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Abstract
Athletes in contact sports can sustain concussions that damage brain circuits important
for cognitive control of behavior. When healthy participants err, a cascade of neural dynamics is
apparent across the scalp, and this neural activity predicts participants’ learning from mistakes
and inhibiting future responses. Theta dynamics are especially important in terms of errorrelated brain activity: increases in theta power, and increased connectivity between brain
regions is mediated by synchronous theta rhythms. Previous investigations of error-related brain
activity have noted decreases in neural responses in concussed athletes, but these previous
studies used techniques that are less-than-optimal for examining theta-dynamics and cognitive
control specifically. This study focused on changes in theta oscillatory dynamics important for
cognitive control in athletes with concussion/mTBI. In Study 1, between–subjects analyses
revealed that injured athletes were characterized by attenuated mPFC-lPFC connectivity and
cognitive control compared to healthy athletes. In Study 2a, within-subjects analyses revealed
that a season of rugby play resulted in an attenuation of connectivity; Study 2b demonstrated
that connectivity and cognitive control measures were sensitive to effects of acute concussion at
a single-subject level. Results imply that measures of connectivity and cognitive control may be
a useful measure to track recovery from concussion and inform return-to-play or discontinuation
decisions. Theoretically-relevant neuroscientific findings in healthy adults may have translational
applications in patient populations, especially in regard to monitoring brain health.
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Introduction
Sports-related concussion and mild traumatic brain injury (mTBI) are increasingly visible
as underdiagnosed and undertreated public health burdens (Coronado, McGuire, Faul,
Sugerman, & Pearson, 2012; Faul, Xu, Wald, & Coronado, 2010; Langlois, Rutland-Brown, &
Wald, 2006; Rutland-Brown, Langlois, Thomas, & Xi, 2006). Yet, mild changes in neurocognitive
functioning may go undetected by conventional neuropsychological testing, neurological exams,
and structural neuroimaging. Tests that assess mild brain injury and brain functioning directly
may be more sensitive to changes in brain health and may be able to improve clinical
prognoses as well as patient outcomes.
EEG-based methods for concussion assessment may be advantageous insofar as they
are diagnostically sensitive and specific (Duff, 2004; Thatcher et al., 2001), inexpensive
compared to other diagnostic imaging (e.g., CT, MRI), amenable to mobile assessment (e.g.,
on-site recordings), and predict sequelae or functioning. EEG-based approaches for assessing
brain health have often come in two variants: 1) Quantitative EEG studies that typically analyze
spectral features of resting-state EEG data (Duff, 2004); and 2) event-related potential (ERP)
studies that average together brain signals that are time-locked to a stimulus or behavioral
response (Broglio, Moore, & Hillman, 2011; Duncan, Summers, Perla, Cobum, & Mirsky, 2011).
Each measure has limitations: resting QEEG metrics have nebulous neuro-functional
interpretations and may be unrelated to cognitive or behavioral functioning (Arcieniegas, 2011;
Nuwer et. al., 2005), whereas ERP-based measures tend towards clearer functional
interpretations, but the neurophysiological processes that contribute to the ERP are less clear.
Unfortunately, both measures are often used to make untenable inferences about underlying
neuropathology (e.g., structural brain damage) sometimes in the shadow of financial conflicts of
interest (Arcieniegas, 2011; Nuwer et. al., 2005). Yet, concussion symptoms are polyetiological,
and neural measures that differ between groups can be due to genetic, environmental,
psychological, or other preexisting factors. Moreover, group differences may reflect other third
10

variables that covary with brain injury; e.g., it is difficult to randomize participants to mTBI and
no mTBI groups. The field could benefit from neural measures that avoid neuropathological
assumptions between non-randomized groups, and instead focus on metrics that track
functional changes (e.g., Leon-Carrion, Martin-Rodriguez, Damas-Lopez, Martin, & DominguezMorales, 2008), and have direct neurophysiological interpretations.

Cognitive Control
Cognitive control facilitates adaptive action selection, emotion regulation, and
concentration. Cognitive control is analogous to the construct of executive functioning from the
clinical neuropsychology literature: both constructs are putatively instantiated in frontal-lobe
circuitry, are important for action selection and behavioral adaptation, and may be especially
vulnerable to mTBI (Bigler, 2007; Eierud et al., 2014; Karr et al., 2014). Because a major
component of cognitive control is adaptive behavioral responding, tasks like the Eriksen flankers
test that require participants to inhibit habitual or pre-potent behaviors are often used to assess
individual differences in cognitive control (especially the sub-domains of response conflict or
response inhibition; Zelazo et al., 2014). Moreover, flankers performance is impaired in
individuals with frontal brain damage: patients exhibit diminished neural indices of cognitive
control, more erroneous responses, and impaired post-error slowing (e.g., Gehring & Knight,
2000; Hogan, Vargha-Khadem, Saunders, Kirkham, & Baldeweg, 2006; Stemmer, Segalowitz,
Witzke, & Schönle, 2004; Wessel, Klein, Ott, & Ullsperger, 2014; Wessel et al., 2015; Ullsperger
& von Cramon, 2006). Post-error slowing (PES) happens when participants make an error on
the flankers test, and then adapt their behavioral strategy towards slower and more cautious
responding on subsequent trials. In healthy participants, PES has also been linked to neural
responses, such that at the single-trial level a larger neural response following an error predicts
slowed responding on the subsequent trial (Cavanagh, Cohen, & Allen, 2009; Cavanagh,
Meyer, & Hajcak, 2017; Debener et al., 2005; Van de Vijver, Ridderinkhof, & Cohen, 2011),
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ostensibly because that neural response reflects aspects of cognitive control circuitry
(Cavanagh & Shackman, 2015; Cohen, 2011; Kerns et al., 2004). More specifically, increased
activity in the medial-prefrontal cortex (mPFC), as well as connectivity between the mPFC and
lateral-prefrontal cortex (lPFC) predicts slower reaction times (RTs) following errors, and may
implement response inhibition, a subdomain of cognitive control (Cavanagh & Frank 2014;
Cavanagh & Shackman, 2015).

Error-Related Event-Related Potentials (ERPs)
The error-related negativity (ERN) and error-positivity (Pe) are large midline ERPs
evident after participants make mistakes on the flankers test, and both of these ERPs have
been shown to be attenuated following brain injury. The ERN and Pe are cued by errors
(Falkenstein, Hoorman, Christ, & Hohnsbein, 2000; Gehring, Goss, Coles, Meyer, & Donchin,
1993), have mPFC generators (Debener et al., 2005), and predict aspects of cognitive control,
including PES (Gehring et al., 1993; Hajcak, McDonald, & Simons, 2003). Moreover, three
reports (De Beaumont, Beauchemin, Beaulieu, & Jolicoeur, 2013; Moore et al., 2015; Pontifex,
O’Connor, Broglio, & Hillman, 2009) noted that participants with a history of mTBI demonstrate
a reduction in magnitude of error-related ERPs (especially the ERN) compared to healthy peers,
demonstrating that even mild head injuries can disrupt neural activity important for learning from
one’s mistakes; another report, however, did not observe a diminished ERN or Pe in mTBI
participants (Larson, Clayson, & Farrer, 2012). Also, a diminished ERN has been previously
observed in athletes with a history of mTBI without any apparent differences in response
accuracy (De Beaumont et al., 2013), suggesting that the ERN may be more sensitive to brain
health than some behavioral measures. One advantage of the ERP approach is the peerless
temporal precision of the recorded data: ERPs are capable of submillisecond resolution,
allowing for comparisons of information processing efficiency at different stages of processing
(e.g., error-monitoring vs. error-awareness). Other advantages of the ERP approach are the
12

wide availability of reports that have linked different ERP components to clinically meaningful
neuropsychological constructs (e.g., working memory, anxiety, and cognitive control), the
simplicity of ERP computation and analyses, and ERP reliability (e.g., Olvet & Hajcak, 2009).
Yet, ERPs are an amalgam of activity from different neural ensembles, some activity embedded
in the ERP is relevant for cognitive control (e.g., oscillatory theta dynamics), and other activity is
driven by irrelevant features of the task or stimuli. Thus, the disadvantage of the ERP is that
ERP analyses can obfuscate the analyses of more specific neurophysiological mechanisms like
oscillatory theta dynamics, which predict cognitive control.

Oscillatory Theta Dynamics
Oscillatory theta dynamics following errors are important for cognitive control inasmuch
as they predict downstream cognitive control (Cavanagh et al., 2009, 2017; Cavanagh &
Shackman, 2015; Van de Vijver et al., 2011). Indeed, midfrontal theta power increases following
errors, and this increase in theta power predicts slower and more accurate responding on the
subsequent correct trial (Cavanagh et al., 2009, 2017; Van de Vijver et al., 2011). It is believed
that theta oscillations reverberate across the brain, facilitating functional connectivity and
coordination between distal brain regions (Cavanagh & Frank, 2014). For example,
synchronous theta-rhythms between mPFC and lPFC predicts participants’ cognitive control
following errors (Cavanagh et al., 2009, 2017), ostensibly by facilitating communication between
mPFC conflict-detection systems and lPFC response inhibition systems (Cohen, 2011a; Aron,
Robbins, & Poldrack, 2014; Kerns et al., 2004). It is hypothesized that communication or
connectivity between regions is instantiated as synchronized spike-timing between regions
using a shared theta phase (Cavanagh & Frank, 2014; Cavanagh, Zambrano-Vazquez, & Allen,
2012; Cohen, 2011b). Despite the importance of oscillatory theta dynamics for error processing
and cognitive control, the relationship between synchronous theta activity and brain injury has
not been previously investigated. Because connectivity between mPFC and lPFC is important
13

for cognitive control, it stands to reason that disrupted connectivity may also result in disrupted
cognitive control (operationalized as correlations between theta-band connectivity and PES).
Thus, although the ERP literature is suggestive of disruption to neural activity that implements
cognitive control, theta-band connectivity specifically has not been examined in relation to mTBI
(cf. Cohen, 2011a; Wessel et al., 2016). Therefore, the present report will examine whether
theta-band functional connectivity between frontal brain regions can serve as an effective
indicator of brain health.

Present Report
In Study 1, it was hypothesized that head injury would disrupt mPFC-lPFC theta-band
connectivity (operationalized as theta-band synchrony between FCz and F6), and that head
injury would disrupt cognitive control (operationalized as the single-trial correlation coefficient
between connectivity and post-error slowing). We also expected that connectivity and cognitive
control would be even more diminished in participants with more head injuries (i.e., a doseresponse relationship). Differences in behavioral performance between injured athletes and
healthy athletes (e.g., accuracy, reaction time, post-error slowing, and response efficiency) were
not expected, consistent with previous reports that found differences in neural, but not
behavioral data (De Beaumont et al., 2013). It was expected that the positive correlation
previously observed in healthy participants between theta-band connectivity and post-error
reaction times (e.g., Cavanagh et al., 2009, 2017) would be attenuated (i.e., near zero) in
athletes with any history of concussion. This within-person correlation is not apparent using
between-subject’s analyses, ostensibly because neurobehavioral dynamics fluctuate
considerably across trials; thus, a significant between-subjects correlation between connectivity
and behavioral performance was not expected. In Study 2a, we extended Study 1 using a
within-subjects’ design that examined the cumulative effect of a single-season of contact sports.
It was expected that connectivity and cognitive control would be diminished following a season
14

of contact sports, consistent with the hypotheses for Study 1. Study 2b is a case study
replicating the results of Studies 1 & 2a at the single-subject level to evaluate clinical potential.

Methods
Participants
For Study 1, 41 athletes were recruited from intramural contact-collision sports.
Participants’ concussion history was collected from athlete self-report and from certified athletic
trainers that monitor athlete health. Self-reported concussion history and athletic trainer
concussion history were summed such that self-reported concussion history prior to being under
the care of a university athletic trainer was added to the athletic trainer’s concussion diagnoses
to create athletic-healthy-control (AHC, N=16, 4 females) and injured (INJ, N=25, 4 females)
groups, and to create an index of lifetime number of concussions. Any history of concussion
was reported in 25/41 participants. Data for one of the INJ participants was not analyzed
because the subject only made one error (see Olvet & Hajcak, 2009) on the flankers task noted
below (analyzed N for INJ = 24), all other participants had at least 7 useable error trials for
analysis. Time since injury was not assessed, nor was concussion severity. Although AHC
participants may have unreported concussions or had subconcussive head injuries, AHC
participants are useful as a stringent control group because they account for several pre-injury
factors (i.e., third variables that are selected more frequently by athletes and covary with
dependent variables, but are unrelated to brain injury).
Participants in the INJ group had a mean of 2.08 concussions (SD=1.67; range 1-7).
Participants in the AHC group (M=4.44, SD=5.56) had fewer years played in contact-collision
sports (Z=-2.04, p=.04) than the INJ group (M=7.78, SD=6.69). Years played and lifetime
concussion history were correlated (r(39)=.40, p=.01). Age did not statistically differ between the
AHC (M=20.99, SD=1.59) and INJ (M=21.82, SD=1.86) groups (Z=-1.38, p=.17). Given the
difference in number of years played, when significant group differences were identified,
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analyses were rerun with number of years played statistically partialled-out to determine if
effects could be accounted for by this pre-existing difference between groups.

Procedure
Participants first completed a short interview with a trained experimenter, as well as
questionnaires that assessed current psychological and neurological symptoms. Results from
the symptom questionnaires are not reported here. EEG sensors were applied, and participants
completed a resting-state recording (6 minutes) before completing a variant of the flankers test.
The modified Eriksen flankers task used different letter strings for different blocks (e.g.
MMNMM; FFEFF; QQOQQ; VVUVV; IITII). There were a total of 320 trials distributed in 8
blocks, each block with 40 stimuli presented. Trials began with a 100ms blank screen, followed
by a fixation cross displayed for 700ms. The flanker stimulus then replaced the fixation point
and was presented for 135ms before the target letter to increase conflict. The entire string was
presented for an additional 135ms and followed by a fixation cross for 600ms. Participants had
1000ms to respond, with negative feedback (“WRONG”) presented for 500ms following
incorrect or timeout responses. There was no other feedback provided. Each trial on this
speeded response task required the participant to press one of two response buttons in order to
identify the center letter in a string that was either congruent (e.g. MMMMM or NNNNN) or
incongruent (e.g. NNMNN or MMNMM) from the flanking stimuli. Errors are likely to occur on
incongruent trials due to increased response competition. Following the methodology of
Gründler et al. (2009) to increase response conflict, the letter-hand mappings were reversed
during consecutive block of the same letter strings. During the instructions the participants were
encouraged to respond with speed and accuracy, and self-correct as necessary.
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EEG Recording and Processing
EEG was recorded from 60 Ag/AgCl electrodes using an ElectrodeArrays EEG
cap (El Paso, Tx) and Neuroscan Synamps2 amplifiers (Charlotte, NC). EEG was recorded to
an online reference electrode between Cz and CPz in AC mode with an online bandpass
filter (.5–100 Hz), a sampling rate of 500 Hz, and all impedances were below 10 kΩ. In addition,
two mastoid channels were recorded as well as separate bipolar channels for recording
horizontal and vertical ocular movements.
EEG segments with discontinuities and paroxysmal artifacts were visually identified and
removed (see Smith, Reznick, Stewart & Allen, 2016). Data were bandpass filtered 1–100 Hz,
and notch filtered 55-65 Hz using a custom zero-phase shift optimal FIR filter generated
following the recommendations of Cook and Miller (1992). Channels marked as bad by human
raters were removed (and later interpolated, see below). Response-locked epochs were created
(-2500ms to 2000ms). The data were decomposed into independent components using the
FastICA toolbox. The semi-automatic ICA-based ADJUST (Mognon, Jovicich, Bruzzone, &
Buiatti, 2011) artifact correction approach was used for correction of ocular artifact. Bad
channels were then interpolated. The artifact-free data were transformed using the
laplacian_perrinX function included with Cohen (2014) and based on the spherical spline
approach summarized by Perrin et al. (1989, 1990). Trials where participants made two errors
on the same trial were excluded. For single-trial correlations between synchrony and post-error
RT, only errors with RTs >100msec and only errors followed by correct trials were examined.
The median number of useable error trials was 23.5 (SD = 24.3; range = 7 - 95).

Event-Related Potentials
The ERN and Pe are shown in Figs. 1 and 2, respectively. ERPs were filtered prior to
analyses with a 15Hz low-pass zero-phase FIR filter (Cook & Miller, 1992). ERN amplitude was
the average amplitude across error trials at FCz (Olvet & Hajcak, 2008; Cavanagh & Frank,
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2014). Groupwise differences were calculated for each sample (500Hz) from 0msec to 200msec
(the typical time window of the ERN). Because there were several hundred comparisons from
0msec to 200msec, groupwise comparisons were considered significant if they were less than
p<.05 using a False-Discovery Rate multiple-comparisons-corrected p-value (FDR; Benjamini
and Hochberg, 1995). Moreover, significant differences were only interpreted if they were within
a priori time windows typically used for ERN analyses (0msec to 200msec). Pe amplitude was
the average amplitude across error trials at Cz, and was examined within a 200msec to
500msec time window. Channels used for ERP analyses were based on topography from
previous reports. The statistical and interpretative approach used for the ERN was also used for
the Pe (FDR-based multiple-comparisons-correction p<.05, and restricted interpretation of
significant differences to an a priori time window: 200msec to 500msec).

Time-Frequency Representation
A family of 30 complex Morlet wavelets was created to extract time-frequency (TF)
dynamics of ERPs using custom Matlab-based scripts (The Mathworks, Inc., Natick, MA).
Wavelet frequencies increased logarithmically from 1Hz to 80Hz, and wavelet widths increased
logarithmically from 3 to 10 cycles (lower wavelet frequencies had fewer cycles), according to
recommendations for wavelet-based time-frequency analyses (Cohen, 2014). Wavelet
convolution produces artifacts at the edge of epochs, thus epochs were cut -500msec to
800msec surrounding erroneous responses. The convolution of the wavelet and EEG data
produces analytic signals which are the basis for TF power and inter-site phase clustering
(ISPC).
TF power was calculated as the squared absolute value of analytic signals resulting
from the convolution of an EEG epoch and a wavelet (e.g., TF amplitude). TF power was
converted to decibels using a -500msec to -300msec pre-stimulus baseline.
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Theta-band (e.g., 4Hz to 8Hz) power is enhanced following errors. TF power was not
hypothesized to be modulated by concussion status, and was examined here as a validation
(and quality control) of expected experimental effects showing enhanced error-related activity.
Specifically, it was expected that both AHC and INJ participants would show a large midfrontal
theta response on error trials. Time-frequency power for error trials was analyzed at channel
FCz from 0msec to 300msec, consistent with reported midfrontal topography and time window
of previous studies (Cavanagh et al., 2012; Cavanagh & Shackman, 2015).
Inter-site phase clustering (ISPC) indicates synchrony between time-series, and ISPC is
hypothesized to indicate functional connectivity between brain regions. Phase angles were
derived from the analytic signals created above by wavelet convolution. When ISPC is
calculated over trials, ISPC-trials is calculated as the consistency of phase angle (φ) differences
between two electrodes (x and y) for a given time-point (t) and frequency (f) over trials (n):
ISPC𝑓 = |𝑛−1 ∑𝑛𝑡=1 𝑒 𝑖(𝜑𝑥𝑡 −𝜑𝑦𝑡) |; thus, the consistency of phase angles is for a specific timefrequency point and is averaged over all the trials for a condition, and ISPC-trials indicates
synchrony between electrodes that was stable at a certain TF point across many trials. When
ISPC is calculated over time (n in the formula above is now time points and t is trial), the
consistency of several time-frequency points for a single trial is averaged together, and it
indicates the synchrony between electrodes for a given time period on a single-trial. This ISPCtime metric can be used for within-subject correlations between behavior and neural activity on
single-trials. Thus, ISPC-trials was used for between-subjects comparisons, whereas ISPC-time
was used for within-subjects / single-trial correlations. ISPC scores range from 0 to 1, with 1
indicating perfect consistency in phase angle differences between pairs of electrodes. After
baseline correction (using a -500msec to -300msec pre-stimulus baseline), ISPC scores can
range from -1 to 1. ISPC-trials were then adjusted to Rayleigh-ISPC / Rayleigh-Z (𝑁𝑡𝑟𝑖𝑎𝑙𝑠 ∗
𝐼𝑆𝑃𝐶 2 ) to mitigate spurious inflation of ISPC due to low trial count (Cohen, 2014, p.249).
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ISPC-trials coefficients for error trials were based on consistency in phase angle
differences between FCz and F6 (Cavanagh et al., 2009, 2017) averaged across trials at
individual TF points/pixels. ISPC-trials indicates the synchrony between electrodes for a
particular TF point that is consistent across trials (the time series of theta ISPC-trials are
displayed in Figs. 5, 6, and 9).
Because ISPC is a measure of the variance in phase angles, ISPC cannot be calculated
for a single TF point on a single-trial. ISPC has to be calculated for a single TF point over many
trials (here referred to as ISPC-trials), or over several TF points for a single trial (referred to as
ISPC-time). ISPC-time was used to evaluate single-trial relationships—Spearman rank-order
correlations—between neural synchrony and behavior. A 100msec moving window was passed
over each frequency band and correlated with post-error RT, thus creating an ISPC-time time
series (i.e., Figs. 7 and 10). Cognitive control was operationalized as positive Spearman
correlation coefficients between ISPC-time and post-error RT.

Statistical Analysis
Broadband spectrograms are for display purposes and were not statistically thresholded.
Statistics were computed on time series of a priori defined narrow-band activity (i.e., theta 4Hz
to 8Hz) extracted from TF decomposition. 95% confidence intervals were used to identify
latencies where time series differed between groups. False-Discovery Rate (FDR; Benjamini
and Hochberg, 1995) was used to correct for multiple comparisons across time series. Tests
below FDR-corrected p<.05 were considered significant. Max test statistics from time series are
reported after correcting for multiple comparisons. Z-scores from Wilcoxon rank-sum and
signed-rank tests are reported for contrasts of behavioral performance, lifetime concussion
history, years played, and age, and were considered significant p<.05. Regions that were
considered significant (FDR-corrected p<.05) were used for follow-up analyses with lifetime
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concussion history, years played, and age. Cohen’s d ((Mean 1 – Mean 2) / SDpooled) is reported
for effect sizes of contrasts.

Study 1 Results
Behavioral Results
Behavioral performance was similar across groups. Reaction times for error trials did not
differ between AHC (M=384, SD=88.22) and INJ (M=362, SD=64.26) athletes (Z=.55, p=.58,
d=.30). There was a trend for reduced accuracy in INJ participants (M=81.30, SD=11.14) than
AHC participants (M=85.18, SD=8.40; Z=-1.04, p=.30, d=.38). There was a large effect of posterror slowing (post-error RT – error RT) across the sample (Z=5.08, p<.01, d=.74), both AHC
participants (Z=2.95, p<.01) and INJ participants (Z=4.29, p<.01) were slower on post-error
trials compared to error trials. Yet, post-error slowing did not differ between AHC and INJ
groups (Z=-.22, p=.83, d=.06). Response efficiency (median response time / percentage of
accurate trials, lower numbers indicate greater efficiency) also did not differ (Z=-.12, p=.76,
d=.11) between HC (M=4.84, SD=.51) and INJ groups (M=4.90, SD=.67).
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Figure 1. The ERN at FCz for Study 1

Note. ERP waveforms for error (top), correct (middle), and the error-correct difference (bottom).
Black waveforms indicate the grand average across all participants. Blue waveforms indicate the
group average for AHC participants. Red waveforms indicate the group average for INJ
participants. The AHC-INJ group difference is displayed in magenta. Waveforms are from activity
at FCz. Shaded regions indicate 95% confidence intervals. The Emboldened region of waveform
averages indicates time windows used for topographic display (peak/nadir ± 50msec).
Emboldened regions were selected based on the peak/nadir of grand average activity separately
for the error, correct, and error-correct difference; thus the same latency was used for group
topoplots within trial type, but latencies varied between trial types. Green portions of the time
series (far right) indicate latencies where activity significantly differed between the AHC and INJ
groups (FDR-corrected p<.05). Topoplots show negative values as hotter colors (e.g., yellow) and
positive values as darker colors (e.g., black). The small black square on far right topoplots shows
location of electrode used for time series / waveforms.
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Figure 2. The Pe at Cz for Study 1

Note. ERPs for error trials (top), correct trials (middle), and error-correct difference (bottom). Black
waveforms indicate the grand average across all participants. Blue waveforms indicate the group
average for AHC participants. Red waveforms indicate the group average for INJ participants. AHCINJ group difference is displayed in magenta. Waveforms are from activity at Cz. Shaded regions
indicate 95% confidence intervals. The Emboldened regions of waveform averages indicate time
windows used for topographic display (peak/nadir ± 50msec). Emboldened regions were selected
based on the peak/nadir of grand average activity separately for error trials, correct trials, and errorcorrect difference; thus the same latency was used for group topoplots within trial type, but varied
between trial types. Green portions of the time series (far right) indicate latencies where activity
significantly differed between the AHC and INJ groups (FDR-corrected p<.05). Topoplots show
negative values as hotter colors (e.g., yellow) and positive values as darker colors (e.g., black). The
small black square on the far right topoplots shows the location of the electrode used for time series /
waveforms.
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ERP Results
ERP waveforms and topographic plots are displayed in Fig. 1 for the ERN, and Fig. 2 for
the Pe which confirm that the expected experimental error-related effects were present across
all subjects. There was no relationship between the ERN and concussion history at FCz (Fig. 1
corrected ps>.05), but Figure 2 shows a more negative ERP at Cz for AHC than INJ participants
during error trials during the typical ERN time window (Z=4.29, corrected p<.001, Mdiff=-10.63,
SE=2.50, CI [-15.53 -5.74], d=.67 at 48msec). INJ participants also had a smaller Pe than AHC
participants (Z=-2.39, corrected p=.04, Mdiff=5.12, SE=2.14, CI [.93 9.31], d=.38 at 188msec).
There was an unexpected effect of greater slow-wave activity for AHC than INJ participants
following the Pe (Z=6.40, corrected p<.01, Mdiff=-5.65, SE=1.06, CI [-7.72 -3.58], d=.85 at
530msec). Neither the difference-ERN nor the difference-Pe significantly varied with group
membership after correcting for multiple comparisons. The correlation between the ERN at Cz
with lifetime concussion history was non-significant (r(40)=.25, p=.12); the correlation between
the Pe and lifetime concussion history was also non-significant (r(40)=-.21, p=.20).

Error-Related Effects for TF Power
Differences in TF power were not the focus of the present report, and TF results are
presented here to demonstrate that errors did indeed result in a burst of midfrontal theta-band
power. Figure 3 shows that there were no significant differences between AHC and INJ
participants in theta power.

Error-Related Effects for ISPC
Fig. 4 shows broadband connectivity (operationalized as ISPC-trials), and Fig. 5 shows
connectivity for the theta band only. As expected, theta-band ISPC-trials between medial (FCz)
and lateral frontal (F6) electrodes was diminished in INJ participants compared to AHC
participants on error trials (Z=6.03, p<.001, Mdiff=.90, SE=.15, CI [.61 1.19], d=.95 at 352msec).
INJ participants also showed less modulation of ISPC for error vs. correct trials (Fig. 5, bottom
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panel; Z=5.43, p<.001, Mdiff=.86, SE=.16, CI [.55 1.17], d=.86 at 312msec). There was a
correlation between concussion history and ISPC-trials for error trials across the entire sample
(r(40)=-.42, p<.01), and a similar correlation was observed between the error-correct ISPC
difference and concussion history (r(40)=-.32, p=.045). Age (r(37)=-.16, p=.35) and years played
(r(39)=.08, p=.62) were unrelated to connectivity on error trials across the sample. As expected,
when averaging over trials (i.e., the between-subjects correlation), connectivity on error trials
was non-significantly related to accuracy (r(40)=-.15, p=.36), response-efficiency (r(40)=-.16,
p=.32), or PES (r(40)=-.12, p=.47).
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Figure 3. Time-frequency power at FCz

Note. Spectrograms of broadband time-frequency power (dB) at FCz are displayed in top panels
separately for error trials (top), correct trials (middle), and the error-correct difference (bottom). AHCINJ group contrasts (far right) are displayed in standardized units (Z-scores). Hotter colors (e.g.,
yellow) indicate more TF power. Bottom panel shows theta power time series during error trials at FCz
separately for AHC (blue) and INJ (red) participants, and the AHC-INJ difference (magenta). Shaded
regions indicate 95% CI. Consistent with previous reports, all subjects displayed an increase in thetaband power relative to baseline for error trials. There were no significant differences between AHC
and INJ participants in theta power.
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Figure 4. Connectivity between FCz and F6

Note. Spectrograms of broadband connectivity (Rayleigh ISPC-trials) between FCz and F6 are
displayed in top panels separately for error trials (top), correct trials (middle), and the error-correct
difference (bottom). AHC-INJ group contrasts (far right) are displayed in standardized units (Z-scores).
Hotter colors (e.g., yellow) indicate stronger connectivity.
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Figure 5. Theta-band connectivity between FCz and F6 (time series), and
across scalp with FCz seed (topoplots)

Note. Time series of theta-band connectivity (Rayleigh ISPC-trials) between FCz and F6, and
topoplots of connectivity with FCz seed are displayed separately for error trials (top), correct trials
(middle), and the error-correct difference (bottom). Black time series are grand averages. Blue
time series are averages for AHC participants. Red time series are averages for INJ participants.
Magenta time series are AHC-INJ difference. Shaded regions indicate 95% CI. Emboldened
regions show time windows used for topoplots. Emboldened regions were selected based on the
peak/nadir of grand average activity separately for error trials, correct trials, and error-correct
difference; thus the same latency was used for all participants within trial type, but latencies varied
between trial type. Black squares on topoplots of far right panel show locations of FCz and F6
used for connectivity time series. Green bars indicate FDR-corrected statistical significance of
AHC-INJ difference. AHC participants were characterized by more FCz-F6 connectivity than INJ
participants.
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A robust hierarchical regression procedure was used to assess the predictive
contribution of group status above and beyond number of years played. Participants in the INJ
group had more years played than participants from the AHC group, and a difference in years
played could be due to a number of factors that could also vary with brain activity (e.g.,
genetics, family environment, pubertal onset, and so on). Connectivity for error trials was the
outcome variable, years played and group status (AHC and INJ) were predictor variables. Years
played was entered first into the hierarchical regression, then years played was added and a
test of incremental variance (Cohen & Cohen, 1983, pg. 145) was calculated using the R2
statistics generated from fitlm (MATLAB fitlm with robust option using default bisquare weighting
function). After accounting for years played, group status was still a significant predictor of
connectivity on error trials (F(2,35)=5.88, p<.01, ΔR2=.24), and a similar result was found when
using the error-correct connectivity difference as the outcome variable (F(2,35)=3.46, p=.04,
ΔR2=.16).
As an operationalization of cognitive control, the single-trial correlation coefficients
between ISPC-time and post-error RT were examined. Figure 6 shows that AHC participants
were characterized by more positive single-trial correlations between ISPC-time and RT at
about 300msec (Fig. 6 top panel) than INJ participants (Z=4.06, p=.01, Mdiff=.09, SE=.02, CI [.05
.13], d=.64 at 324msec). Other significant windows (prior to response and later in the time
series) were not examined because these times were outside the time windows typically
examined for these metrics (e.g., 0msec to 300msec; Cavanagh et al., 2009, 2017). Cognitive
control at 324msec (i.e., the peak groupwise difference in Fig. 6) was inversely related to
lifetime number of concussions in (r(40)=-.32, p=.04). Cognitive control (at 324msec) was
unrelated to age (r(37)=.12, p=.47) and years played (r(39)=-.11, p=.49). The correlation
between mPFC-lPFC connectivity for error trials and cognitive control was non-significant
(r(40)=-.15 p=.36), suggesting that measures of network connectivity and cognitive control
tapped into non-overlapping constructs.
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Years played did not predict cognitive control when examined alone (F(2, 35) = .82,
p=.37, R2=.02), whereas there was a trend for group status to predict cognitive control when
examined alone (F(2, 35) = 3.14, p=.08, R2=.08). Yet, group status did not significantly
incrementally improve prediction of cognitive control after accounting for years played (F(2, 35)
= 1.20, p=.31, ΔR2=.06). This analysis was analogous to the hierarchical regression reported
above using the single-trials correlation coefficient for the outcome variable, and years played
and group status as predictor variables.

Receiver-Operating Characteristic (ROC) Classification Accuracy
As a follow-up analysis to the work above, classification accuracy was examined using
the error trial connectivity and cognitive control metrics reported above: the peak difference in
ISPC-trials at 352msec and single-trial correlation coefficients between ISPC-time and posterror RT at 324msec. Participant’s raw scores were converted to Z-scores, and Zs averaged
together to create a ROC classifier.
As a point of comparison to neural metrics, classification accuracy was also computed
for behavioral metrics from the flankers. The flankers task is currently being promoted as a
measure of executive function by the NIH (e.g., Zelazo et al., 2014), and this analysis was
conducted to assess if neural-behavioral measures increased classification accuracy above and
beyond behavioral measures alone.
To create a stable estimate of classifier accuracy, a cross-validation approach was used
for calculating area under the ROC curve (AUROC). The AUROC score indicates classifier
accuracy with.5 indicating chance-level classification, and 1 indicating perfect classification. Two
distributions of data were created: 1) a distribution of resampled AUROC values where condition
labels were not shuffled, and 2) a null distribution of AUROC values that was created by
shuffling condition-data labels, and this null distribution was used for significance testing. For
(1), AUROC was calculated 1000x using different random subsets of the sample (N=20 for each
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run, sampled with replacement), and the mean AUROC from this resampling distribution is
reported below as the best estimate of “true” classifier accuracy. The mean AUROC from the
resampling distribution was compared to the null distribution from (2) using the mean and
standard deviation of the null AUROC distribution (2) to calculate Z-scores and p-values.

Figure 6. Single-trial correlation coefficients over time between FCz-F6 connectivity
and post-error RT

Note. Time series of single-trial correlation coefficients between connectivity and post-error slowing.
Blue time series is the group average for AHC participants. Red time series is the group average for
INJ participants. Magenta time series is the AHC-INJ difference. Shaded regions indicate 95% CI.
Green bars indicate FDR-corrected statistical significance of AHC-INJ difference. More positive
correlations are indicative of a stronger relationship between neural and behavioral performance, and
more cognitive control. AHC participants were characterized by more cognitive control than INJ
participants ~300msec post-error.

Accuracy was used as a behavior-based classifier because it was the only behavioral
measure that trended towards a difference between groups. Accuracy was a nonsignificant /
poor classifier (mean AUROC from resampling=.61, Z=1.17, p=.12, one-tailed).
Classifiers based on connectivity (ISPC-trials) and cognitive control (ISPC-PES
correlation within subjects) from the randomization procedure were able to classify participants
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with fair accuracy (mean AUROC=.83, Z=3.72, p<.001 one-tailed). Mean sensitivity (74%) and
specificity (92%) from the resampling distribution (1) of ROC analyses was also suggestive of
fair classification accuracy.
Combining accuracy and neurobehavioral measures (converting accuracy to Z-scores
and averaging together with connectivity and cognitive control Z-scores) slightly improved
classification accuracy (mean AUROC from resampling=.86, Z=3.84, p<.001, one-tailed; mean
sensitivity=81%, mean specificity=90%)

Reanalyses of ISPC-trials for Errors with Balanced Trial Count
ISPC-trials can be overinflated when trial counts are low so the ISPC-trial analyses for
errors were repeated for a subset of AHC (N=10) and INJ (N=19) participants that had at least
20 error trials. Results from participants’ first 20 error trials are displayed in Fig. 7. Betweengroup effects for ISPC-trials were generally the same (if not greater) in this subsample of
participants compared to the full sample. INJ participants were still characterized by weaker
connectivity for error trials than AHC participants (Z=6.08, corrected p<.001, Mdiff=.13, SE=.02,
CI [.09 .17], d=1.13 at 336msec; Fig. 7), suggesting that connectivity strength was not solely
accounted for by differences in trial count across groups. A similar result was observed for the
error-correct difference: INJ participants demonstrated reduced modulation of connectivity
following errors compared to correct trials than AHC participants (Z=5.41, corrected p<.001,
Mdiff=.11, SE=.02, CI [.07 .15], d=1.00, at 492msec).

Study 1 Discussion
In line with hypotheses, network connectivity and cognitive control were disrupted in
participants with any history of concussion compared to healthy athletes. There were also
trends towards a dose-response relationship between connectivity strength and number of
lifetime concussions. The relationships between connectivity, cognitive control, and concussion
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Figure 7. Theta-band connectivity between FCz and F6 and across scalp with FCz
seed using 20 error trials

Note. Time series of theta-band connectivity (ISPC-trials) between FCz and F6, and topoplots of
connectivity with FCz seed are displayed separately for error trials (top), correct trials (middle), and
the error-correct difference (bottom). Black time series are grand averages. Blue time series are group
averages for AHC participants. Red time series are group averages for INJ participants. Magenta time
series are AHC-INJ difference. Shaded regions indicate 95% CI. Emboldened regions show time
windows used for topoplots. Emboldened regions were selected based on the peak/nadir of grand
average activity separately for error trials, correct trials, and error-correct difference; thus the same
latency was used for all participants within trial type, but latencies for topoplots varied between trial
types. Black squares on topoplots of far right panel show locations of FCz and F6 used for
connectivity time series. Green bars indicate FDR-corrected statistical significance of AHC-INJ
difference. AHC participants were characterized by more FCz-F6 connectivity than INJ participants.
Results using 20 error trials for all participants support interpretations of Fig. 5 and suggest results
were not due solely to trial counts.

history were not solely accounted for by age or years played. Similar to previous reports,
behavioral measures—reaction time, accuracy, and response-efficiency—were unrelated to
neural measures and concussion history, suggesting that brain-based connectivity and singletrial cognitive control measures may be more sensitive than solely flanker’s performance.
Classification of participants using connectivity and cognitive control measures was fair, and
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was especially high in terms of specificity (92%). A reanalysis of the results where every
participant had the same number of trials actually enhanced the group difference in connectivity,
suggesting that low trial counts in some participants did not account for group differences driven
by biased connectivity estimates. On one hand, the study was limited by a sample that had a
restricted range of injury, limited details regarding concussion history (e.g., time since last
concussion, concussion severity information), and no “gold-standard” diagnostic information by
which to benchmark cognitive control and network connectivity measures. On the other hand, it
is remarkable that the ISPC-trials measure was able to differentiate samples despite using
ostensibly healthy participants with only a history of injury, with several nuisance variables
unaccounted for, and that this effect was generally robust across analyses. Although groups
were matched in terms of athletic interest, it is possible that third variables may have contributed
to group differences. Psychiatric symptoms were not evaluated here, but anxiety can modulate
connectivity and cognitive control (Cavanagh et al., 2017), and anxiety and mood symptoms
often co-occur with concussion (Wäljas et al., 2015; Dikmen, Machamer, Winn, & Temkin,
1995). Altogether, results from Study 1 link mTBI history with disrupted cognitive control circuitry
important for behavioral adaptation.

Study 2 Introduction
Study 2 aimed to extend the results of Study 1 by examining within-subjects
comparisons over the course of a season of play in contact sports. A replication of the findings
from Study 1 using within-subjects analyses would more directly link alterations in TF dynamics
to frontal brain health. Also, within-subjects analyses may have more sensitivity to detect subtle
changes in neural functioning (i.e., within-subjects variance tends to be smaller than betweensubjects variance); for example, a within-subjects approach may reveal changes in neural
functioning due to subconcussive or unreported injuries that may accumulate over time in
contact-collision athletes. A measure sensitive to within-person changes in brain health over
time would have clear-cut translational value: athletes could have brain health monitored across
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seasons of play, and a stable deviation from an individual’s baseline could serve as a potential
warning sign for athletes to suspend or discontinue contact play. It was hypothesized that a
season of play (and potentially subconcussive or unreported injuries) would result in modest
changes in connectivity as noted in Study 1. Moreover, it was expected that connectivity and
cognitive control would decline following acute concussion, which could be examined in a
single-subject. Specifically, it was expected that concussion would prompt a decline in
connectivity and cognitive control with a gradual return to baseline following the typical 7-10 day
recovery pattern for sports-related concussion (McCrea et al., 2003).

Study 2 Methods

Participants
Participants in Study 2a (N=10) were rugby players from Study 1 that had one preseason and one post-season EEG recording. These ten participants were concussion-free
across the season (per certified athletic-trainer monitoring over the course of the season, as
well as athlete self-report), yet it was possible that athletes may have unreported or
subconcussive injuries over the course of the season. An eleventh rugby player had a preseason EEG recording and was diagnosed with a concussion by a certified athletic-trainer
during the rugby season; this athlete then had EEG recordings at 24 hours post-concussion, 10
days post-concussion, and 30 days post-concussion. This case study is reported in Study 2b.

Study 2 Results

Behavioral Results
Accuracy did not significantly change pre (M=80.0, SD=10.69) vs. post (M=77.28,
SD=8.38) season (Z=1.27, p=.20, d=.26). Reaction times for error trials did not differ between
pre (M=349.80, SD=64.09) and post (M=332.70, SD=29.36) season (Z=.61, p=.54, d=.35).
Post-error slowing (post-error RT – error RT) did not change over the season (Z=.46, p=.65,
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d=.34): for the pre-season (M=61.4, SD=46.91) and the post-season (M=49.6, SD=18.16).
Response efficiency was unchanged (Z=.66, p=.51, d=.22; for pre-season M=4.83, SD=.52; and
for post-season M=4.73, SD=.39).

Error-Related Effects for ISPC
Figs. 8 and 9 show that athletes’ error-modulated ISPC (the error-correct difference) was
diminished followed a season of contact play (Z=-3.65, corrected p=.03, Mdiff=.81, SE=.37, CI
[.08 1.53], d=.49 at 514msec). Unexpectedly, athletes demonstrated less cognitive control at
pre-season than post-season: at post-season (Fig. 10) the single-trial relationship between
medial-lateral connectivity and post-error slowing was greater than at pre-season (Z=5.83,
corrected p<.001, Mdiff=-.15, SE=.03, CI [-.20 -.10], d=1.24 at 502msec).

ROC Analysis
An ROC analysis similar to Study 1 was conducted using pre and post-season data as
classification labels, and connectivity as a classifier (cognitive control was not included as a
classifier because the direction of change in cognitive control pre v. post season was
unexpected). The resampling distribution was created by resampling with replacement using
random N=10 subsets.
Mean observed AUROC value for connectivity at 514msec from 1000 resamples was
.67, suggesting the classifier performed no better than chance (Z=1.28, p=.10 one-tailed).
Results from standard AUROC calculation without resamples was similar to results from
resampling (AUROC=.65).
Classification for behavioral accuracy was AUROC=.61, indicating a poor / chance-level
classification (Z=.85, p=.20 one-tailed).
The combined classifier using connectivity and behavioral accuracy was also nonsignificant (AUROC=.69, Z=1.41, p=.08 one-tailed).
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Study 2b: Single-subject analysis of error-related effects for ISPC
One athlete (baseline recording included in Study 1 analysis, but recordings excluded
from Study 2a) had four EEG recordings: baseline EEG recording, 24 hours post-concussion,

Figure 8. Broadband Rayleigh-ISPC between FCz-F6 Pre vs. Post-season

Note. Spectrograms of broadband connectivity (Rayleigh-ISPC) between FCz and F6 are displayed
in top panels separately for error trials (top), correct trials (middle), and the error-correct difference
(bottom). Pre-Post season contrasts (far right) are displayed in standardized units (Z-scores). Hotter
colors (e.g., yellow) indicate stronger connectivity.

10 days post-concussion, and 30 days post-concussion. The athlete reported one concussion
prior to study participation (i.e., two lifetime concussions total).
Flanker’s accuracy was 91% (21 errors) at baseline, 95% (9 errors) 24 hours postconcussion, 98% (5 errors) 10 days post-concussion, and 91% (16 errors) 30 days postconcussion. Response efficiency was 5.5 at baseline, 4.75 24 hours post-concussion, 5.28 10
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days post-concussion, and 5.28 30 days post-concussion. Post-error slowing (mean post-error
RT – mean error RT) was 25.7msec at baseline, 39.6msec 24 hours post-concussion, 27.2msec
10 days post-concussion, and -19.6msec post-concussion (i.e., the athlete showed overall posterror speeding at 30 days post-concussion). Altogether, behavioral results did not appear to be

Figure 9. Theta band connectivity between FCz-F6 Pre vs. Post-season

Note. Time series of theta-band connectivity (Rayleigh ISPC-trials) between FCz and F6, and
topoplots of connectivity with FCz seed are displayed separately for error trials (top), correct trials
(middle), and the error-correct difference (bottom). Black time series are grand averages. Blue time
series are pre-season averages. Red time series are post-season averages. Magenta time series are
Pre-Post difference. Shaded regions indicate 95% CI. Emboldened regions show time windows used
for topoplots. Emboldened regions were selected based on the peak/nadir of grand average activity
separately for error trials, correct trials, and error-correct difference; thus the same latency was used
for all participants within trial type, but topoplot latencies varied between trial types. Black squares on
topoplots of far right panel show locations of FCz and F6 used for connectivity time series. Green bars
indicate FDR-corrected statistical significance of Pre-Post difference. Pre-season recordings were
characterized by more FCz-F6 connectivity than post-season recordings.

especially sensitive to acute and subacute effects of injury; alternatively, practice effects may
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have buffered behavioral performance, or effort was suboptimal during baseline and 30 day
post-concussion sessions.
A non-parametric randomization test was used for within-subjects significance testing of
connectivity. A peak-selection procedure was used to identify a time window for analysis of
connectivity. First, peak connectivity was identified for the athlete’s baseline recording: peak

Figure 10. Single-trial correlation coefficients over time between FCz-F6
connectivity and post-error RT

Note. Time series of single-trial correlation coefficients between connectivity and post-error slowing.
Blue time series is the averages for pre-season. Red time series is the averaged for post-season.
Magenta time series are pre-post difference. Shaded regions indicate 95% CI. Green bars indicate
FDR-corrected statistical significance of pre-post difference. More positive correlations are indicative
of a stronger relationship between neural and behavioral performance, and more cognitive control.
Unexpectedly, post-season recordings were characterized by more cognitive control than pre-season
recording~500msec post-error.

Rayleigh ISPC-trials was identified using a 3Hz to 9Hz and 0ms to 600ms post-response
window. The peak / window identified from the baseline recording was re-used for analyses of
post-concussion recordings, thus all recordings used the same window (2.5Hz to 6.3Hz and
224msec to 324msec). Then, a within-subjects randomization procedure was used to calculate
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a standardized measure of connectivity that was amenable to cross-recording comparisons.
Separately for each recording, the participants’ EEG time series was shuffled (e.g., phaseangles were shuffled), ISPC-trials calculated for the peak ISPC window using the shuffled time
series, and then the shuffling repeated 999 more times to create a null distribution of

Figure 11. Broadband Rayleigh-ISPC (top) and ISPC (bottom) between FCz-F6 in
one subject following concussion and concussion recovery

Note. Spectrograms of broadband connectivity (Rayleigh-ISPC top panel, and ISPC in bottom
panel) between FCz and F6 for error trials. Rayleigh-ISPC adjusts connectivity coefficients based
on trial counts. Athlete showed a decline in FCz-F6 theta-band connectivity at 24 hours and 10
days post-concussion, with a return to baseline levels of connectivity at 30 days post-concussion.
Hotter colors (e.g., yellow) indicate stronger connectivity.

connectivity coefficients. The athlete’s observed connectivity was then converted to a Z-score
by comparing observed connectivity to the null distribution of connectivity for that recording.
The Rayleigh ISPC-trials adjusted (adjusted for low trial count, see Study 1 Methods)
maps of connectivity, as well as raw ISPC-trials coefficients are displayed in Fig. 11. Peak
connectivity for the first session was significantly greater than zero (Z=2.54, p<.01, one-tailed),
at 24 hours post-concussion peak connectivity did not differ from zero (Z=1.04, p=.15, one-
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tailed), at 10 days post-concussion peak connectivity did not differ from zero (Z=-.97, p=.17,
one-tailed), connectivity was greater than zero at 30 days post-concussion (Z=3.13, p<.01).
Altogether, the within-subjects results were suggestive of an acute and subacute decline in peak
connectivity following concussion, with a return to baseline at 30 days post-concussion.
To identify peak cognitive control (ISPC-time by PES correlation), a 100msec moving
window was passed over each frequency band and correlated with post-error RT. Then, the
strongest positive cognitive control coefficient was identified between 3Hz to 9hz and 0msec to
600msec. The window used to analyze the athlete’s peak ISPC-time by RT relationship was at
7.1Hz ±2Hz and 426msec ±50msec. The athlete showed small nonsignificant positive
relationships between ISPC-time and post-error slowing at baseline (r(18)=.16, p=.52), an
inverse relationship between ISPC-time and post-error RT at 24 hours post-concussion
(r(8)=-.57, p=.15), and at 10 days post-concussion (r(5)=-.70, p=.23), then displayed a positive
relationship between connectivity and RT at 30 days post-concussion (r(13)=.21, p=.48). The
athlete showed more baseline cognitive control than at 24 hours post-concussion (Fisher Z-test
of difference in correlation coefficients: Z=1.58, p=.12), and a similar difference was observed
for the comparison between baseline cognitive control and cognitive control 10 day postconcussion (Z=1.37, p=.18), but these effects were below statistical thresholds. Altogether, the
athlete showed modest positive relationships between ISPC-time and post-error RT at baseline
and 30 days post-concussion, but the athlete showed the opposite relationship between ISPCtime and post-error RT during the acute and subacute phase of injury, indicating post-error
speeding, and suggestive of aberrant cognitive control mechanisms.

General Discussion
Study 1 showed that connectivity between mPFC and lPFC was lower in athletes with
any history of concussion compared to a healthy athletic cohort. A dose-response relationship
was also apparent for connectivity and cognitive control measures: participants with more
concussions tended to have more impaired connectivity and cognitive control than participants
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with fewer concussions. There was a similar pattern of results for Study 2a: athletes showed a
modest decrease in connectivity following a season of high-contact play even though no
athletes in Study 2a were diagnosed with a concussion over the course of the season.
Connectivity and cognitive control was also disturbed at the single-subject level in an athlete
with concussion.

Significance
This study provides initial evidence into the potential use of neurobehavioral measures
for identifying brain health. Although other reports have examined EEG-TBI relationships, this
report is unique in that it demonstrates a relationship between a neurofunctional circuit
important for cognitive control and cognitive functioning in participants with mild brain injury.
This study is also noteworthy in regard to the examination of single-trial neurobehavioral
performance in mTBI participants. The results suggest that connectivity-based measures may
be sensitive to functional changes often observed in mTBI. Participants with mTBI were
characterized by diminished mPFC-lPFC theta-band connectivity—circuitry important for
implementing cognitive control—following errors compared to athletic control participants. The
mPFC-lPFC difference was not solely accounted for by overall connectivity as INJ participants
also showed a reduced modulation of connectivity on error vs. correct trials. Cognitive control
was also disrupted in mTBI participants compared to AHC participants: AHC participants’
connectivity was predictive of a slowing of behavioral responses following errors, whereas INJ
participants’ connectivity was unrelated to a significant slowing of behavior following errors.
Diminished connectivity and cognitive control also varied with lifetime number of concussions,
with putatively more brain damage (i.e., more concussions) predicting greater attenuation in
connectivity and cognitive control, suggesting that accumulating brain damage results in greater
disturbance to circuitry important for cognitive and behavioral performance. Group level
differences in connectivity and cognitive control emerged somewhat later (>300msec) than
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previously reported (0msec to 200msec in Cavanagh et al., 2009). These AHC-INJ differences
later in the time series may indicate that whereas performance-monitoring may be relatively
preserved following mild head injuries, the presumably more complex processes of error
awareness (Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001) and learning from errors
(Cavanagh, Frank, Klein, & Allen, 2010; Cohen & van Gaal, 2013) may be more vulnerable to
concussion and cortical-cortical pathway functioning.

Context
The present results build on previous reports examining neural signs of mTBI by linking
neural indicators with behavioral functioning. Although there are dozens of EEG/MEG reports
that contrast mTBI and healthy participants’ resting-state functional connectivity (e.g., Cao &
Slobonouv, 2010; Dunkley et al., 2015; Sponheim et al., 2011; Tarapore et al., 2013; Thatcher
et al., 2001; Vakorin et al., 2016), it is unclear what differences in resting-state activity mean for
individuals’ day-to-day functioning, or what theoretical predictions can be tested in future
reports. Often, the implication is that these group differences in functional connectivity point
towards some otherwise hidden neuropathology. Critics of EEG-based approaches to mTBI
assessment have encouraged researchers to move away from studies with strong
neuropathological inferences for group differences (Arciniegas, 2011; Nuwer et al., 2005), and
instead have suggested that researchers focus on functional outcomes related to neural indices.
A handful of reports have examined differences in functional connectivity between mTBI and
healthy participants during set-shifting (Pang, Dunkley, Doesburg, da Costa, & Taylor, 2016),
target detection (Reches et al., 2017), working memory (Kumar, Rao, Chandramouli, & Pillai,
2009; Bailey et al., 2017), and learning (Tsirka et al., 2011) tasks, which may be useful for
linking group differences in functional connectivity to potential disturbances in specific cognitive
systems. Yet, only Tsirka and colleagues (2011) reported between-subjects correlations
between functional connectivity and behavioral performance, reporting that mTBI participants
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were characterized by attenuated local theta-band connectivity, and that local theta-band
connectivity showed a trend towards predicting recognition memory performance. Yet, betweensubjects correlations between connectivity and behavioral performance can be unreliable due to
trial-to-trial variability in brain-behavior relationships. In fact, the relationship between theta-band
connectivity and post-error slowing is often not apparent when examining the correlation across
subjects (Cavanagh et al., 2009; present report). Cognitive control is defined by an ability to
flexibly adapt to changing task demands, and analyses that average results across several trials
obscure indicators of effective cognitive control. The measure of cognitive control used here
(connectivity-PES single-trial correlation) followed a clear pattern of expected concussion
recovery (McCrea et al, 2003) in a single-subject in Study 2a, demonstrating that single-trial
cognitive control measures are potentially useful for informing return-to-play decisions and
tracking recovery from injury. The present results might also suggest that behavioral measures
of executive function could benefit from evaluating single-trial fluctuations rather than averaging
performance over trials (e.g., adaptive testing). Connectivity and cognitive control were fair
classifiers of group membership in Study 1 (Sensitivity 74%, Specificity 92%), and were reliable
using a resampling-based cross-validation approach. Classification was at chance level for
Study 2a, likely because of the low risk of head injury pre to post-season in those participants,
although there were modest group-level differences in connectivity pre vs. post season.
Behavioral performance was unrelated to group status, and behavioral indicators did not
accurately classify participants. Neurobehavioral approaches to mTBI have clinical and
theoretical utility insofar as they are sensitive and specific and have implications for individuals’
functioning. In this respect, the neurobehavioral indicators used here were fair classifiers,
suggest diminished efficiency of executive functions in previously concussed athletes, and imply
that previously concussed athletes may be at greater risk for not learning from one’s mistakes.
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Limitations
The study was limited in terms of testing participants with a restricted range of injury,
diversity of sample, “gold-standard” diagnostic comparisons (e.g., a full paper-and-pencil
neuropsychological battery), and the characterization of participant medical histories based on
self-report rather than documented medical chart data. Classification of AHC and INJ
participants using these time-frequency metrics was fair across the sample, and was still a fair
classifier after cross-validation with a randomization procedure, with moderate sensitivity (74%)
and good specificity (92%), suggesting that EEG-based functional connectivity metrics may be
useful for eliminating true negatives (e.g., identifying participants likely to have sustained an
injury). This sample was heterogeneous in terms of head injury history, and classification
accuracy using the connectivity and cognitive control metrics here may be moderated by time
since injury, injury severity, or other potentially meaningful clinical variables that were not
assessed here. The promise of the approach was also demonstrated, largely descriptively, in
the case study: brain connectivity fluctuated over the course of recovery from brain injury, and
varied with time-since-injury. Neuropathology was not assessed here and etiological
assumptions regarding brain damage from EEG recordings can be troublesome (e.g.,
Arciniegas, 2011, Nuwer et al., 2005), but we hypothesize that the observed reductions in
connectivity and cognitive control reflect damage to myelinated fibers that facilitate precise
phase alignment of neural oscillations necessary for coordinated cell activity (Fries, 2005;
Varela, Lachaux, Rodriguez, & Martinerie,2001; Cohen, 2011b). Yet, it is also possible that
symptoms like anxiety, depression, pain, or effort that are disproportionately represented across
the groups may have also contributed to differences in neural measures and behavioral
performance (a problem that is inherent to any neuropsychological investigation). Future studies
should include psychiatric symptom scales, neuropsychological interviews, and effort measures
to assess for the effect of these potential confounding variables on neurobehavioral metrics.
The present study was also limited in terms of connectivity stability: low trial counts can
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overinflate ISPC-based measures of connectivity. Yet, results were relatively unchanged when
only examining participants with at least 20 trials, commensurate with trial counts from previous
reports (Cavanagh et al., 2009, 2017). Future reports should use response-inhibition tests that
overlap in terms of psychological constructs (e.g., response inhibition, performance monitoring),
but elicit higher error rates (i.e., the Simon task). Future studies should also examine samples
that are more homogenous in terms of severity and time since concussion to evaluate “true”
classification accuracy of the metrics reported here for a particular recovery window.

Conclusion
The findings demonstrate the potential utility of a measure of cognitive control for the
assessment of cognitive functioning following mTBI. The results support previous findings in
healthy adults that theta-band connectivity in an mPFC-lPFC network is important for behavioral
adaptation and cognitive control. The present results are also suggestive that theta-band
connectivity-behavior relationships may be sensitive indicators of disrupted connectivity and
cognitive control in mTBI. It is hypothesized that head injury damages myelin, especially within
the frontal lobes, which disrupts phase-based coordination of distal cell assemblies and
connectivity indices measured at the scalp (Cohen, 2011a; Fries, 2005; Sponheim et al., 2011).
The present results, obtained in a relatively healthy cohort with a varied history of injury, support
the promise of using measures of brain connectivity for the assessment of more acute brain
injury.
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