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Abstract

Sports-related concussion is associated with a range of short-term functional deficits that are commonly thought to recover
within a two-week post-injury period for most, but certainly not all, persons. Resting state electroencephalography (rs-EEG)
may prove to be an affordable, accessible, and sensitive method of assessing severity of brain injury and rate of recovery after
a concussion. This article presents a systematic review of rs-EEG in sports-related concussion. A systematic review of articles
published in the English language, up to June 2017, was retrieved via PsychINFO, Medline, Medline In Process, Embase,
SportDiscus, CINAHL, and Cochrane Library, Reviews, and Trials. The following key words were used for database searches:
electroencephalography, quantitative electroencephalography, qEEG, cranio-cerebral trauma, mild traumatic brain injury,
mTBI, traumatic brain injury, brain concussion, concussion, brain damage, sport, athletic, and athlete. Observational, cohort,
correlational, cross-sectional, and longitudinal studies were all included in the current review. Sixteen articles met inclusion
criteria, which included data on 504 athletes and 367 controls. All 16 articles reported some abnormality in rs-EEG activity
after a concussion; however, the cortical rhythms that were affected varied. Despite substantial methodological and analytical
differences across the 16 studies, the current review suggests that rs-EEG may provide a reliable technique to identify
persistent functional changes in athletes after a concussion. Because of the varied approaches, however, considerable work is
needed to establish a systematic methodology to assess its efficacy as a marker of return-to-play.
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Introduction

LECTROENCEPHALOGRAPHY (EEG) can be used to characterize

large-scale spatial-temporal neurophysiological disturbances'
that are associated with sports-related concussion. EEG measures
electrical activity of the brain conducted from neurons and glia in
the cerebral cortex. The principal generators of EEG fields are
graded excitatory and inhibitory synaptic potentials of pyramidal
neurons.” The EEG measures extracellular current flow, and it is
sensitive to activity from cortical pyramidal neurons characterized
by long, vertically directed apical dendrites.” Its measurement re-

quires synchronous activity across a large population of regularly
arranged pyramidal cells and reflects the spatial-temporal sum-
mation of excitatory and inhibitory synaptic activity arising from
ensembles of cortical pyramidal cells.'> Given their morphology
and arrangement, however, glial cells also contribute to the EEG
signal."? Glial cell involvement may be relevant based on recent
animal modeling of mild traumatic brain injury (mTBI) that de-
scribe changes in functioning after injury.*~" As such, resting state
EEG (rs-EEG) might be sensitive to microstructural, metabolic,
and neurochemical changes after concussion that cause functional
disruptions to cellular systems and networks.
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Historical studies have provided some evidence for EEG slowing
as well as a breakdown of the expected EEG architecture in boxers®
3 and some professional soccer players.'*!'> The evolution of
quantitative or “‘digital EEG” was accompanied by more sophisti-
cated mathematical algorithms, and researchers have reported ele-
vated delta (0.5-4Hz) and theta (4-8 Hz) activity after a single
sports-related concussion.'®!” The work of some researchers has
extended well beyond the measurement of EEG amplitude variations
to include studies of hemispheric asymmetries, coherence, peak
frequency variation, and nonlinear indices of complexity.'® 81

This systematic review focuses on rs-EEG studies of sports-
related concussion. Rs-EEG can quantify the amplitude and dis-
tribution of oscillatory activity in well-defined frequency
bands.'®!” Recently, novel mathematical approaches to quantify-
ing neural dynamics and complexity have been applied to the study
of concussion.'® Rs-EEG may prove to be a low-cost, time-
efficient, portable, and direct measure of large-scale neurophysi-
ology within the cortex, and thus has considerable potential as a
biomarker of concussion-induced change in brain functioning.

Methods

The review was conducted in three stages (see Preferred Re-
porting Items for Systematic Reviews and Meta- Analyses [PRIS-
MA] table, Fig. 1). In stage 1, we used a very liberal search strategy
to capture all possibly relevant articles. Articles were retrieved
from on-line databases, manual searches of reference lists, and
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cited reference searches. Online databases included PsychINFO,
Medline, Medline In Process, Embase, SportDiscus, CINAHL, and
Cochrane Library, Reviews, and Trials. The following key words
were used for database searches: electroencephalography, quantita-
tive electroencephalography, qEEG, cranio-cerebral trauma, mild
traumatic brain injury, mTBI, traumatic brain injury, brain concus-
sion, concussion, brain damage, sport, athletic, and athlete. Searches
were limited to English-language articles published in peer-reviewed
journals up to June 2017. Additional manual searches were con-
ducted in Web of Science and Google Scholar to identify any re-
maining articles missed by the initial database search. This initial
search was narrowed using the key words electroencephalography or
EEG; concussion or sports-related concussion; sport; and athletic or
athlete. This was undertaken by two reviewers (ACC and PSC) to
capture the most relevant articles for further evaluation.

In stage 2, titles and abstracts of the subset were reviewed to assess
eligibility for inclusion. Articles were reviewed independently by
three authors (ACC, FK, and AJG) to examine whether they were
specific to athletes, concussion, and EEG. There was no restriction
based on timing of assessment (e.g., acute, post-acute) and use of other
outcome measures (e.g., task-based EEG, conventional magnetic
resonance imaging, computed tomography, symptom checklists,
balance testing, inclusion of a control group or neuropsycholo-
gical testing). Where there was disagreement between the re-
viewers about whether a study should be included based on the
review of the title and abstract, the full article was reviewed.

In stage 3, the full-text version of the articles retained from stage
2 were independently assessed for quality by two authors (ACC and
PSC). First, articles were assessed on their EEG methodology to

T
Records identified through database searching
Using search terms: electroencephalography, quantitative electroencephalography, qEEG, cranio-cerebral
§ trauma, mild traumatic brain injury, mTBI, traumatic brain injury, brain concussion, concussion, brain damage,
® sport, athletic, and athlete; published up until June 2017. (n = 10436)
g
c
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FIG. 1. Preferred Reporting Items for Systematic Reviews and Meta- Analyses table.
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rs-EEG IN SPORTS-RELATED CONCUSSION

ensure rs-EEG was recorded. As shown in Figure 1, a number of the
articles were removed before the qualitative synthesis. The final set
of articles was assessed using a standardised quality assessment
checklist®® that included criteria for both study relevance and
validity. This includes 10 validity criteria that address clarity of
research question and aims, participant and control selection criteria,
prevention or acknowledgment of potential biases, exposure and
intervening factors, appropriateness of statistical analyses, and
whether conclusions are supported by results (see Table 1 for details).

Each of the 10 criteria received a yes, no, or unclear rating, and
these were collated into a positive, neutral, or negative overall score
for the study, using criteria by Gardner and colleagues.>' A positive
score indicated that the study included appropriate selection of
participants and matched controls, well-described intervention(s),
and reliable and valid measures. A negative score indicated that at
least six of the 10 criteria were not met. A neutral score indicated
that the study did not fully meet all of the positive or all of the
negative criteria. Each reviewer gave an independent assessment
and, where there was discrepancy in total score, consensus was
attained by deliberation.

Data extraction

One reviewer (PSC) extracted data from the final set of 16
studies, including (1) participant demographics (athletes and con-
trol participants), (2) characteristics of participants (sport, exposure
to concussion, concussive history), (3) EEG recording conditions
(technique and data extraction), (3) time lapsed (acute versus de-
layed assessment); (4) study findings, and (5) study comments (see
Tables 2 and 3).

Results

Stage 1 resulted in the identification of 10,436 entries THAT re-
presented 7951 articles after removal of duplicates (Fig. 1). Title and
abstract screening reduced the number to 329 for eligibility review. In
stage 2, articles were excluded if they did not fit the concussion (25) or
EEG (244) criteria. Of the remaining 60 articles, 28 were excluded
because they did not record rs-EEG and 16 because they were not full-
text articles (i.e., conference presentation, abstract only, commen-
tary), resulting in a final set of 16 articles for this review.

As shown in Table 1, 12 studies received a positive quality rating
against the pre-specified standardized criteria.?® Two studies®>?*
received a negative quality rating because they were given negative
or neutral ratings on six or more criteria. Another two studies re-
ceived a neutral quality rating.** In all 16 studies, participants
who met the inclusion criteria were included, and specific exclusion
criteria were not identified.

Sample characteristics are listed in Table 2. The 16 studies in-
cluded a total of 504 concussed athletes. Thirteen studies included
nonconcussed healthy athletes as controls (n=367), and 10 of these
articles identified the controls as participating either in the same sport
or in a noncontact sport, such as swimming or cycling,'’~!9222426-30
Three studies either used controls who did not play sports, or
they did not report the type of sport played.'>>*2° The final three
studies did not include controls.'®*'3? Ten of the studies com-
pared concussed athletes with controls, without a pre-concussion
baseline.'>!7:18:22:23.25.28-30.33 'poyp of the studies compared
baseline and post-concussion recordings with controls.'®-26-27-32
The last two studies only assessed recordings from athletes after
concussion.'®3!

Nine studies examined athletes after a single Grade 1 mTBI,**
or after the designation of a concussion by a physician or certified
athletic trainer, but did not look at athletes who had multiple con-
cussions, '6-18:1922:24227.31 Boup studies examined athletes who had

3

multiple concussions.'”*32%32 Two studies examined athletes after
concussions of differing severity.”>*° The final study assessed
former professional and semi-professional athletes, against non-
athletes, but did not include athletes with a history of concussion.?
Seven studies included only males.'®'®2328=3! Another five either
did not disclose sex information or did not specify the demographic
information of the subset of participants drawn from a larger
sample.'>'9222432 Of the four studies that included participants of
both sexes, one study'” included a 2:1 ratio of males to females. In
total, across all studies, sex was reported for only 560 participants
and, of these, only 11% were female. Hence, sex differences were
not evaluated.

Athletes participated in a number of contact sports including
American and Canadian football, soccer, field and ice hockey, rugby,
and lacrosse (see Table 2). Half of the studies were cross-sectional,
whereas the other half included repeated measurements. Six studies
examined the effects of concussion within eight days, and all but one
of these also included repeated measurements at varying inter-
vals. 02423273132 Ty studies did not identify the delay between
injury and EEG recordings.>** All but one study'’ reported con-
cussion characteristics (e.g., concussion severity, concussion history,
or post-concussion symptoms) at the group level.

EEG results

EEG recording characteristics (system, number of channels
used), data acquisition parameters (e.g., sampling frequency, length
of recording session), and post-processing procedures varied con-
siderably across studies (see Tables 2 [characteristics] and 3
[methods and results]), and this may have contributed to the het-
erogeneity of results. The main findings are also reported in Ta-
ble 3. Below, we summarize briefly the EEG findings by analysis
method. The largest number of studies used power-based analysis,
which examined the differences in magnitudes of different EEG
frequencies between controls and injured athletes,'”+!8-2%23.25:28.29
Another three studies examined the differences in connectivity
patterns between the two groups.25’27’3 ° One study examined the
differences in waveform features from continuous recordings.'”
The other studies used a number of nonstandard processing tech-
niques to assess EEG changes after a concussion. These measures
include a machine-learning algorithm to classify abnormalities,?®
entropy-based transformations of the EEG,'>*? and composite
scores derived from a number of different EEG features.'6>*>!

Power-based analyses

The EEG signal can be decomposed into oscillatory activity in
different frequency bands (i.e., delta=0.5-4 Hz; theta=4-8 Hz;
alpha=8-13 Hz; beta=13-30Hz; gamma=30+ Hz) that are as-
sociated with distinct arousal and/or cognitive states. Power-based
analyses characterize the strength or magnitude of activity within
each EEG frequency band.***% Changes in EEG power have been
linked to deficits in cognitive functioning in a number of patholo-
gies.®” Seven studies examined differences in EEG power between
concussed athletes and controls for distinct frequencies and spatial
regions; however, none of these studies compared the same athletes
before and after concussion,!”'82%23:25:2829 Ty of these studies
compared EEG power across different postural conditions during
rest.'®?° Another two examined EEG before, during, and after a
hyperventilation challenge, during which participants briefly per-
formed intense activity to induce a hyperventilated state.?**>

Thompson and associates'® reported that, compared with con-
trols, concussed athletes had significantly reduced power across
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delta to beta frequency bands, with the effects being particularly
pronounced in the standing position. The effects differed across the
scalp: power in the alpha and beta bands showed greater reduction
over frontal regions, whereas theta power was more reduced par-
ietally. Teel and colleagues also reported a significant reduction in
theta and beta power within eight days of injury compared with
controls across all postural conditions. Two studies examined EEG
differences at rest versus physical activity. Gay and coworkers>
reported that, compared with controls, concussed athletes showed a
significant increase in EEG power across delta to beta frequency
bands during, as well as 30 min after, rigorous cycling activity that
induced the hyperventilation in the athletes. Radic and colleagues®
reported that, compared with controls, soccer players had reduced
alpha power over posterior regions, greater hemispheric lateraliza-
tion differences in delta power, and increased left temporal theta after
hyperventilation-inducing exercise. The authors do not provide sta-
tistical results on the differences between these two groups, however.

Gosselin and associates'’ examined resting EEG under an eyes
closed condition as well as EEG during sleep in healthy and con-
cussed athletes. Concussed athletes showed a statistically signifi-
cant increase in delta power and reduced alpha power at several
recording sites under resting conditions compared with healthy
controls. Moore, Sauve, and Ellemberg28 examined whether long-
term (i.e., greater than nine months) alterations in EEG activation
after a concussion were related to changes in psychological func-
tioning measured using the Beck Depression Inventory-Second
Edition®® and the Profile of Mood States.>® Concussed athletes
showed significantly reduced frontal alpha asymmetry, as well as
significantly increased frontal beta asymmetry, compared with
controls. In addition, in the athletes, the pattern of alpha activity
was negatively correlated with scores on both the Beck Depression
Inventory and the Profile of Mood States.

Munia and colleagues®® examined changes in rs-EEG power at
eight, 10, and 12 months after a concussion. Compared with controls,
the concussed athletes displayed increased frontal delta as well as
reduced beta and gamma power across the cortex. These differences
were significant between eight and 10 months after injury, but only
the differences in frontal delta were significant out to 12 months (it
should be noted that this was a small dataset, with only six partici-
pants completed at the time of the preliminary analysis).

In sum, three of the seven studies showed a reduction in theta,
alpha, or beta power in concussed athletes compared with con-
trols.'”'82% There is also some evidence of changes in delta and
gamma activity after a concussion®’; however, the direction of the
changes varied. Undergoing hyperventilation changed the observed
power dramatically,?*?* but the direction of effects was not con-
sistent between the two studies.

Coherence-based analyses

In EEG, coherency is a measure of associative strength (i.e., a
correlation) between activity at two or more recording sites. If two
time series co-vary together, they are said to have strong coherence
versus two that do not correlate.*® Depending on the aspect of the
signal that is probed (e.g., amplitude or phase), distinct types of
coherence measures can be extracted.*' Regardless of the specific
measure, if two sites have strong coherence, this is thought to in-
dicate evidence of neural communication, and thus coherence
provides a measure of network dynamics.

Three studies examined the impact of concussion on rs-EEG
coherence.”>?7° Teel and colleagues™ reported that, despite re-
duced theta and beta power, concussed athletes showed signifi-

CONLEY ET AL.

cantly increased coherence across the scalp in theta, alpha, and beta
bands, relative to controls. Cao and Slobounov?’ and Virji-Babul
and coworkers®® both used graph theory to quantify coherence-
defined network properties, but produced inconsistent results. Cao
and Slobounov?’ found that, compared with controls, concussed
athletes had significantly decreased frontocentral connectivity and
increased parieto-occipital connectivity. In contrast, Virji-Babul
and colleagues®® found that concussed athletes showed increased
connectivity over the right pre-frontal cortex and reduced parieto-
occipital connectivity, compared with controls.

The graph theory measures also differed between the two stud-
ies. Cao and Slobounov?’ showed that concussed athletes exhibited
more random connections between nodes, while control athletes
displayed a ‘‘small-world”’ network with separate hubs of nodes
interconnected with each other (small-world networks indicate an
optimal trade-off between wiring cost and information propagation
speed).* In contrast, Virji-Babul and coworkers® reported sub-
stantial differences in local but not global networks in concussed
versus control athletes. Compared with controls, concussed athletes
had a significantly higher level of network connectivity over the
right frontotemporal area, with reduced right parietal connectivity.
The studies differed in sample age (college students vs. adoles-
cents, respectively) as well as processing and analyses approaches.
For instance, Cao and Slobounov®’ used a source localization
technique to transform the recording montage into regions of in-
terest (ROIs) before constructing the graphical networks based on
interactions of these ROIs. Virji-Babul and colleagues® used a
Bayesian network learning algorithm to compute a probabilistic
network from which to construct the graphs.

Continuous EEG monitoring

Continuous EEG monitoring refers to reviewing the entire EEG
recording for abnormal patterns of activity. This type of analysis
is used commonly in diagnostic evaluations and involves looking
for specific waveforms or components among the entire trace.*
A study in the late 1980s by Tysvaer and associates'> reported that
significantly more active professional soccer players had some
form of abnormal theta bursts in the continuous EEG recording,
compared with the control group (35% vs. 13%).

Other measures

A number of the studies use non-traditional approaches to ana-
lyze resting EEG. Cao, Tutwiler, and Slobounov?® used a machine-
learning algorithm (support vector machine) to identify features
that could be used to classify EEG abnormalities after a concussion.
The classifier identified reduced power across theta, alpha, and beta
frequencies at the parietal and temporal areas for concussed athletes
compared with controls. Both Slobounov, Cao, and Sesbastianelli*?
and Cao and Slobounov'® examined entropy-based transformations
of resting EEG data.

Slobounov, Cao, and Sesbastianelli*? measured EEG wavelet
information quality (EEG-IQ) at baseline and at seven, 14, and
21 days after an athlete’s first and second concussions. EEG-1Q
scores across the occipital, parietal, and temporal scalp recovered
over a two-week period after the first concussion, but this recovery
was significantly slower after the second concussion. In contrast,
performance on the Trails B version of the Trail Making Test re-
covered to near baseline levels, for both the first and second con-
cussion. Cao and Slobounov'® examined neuropsychological test
performance and entropy in the nonstationarity of EEG oscillations
in athletes 30 days post-injury compared with controls. Although
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there were no group differences in neuropsychological perfor-
mance, athletes showed significant reduction in entropy over pos-
terior scalp compared with controls.

Other studies have computed a composite score derived from a
number of linear and nonlinear metrics on EEG recorded from five
frontal electrodes.'®***! This composite score was derived using
changes in total and frequency-specific power across spatial locations,
connectivity, and coherence changes in specific regions, as well as
specific abnormalities present in the recording, and is used as a dis-
criminant score of electrical activity after an mTBI. This discriminant
score was higher in concussed athletes compared with controls,'®**
and in severely versus mildly concussed athletes.>' In all three studies,
neuropsychological tests and clinical observations showed no effect
one week post-concussion, whereas significant differences in the EEG
discriminate score persisted and continued to be present up to 45 days
after injury in moderately severe concussions.

Discussion

Current guidelines for return-to-play after a concussion rely
heavily on clinical judgment based primarily on self-reported symp-
toms, neurological soft signs, and/or neuropsychological assessment.
These measures may not be sensitive to subtle, protracted changes in
brain physiology and, as a result, players return to the field too early,
making them more vulnerable to re-injury. In this systematic review,
we examine the evidence for the use of rs-EEG to assess changes in
brain functioning after sports-related concussion. rs-EEG is an af-
fordable, fast, and accessible measure of brain functioning.

What aspects of the EEG signal are affected
by concussion?

Of the 16 studies included in this review, only half provided
sufficient information to identify specific frequency bands affected
by concussion. '>!7:18:23:25:26.2829 Gix f these studies reported
changes in theta rhythms; however, the measures used and the
direction of effects were not consistent across studies. Concussed
athletes had lower theta power, '>'7?>?% abnormal theta oscilla-
tions,'” increased theta coherence,25 or increased frontotemporal
theta power 2 relative to pre-injury baseline or controls. While
most studies identified these changes at rest, Radic and colleagues>>
found theta changes after only hyperventilation conditions. Less

consistent changes are also reported in other frequency bands.
17,29

Concussion was associated with enhanced delta power, re-
duced alpha power,'?*® and both increased frontal beta asym-
18,25,26,29

metry”® and reduced beta power.

Thus, the existing studies most consistently report changes in theta
oscillations after concussion. Theta oscillations are enhanced typically
during internally guided attention (such as meditation or introspec-
tion), “~* greater in patients with anxiety,*’ altered in individuals
experiencing suicidal ideation,*® reduced in athletes experiencing a
downturn in performance (i.e., a “slump™),* critical for memory
processes,”>! and increased with longer durations of wakefulness.>>
Given that concussion is associated with an increase in confusion as
well as a decline in mood, sleep quality, concentration, and memory,
post-concussion changes in theta oscillatory activity are consistent
with neurophysiological changes. Importantly, theta oscillations are
also associated with goal-directed cognition and decision-making.>*>*
Thus, abnormal theta activity post-concussion may influence the speed
and accuracy of decision making processes that are important on field
and thereby increase the risk of further injury.

Comparatively, the results of the other studies did not present a
consistent story of how concussion altered recorded electrophysi-

11

ological activity. The connectivity analyses showed that concus-
sion altered the nature of functional networks; however, the two
studies reported opposite effects of concussion on the structure of
pre-frontal connectivity.>”** The use of composite analyses to
derive discriminant scores to represent a number of factors of re-
corded EEG activity consistently showed a delayed recovery of
functional activity compared with the neuropsychological mea-
sures used in most studies.'®'*'* This collapsing of the data,
however, removed the ability to effectively identify the source of
this abnormality. There are other issues with this methodology
discussed below.

Recommendations for future rs-EEG studies

A major limitation in the strength of conclusions that can be
drawn from the studies reviewed here is the lack of consistency in
(1) the measures used to assess rs-EEG (e.g., power, coherence,
nonstandard entropy-based measures), (2) the information provided
about how these measured were derived and analysed (e.g., re-
cording system, analysis approach), and (3) the time and number
of testing sessions relative to the concussive event.

Different measures of the EEG signal characterize distinct phys-
iological mechanisms. For instance, power is sensitive to regional
properties of the EEG signal, whereas coherence is sensitive to the
similarity of wave features between sites. Changes in theta power
may be because of neurophysiological changes in region-specific
activity in, say, frontal or temporal brain regions, whereas changes in
theta coherence may represent a disruption of the efficacy of com-
munication between these regions. To identify the mechanisms that
are most sensitive to concussion, studies need to report both power
and coherence measures in multiple frequency bands.

Novel metrics of brain activity, derived by combining infor-
mation from power and coherence measures,'®>* may prove to be
sensitive summative measures of disrupted brain activity post-
concussion. It is necessary to first standardize their measurement,
however, and establish their psychometric properties. Currently,
studies provide insufficient information about how these measures
are derived, and what little information is provided indicates a lack
of consistency across studies. Unfortunately, many studies lack
sufficient details regarding basic EEG recording parameters, pro-
cessing, and power/coherence calculations, let alone details of
nonstandard analysis techniques.

Most of the studies included here compared EEG measures be-
tween groups of concussed and nonconcussed athletes. Although
the EEG signal recorded at the scalp can vary as a function of
individual (e.g., scalp thickness, age) and situational (e.g., fatigue,
diurnal patterns) variables, cross-sectional designs may be sensitive
enough to produce statistically significant mean differences be-
tween groups. For EEG to be a sensitive diagnostic measure of post-
concussion changes and recovery in brain neurophysiology, how-
ever, it is likely to require multiple measurements, including one or
more pre-concussion baseline and multiple post-concussion mea-
sures in the same individual. These individual trajectories would
then need to be compared with norms derived from both healthy
nonconcussed and concussed athletes. Below we provide some
recommendations for performing rs-EEG analyses.

Appropriate details of recording parameters
and processing pipelines

There are a number of issues to consider when setting up EEG
recording parameters for time-frequency analyses,” including the
system’s fundamental limits on how information is gathered—e.g.,
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the number of electrodes that it can record from and the sampling
rate capability. Recordings from a sparse electrode array do not
provide sufficient topographical representation to support inter-
site—clustering analyses. The sampling rate directly influences the
frequency bands that can be analyzed (i.e., the Nyquist-sampling
limit; >2/sampling frequency). It is also important to consider ap-
proaches to EEG pre-processing, such as the choice of reference
montage,*® the number and length of epochs extracted from the
continuous EEG, and how to remove or correct for artefacts. The
number and duration of epochs can also impact signal-to-noise and
have a large impact on phase-based measures (i.e., artificially in-
flating effects). Slow frequencies are particularly susceptible to
drift, movement, and ocular artefacts, which have different impact
on eyes open versus eyes closed recordings. Finally, the criteria
used to select frequency band limits and the methods used to
quantify the signal must be considered and choices clearly reported.

Conclusions and Future Directions

All 16 studies reviewed here report some effects of concussion
on rs-EEG. Given large differences in methodology and measure-
ment parameters, however, it is not possible to draw a clear
conclusion regarding the effects of concussion on rs-EEG.
Nevertheless, given concerns that current practice does not suffi-
ciently support clinicians in making return-to-play assessments,
and the promising findings shown in the studies reviewed here, it
would appear safe to conclude that future studies might establish
that rs-EEG is a sensitive measure of neurophysiological changes
and recovery after concussion. This systematic review highlights
the need for further work to develop a consistent protocol for
measuring rs-EEG in athletes so as to develop a normative database
against which to examine the effects of concussion and post-
concussion recovery trajectories.

Establishing these standards may become easier with the assis-
tance of the biotechnology industry. For instance, in late 2016, the
first handheld EEG device to assess TBI, the Brainscope Ahead 300
(Brainscope, Bethesda, MD), was approved by the Food and Drug
Administration. Such flexible, portable, and affordable devices are
likely to increase the use of EEG measures in randomized clinical
trials and fast-track the specification of rs-EEG’s sensitivity and
specificity to identify early signs of concussion and evaluate re-
covery across athletes of different ages and abilities. This work is
essential to develop a valid and replicable metric of abnormal EEG
activity that has well-defined thresholds for characterizing normal
versus abnormal activity and accounting for individual differences.

Acknowledgments

We thank Debbie Booth for running the database search to
populate the initial article lists and Maighan Hassett for reviewing
the initial list of articles.

Author Disclosure Statement

Grant Iverson has received research support from test publishing
companies in the past, including PAR, Inc., InPACT Applications,
Inc., and CNS Vital Signs. He receives royalties for one neu-
ropsychological test (Wisconsin Card Sorting Test-64 Card Ver-
sion). He is a strategic scientific advisor for BioDirection, Inc.
He acknowledges unrestricted philanthropic support from the
Mooney-Reed Charitable Foundation, InPACT Applications, Inc.,
and the Heinz Family Foundation. For the remaining authors, no
competing financial interests exist.

CONLEY ET AL.

References

1.

2.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Olejniczak, P. (2006). Neurophysiologic basis of EEG. J. Clin. Neu-
rophysiol. 23, 186—189.

Lopes da Silva, F.H., and van Rotterdam, A. (2005). Biophysical as-
pects of EEG and magnetoencephalogram generation., in: Electro-
encephalography: Basic Principles, Clinical Applications and Related
Fields. Lippincott Williams & Wilkins: Philadephia, pps. 107-126.

. Bucci, P., and Galderisi, S. (2011). Physiologic basis of the EEG

signal., in: Standard Electroencephalography in Clinical Psychiatry:
A Practical Handbook. N. N. Boutros, S. Galderisi, O. Pogarell, S.
Riggio. Wiley-Blackwell: Hoboken, N.J., pps. 7-12.

. Meaney, D.F., and Smith, D.H. (2011). Biomechanics of concussion.

Clin. Sports Med. 30, 19-31.

. Shrey, D.W., Griesbach, G.S., and Giza, C.C. (2011). The patho-

physiology of concussions in youth. Phys. Med. Rehabil. Clin. N. Am.
22, 577-602.

. Mannix, R., Berglass, J., Berkner, J., Moleus, P., Qiu, J., Andrews, N.,

Gunner, G., Berglass, L., Jantzie, L.L., Robinson, S., and Meehan,
W.P. 3rd. (2014). Chronic gliosis and behavioral deficits in mice
following repetitive mild traumatic brain injury. J. Neurosurg. 121,
1342-1350.

. Qjo, 1.0., Mouzon, B., Algamal, M., Leary, P., Lynch, C., Abdullah,

L., Evans, J., Mullan, M., Bachmeier, C., Stewart, W., and Crawford,
F. (2016). Chronic repetitive mild traumatic brain injury results in
reduced cerebral blood flow, axonal injury, gliosis, and increased T-
tau and tau oligomers. J. Neuropathol. Exp. Neurol. 75, 636-655.

. Kaplan, H.A., and Browder, J. (1954). Observations on the clinical

and brain wave patterns of professional boxers. J. Am. Med. Assoc.
156, 1138-1144.

. Johnson, J. (1969). The EEG in the traumatic encephalopathy of

boxers. Psychiatr. Clin. 2, 204-211.

. Beaussart, M., and Beaussart-Boulengé, L. (1970). The post-

concussional syndrome and the EEG, correlations in 3,100 cases.
Electroencephalogr. Clin. Neurophysiol. 28, 644—649.

. McLatchie, G., Brooks, N., Galbraith, S., Hutchison, J.S., Wilson, L.,

Melville, 1., and Teasdale, E. (1987). Clinical neurological examina-
tion, neuropsychology, electroencephalography and computed tomo-
graphic head scanning in active amateur boxers. J. Neurol. Neurosurg.
Psychiatry 50, 96-99.

Ross, R.J., Cole, M., Thompson, J.S., and Kim, K.H. (1983). Boxers—
computed tomography, EEG, and neurological evaluation. JAMA 249,
211-213.

Sironi, V.A., Scotti, G., Ravagnatti, L., Franzini, A., and Marossero, F.
(1982). CT-scan and EEG findings in professional pugilists: early
detection of atrophy in young boxers. J. Neurosurg. Sci. 25, 165-168.
Kross, R., Ohler, K., and Barolin, G.S. (1983). Balleinwirkung auf den
Kopf: E—eine quantifizierende EEG-Untersuchung bei Fussballern.
EEG. EMG. Z. Elektroenzephalogr. Elektromyogr. Verwandte Geb.
14, 209-212.

Tysvaer, A.T., Storli, O.V., and Bachen, N.I. (1989). Soccer injuries to
the brain. A neurologic and electroencephalographic study of former
players. Acta Neurol. Scand. 80, 151-156.

Barr, W.B., Prichep, L.S., Chabot, R., Powell, M.R., and Mccrea, M.
(2012). Measuring brain electrical activity to track recovery from
sport-related concussion. Brain Inj. 26, 58-66.

Gosselin, N., Lassonde, M., Petit, D., Leclerc, S., Mongrain, V.,
Collie, A., and Montplaisir, J. (2009). Sleep following sport-related
concussions. Sleep Med. 10, 35-46.

Thompson, J., Sebastianelli, W., and Slobounov, S. (2005). EEG and
postural correlates of mild traumatic brain injury in athletes. Neurosci.
Lett. 377, 158-163.

Cao, C., and Slobounov, S. (2011). Application of a novel measure of
EEG non-stationarity as ‘““Shannon- entropy of the peak frequency
shifting”” for detecting residual abnormalities in concussed individu-
als. Clin. Neurophysiol. 122, 1314-1321.

Dietitians Association of Australia. (2011). A Review of the Evidence
to Address Targeted Questions to Inform the Revision of the Austra-
lian Dietary Guidelines 2009. Dietitians Association of Australia.
Gardner, A., Kay-Lambkin, F., Stanwell, P., Donnelly, J., Williams,
W.H., Hiles, A., Schofield, P., Levi, C., and Jones, D.K. (2012). A
systematic review of diffusion tensor imaging findings in sports-
related concussion. J. Neurotrauma 29, 2521-2538.

Gay, M., Ray, W., Johnson, B., Teel, E., Geronimo, A., and Slobou-
nov, S. (2015). Feasibility of EEG measures in conjunction with light



Downloaded by Univ Of Western Ontario from www.liebertpub.com at 11/05/18. For personal use only.

rs-EEG IN SPORTS-RELATED CONCUSSION

23.

24.

25.

26.

217.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

40.

exercise for return-to-play evaluation after sports-related concussion.
Dev. Neuropsychol. 40, 248-253.

Radic, B., Misigoj-Durakovic, M., Malojcic, B., Vuleta, D., Radic, P.,
and Milanovic, D. (2015). Characteristics of focused and sustained
attention and EEG of soccer players with recurring mild head injuries.
Eur. J. Sport. Med. 2.

McCrea, M., Prichep, L., Powell, M.R., Chabot, R., and Barr, W.B.
(2010). Acute effects and recovery after sport-related concussion: a
neurocognitive and quantitative brain electrical activity study. J. Head
Trauma Rehabil. 25, 283-292.

Teel, E.F., Ray, W.J., Geronimo, A.M., and Slobounov, S.M. (2014).
Residual alterations of brain electrical activity in clinically asymp-
tomatic concussed individuals: An EEG study. Clin. Neurophysiol.
125, 703-707.

Cao, C., Tutwiler, R.L., and Slobounov, S. (2008). Automatic classi-
fication of athletes with residual functional deficits following con-
cussion by means of EEG signal using support vector machine. IEEE
Trans. Neural Syst. Rehabil. Eng. 16, 327-335.

Cao, C., and Slobounov, S. (2010). Alteration of cortical functional
connectivity as a result of traumatic brain injury revealed by graph
theory, ICA, and sSLORETA analyses of EEG signals. IEEE Trans.
Neural Syst. Rehabil. Eng. 18, 11-19.

Moore, R.D., Sauve, W., and Ellemberg, D. (2016). Neurophysiolo-
gical correlates of persistent psycho-affective alterations in athletes
with a history of concussion. Brain Imaging Behav. 10, 1108-1116.
Munia, T.T., Gendreau, J.L., Verma, A.K., Johnson, B.D., Romanick,
M., Tavakolian, K., and Fazel-Rezai, R. (2016). Preliminary results of
residual deficits observed in athletes with concussion history: com-
bined EEG and cognitive study. Conf. Proc. IEEE Eng. Med. Biol.
Soc. 2016, 41-44.

Virji-Babul, N., Hilderman, C., Makan, N., Liu, A., Smith-Forrester,
J., Franks, C., and Wang, Z.J. (2014). Changes in functional brain
networks following sports-related concussion in adolescents. J. Neu-
rotrauma 31, 1914-1919.

. Prichep, L.S., McCrea, M., Barr, W., Powell, M., and Chabot, R.J.

(2013). Time course of clinical and electrophysiological recovery after
sport-related concussion. J. Head Trauma Rehabil. 28, 266-273.
Slobounov, S., Cao, C., and Sebastianelli, W. (2009). Differential
effect of first versus second concussive episodes on wavelet infor-
mation quality of EEG. Clin. Neurophysiol. 120, 862-867.

McCrea, M., Prichep, L., Powell, M.R., Chabot, R., and Barr, W.B.
(2010). Acute effects and recovery after sport-related concussion: a
neurocognitive and quantitative brain electrical activity study. J. Head
Trauma Rehabil. 25, 283-292.

Cantu, R.C. (2001). Posttraumatic retrograde and anterograde amne-
sia: pathophysiology and implications in grading and safe return to
play. J. Athl. Train. 36, 244-248.

Koenig, T., Marti-Lopez, F., and Valdes-Sosa, P. (2001). Topographic
time-frequency decomposition of the EEG. Neuroimage 14, 383-390.
Samar, V.J., Bopardikar, A., Rao, R., and Swartz, K. (1999). Wavelet
analysis of neuroelectric waveforms: A conceptual tutorial. Brain
Lang. 66, 7-60.

Schnitzler, A., and Gross, J. (2005). Normal and pathological oscil-
latory communication in the brain. Nat. Rev. Neurosci. 6, 285-296.
Beck, A.T., Steer, R.A., Beck, J.S., and Newman, C.F. (1993).
Hopelessness, depression, suicidal ideation, and clinical diagnosis of
depression. Suicide Life-Threat. Behav. 23, 139-145.

. Curran, S.L., Andrykowski, M.A., and Studts, J.L. (1995). Short form

of the Profile of Mood States (POMS-SF): Psychometric information.
Psychol. Assess. 7, 80-83.

Srinivasan, R., Nunez, P.L., and Silberstein, R.B. (1998). Spatial fil-
tering and neocortical dynamics: estimates of EEG coherence. IEEE
Trans. Biomed. Eng. 45, 8§14-826.

41.

42.

43.

44.

45.

46.

417.

48.

49.

50.

51.

52.

53.

54.

55.

56.

13

Bowyer, S.M. (2016). Coherence a measure of the brain networks:
past and present. Neuropsychiatr. Electrophysiol. 2, 1.

Watts, D.J., and Strogatz, S.H. (1998). Collective dynamics of ‘‘small-
world” networks. Nature 393, 440-442.

Hirsch, L.J., Brenner, R.P., Drislane, F.W., So, E., Kaplan, P.W., Jor-
dan, K.G., Herman, S.T., LaRoche, S.M., Young, B., Bleck, T.P.,
Scheuer, M.L., and Emerson, R.G. (2005). The ACNS Subcommittee
on Research Terminology for Continuous EEG Monitoring: proposed
standardized terminology for rhythmic and periodic EEG patterns en-
countered in critically ill patients. J. Clin. Neurophysiol. 22, 128-135.
Aftanas, L.I., and Golocheikine, S.A. (2001). Human anterior and
frontal midline theta and lower alpha reflect emotionally positive state
and internalized attention: high-resolution EEG investigation of
meditation. Neurosci. Lett. 310, 57-60.

Baijal, S., and Srinivasan, N. (2011). Emotional and hemispheric
asymmetries in shifts of attention: An ERP study. Cogn. Emot. 25,
280-294.

Kubota, Y., Sato, W., Toichi, M., Murai, T., Okada, T., Hayashi, A.,
and Sengoku, A. (2001). Frontal midline theta rhythm is correlated with
cardiac autonomic activities during the performance of an attention
demanding meditation procedure. Cogn. Brain Res. 11, 281-287.
Cavanagh, J.F., and Shackman, A.J. (2015). Frontal midline theta
reflects anxiety and cognitive control: meta-analytic evidence. J.
Physiol. Paris 109, 3-15.

Lee, S.M.,, Jang, K.I., and Chae, J.H. (2017). Electroencephalographic
correlates of suicidal ideation in the theta band. Clin. EEG Neurosci.
48, 316-321.

Kim, J., Alf, A., Ryu, K, Choi, S., Park, H., Yeo, Y. (2014). Athletes
in a slump: neurophysiological evidence from frontal theta activity. J.
Arts Humanit. 3, 137.

Mitchell, D.J., McNaughton, N., Flanagan, D., and Kirk, 1.J. (2008).
Frontal-midline theta from the perspective of hippocampal ‘“‘theta.”
Prog. Neurobiol. 86, 156-185.

Sauseng, P., Griesmayr, B., Freunberger, R., and Klimesch, W.
(2010). Control mechanisms in working memory: a possible function
of EEG theta oscillations. Neurosci. Biobehav. Rev. 34, 1015-1022.
Aeschbach, D., Postolache, T.T., Sher, L., Matthews, J.R., Jackson,
M.A., and Wehr, T.A. (2001). Evidence from the waking electroen-
cephalogram that short sleepers live under higher homeostatic sleep
pressure than long sleepers. Neuroscience 102, 493-502.

Cavanagh, J.F. and Frank, M.J. (2014). Frontal theta as a mechanism
for cognitive control. Trends Cogn. Sci. 18, 414-421.

Cooper, P.S., Wong, A.S., Fulham, W.R., Thienel, R., Mansfield, E.,
Michie, P.T., and Karayanidis, F. (2015). Theta frontoparietal con-
nectivity associated with proactive and reactive cognitive control
processes. Neuroimage 108, 354-363.

Cohen, M.X. (2014). Analyzing Neural Time Series Data: Theory and
Practice. MIT Press: Boston.

Cohen, M.X. (2015). Comparison of different spatial transformations
applied to EEG data: a case study of error processing. Int. J. Psy-
chophysiol. 97, 245-257.

Address correspondence to:

Frini Karayanidis, PhD

Functional Neuroimaging Laboratory
School of Psychology

University of Newcastle

Callaghan, New South Wales
Australia

E-mail: Frini.Karayanidis@newcastle.edu.au



