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Alterations in the Magnetoencephalography Default Mode
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ABSTRACT

BACKGROUND AND PURPOSE: Magnetoencephalography is sensitive to functional connectivity changes associated with concus-
sion. However, the directional influences between functionally related regions remain unexplored. In this study, we therefore
evaluated concussion-related magnetoencephalography-based effective connectivity changes within resting-state default mode
network regions.

MATERIALS AND METHODS: Resting-state magnetoencephalography was acquired for 8 high school football players with concus-
sion at 3 time points (preseason, postconcussion, postseason), as well as 8 high school football players without concussion and 8
age-matched controls at 2 time points (preseason, postseason). Time-series from the default mode network regions were extracted,
and effective connectivity between them was computed for 5 different frequency bands. The default mode network regions were
grouped into anterior and posterior default mode networks. The combined posterior-to-anterior and anterior-to-posterior effective
connectivity values were averaged to generate 2 sets of values for each subject. The effective connectivity values were compared
using a repeated measures ANOVA across time points for the concussed, nonconcussed, and control groups, separately.

RESULTS: A significant increase in posterior-to-anterior effective connectivity from preseason to postconcussion (corrected P
value = .013) and a significant decrease in posterior-to-anterior effective connectivity from postconcussion to postseason (cor-
rected P value = .028) were observed in the concussed group. Changes in effective connectivity were only significant within the
delta band. Anterior-to-posterior connectivity demonstrated no significant change. Effective connectivity in the nonconcussed
group and controls did not show significant differences.

CONCLUSIONS: The unidirectional increase in effective connectivity postconcussion may elucidate compensatory processes, invok-
ing use of posterior regions to aid the function of susceptible anterior regions following brain injury. These findings support the
potential value of magnetoencephalography in exploring directional changes of the brain network following concussion.

ABBREVIATIONS: EC = effective connectivity; EEG = electroencephalography; DMN = default mode network; FC = functional connectivity; GC = Granger
causality; MEG = magnetoencephalography; mTBl = mild traumatic brain injury

I n the United States alone, there are an estimated 1.6-3.8 million
cases of sports-related concussions each year.! Depending on
severity, concussions can lead to cognitive and other neurologic
deficits.” The complications that arise from these injuries, which
are of particular concern in the developing pediatric brain,
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emphasize the need for accurate diagnosis and appropriately tai-
lored management. Traditional practices that base treatment
on self-evaluations and neuropsychological tests are limited,
given the potential subjectivity of these measurements.’
Unfortunately, conventional structural imaging modalities
such as CT and MR imaging often lack sufficient sensitivity
to detect abnormalities.*

Given these limitations, there has been increased attention in
the development and use of adjunctive noninvasive tools. It is
hypothesized that after a concussion, brain function may be
altered through the disruption of functional brain networks.’
Noninvasive functional neuroimaging techniques designed to
interrogate these brain networks, including magnetoencephalog-
raphy (MEG), electroencephalography (EEG), and fMRI, are,
therefore, well-suited for such an evaluation.®
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fMRI indirectly measures alterations in brain function on the
basis of fluctuations in the blood oxygenation level caused by
neuronal activity and can be corrupted by neurovascular decou-
pling. In contrast, MEG bypasses the hemodynamic response
entirely by directly measuring the magnetic fields induced by
neuronal electrical activity in the brain.*” While EEG is similarly
a more direct measure of neuronal activity than fMRI, the electri-
cal signals are contaminated by interference from the conductive
and inductive tissues of the brain, skull, and the scalp. The mag-
netic fields detected by MEG are not affected by these conductive
and inductive effects and thereby maintain better signal purity.*”
Recent advances, including higher sensor density and enhanced
source reconstruction techniques, have improved the spatial reso-
lution of MEG relative to EEG and are comparable with those of
fMRL”'® Altogether, its high sensitivity and ability to localize
pathologic magnetic signals generated by injured brain tissue,
even with minimal changes in neuropsychologic testing, make
MEG well-suited to assess changes in brain function related to
sports-related concussion.*>""

Several resting-state MEG-based connectivity analyses have
revealed alterations in the brain connectivity profiles of con-
cussed subjects and those with mild traumatic brain injury
(mTBI).>'>" Various analytic approaches including amplitude
envelope correlations and phase-locking estimates have been
used in the past to derive connectivity metrics."”>'> Analysis of
functional brain architectures can be separated into functional
segregation (the identification of a specific anatomic region with
a specific function) and functional integration of many special-
ized cortical regions supporting a single function. Functional
integration can be characterized by temporal correlation metrics,
including functional connectivity (FC) or effective connectivity
(EC). FC tests for coupling between 2 spatially remote brain
regions without considering the underlying dynamic process in
which causes precede consequences and thus only partly explains
the interaction pattern.16 EC, on the other hand, is defined by the
causal influence that one brain region exerts over another and
provides both correlation and directional information, revealing
the flow of activity between 2 brain regions. Because coupling in
the brain is both directed and reciprocal, functional integration
can, therefore, be better understood with EC.!”

EC can be estimated using 2 main approaches: 1) model-
driven, such as dynamic causal modeling and structural equation
modeling, and 2) data-driven, such as Granger causality (GC).
Both methods analyze the temporal properties of signals from 2
brain regions and extract information to compute the directed
causal influences between them. In this study, we used GC analy-
sis to measure EC for 2 main reasons: 1) Unlike the structural
equation or dynamic causal modeling, GC does not need an a pri-
ori hypothesis of the existing theoretic framework or EC structure
to estimate the temporal precedence, and 2) because GC is
applied to MEG data, its inability to account for the relationship
between blood oxygen level-dependent signal and neural activity
can be ignored.'”'®

Although FC disruptions in concussed individuals have been
studied using MEG,'>"* information regarding the directional
connectivity changes are rare and remain largely unexplored in
this population. We were, therefore, motivated to investigate EC

changes. A suitable brain network for analysis would ideally be
sensitive to physical trauma affecting different brain locations.
The default mode network (DMN) is one such network, having
high metabolic demands and important cognitive functions span-
ning multiple brain regions, and thus is likely to reflect the impact
of such insults on the brain at large.">** Our objective was to
study the differences in the EC within the DMN between anterior
and posterior DMN regions in concussed, nonconcussed, and
age-matched controls. In addition to early postconcussion
changes, we also sought to interrogate the late changes that may
reflect recovery. Moreover, we hypothesized that like FC! EC
would exhibit changes within the DMN after concussion and that
these changes would gradually normalize during the course of
recovery.

MATERIALS AND METHODS

Protocol Summary

All participants included were part of the imaging Telemetry and
Kinematic modeLing (iTAKL) study** approved by the institu-
tional review board at Wake Forest Baptist Medical Center and the
University of Texas Southwestern. The study was performed with
written informed consent by the parents as well as the participants
and was Health Insurance Portability and Accountability Act-
compliant. The iTAKL study focused on the effects of subconcus-
sive impacts on the brain of high school football players through
an entire football season, including preseason and postseason MR
imaging, MEG, and cognitive image acquisitions. As a part of this
larger study on subconcussive impacts, players who were diag-
nosed with concussion during the season received an additional
postconcussion MR imaging and MEG imaging.

Eight high school football players with concussion, 8 high
school football players without concussion, and 8 age-matched
controls were included in this study. The football players were
from a local high school football team, and the controls were
from local noncontact sports teams (swimming and tennis) with
no history of concussion or contact sports. The concussed foot-
ball players ranged between 15.3 and 17.7years of age with a
mean age of 16.1 (SD= 0.7) years; the nonconcussed football
players ranged from 15.4 to 16.8 years of age with a mean age of
16.2 (SD= 0.6) years; and the controls ranged from 14.9 to
17.1years of age with a mean age of 15.7 (SD= 0.8) years.
Controls and the nonconcussed group were *1month age-
matched and *0.1 body mass index-matched to the concussed
group. All participants in this study were male. If a concussion
was suspected by the on-site certified athletic trainer, the player
was sent to a sports medicine physician to confirm the diagnosis.
The players underwent MR imaging and MEG scans at presea-
son, postseason, and a clinical diagnosis of concussion (postcon-
cussion). The preseason scans were acquired a few days to 1
month in advance of the first practice session, and the postseason
scans were acquired within 1 month of the end of football season.
For the postconcussion scans, an interval of 1-8 days postinjury
was allowed. All concussed players followed return-to-play proto-
cols and were scanned postseason. The mean time between pre-
season and postconcussion scans was 69 (SD = 6.46) days, and
the mean time between preseason and postseason scans was
135.2 (SD = 23.7) days. Controls underwent scans at 2 different
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jena.de/vbm.html_) and subsequently
R coregistered with the MEG data.
Acquired MEG data were proc-
essed using the Brainstorm®* toolbox
in Matlab (MathWorks). The MEG
signals were baseline-corrected, down-
sampled to 250 Hz, notch-filtered at
60 Hz, and bandpass-filtered between
1 and 100 Hz. The data were further di-
vided into 5 different frequency bands
consisting of delta (2-4 Hz), theta (4-8
Hz), alpha (8-12 Hz), beta (12-30 Hz),
and gamma (30-50 Hz). Eye blinks and
artifacts were identified and
removed using Independent Component

muscle

Analysis. Noise covariance was calculated
using an empty room scan. After prepro-
cessing, time recordings from 60 to 240

seconds (3 minutes) for each subject

FIG 1. ROIs. DMN regions including the lateral orbitofrontal (LOF), medial orbitofrontal (MOF),
and rostral anterior cingulate (rACC) regions grouped into anterior DMN regions are highlighted
in red, and the precuneus (PCUN), posterior cingulate (PCC), and isthmus cingulate (iCC) regions
grouped into posterior DMN regions are highlighted in blue. aDMN indicates anterior DMN;

pDMN, posterior DMN.

time points approximately 4 months apart, with the mean time
between scans being 127.4 (SD = 25.2) days.

Exclusion criteria included a previous history of concussion,
reported neurologic disease, developmental disorders, or psycho-
logical conditions. Of the 11 concussed players identified from
the iTAKL study, 3 were excluded, including 2 who did not have
a pre-/postseason scan and a third who had an abnormal finding
on brain MR imaging.

Data Acquisition and Preprocessing

Resting-state MEG signals sampled at a rate of 1200 Hz were
recorded using a 273-channel radial gradiometer and a 29-chan-
nel reference sensor whole-head CTF Omega 2005 MEG system
(VSM MedTech) for 8 minutes. Subjects had their eyes open and
fixated on a point throughout the data acquisition, and the acqui-
sition bandwidth was set to 0.25-150 Hz. A 3T Magnetom Skyra
MR imaging scanner (Siemens) was used to acquire MR imaging
data using a 32-channel high-resolution human head/neck coil
(Siemens). A structural 3D volumetric T1-weighted MPRAGE
sequence with an isotropic resolution of 0.9 mm (TR = 1900 ms;
TE= 2.93 ms; TI=900 ms; flip angle= 9°% 176 slices) was
acquired. Fiducial markers were placed on the subjects’ nasion
and bilateral preauricular regions to enable the coregistration of
MEG data with the MR imaging. The T1 images were nor-
malized to the standard Montreal Neurological Imaging space
using the Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra (DARTEL, part of SPM) toolbox
high-dimensional warping and the SPM8** (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12) new segment procedure, as
implemented in the VBMS8 toolbox™ (http://dbm.neuro.uni-
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were used to ensure that stable and qual-
ity data were included for the subsequent
processing and analysis. A cortex sur-
face head model with overlapping
spheres was then constructed for the
3 minutes of clean data for each fre-
quency band. Sources were computed
for the MEG data by projecting the
signal onto the standard source space model using the whitened
and depth-weighted linear-L2 minimum norm estimates algo-
rithm.> Finally, ROIs were extracted for the effective connectiv-
ity analysis.

ROI

The Desikan-Killiany*® cortical atlas partitions the whole cortex
into 68 regions. Fourteen bilateral cortical DMN regions were
used, including lateral orbitofrontal, medial orbitofrontal, rostral
anterior cingulate, parahippocampal, isthmus cingulate, posterior
cingulate, and precuneus.”” For a better understanding of the
directionality of connectivity on a large scale, the DMN regions
were grouped into anterior and posterior DMN. Anterior DMN
included both left and right lateral orbitofrontal, medial orbito-
frontal, and rostral anterior cingulate regions, while the posterior
DMN included both the left and right isthmus cingulate, posterior
cingulate, and precuneus regions as shown in Fig 1. All the regions
of the anterior DMN as per the Montreal Neurological Institute
coordinates had Y > 16 as the centroid of those regions, and the
posterior DMN consisted of regions with centroid Y < —40.
The parahippocampal region, which did not fall under either
the anterior DMN or posterior DMN, was not included in the
connectivity analysis.”®> A mean time-series was extracted from
the remaining 12 DMN regions using the Desikan automated
parcellation approach, and the EC analysis was then performed
between them.

Effective Connectivity and Granger Causality
EC estimating the strength and directionality of causal relation-
ships between brain regions can be assessed using GC. GC is a
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FIG 2. Comparison of effective connectivity value changes across time. EC values at preseason, postconcussion, and postseason for the con-
cussed group (left), EC values at preseason and postseason for the nonconcussed group (center), and EC values at preseason and postseason in

controls (right).

statistical approach that measures the extent to which one time-
series signal plays a role in predicting the other. Assuming that
the time-series of one ROI is represented by X and the other ROI
is represented by Y, the principle of GC can be defined as Y
causes X if Y is able to better predict X by including all previous
information about Y compared with using previous information
of X alone.** Two signals simultaneously acquired and of the
same length can be represented as a bivariate linear autoregres-
sive model in the time domain as follows:

X(t) = Y j=l:pAlX(t—1) + Y j=1
(pAl2 Y (t—j) + EL (p),
Y () = Y j=l:pA2lX (t—1) + Y j=1

tpA22 Y (t—j) + E2 (1),

where p represents the maximum lag in the autoregressive model
known as the model order, A comprises the estimated coefficients
of the model, and E1 and E2 are the residuals for each time-series.
On the basis of this model, if the variance of the E1 prediction error
term is reduced by including the Y term in the first equation, then Y
Granger causes X, and if the E2 predicted error is reduced with the
inclusion of the X term in the second equation, then it indicates that
X Granger causes Y. The optimum model order was set to a default
of 10. The autoregressive model can be extended to the MEG time-
series data from all the 12 ROIs to generate an 12 x 12 asymmetric
values matrix, which has different measures for X causing Y and Y
causing X. The GC will result in a value of zero if there are no causal
influences present and as non-negative values otherwise.”

Statistical Analysis

An effective connectivity matrix using the GC model was
obtained for each subject for all 5 different frequency bands. The
normalized connectivity values for posterior-to-anterior DMN
regions and anterior-to-posterior DMN regions were averaged to
generate 2 sets of values for each of the 5 frequency bands per
subject. The connectivity values between the ROIs within the
DMN providing the same region connectivity, ie, posterior-to-
other posterior and anterior-to-other anterior DMN regions,

were not considered for the analysis. A repeated measures
ANOVA was used to compare the means across different time
points for each combination of frequency band and connectivity
orientation within the concussed, nonconcussed, and controls
group separately. The resulting P values were adjusted using a
Bonferroni multiple comparisons correction. Post hoc pair-wise
testing with a Bonferroni correction between time points was per-
formed with only the overall adjusted P value < .05. Differences
in preseason scans were also compared for all 3 subject groups.
All statistical analysis was performed using R Studio (http://
rstudio.org/download/desktop).

RESULTS

A total of 36 EC values comprising the posterior-to-anterior
DMN connectivity for both cerebral hemispheres were averaged.
The same process was carried out to obtain the anterior-to-
posterior DMN EC value for each subject. Repeated measures
ANOVA revealed significant differences across different time
points for the posterior-to-anterior DMN connectivity within the
delta frequency band only in the concussed group. The EC values
were plotted across the season for the concussed, nonconcussed,
and control groups. Figure 2 is a box-and-whisker plot demon-
strating the spread of EC values for all 8 subjects at each time
point for the concussed, nonconcussed, and control subjects. The
concussed group had an increase in the EC between the pre- and
postconcussion scans for all subjects. The increased postconcus-
sion connectivity is followed by a decrease in the connectivity
postseason, partially returning to the level of the baseline (presea-
son) scan. Only the posterior-to-anterior connectivity showed
significant differences. Of all the frequency bands, significant EC
differences were noted only for the delta band. Also, the spread of
EC values for all the subjects in the nonconcussed and control
groups did not vary between time points.

Effective Connectivity in Concussed Subjects

Repeated measures ANOVA was performed for each combina-
tion of band and orientation, generating 10 P values for the
concussed group. Only the delta band showed significant
Bonferroni-corrected differences in the posterior-to-anterior EC
(corrected P value = .005). The post hoc tests revealed a
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FIG 3. Visual representation of averaged EC across subjects for the concussed (upper row), nonconcussed (lower left), and control (lower right)
groups. The concussed group demonstrates a unidirectional increase in EC from preseason to immediately postconcussion (P=.013) and a
decrease at postseason scan compared with the postconcussion scan (P = .028). The nonconcussed group and controls reveal no significant dif-

ference in EC between preseason and postseason scans.

significant increase in the mean EC from preseason to postconcus-
sion for the concussed players (corrected P value = .013). A con-
sistent increase in EC was observed for each subject, with the
average percentage increase for the group at approximately 8% fol-
lowed by a significant decrease in the effective connectivity from
postconcussion to the postseason scans (corrected P value = .028),
at approximately 6% decrease. Despite the decreases at the postsea-
son scan, the effective connectivity remained significantly different
compared with the preseason scan (corrected P value= .028).
Figure 3 provides a visual representation of the longitudinal unidir-
ectional increase and decrease of EC throughout the season, aver-
aged across all 8 subjects. Figures 1 and 3 were generated using
BrainNet Viewer, a matlab-based network visualization toolbox
(www.nitrc.org/projects/bnv/).

Of note, one of the concussed subjects who was not included in
the study due to lack of a postseason scan exhibited similar results
between the preseason baseline and postconcussion scan, with an
increase of 5.9% in the total posterior-to-anterior connectivity.

Effective Connectivity in Nonconcussed Subjects and
Controls
Repeated measures ANOVA revealed no significant EC difference
between preseason and postseason scans for the nonconcussed
football players (P value for delta = .392). The averaged network
for the controls did not show any major changes in the connectiv-
ity strength between the pre- and postseason scans either (P value
for delta = .947) for any combination of band and orientation.

The preseason scans compared across different subject groups
using independent 2-sample ¢ tests demonstrated no significant
changes between the concussed to nonconcussed groups (P
value = .748), the nonconcussed group to controls (P value =
.289), and the concussed group to controls (P value = .095).

The Post-Concussion Symptom Inventory survey scores
account for symptoms in 20 categories and were available for

1780 Reddy Oct2021 www.ajnr.org

only 5 of the 8 concussed subjects who were used for the analysis.
The average Post-Concussion Symptom Inventory scores were
2.2 for preseason, 27 for postconcussion, and 6.4 for postseason.
Although we did not have the post-concussion symptom scores
for all our subjects, the correlation between the average EC
changes and the average Post-Concussion Symptom Inventory
scores across the season had a high R* value of 0.98.

DISCUSSION
Alterations in brain FC have been studied in patients with mTBI

and concussions'>!"?

using graph theory, power spectral den-
sity, and correlation analysis. However, these analyses did not use
methods for providing both magnitude and directionality infor-
mation. Here, we set out to explore whether an MEG-based EC
method could capture variations in directed connectivity in con-
cussed individuals, nonconcussed individuals, and matched con-
trols. Using GC, we found that EC increased significantly in high
school football players immediately after concussion followed by
a significant decrease observed at the postseason time point. The
EC at the postseason time point remained significantly increased
compared with the preseason baseline, suggesting only a partial
recovery. Additionally, EC in the DMN changed only in 1 direc-
tion, from posterior to anterior, and only affected the delta band.
EC showed no significant changes in the nonconcussed individu-
als (both controls and football players) through the season.
Increased brain connectivity or hyperconnectivity is believed to
be a fundamental adaptation of neuronal systems to physical dis-
ruptions resulting from brain injury, referred to as network reor-
ganization.”” Studies suggest that connectivity increases may
represent a compensatory mechanism of the brain in response to
the functional impairment caused by axonal injury, invoking the
use of more connections to perform the same tasks and resulting
in increased synaptic activity measured by MEG.**° EC increases
have also been attributed to the regulation of dysfunctional neural
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systems and compensatory processes in conditions like bipolar dis-
order’” and Alzheimer disease.”® In some cases, EC increases have
also been associated with improved corticocortical interactions in
the damaged hemispheres of patients with stroke, facilitating re-
covery.”® The EC increases in our concussed subjects support the
hypothesis of a compensatory mechanism.

Most interesting, significant EC increases were observed only
in the posterior-to-anterior direction. Neuropsychological dys-
function affecting executive, cognitive, or motor functions may
be a reflection of a predominance of injuries to the frontal and
anterior cortices in patients with mTBI.**** However, posterior
regions have also been reported as vulnerable to injuries.*’
Despite these variations in regions reported as susceptible to
injury, functional imaging findings are similar. An fMRI meta-
analysis found that anterior brain regions had higher activity than
the posterior regions in mTBI, suggesting that the anterior regions
are more prone to injury.*® Zhou et al*® reported FC decreases
within the posterior components and increases in the anterior com-
ponents of the DMN after mTBI. These findings could account for
the unidirectional EC increases from posterior-to-anterior DMN
regions, reflecting a compensatory mechanism. As the vulnerable
anterior regions are injured postconcussion, the use of other brain
regions including the posterior regions to assist in function may
result in posterior-to-anterior information flow within the DMN.

Abnormal increases in low-frequency neuronal activity have
been long associated with mTBI and can be measured and local-
ized with the help of MEG.*'"'*>** A handful of animal and
human studies have pointed to cortical deafferentation following
axonal injury as the main mechanism for delta wave generation af-
ter mTBL*** Delta waves can be induced by administering atro-
pine in animals. Atropine causes deafferentation by blocking
antagonist acetylcholine within the cholinergic pathway. These ani-
mal studies have demonstrated that mTBI causes dysregulation of
the cholinergic system and chronic reduction of acetylcholine.***’
This result suggests that dysfunction at the synaptic level can cause
delta wave generation without cell death. Another explanation for
the increase in EC only in the delta band is based on the bistability
concept. Bistability is often demonstrated by slow oscillations,
which specifically arise in the setting of functional or anatomic dis-
connection.*® These stereotypical slow waves in the delta frequency
range result from perturbations to the brain such as concussions or
traumatic brain injuries, which may force the intact cortical circuits
into a bistable state. Additional studies are needed to delineate the
mechanism behind increases in delta activity after mTBI in
humans.

Recovery following concussion is often a long and challenging
process. Enhancing our understanding of recovery is important
to help explain why debilitating symptoms persist in some indi-
viduals while resolving in others as well as to aid in personalized
patient management. In this study, MEG demonstrated func-
tional abnormalities in the concussed population even at postsea-
son, suggesting that alterations in brain function persisted after
athletes were cleared for return to play. Despite significant
decreases in connectivity postseason from postconcussion, the
connectivity remained significantly higher than the preseason
baseline, implying that a longer recovery period may be needed.
Whether a portion of these cases go on to ultimately recover to

baseline remains to be explored and highlights the need for addi-
tional large, long-term studies.

Limitations

Our study included only male adolescent football players and had
a small sample size, limiting the generalizability of our results.
Inclusion of orthopedically injured players can address con-
founding factors like pain or fatigue associated with the altera-
tions in connectivity. The partial normalization implies that the
connectivity changes may extend beyond the 3-month postseason
timeframe, necessitating large-scale longitudinal studies to fur-
ther clarify the course of recovery. Furthermore, analyzing the
connectivity relationships, including both intra- and internet-
work EC (such as frontoparietal or even task-based networks
aside from the DMN), could provide additional information on
compensatory pathways and network anatomy. Finally, it would
also be worth exploring the relationship between measures of
cognitive assessment and structural connectivity, such as with dif-
fusion MR imaging, and FC.

CONCLUSIONS

GC analysis of MEG data demonstrates that a single episode of
concussion can cause observable changes in the EC within the
DMN. The EC partially returns toward the baseline level with
time. The connectivity changes occur in the delta band, exhibit
directionality, and are only significant from posterior to anterior
DMN regions. Further large-scale, longitudinal research will be
required to delineate the utility of this approach as a biomarker
in concussion.
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