that there were
undetected differences between the control and mTBI groups.
Prospective work is needed to confirm that the observed patterns
were not pre-existing in these samples. Furthermore, we only
tested visual WM in these participants. Ongoing data collection
includes a more comprehensive neuropsychological assessment.
For an undergraduate population, these data raise questions
regarding the impact a history of mTBI has on student outcomes,
study habits, time to graduation, and realization of academic
goals. It may be the case that some students with a history of
mTBI study longer, drop more courses, change their majors,
but we simply do not know. Future work is needed to identify
and mitigate the consequences of mTBI in the undergraduate
population.

5. Conclusions

Undergraduates with a history of mTBI perform worse on
visual WM tasks, but the degree of impairment is not predicted by
mTBI etiology, gender, number of mTBI, time since mTBI, nor rs-
EEG power. Surprisingly, the presence of LOC at the time of the
injury predicted less impaired visual WM in these undergraduates.
Further research is needed to clarify whether there was greater
medical attention and compliance with medical advice when
mTBI was accompanied by LOC.
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