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On the time-course of functional connectivity:
theory of a dynamic progression of concussion
effects
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The current literature presents a discordant view of mild traumatic brain injury and its effects on the human brain. This dissonance
has often been attributed to heterogeneities in study populations, aetiology, acuteness, experimental paradigms and/or testing
modalities. To investigate the progression of mild traumatic brain injury in the human brain, the present study employed data
from 93 subjects (48 healthy controls) representing both acute and chronic stages of mild traumatic brain injury. The effects of
concussion across different stages of injury were measured using two metrics of functional connectivity in segments of electroen-
cephalography time-locked to an active oddball task. Coherence and weighted phase-lag index were calculated separately for
individual frequency bands (delta, theta, alpha and beta) to measure the functional connectivity between six electrode clusters dis-
tributed from frontal to parietal regions across both hemispheres. Results show an increase in functional connectivity in the acute
stage after mild traumatic brain injury, contrasted with significantly reduced functional connectivity in chronic stages of injury.
This finding indicates a non-linear time-dependent effect of injury. To understand this pattern of changing functional connectivity
in relation to prior evidence, we propose a new model of the time-course of the effects of mild traumatic brain injury on the brain
that brings together research from multiple neuroimaging modalities and unifies the various lines of evidence that at first appear to
be in conflict.
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Concussion has a non-static, non-linear effect on the functional connectivity
(FC) in the human brain as measured using electroencephalography.
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Introduction

Concussions, also termed mild traumatic brain injury
(mTBIL; Kay et al, 1993), can prove difficult to detect
using common brain imaging methods (e.g. computed
tomography and magnetic resonance imaging) due to
their predominantly functional effects on the brain. Work
spanning a multitude of testing modalities supports a
connection between concussions and multiple forms of
cognitive dysfunction (McCrory et al., 2017). With
increasing awareness of the condition, concussion diagno-
sis is at an unprecedented high (Langer et al., 2020);
however, clinical practices for identification, treatment
and management remain inadequate (Broglio et al., 2007,
2017). Refinements in assessment tools have predomin-
antly targeted the disentanglement of concussion’s
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constellation of symptoms. Several methodologies have
shown promise, such as eye movements (Heitger et al.,
2009; Johnson et al., 2012), balance assessments (Broglio
et al., 2017), functional brain imaging (McAllister et al.,
2001) and electrophysiology (Broglio et al., 2009; De
Beaumont et al., 2009; Ruiter et al., 2019). In the last
category, event-related potentials (ERPs) as recorded with
electroencephalography (EEG) were shown to be altered
following concussion (Gaetz et al., 2000; Gosselin et al.,
2006; De Beaumont et al., 2007; Broglio et al., 2011).
ERPs are widely studied in the literature, and the param-
eters (i.e. latency, amplitude and topography) of a par-
ticular ERP component in response to specific stimulation
designs are seen to index a cognitive function neurophy-
siologically. The extent of ERP alterations after concus-
sion was demonstrated to correlate with number of hits
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to the head, severity of injury and time elapsed since in-
jury (De Beaumont et al., 2007; Broglio et al., 2011).
Most prominent in concussion research, the N2b—index-
ing executive control and response inhibition—and the
P300—associated with attention, orientation, and mem-
ory—have been shown to be particularly affected after in-
sult, either in response latency, amplitude, or both
(Gosselin et al., 2006; De Beaumont et al., 2007, 2013;
Broglio et al., 2009; Ruiter et al., 2019). The association
between these ERPs and specific cognitive processes has
provided a valuable tool to pinpoint the functional and
cognitive effects of concussion that have been reported to
linger after symptom resolution (Gosselin et al., 2006; De
Beaumont et al., 2007; Baillargeon et al, 2012).
However, it remains unclear how the effects of concus-
sion progress over the years following injury.

Most findings on the neurophysiological effects of con-
cussion to date describe an attenuation or delaying of
brain responses (Gosselin et al., 2006; De Beaumont
et al., 2007, 2013; Broglio et al., 2009; Ruiter et al.,
2019). Contrary to these findings, several studies have
reported hyperactivation post-injury during mentally tax-
ing tasks (McAllister e al., 2001). These opposing find-
ings have been attributed to heterogeneities in study
populations, aetiology, acuteness, experimental paradigms
and others, none of which have been conclusive. There
exists a need for an investigation specifically into these
disagreements to assess whether the present understanding
of concussion may be expanded to account for and ex-
plain these opposing reports.

Increase in activation post-injury has been posited to
result from the allocation of extra resources to compen-
sate for the damage (McAllister et al., 2001; Iraji et al.,
2016). This compensatory mechanism is argued to reflect
the discrepancy often found between behavioural assess-
ments and neurological measurements from electrophysi-
ology (De Beaumont ef al., 2009, 2012; Ruiter et al.,
2019) and functional hemodynamics (McAllister et al.,
2001; Hocke et al., 2018). Subsequently, the notion of a
cognitive reserve (Kesler et al., 2003; Stern, 2009; Broglio
et al., 2012) has been hypothesized to explain the overall
neurocognitive decline in previously concussed individuals
through aging (De Beaumont et al., 2009, 2012; Broglio
et al., 2012; Broglio, 2017). According to the cognitive
reserve theory, a previously injured brain loses the ability
to sustain its compensatory mechanisms with age, result-
ing in an abnormal aging process with a resurgence of
symptoms and other cognitive deficits (De Beaumont
et al., 2009, 2012; Broglio et al., 2012; Broglio, 2017).
For the purposes of the present study, we define three
broad stages of concussion progression: (i) ‘acute’, denot-
ing the time directly after injury and extending to 4 weeks
after wherein the primary symptoms of mTBI are most
apparent, (ii) ‘post-acute’, pertaining to the time after the
acute stage to late-stage symptom resurgence, during
which the behaviourally observable symptoms of mTBI
appear to be most resolved but underlying pathology is
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reportedly still observed in ERP work and (iii) ‘chronic’,
referring to the state of injury decades after insult where
the behaviourally observable effects of concussion have
been reported to resurface, typically seen in the late
adulthood. Notably, these stages are built primarily
around notions of clinically observable deficits and self-
reports and secondarily on neurophysiological reports of
concussion. Moreover, it is not understood, which aspects
of cognition are irreparably affected and whether clinical
intervention may prevent or delay the onset of what is
defined above as the chronic stage.

While there is consensus that brain function is altered
following concussion in the acute stage, there has been
little work clarifying the progression of post-concussive
effects throughout aging and the relationship between
those  effects to observable  symptomatology.
Consolidation of results from different imaging methods
is also minimal in the literature. The notion that
neurophysiological sequelae of concussion progress in a
non-linear fashion is not new. Increased functional con-
nectivity (FC; defined below) has been reported directly
after a concussive episode followed by a return to normal
levels 30 days after injury (Zhu et al., 2015). Similar find-
ings were reported in the literature where tests in the
acute phase revealed a hyperconnected brain (Nakamura
et al., 2009; Shumskaya et al., 2012; Messé et al., 2013;
Bharath et al., 2015; Sours et al., 2015; Iraji et al., 2016;
Bernier et al., 2017), whereas tests conducted after the
acute stage of injury had elapsed showed reduced FC
(Robinson et al., 2015; Hocke et al., 2018), and one
study reported no effect of mTBI on FC (Churchill ez al.,
2017). These studies utilized a wide array of brain imag-
ing methodologies and experimental protocols, including
recording brain activity in resting-state designs or under
active cognitive load induced by different tasks.

FC, as opposed to structural connectivity, broadly
describes statistically correlated activity and synchroniza-
tion between brain regions (Bastos and Schoffelen, 2016).
This correlated activity can be due to information trans-
mission between communicating brain regions, or simply
due to different brain regions contributing to a common
task. In EEG analysis, FC can be measured using a var-
iety of methods, each contributing different information
about how brain activity is synchronized across regions
(Vinck et al., 2011; Bastos and Schoffelen, 2016; Blain-
Moraes et al., 2016). These can be computed across EEG
sensors or estimated brain sources and can describe tem-
porally correlated changes in the power spectrum or
phase coupling. Two complementary methods are used in
this study: magnitude-squared coherence and the weighted
phase-lag index (WPLI). Both of these methods have been
widely used in the literature to describe non-directed con-
nections between two signals (i.e., they do not specifically
indicate which signal influences the other; see the
‘Materials and methods’ section).

FC as measured using EEG has been investigated for
application in mTBI with several reports of deficits
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observed in resting-state EEG after concussion (Cao and
Slobounov, 2010); however, the effects of post-acute
mTBI on resting-state EEG have been questioned (Nuwer
et al., 2005). Related work on more severe TBI showed a
reduced FC effect that was unique to a working memory
task, as opposed to resting state (Kumar er al, 2009).
This work raised the issue that FC effects in mTBI might
require an active cognitive load for the separation to be
observed, a hypothesis that is compatible with fMRI re-
search on mTBI (McAllister et al., 2001; Johnson et al.,
2012, 2015). To date, no prior studies have been con-
ducted to investigate the progression of neurphysiological
FC effects of mTBI using EEG during active cognitive
tasks. Moreover, there is limited work attempting to con-
nect the effects observed in EEG/ERP measures to the
neuroimaging literature, which places a greater emphasis
on FC. Here, we show that functional brain connectivity
observed in EEG at different time periods following con-
cussion provides valuable information on how concussion
impacts brain activity over time.

In the present article, we investigate the effects of con-
cussion on brain connectivity, as well as the development
of these effects from youth into late adulthood. The study
employed experiments designed to elicit canonical ERPs
studied in concussion research (the N2b and P300) to
examine a cognitively taxed brain using event-related FC.
The study examined two hypotheses. First, in accordance
with prior literature (Kumar et al., 2009), we expected a
comparison between concussed subjects and age-matched
controls to reveal a difference in FC. Second, we postu-
lated that, while some changes in connectivity would nor-
malize after the acute stage, there would remain
differences in FC between concussed subjects in the
chronic stage and their age-matched controls. Separate
ANOVAs were run for each type of coherence and WPLI
measures calculated between six clusters of electrodes to
convey different categories of FC (Fig. 1; see the
‘Materials and methods’ section). FC was assessed across
the main canonical EEG frequency bands and investigated
the effects of group (control vs. concussed) and cohort
(young vs. old). Evidence of effects during the post-acute
stage of concussion was used from separate studies and
compared in the discussion. In addition to presenting our
experimental findings, we propose a new theory of the
effects of concussion on the brain that integrates cogni-
tive reserve theory to explain how our data can be syn-
thesized with the evidence found within the existing
neuroscientific literature on mTBI to understand how
concussion affects the brain over the lifespan.

Materials and methods

To investigate the progression of FC changes from acute
concussion to late after injury, data were collected from
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a total of 93 participants (48 controls) split across two
age-groups in a cross-sectional manner (see Table 1).
Data were collected as part of independent studies con-
ducted using the same set of EEG/ERP paradigms as
defined below.

The first cohort comprised 26 participants (19 females)
with an average age of 15.4years that had sustained a
head injury. All concussed participants were clinically
diagnosed with a concussion and were subsequently
tested an average of 20.15days after injury. Data from
28 healthy participants (average 19.2years; 22 females)
acted as a control group for the AC cohort.

A total of nineteen male retired football athletes were
recruited with an average age of 57.6years. The retired
athletes played an average of 7.84 years in the Canadian
Football League (CFL), self-reported an average of 4.05
previous concussions and indicated an average of
28.11years between day of testing and the last reported
head injury. A group of 20 healthy individuals (all males;
mean age = 53.7) acted as controls for this cohort.

All control participants reported no history of neuro-
logical disorders or head injury. All subjects reported
normal hearing and provided written consent prior to
participating in the study. The study was approved by
the Hamilton Integrated Research Ethics Board (HiREB;
Ontario, Canada) and was in accordance with the ethical
standards of the Declaration of Helsinki.

Each subject completed two separate EEG/ERP protocols
designed to examine brain responses in both active and
passive task conditions separated by a distractor task
(Ruiter et al., 2019). Only data from the active protocol,
presented first, were used in the present study. The proto-
col was a multi-deviant auditory-oddball task adapted
from (Todd et al., 2008). The standard tone (Std) was a
1000-Hz pure-tone presented at 80-dB sound pressure
level (SPL) for 50 ms. Three different tones, each similar
to the Std in all but one sound characteristic, were pre-
sented as deviants within the standard tone sequence: fre-
quency deviant (FDev; 1200 Hz), duration deviant (DDev;
100 ms) and intensity deviant (90 dB SPL). Standard tones
were presented 492 times (82%) while each of the devi-
ants was presented 36 (6%) times for a total of 600
stimulus presentations. Participants were tasked to active-
ly attend to the tones and respond by pressing one but-
ton to standards and another button for all deviants. All
segments with incorrect responses were discarded from
further analysis. Technical issues rendered intensity devi-
ants unusable in the AC recordings; thus, to facilitate
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Figure | Connectivities and electrode clusters: different connectivity types and their respective electrode clusters as defined and adapted

from Kumar et al. (2009).

comparisons between the two age groups, responses to
intensity deviants were discarded for all further analysis.

EEG procedure

Participants were seated in a dimly lit and sound-attenu-
ated room. Noise-cancelling earphones (Etymotic ER-2)
were used to deliver all binaural auditory stimuli.
Participants were instructed to fixate on a cross placed in

the centre of a computer monitor as they responded
using two buttons to auditory stimulation as described
above. Buttons were counterbalanced between partici-
pants. Presentation of all stimuli and respective EEG
markers was done using Presentation software
(NeuroBehavioral Systems; NBS). The protocol used for
this study lasted a total of 10 min in addition to a break
halfway through presentation. Participants were instructed
to switch buttons for the second half of the protocol.
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Table | Patient information for both cohorts including
sex, number of previous concussions at the time of
testing and self-reported symptomatology as measured
by the Post-Concussion Symtpom Scale

Cohort Participant Sex # previous Symptomatology
concussions at time of testing

AC | F 6 109
2 F 0 55
3 F | 54
4 M 2 20
5 M 2 64
6 M 2 33
7 F 2 35
8 F 6 94
9 F | 92
10 F | 67
I F | 50
12 M 5 101
13 F | 41
14 F 4 24
15 F 3 58
16 F 0 17
17 F | 12
18 M 2 46
19 F | 53
20 M | 55
21 F 0 59
22 F 2 60
23 F 2 80
24 F | 55
25 M | 32
26 F | 66

CH 27 M 7 9
28 M | 4
29 M 2 17
30 M 2 4
31 M 4 52
32 M 2 7
33 M I 12
34 M 3 5
35 M 2 14
36 M 8 27
37 M 6 I
38 M 2 17
39 M 3 13
40 M 3 25
41 M 4 27
42 M 2 0
43 M 3 |
44 M | 9
45 M I 13

Continuous EEG was recorded from 64 Ag/AgCl active
electrodes using the Biosemi ActiveTwo system.
Electrodes were placed according to the extended 10-20
system using an elastic cap and referenced online to the
driven right leg circuit. Data from five external electrodes
were recorded: two electrodes were placed separately to
record eye movements placed above and over the outer
canthus of the left eye, two electrodes on the mastoid
processes and one on the tip of the nose. Data from all
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electrodes were digitized at 512Hz and passed through a
0.01-100-Hz bandpass filter.

Offline, data were passed through a 0.1-30-Hz (24 dB/
oct) filter in addition to a 60 Hz notch filter. Using visual
inspection, all segments containing non-ocular artefacts
were marked for deletion. Independent component ana-
lysis was conducted on the remaining continuous data,
and components correlated with either external electrode
placed around the left eye were removed. Following data
cleaning, the EEG signals were re-referenced to the aver-
aged mastoids and segmented for all experimental condi-
tions from 200 ms before stimulus onset to 1000 ms after.
All segments were baseline-corrected (—200 to Oms) be-
fore separating segments by condition and exporting to
binary files for connectivity analysis. All the prior steps
were conducted using Brain Vision Analyzer (v2.1; Brain
Products GmbH).

We perform our analyses using two complementary meas-
ures of FC: one that expresses amplitude-related syn-
chronization and one that expresses synchronization in
phase space.

Magnitude-squared coherence, or simply coherence, is a
measure of FC that describes the degree of linear similar-
ity between two signals (in our case, two channels) in
terms of their power spectrum (Nolte et al., 2004;
Murias et al., 2007; Kumar et al., 2009). Specifically, it
is the normalized magnitude-squared cross-spectral dens-
ity of two signals in a given frequency band f and thus
primarily describes amplitude-related synchronization.
Coherence is calculated as

2
Co(f) = ) (1

xx(F) Py ()

where P,, is the cross-spectral density of two signals x
and y and P, and P, are their respective power spectral
densities. However, unlike WPLI, coherence is susceptible
to influence from volume conduction and noise (Vinck
et al., 2011; Bastos and Schoffelen, 2016).

WPLI is a measure of FC that provides information
primarily about phase-synchronization and is designed to
be robust to influence from volume conduction and noise
Vinck2011—all features that are crucial to channel-space
analysis of EEG. WPLI is calculated using the imaginary
component of the cross-spectrum, which we denote as
ImCy,(f), and which gives the phase-synchronization be-
tween two signals. It is then weighted by its sign,
sign(ImCy,(f)), which indicates which of the two signals
leads or lags in phase-space. Putting these together, WPLI
is calculated as follows:
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o E{ImCy(f)} _ E{ImC,, (f)sign(ImCy, (f))}
Y= EmC (M = EmCo(}

(2)

We assessed brain connectivity as measured in sensor
space by computing pairwise FC for regions of interest
that were defined similarly to Kumar et al. (2009).
Fourteen electrodes were clustered based on their topo-
graphical location: laterally on the right (R) and left
(L) hemispheres; and caudally at the frontal (F), tem-
poral (T) and parietal (P) regions (see Fig. 1). The six
clusters of 2-3 electrodes each were L-F (F3, F5 and
F1); R-F (F4, F2 and F6); L-T (T7 and CP5); R-T (T8
and CP6); L-P (P3 and P1); and R-P (P4 and P2).
Using the six clusters, four categories of connectivity
were defined:

* Interhemispheric: described connections between the
left and right hemispheres and was split to frontal (be-
tween R-F and L-F), temporal (between R-T and L-T)
and parietal (between R-P and L-P).

* Intrahemispheric, long range: defined connections that
spanned from the frontal region to the parietal region
within the same hemisphere. In the right hemisphere,
they were defined as all combinations between R-F
and R-P, whereas in the left hemisphere they were
connections between L-F and L-P.

* Intrahemispheric, mid range: described fronto-temporal
and temporo-parietal connections in both hemispheres.
In the frontal region: left fronto-temporal (between L-
T and L-F) and right fronto-temporal (between R-T
and R-F). In the parietal region: left temporo-parietal
(between L-T and L-P) and right temporo-parietal (be-
tween R-T and R-P).

* Intrahemispheric, within region: contained all pairwise
comparisons within each electrode cluster described
above.

For each category of connectivity, WPLI and coherence
were calculated between each electrode pair for each ex-
perimental condition using Python MNE (Gramfort et al.,
2013). Connectivity was assessed across five canonical,
non-overlapping EEG bands: delta (1-4Hz), theta
(4.5-8 Hz), alpha (8.5-14Hz) and beta (14.5-23 Hz). The
spectral densities were estimated using the Morlet wavelet
with central frequencies f; € 1,2,...,23 and correspond-
ing cycles ¢; = min(0.75 x f;,7). FC values were averaged
for the duration spanning between stimulus onset and

800 ms after.

Statistical analyses were adapted from (Kumar et al.,
2009) and modified to reduce the number of multiple
comparisons.  Mixed-effects  analysis of  variance
(ANOVA; «=0.01) was used to examine whether con-
cussion affected brain connectivity as measured by the
WPLI and coherence independently. Separate univariate
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ANOVAs were run for each type of connectivity and
spectral band such that the dependent variable was the
connectivity metric (WPLI or coherence) to investigate the
effect of group (2 levels: control and concussed), condi-
tion (three levels: Std, FDev and DDev), site (as described
above for each connectivity category) and cohort (two
levels: young and old). In cases of Sphericity violations
(assessed using Mauchly’s test), Greenhouse—Geisser esti-
mates of epsilon were used to correct for the degrees of
freedom. In instances of significant interactions,
Bonferroni-corrected post hoc analyses were conducted to
investigate the effect.

All connectivity data from both groups and cohorts in
addition to the R code used to conduct all statistical
analyses in the present study are publicly available at
https://github.com/boshra/Connectivity_Analysis.

Results

Coherence was heavily influenced by cohort differences.
This manifested as a significant main effect of cohort as
well as a reliable effect of cohort x condition interaction
in all connectivity types across all frequency bands when
observing coherence (see Table 2). These effects are omit-
ted for brevity from the detailed results below.

The cohort x site interaction was observed for coherence
in all frequency bands (P <0.01; Table 2). For WPLI, a
significant group x cohort interaction was observed only
in the theta band (P <0.01; Fig. 2).

A significant cohort x site interaction was observed for
coherence in all bands (P < 0.01; Table 2). In addition, a
significant 3-way interaction of group x cohort X site
manifested in delta (P <0.01) and theta (P < 0.01). WPLI
analysis indicated a significant group x cohort interaction
in the theta band (P <0.01; Fig. 2). In addition, in theta,
a group X site interaction was significant (P < 0.01). Post
hoc analysis in both bands showed that in the CH co-
hort, FC was lower in the left hemisphere than in the
right hemisphere.

Results indicated a significant group x cohort interaction
in coherence for the delta and theta bands (P <0.01; see
Table 2). In WPLI, a main effect of cohort was found in
delta (P <0.01) and theta (P <0.01). A significant group
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Table 2 ANOVA tables for the connectivity types and bands for the WPLI and coherence values

Predictor df Num dfDen Delta band Theta band Alpha band Beta band
Coherence WPLI Coherence WPLI Coherence WPLI Coherence WPLI
F P F P F P F P F P F P F P F P
Interhemisphere connectivity
Group | 89 2.84 0.095 042 0518 22 0.1492 037 0.547 0.28 0.598 1.98 0.163 0.06 0.813 1.06 0.306
Cohort | 89 2012 0 0.81 0.372 2507.94 0 232 0.131 152523 0 0.44 0.511 2084.18 0 1.24 0.269
Group x cohort | 89 492 0.029 226 0.137 6.7 0011 736 0.008 299 0.087 1.85 0.178 0.58 0.448 051 0476
Group x condition 2 178 121 0299 0.07 0.927 0.0l 0993 07 0491 0.39 0.67 1.52 0.223 1.86 0.16 1.42 0245
Cohort x condition 2 178 7927 0 1.61 0204 1046 O 0.43 0.643 84.59 0 0.77 0459 18781 0 1.52 0.222
Group X site 2 178 0.76 0.467 0.66 0.516 1.0l 0362 021 0.772 0.86 0418 0.49 0.585 1.81 0.173 0.74 046l
Cohort x site 2 178 5543 0 1.3 0274 20811 O 1.31 027 33565 0 226 0.116 47164 0 0.33 0.69
Group x cohort 2 178 048 0.621 203 0.136 0.36 0.693 0.05 0.943 09 0404 144 0.24 1.6 0206 0.54 058l
x condition
Group x cohort X site 2 178 0. 0899 032 0.723 0.72 0481 1.17 0.305 1.29 0276 086 0.4l 1.07 0.337 031 07
Intrahemisphere—long connectivity
Group | 89 0.67 0417 098 0.324 1.71 0.194 159 021 0.1 0746 23 0.133 0.04 0.848 243 0.123
Cohort | 89 59403 0 0 0944 143951 0 0.54 0463 42039 0 138 0243 9624 0 0.34 0.564
Group x cohort | 89 2.63 0.108 4.18 0.044 521 0.025 8.09 0.006 479 0.031 081 037 1.13 0255 1.84 0.178
Group x site | 89 022 0.637 143 0234 0.06 0.809 7.06 0.009 0.72 0399 0.39 0.533 221 0.14 0.05 0.828
Cohort x site | 89 1045 0.002 1.54 0.218 13.06 0 3.92 0.051 2051 0 0.02 0.898 2629 0 0.55 0.459
Group x cohort X site | 89 8.14 0.005 521 0.025 7.03 0.009 I.Il 0.295 1.73 0.192 0.0l 0.932 0.33 0.565 3.27 0.074
Group x condition 2 178 0.87 0414 0.11 0.887 1.92 0.153 1.94 0.149 0.1 0879 1.09 0.333 0.31 0.725 0.19 0.8l
Cohort x condition 2 178 110.46 0 0.1 0.8% 7789 0 321 0.046 6.37 0.003 0.79 0.44I 8493 0 0.69 0.492
Group x cohort 2 178 047 0.616 203 0.136 0.35 0.686 4.08 0.02 044 0.621 06 0.531 0.34 0.705 0.16 0.842
x condition
Intrahemisphere—mid connectivity
Group | 89 1.69 0.197 08 0372 0.52 0473 0.06 0.809 041 0523 1.56 0215 0.09 0.767 0.5 0.482
Cohort | 89  1100.06 0 8.1 0.006 1806.52 0 2698 0 9183 0 56 002 1831.18 0 0.57 0.454
Group x cohort | 89 8.64 0.004 10.16 0.002 10.33 0.002 1626 0 4.84 0.03 2.83 0.096 245 0.121 3.47 0.066
Group x condition 2 178 1.3 0273 022 0797 0.64 0526 03 0.738 1.26 0.284 272 0.076 1.38 0.255 0.1 0.895
Cohort x condition 2 178 106.73 0 035 0698 9476 0 3.57 0.03 429 0 0.25 0.753 284.13 0 1.57 0.212
Group X site 3 267 2.67 0.062 278 0.062 0.52 0608 0.7 0514 1.17 0318 037 0.736 2.33 0.095 1.69 0.177
Cohort x site 3 267 024 0823 983 0 0.19 0839 109 © 892 0 2.1 0112 46.14 0 3.74 00l6
Group x cohort 2 178 1.04 0354 48 0.0l 04 0668 04 0.671 043 0.638 0.35 0.674 1.44 024 3.13 0.05
x condition
Group x cohort X site 3 267 3.65 0021 487 0.008 0.68 0519 0.66 0.536 0.26 0.818 0.7 0.525 1.74 0.175 0.64 0.569
Intrahemisphere—within connectivity
Group | 89 0.83 0.363 1.15 0.287 0.21 0.645 0.14 0.713 0.8 0374 236 0.128 0.18 0.674 0.79 0.376
Cohort | 89  2795.02 0 3752 0 499242 0 48.11 0 563883 0 1.1l 0.001 5539.13 0 3.07 0.083
Group x cohort | 89 2335 0 1447 0 16.68 0 1486 0 1029 0.002 461 0.035 7.04 0.009 7.13 0.009
Group x condition 2 178 38 0025 045 0.635 048 0.62 0.07 0.936 .15 0317 263 0.077 1.0l 0363 0.1 0.899
Cohort x condition 2 178 11597 0 0.13 0874 191.83 0 237 0097 12943 0 0.09 0.903 4II1.19 0 0.61 0.542
Group x site 5 445 0.71 0.584 0.65 0.624 128 0.28 2.15 0.073 1.35 0258 1.61 0.174 0.73 0.538 231 0.064
Cohort x site 5 445 22,66 0 2.53 0.041 5763 0 834 0 527 0 182 0127 764 O 222 0.073
Group x cohort 2 178 1.09 0337 4.66 0.0II 0.1 0892 0.27 0.766 0.14 0861 0.5 0.602 1.39 0251 244 0.092
% condition
Group x cohort X site 5 445 0.77 0542 1.3 027 1.59 0.18 2.1 0.079 0.85 0472 1.21 0.305 0.23 0.886 2.78 0.031
x cohort interaction was found in delta and theta

(P<0.01; Fig. 2B). An additional cohort X site inter-
action was observed in delta and theta (P<0.01). Post
hoc analysis in both bands showed that FC in the AC co-
hort measured between FT-L and FT-R was higher than
between TP-L and TP-R. That effect was reversed in the
older CH cohort. The two 3-way interactions (group X
cohort x condition and group x cohort x site) were
found significant in the delta band (P<0.01).
Investigation of the first interaction showed that the
group X cohort interaction was not observable to stand-
ard tones (see the ‘Materials and methods’ section). Post
hoc analysis of the second interaction showed that FC
observed from FT-L showed a significant effect of group
as well as a reliable group X cohort interaction in TP-L

and TP-R.

Analysis of coherence yielded significant group x cohort
and cohort x site interactions in all bands (P <0.01). An
additional group x condition was observed in delta
(P<0.05). For WPLI, a main effect of cohort was found
in all but the beta band (P<0.01), whereas a group x
cohort interaction was observed in all bands but alpha
(P <0.01; Fig. 2). The cohort x site interaction was sig-
nificant in the theta band (P <0.01). Post hoc analysis
showed FC to be larger in the AC cohort compared to
the CH cohort in all but the frontal sites (L-F and R-F).

Discussion

Our results introduce new evidence illustrating the evolu-
tion of the effects of mTBI on the human brain over
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B Weighted Phase Lag Index (WPLI)
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Figure 2 Group X cohort interaction: the figure shows the group x cohort interaction over different connectivity types as seen across the
four bands in spectral coherence (A) and weighted phase-lag index (B). Error bars represent the 95% confidence intervals.

time. We show that while an increase in connectivity
from baseline may follow from concussion soon after in-
jury, a reversal towards reduced connectivity may in part
characterize the long-term effects (see Fig. 2). In light of
these findings, we argue for a critical component of our
hypotheses: the effects of mTBI on the brain are dynamic
and must be contextualized by how long the brain has
been adapting to them. Concordantly, the interaction be-
tween history of concussion and cohort (age) had a sig-
nificant effect on FC, while the fact that concussion had
taken place in the past did not, in and of itself, prove to
be significant.

Our results showed the group x cohort interaction to
be strongest in the theta band as well as in delta and
alpha to a lesser extent (see Table 2 and Fig. 2).
Different EEG bands are typically coupled with a number
of cognitive activities; however, such links are non-specif-
ic and tend to vary across subjects (e.g., alpha peaking at
different frequencies for different individuals; Klimesch
1999; Trammell et al., 2017). Furthermore, the literature
reports EEG frequency changes throughout the normal
aging process, which is likely to interact dynamically
with a history of mTBI (Trammell et al., 2017). Overall,
band-specific results, particularly in mTBI, are reportedly
inconsistent in the literature, rendering interpretations ra-
ther tenuous with the current data (Nuwer et al., 2005).

Whether FC was measured with coherence to capture
power synchronization or with WPLI, to capture phase
synchronization, the chronically concussed group showed
a widespread reduction in FC. While this result appears
to conflict with a previous study (Kumar et al., 2009),
the findings may in fact be complimentary. Notably,
Kumar et al. found reduced FC in concussed individuals
an average of 2-3months since last concussion. When
comparing more recently concussed individuals (an

average of just 21days post-injury) with controls, we in-
stead found increased levels of FC. One possible explan-
ation is that there may be a sharp increase in FC shortly
after injury, followed by a decrease in FC below pre-in-
jury levels, a finding supported by longitudinal imaging
studies (Zhu et al., 2015; Iraji et al., 2016). However,
another explanation is that Kumar et al.’s study included
individuals who suffered from more severe brain injuries
than concussion that resulted in observable anatomical
abnormalities (12 out of 30 subjects), which have been
linked to severe decreases in FC (Davey et al., 2000).

We propose a nuanced view of the progressive effects of
mTBI on the human brain. Specifically, we posit a model
of the dynamic effects of mTBI on event-related FC that
accounts for stage of injury (acute, post-acute and chron-
ic), age and task-related cognitive load. A diagram of the
theorized model, its three stages and corresponding effects
are illustrated in Fig. 3. We describe our model in terms
of its three stages below.

In the acute stage of the model, the brain enters a state
of hyperactivity and hyperconnectivity immediately after
injury (we acknowledge that the mechanism for this is
not entirely understood) that is reflected in a number of
studies in the acute stage of concussion (Shumskaya
et al., 2012; Zhou et al., 2014; Johnson et al., 2015;
Zhu et al., 2015; Iraji et al., 2016). The proposed model
theorizes that an increased recruitment of neuronal
resources is particularly observable after injury, requires
minimal task complexity and can even be observed at
rest (see Fig. 3, red). Moreover, this stage is hypothesized
to overlap with the period prior to clinical symptom re-

covery, as well as cognitive deficits observed in
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Typical time: within 4 weeks of concussion
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Figure 3 Theorized model of mild traumatic brain injury: the theorized model with its three stages of injury progression: acute, post-
acute and chronic. Note the overlap between the stages in time, signifying an unclear transition point between them.

neuropsychological and other behavioural batteries
(McCrory et al., 2017). Since the increase in activity and
FC observed in the acute stage can be observed in fMRI
while the subject is at rest, it might be unrelated to cog-
nitive load and may reflect the increased internal rumin-
ation and arousal often seen in recently concussed
individuals (Sours et al., 2015; Zhu et al., 2015).
Moreover, hyperactivity and hyperconnectivity have been
shown in animal studies of concussion, where the effect
is described as part of a post-concussion metabolic cas-
cade (Giza and Hovda, 2001). Our model further sug-
gests that this brain response plays a functional role in
the brain adaptation to compensate for lost and impaired
functionality. We posit that hyperactivity and hypercon-
nectivity facilitate a search for suitable ways of rerouting
information processing to enable optimal, albeit flawed,
compensation for the reduced cognitive functioning that
resulted from injury, akin to the hyperconnected state
observed in infants prior to neural pruning (Huttenlocher
and de Courten, 1987; Rakic et al., 1994).

In typical cases of concussion, the brain is able to
adapt and progress past the acute stage, signified by a re-
lief of symptomatology and other observable cognitive

deficits (McCrory et al., 2017). Our model proposes that

this post-acute stage, and thus behavioural symptom reso-
lution, co-occurs with the re-normalization of resting-state
functional brain activation and connectivity. This is sup-
ported by a lack of significant differences in resting-state
FC between controls and subjects with past concussion in
the post-acute stage found in a number of fMRI and
EEG studies alike (McAllister et al., 2001; Nuwer et al.,
2005; Bharath et al.,, 2015; Churchill et al., 2017).
However, the brain’s solution to counteract mTBI-related
cognitive loss is not perfect. A high processing load
enforced by a complex task requires the injured brain to
compensate and thus activate more than the uninjured
brain, to maintain task performance (see Fig. 3, green)
(McAllister et al., 2001). Notably, we identify the mech-
anism of compensation as a likely explanation for the ap-
parent normalization of behaviourally measured cognitive
functions after symptom resolution (Martini ef al., 2017).
Our model is compatible with an earlier hypothesis sug-
gesting that even though behaviourally observed symp-
toms of concussion appear to resolve, the brain does not
truly recover fully from the injury (De Beaumont et al.,
2009).

Lastly, as part of a typical aging process, the brain pro-
gressively loses its ability to sustain the compensatory
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strategy developed in the acute stage and maintained
throughout the post-acute stage (see Fig. 3, blue). This re-
duction and resurgence of symptoms has been linked
strongly to the notion of a cognitive reserve (Kesler
et al., 2003; Stern, 2009; Broglio, 2017). This chronic
stage marks a downward trend in brain activity and FC.
As no fMRI FC has targeted the chronic stage of injury
(Henry et al., 2017), we base this stage of the model on
three sets of observations: previous ERP studies con-
ducted by our group and others (described below); the
observed resurgence of behavioural and cognitive symp-
toms caused by cognitive decline in old age (Broglio
et al., 2012); and the results presented in this paper. In
addition, we suggest that this stage may coincide with
reported findings of tauopathy in retired athletes and po-
tential link to chronic traumatic encephalopathy (CTE;
Stern et al., 2019).

There has been a considerable amount of research on the
effect of mTBI on ERPs. One challenge in understanding
mTBI is to explain why some ERPs appear to be affected
in consistent ways across the different stages of injury,
while the effects on other ERPs appear to change over
time. Our model provides a means to interpret these
findings.

There is broad consensus regarding the effect of con-
cussion on the P300, which is manifest as an attenuated
and often delayed peak (Brush et al., 2018). This effect is
demonstrably consistent across acute, post-acute and
chronic stages of injury (Broglio et al., 2009; Baillargeon
et al., 2012; Boshra et al., 2019b; Ruiter et al., 2019). In
contrast, the effects are not consistent on earlier ERP
components, such as the mismatch negativity (Ruiter
et al., 2019) and the N1/P2 complex (Boshra et al.,
2019a). These responses were unaffected in acute and
post-acute concussed subjects but were attenuated in indi-
viduals who had sustained their concussions decades ear-
lier and were thus considered to be in the chronic stage
of concussion at the time of testing. Our model predicts
that this ERP component would be enlarged in the acute
stage while at rest and in the post-acute stage while
under cognitive load. Of note, it has been argued that
the emergence of deficits in these earlier ERP components
may be associated with an irreversible return of concus-
sion-related cognitive decline.

The N2b response is also reported to be affected in a
way that changes through the stages of concussion. This
component was found to be unaffected in some cases in
the post-acute stage (Moore et al., 2014), amplified in
other cases in the post-acute stage (Moore et al., 2014,
2015; Ledwidge and Molfese, 2016) and attenuated in
the chronic stage (De Beaumont et al., 2009; Brush et al.,
2018; Ruiter et al., 2019). The apparent modulation of
the N2b proves similar to results from FC in fMRI. Our
model predicts an enlarged N2b in the acute stage, as
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well as in the post-acute stage, albeit only when task-
related cognitive load is sufficient to elicit neural over-
compensation (Moore et al., 2014, 2015; Ledwidge and
Molfese, 2016). The model predicts an absence of N2b
effects when the task is sufficiently simple (see oddball
task Moore et al., 2014). Lastly, the model predicts an
attenuated N2b in the chronic stage (De Beaumont et al.,
2009; Ruiter et al., 2019).

In summary, there is an indication that ERPs may be
affected by mTBI in one of the three ways. For the P300,
the effect appears to remain consistent throughout all
stages of concussion. For the MMN and the N1/P2 com-
plex, the effects seem to appear only in the chronic stage,
possibly indicating more severe consequences of the in-
jury (Boshra et al., 2019a, b). Finally, for the N2b, the
effect is more complex: the component appears to be
affected in different ways depending on the stage of con-
cussion and the degree of cognitive load under which the
EEG is recorded. This makes the N2b a potential target
for monitoring the progression of
Furthermore, the time-course of the effects of concussion
on the N2b most closely matches what has been observed
in the fMRI literature and the FC findings in the present
study showing hyperconnectivity immediately after injury
followed by a tendency to normalize unless the partici-
pant is subjected to mentally taxing task.

concussion.

To conserve a parsimonious level of explanation, the
model does not account for many of the factors argued
in the literature to influence the state of concussion,
including the number of previous concussions, the sever-
ity and location of impact, and age at the time of injury.
While the model is not intended to provide precise pre-
dictive power at this finer resolution, it provides an over-
arching view of the brain’s response to concussion and
may even extend to brain injury more broadly depending
on the severity and type of injury.

We argue that the model provides, for the first time, a
falsifiable explanation of the time-course of the effects of
concussion on the brain that directly relates three primary
modalities used in concussion research: behavioural
assessments, fMRI, and EEG/ERP. Our model also syn-
thesizes some of the inconsistencies found in the broader
literature, particularly the seemingly contradictory find-
ings between studies exploring resting-state brain activity
versus task-based studies that impose a high processing
load on the participants. In particular, our model sug-
gests that this contradiction is not simply due to extrane-
ous factors as previously suggested, such as differences in
experimental paradigms, but is instead part of a more
complex dynamic nature of the effects of concussion over
the lifespan.

Our model also has implications for post-concussion syn-
drome (long-term persistence of symptoms of concussion)
as well as for more severe TBL. Both of these phenomena
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can be described as types of injuries in which the post-acute
phase is skipped: post-concussion syndrome because the
brain fails, for one reason or another, to compensate for
the injury and TBI because the injury is too severe for the
brain to compensate in principle. Instead, the brain pro-
gresses directly from the acute stage to the chronic stage, as
evidenced by studies that show reduced FC levels and clin-
ical symptoms that are consistent with the chronic stage of
concussion as described in our model (Kumar et al., 2009;
Messé et al., 2013; Robinson et al., 2015; Hocke et al.,
2018). Interestingly, the proposed model is in accordance
with the accelerated decline model that describes the abnor-
mal ageing trajectories in previously concussed individuals
(Broglio et al., 2012).

While the present study sheds some light on both the
early and late stages of mTBI, there are important ques-
tions that require data from individuals across the full
spectrum of age groups representing a continuity of
stages of injury (from acute to chronic and in between).
Further data will enable an investigation of when hyper-
connectivity subsides and clarify the interaction between
normalizing resting-state connectivity, symptom reso-
lution, and processing loads. In addition, it is pertinent
to identify what initiates the transition to a hypocon-
nected state later in life (time elapsed since injury, bio-
logical disposition, age, etc.), and whether that
deterioration can be counteracted. This investigation is
critical, as the decline into hypoconnectivity late in adult-
hood has been linked to severe consequences in other
pathologies and was associated with more advanced
forms of neurodegeneration (Hillary and Grafman, 2017).
Moreover, as argued in Boshra et al. (2019a, b), experi-
mental designs that facilitate single-subject analyses are
necessary to understand the inter-subject variability of
mTBI and its effects, as well as to build towards a clinic-
al tool leveraging these findings.

Limitations

One potential confound in our study was the vast differ-
ence in age between the CH and the AC cohorts, leaving
open the possibility that differences in FC could be natur-
ally occurring due to age as opposed to injury stage.
Indeed, when looking only at spectral coherence, our less
robust measure of FC, we found a significant effect of
cohort. This effect was observable for both the control
group and the patient group and thus appears to be
dominantly age-related and not mTBI specific. In con-
trast, measuring WPLI revealed a clear pattern of changes
in FC that was unique to the concussed group as can be
seen in Fig. 2B. In almost all cases, there was no change
in WPLI-derived FC across cohorts for the controls, while
a pronounced decrease was notable in almost all compar-
isons for the concussed group. The two instances of a
main effect of cohort in FC in the control group showed
increases in FC (mid-range intrahemispheric and within-
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region FC), where the same measures showed an age-
related decrease in FC. Altogether, this indicates that
phase synchronization, as measured by WPLI, may be
significantly reduced through aging, specifically for those
with a history of concussion.

The present study was made possible by aggregating data
collected by our group for two studies using the same
methodology and the same equipment. We note that com-
bining two datasets as done in this study comes with the
risk that statistical differences found in the study are due to
heterogeneities between the datasets themselves. Specifically,
the study samples differ by age, sex composition and pro-
fession. Sex differences reported in the literature convey
subjective appraisal and/or reporting of symptoms (Merritt
et al., 2019). Moreover, reported effects tend to not cross
from one study to another; thus, our results, as the litera-
ture exists presently, are likely to be unaffected by the un-
even numbers of women across the cohorts. In our
statistical analyses, we mitigated overall risk by adapting
analysis procedures from earlier work to include a reduced
number of comparisons and by adopting a more conserva-
tive significance threshold (Kumar ef al., 2009). Moreover,
inclusion of data from both age groups in the same models
was done in an effort to control for the potential confound
of age, as discussed in the ‘Materials and methods’ section.

Our theoretical model of mTBI was constructed by
integrating the results of the quantitative analyses pre-
sented here with a synthesis of prior evidence related to
the short-, medium- and long-term effects of concussion.
The data presented in this study formed much of the
basis for our understanding of the acute and chronic
stages of mTBI, while evidence supporting our interpret-
ation of the post-acute stage was provided by other stud-
ies; it is important to note that these studies were based
on different experimental methods. We therefore present
our model as a framework that helps us to identify the
most important testable hypotheses that will allow us to
confirm or amend our current understanding of how con-
cussion impacts the brain over the lifespan.

Another limitation is the use of coherence as a measure
of FC in channel space, which is sensitive to volume con-
ductance. We validated the results found with coherence
by using a complimentary measure of FC, WPLI, which
is invariant to volume conduction. WPLI was particularly
useful in highlighting the changing effect of concussion
on FC across the age groups.

In summary, we were not able to control for potential
confounds as mentioned above; however, given the
strength of the reported results (Fig. 2B), it is reasonable
to expect that the effect of these confounds would not
substantially impact the interpretation of our data.

Conclusion

The present study introduces a novel model of the
time-course of mTBI that synthesizes the neuroimaging
and EEG literature, while generating targeted
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hypotheses that direct future research towards a more
coherent understanding of mTBI. We argue that several
points of contention, and apparently conflicting data,
with respect to altered brain activity following concus-
sion can be explained by a complex, dynamic, and
non-linear response by the human brain that involves
pathophysiological reactions, healing mechanisms and
compensatory actions. The study reported event-related
FC as measured by the EEG during an active oddball
task from 93 subjects. Our results support previous
work indicating that concussion alters brain FC as
measured by the WPLI and spectral coherence.
Strikingly, our results demonstrated a clear shift in con-
nectivity as acute effects of concussion gave way to
chronic neurophysiological alterations, causing a salient
switch from an increased to decreased FC in concussed
individuals relative to age-matched controls, respective-
ly. The study presents the first report linking estab-
lished trends in fMRI and neuroimaging literature to
cognitive function manifesting in ERPs. We conclude
that further work to elucidate the dynamics of that tra-
jectory towards failure to compensate is critical to
understanding the mechanisms behind late-adulthood
symptom re-emergence, which are thought to be reflect-

ive of severe neuropathological consequences of
concussion.
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