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Functional brain connectivity networks exhibit “small-world” characteristics and some
of these networks follow a “rich-club” organization, whereby a few nodes of high
connectivity (hubs) tend to connect more densely among themselves than to nodes
of lower connectivity. The Current study followed an “attack strategy” to compare the
rich-club and small-world network organization models using Magnetoencephalographic
(MEG) recordings from mild traumatic brain injury (mTBI) patients and neurologically
healthy controls to identify the topology that describes the underlying intrinsic brain
network organization. We hypothesized that the reduction in global efficiency caused
by an attack targeting a model’s hubs would reveal the “true” underlying topological
organization. Connectivity networks were estimated using mutual information as
the basis for cross-frequency coupling. Our results revealed a prominent rich-club
network organization for both groups. In particular, mTBI patients demonstrated hyper-
synchronization among rich-club hubs compared to controls in the § band and the
3-v1, 0-y1, and B-yo frequency pairs. Moreover, rich-club hubs in mTBI patients
were overrepresented in right frontal brain areas, from 6 to yi{ frequencies, and
underrepresented in left occipital regions in the 3-8, 3-y1, 6-B, and B-yo frequency pairs.
These findings indicate that the rich-club organization of resting-state MEG, considering
its role in information integration and its vulnerability to various disorders like mTBI, may
have a significant predictive value in the development of reliable biomarkers to help the
validation of the recovery from mTBI. Furthermore, the proposed approach might be used
as a validation tool to assess patient recovery.

Keywords: magnetoencephalography (MEG), mild traumatic brain injury, network resilience, cross-frequency
coupling, intrinsic networks
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Altered Rich-Club and Frequency-Dependent Subnetwork in mTBI

FIGURE 3 | Average number of SW and RC nodes for (A) IFCG; (B) CFCG, and (C) ICFCG. Statistical comparisons between SW and RC nodes for each group
(SWC: SW Control, RCC: RC Control, SWM: SW mTBlI, and RCM: RC mTBI) and between groups for each network organization (SWC vs. SWM and RCC vs. RCM).
All comparisons (paired test linked by *) reach statistical significance (p-value: * < 0.05; ** < 0.01, and *** < 0.001).

were significantly higher in the control group compared to mTBI
in the RC topology and the § band.

Regarding CFCGs (Figure 4B), the average values of degree
and strength in RC were higher than in SW, for both groups.
Apart from the first frequency pair (8, B), significant differences
were observed between the two groups in both network
topologies, in terms of network metrics (strength, degree) and
connectivity for the rest of frequency pairs. In both the CFCG
and ICFCG cases, statistical differences are found in both
groups between the RC and SW topologies in terms of degree
and strength (Figure 4C). However, no statistically significant
differences were detected between the groups in both network
metrics and conditions for the SW topology (Figure 5C).

Overall, the SW organization showed stronger activation
mostly in frontal and central regions for the normal control
group in all frequency bands except for the beta band (Figure 2).
Similarly, the RC organization showed stronger activations in

left temporal areas for all frequency pairs examined {fc=(fl,th)=
[(3,8), (3,y1), (6,8), (6,y1) and (B,y2)]}. However, in the mTBI
group activation was stronger in right frontal and temporal areas
(Figure 2). Finally, the control group showed significantly higher
degree and strength than the mTBI group in all frequency bands
and frequency pairs for each FCG type (Figure 4).

The Relation between Rich-Club and

Small-World Organizations

To verify that RC network organization presents complementary
information to the SW form, we superimposed both structures
on the upper parts of Figures 5A-C, for three cost values,
respectively. The SW network organization is shown with black
nodes connected by the outflow edges, while the RC network
organization is shown with red nodes, proving that RC nodes
can be found within an SW network. The nodal strength of each
FCG type is illustrated in the lower part of Figures 5A-C, to
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significance (p-value: * < 0.05; ** < 0.01, and *** < 0.001).

FIGURE 4 | Representation of the averaged degree and strength of the RC/SW hubs (i) with the rest of nodes networks and (i) within RC/SW nodes across each
group (acronyms follow the definition in capture of Figure 3). For (A) IFCG, (B) CFCG, and (C) ICFCG. All comparisons (paired test linked by *) reach statistical

show the hub nodes in specific frequency bands and pairs of
frequencies. The first observation associated with Figure 5 is that
most RC nodes are part of the SW network, since in each sub-
image some nodes belong simultaneously to both organizations,
demonstrating that a node can be simultaneously an SW and
an RC node. Furthermore, the spatial distribution of the upper
and lower topography in each figure indicates that the RC nodes
appear to have higher nodal strength than the SW nodes (upper
and lower Figures 5A-C) for all cases. Therefore, the RC network
organization reveals a higher information flow within an FCG.

RESULTS OF NETWORK ATTACKS ON
BRAIN MODELS

Attacks on Intra-FCG Brain Models

Attack strategies on the RC and SW organizations are presented
in terms of percentage of GE reduction as shown in Figure 6. For

each iteration, we randomly chose 50% of the links within the SW
or RC nodes (TSW and TRC), or the interconnections between
RC/SW nodes and the rest of the network (HRSW and HRRC).
Statistical analysis were performed between SW and RC network
topologies in all the aforementioned scenarios. In most cases,
the RC organization showed significantly higher %GE reduction.
After each attack, both the SW and RC organizations changed
compared to their initial structure.

First, the average %GE reduction of TRC and HRRC for all
cases [NTRC - mTRC and NHRRC - mHRRC, (here the prefixes
“N” and “m” denote the normal control and mTBI groups,
respectively)] and across all iterations was significantly higher
(p-value < 0.001) compared to the TSW and HRSW, with the
exception of the y, band for controls and the o band for mTBI
patients, in the case of IFCGs (Figure 6A). The %GE reduction
did not exceed 4% in any case for the target attack, but in the case
of the hub, the rest of the network attacks demonstrated a much
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FIGURE 5 | Representation of the SW network (colored edged + black-washed SW nodes on top topographies for each sub-image) simultaneously with the RC
topology (red nodes on top topographies for each sub-image) and the corresponding nodal strengths (colored bottom topographies for each sub-image) for each
FCG type (A) IFCG (B) CFCG, and (C) ICFCG in specific frequency bands and frequency pairs. Each color bar is common to the control and mTBI groups.

larger damage in the network integration with levels close to 20%
decrease for 50% of weight reduction, and 45% decrease for 100%
weight reduction (Figure 6A).

Regarding the %GE reduction, the results based on the CFCGs
were similar to those based on IFCGs. In particular, it can be
seen (Figure 6B) that the RC organization showed a statistically
significant higher %GE reduction than the SW organization.
Overall, the %GE reduction was no more than 7% in all cases.
Finally, the %GE reduction in the case of mFCGs (Figure 6C)
also showed significantly higher %GE for the RC organization
than the SW.

Synchronization within the RC Subnetwork
The results of the strength ratio SR are presented in Figure 7
for each type of FCG. All cases demonstrated a higher ratio
for the mTBI group, except in the o band for the IFCG-
RCs (Figure 7A). In addition, statistical analysis performed to
detect possible differences between the control and mTBI groups
found significant differences in the 3 band in the IFCG-RC case
(Figure 7A) and the frequency pairs (8, y1), (6, yi), and (B,
v2) in the CFCG-RC (Figure 7B) and ICFCG-RC (Figure 4C)
cases. Overall, the RC hub nodes presented higher SR values
than the simple nodes as seen in Figure 7. Additional results,

Frontiers in Human Neuroscience | www.frontiersin.org

10

August 2017 | Volume 11 | Article 416



Antonakakis et al.

Altered Rich-Club and Frequency-Dependent Subnetwork in mTBI

A 50%weight reduction 100%weight reduction B 50%weight reduction 100%weight reduction
0.15 0.15 0.15 0.15
i ﬁ mTswW i i ﬁ mTSW ﬁ i ﬁ mTsw i i i mTSW ﬁ
T o1 T o1 T o T o1
< < < €
S S S S
5 e ar -] ar ar E g war =
S S - S ]
3 H e 3 H o
T B T B
@ 2 - £ £ o
w w w w
o 0.05 © 0.05 o 0.05 @ 0.05
R e R e e R e R T o R T
50%weight reduction 100%weight reduction 50%weight reduction 100%weight reduction
8 8 8 8
7 %8 o 2 7 7 -
6 6 6
= = = =
£, g £, £,
< < < c
S S S S
g4 g g4 g4
° T ° T
2 e 2 2
w3 w w w3
[} o o o
2 2
1 1
L e e e e L o B X O A R T 0

TR 6

C 50%weight reduction 100%weight reduction
0.8 08
0.7 0.7
..
06 0s
g s
p 0.5 = 05
2 S
2
o
3 0.4 § 04
e k] ———
= 03 e e 03
w w
[} o
0.2 0.2
0.1 01
0
NTSW  NTRG mTSW  mTRC NTSW  NTRG mTSW  mTRC
25 25
20 20
3 £
c 15 c 15
2 8
-1 g
o o
= 3
° °
e 10 21
w w
o P, o
—_—
5 5
0

NHRSW NHRRC mMHRSW mHRRC

NHRSW NHRRC mMHRSW mHRRC

FIGURE 6 | Percent reduction in total GE on SW and RC brain models for (A) IFCG, (B) CFCG, and (C) ICFCG after attacking targeted interconnected nodes (T) or
hubs connected to random nodes (HR). Control: NTSW and NHRSW —red; NTRC and NHRRC—green; mTBIl: mTSW and mHRSW —cyan; mTRC and
mHRRC—magenta. In case of (C) the color-bars are different, Control: NTSW and NHRSW —blue and NTRC and NHRRC —yellow; mTBI: mTSW and

mHRSW —cyan and mTRC and mHRRC —red. The scale in (A,B) is the same. Network attack: select 50% of connections that intra-connect hubs within either RC or
SW backbone or 50% of connections that inter-connect hubs with the rest of the network. All comparisons reached statistical significance (p-value: “** < 0.001).

especially for the RC hubs, are presented in the Supplementary
Material.

Figure 8 further illustrates the spatial distribution of
connections from RC hubs (Figure 8: red points) to the rest
of the nodes (Figure 8: black nodes) along with the strength
of the nodes for each type of FCG. In particular, the edge-cost
(Figure 8: cost), which is the ratio of the total strength of RC
nodes to the total strength all of nodes of the corresponding
full weighted unthresholded FCGs, is higher for mTBI patients
compared to control subjects. In this case, the number of the

mTBI RC edges is significantly higher from normal control RC
edges.

In addition to the above results, an prominent relation was
revealed for the differences within each brain area between
the two groups. Namely, higher (mTBIs > Controls) and
significant (p-value < 0.05) mean probability values existed
in the left parietal lobe in the 8 and P bands, right frontal
for the (6-yl) frequency pair in the case of IFCG, and in
left occipital areas for the (6-f) frequency pair of the CFCG.
Additional significant differences (p-value < 0.05, Controls >
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FIGURE 7 | Strength ratio SR for (A) IFCGs, (B) CFCGs, and (C) ICFCGs. All comparisons (paired test linked by *) reached statistical significance (p-value: * < 0.05;

mTBIs) were seen in left temporal (8§ band of IFCGs), left
occipital (3-8, 3-y1, 6-B and B-y2 of CECG), left temporal (8-
y1 and 6-yl of CFCGs), and right parietal (B-y2 of CFCGs)
areas.

DISCUSSION

In the present study, we compared the RC and SW organizations
under three different FCG representations, namely IFCG, CFCG,
and ICFCG. Our aim has been to develop reliable biomarkers
for the accurate detection of network abnormalities caused by
mTBI by analyzing functional brain connectivity profiles that
combine the RC organization with prominent MEG intrinsic
coupling modes. We assumed that the highest reduction in %GE
would reveal the organization that best described the topology
of the “true” underlying brain networks. Our results showed
that separation of the mTBI patients from the normal control
group was feasible with ~91% accuracy based on the ICFCG
representation (Table 1).

The importance of the RC organization was first investigated
in neuroimaging brain studies (Van den Heuvel and Sporns,
2011) using diffusion tensor imaging (DTI) that emphasized
the role of RC organization in information integration and in
conferring robustness to its structural core. Since then, many
human connectomic studies have followed (Van den Heuvel
et al, 2013; Senden et al, 2014; Vértes and Bullmore, 2015;
Crossley et al.,, 2016) mostly using DTT or fMRI on patients and
normal control subjects. Recently, we investigated a prominent
RC organization obtained from MEG recordings of spontaneous
brain activity of mTBI patients for a specific cross-frequency pair
(Antonakakis et al., 2015). In another recent study, we presented
a promising imaging method for detecting network abnormalities
caused by mTBI during task-free spontaneous MEG activity
based on intra- (Dimitriadis et al., 2015b) and cross-frequency
coupling (Antonakakis et al., 2015, 2016). In this study, we
performed a thorough investigation on these issues based on
different interaction metrics, network formation approaches, and
evaluation scenarios, over all frequency bands and band pairs.
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FIGURE 8 | Representation of the RC topology (red nodes on left topography for each sub-image) for each statistically significant case of Figure 7 with the nodal
strength (colored right topography for each sub-image) of the corresponding FCG and edge cost. Each color bar is common to the control and mTBI groups.

We observed a significant direct dominance (Figure 2) of low
frequency bands and band pairs regarding the distribution of
RC nodes (Figure 2) for both groups. More specifically, temporal
areas played a crucial role in the definition of the CFCG-RC
topology in both groups. The RC nodes for the mTBI group
were mainly seen in right temporal areas compared to controls
(Figure 2B).

In a previous analysis of the same dataset, we classified
correctly the two groups with more than 90% accuracy
(Antonakakis et al., 2015, 2016) using only the CFCG frequency

pairs. A recent study using resting state MEG (Dunkley et al,,
2015) showed slow abnormal brain activity in mTBI patients. The
trend was an increase of low frequency amplitude in patients with
mTBI, and this spectral alteration appeared most prominently in
temporal regions. In numerous studies, these findings have been
linked to brain injury (Lewine et al., 2007; Huang et al., 2014).
We found reliable evidence (Figure 2) that the highest SW and
RC distributions were mainly located over temporal areas. The
absence of significant differences in the distribution of the CFCG-
SW (Figure 2B, upper part) was also reported by a recent study
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(Athanasiou et al,, in press) using the complementary modalities
of EEG/MEG and multivariate functional connectivity. Over-
representation in right frontal areas has also been found by
previous studies, suggesting that the effects of mTBI are more
prevalent in frontal regions which are more vulnerable to brain
injury (Eierud et al., 2014; Antonakakis et al., 2016). A recent
MEG study with a mixed group of mild, moderate, and severe
TBI patients showed reduced FC in frontal areas bilaterally and
increased FC in left temporo-parieto-occipital regions and in the
right thalamus (Tarapore et al., 2013).

Revealing a consistent over-representation of hubs in right
frontal areas in mTBI subjects across all frequency bands provides
further support that structural alterations cause these frequency
changes over the whole frequency spectrum (Dunkley et al,
2015). The significant over-representation of hubs in left occipital
brain areas (Figure 2B, lower part) of the mTBI group may
be indicative that, unconsciously, subjects were experiencing
mental images caused by the trauma as spontaneous brain
activity. It would be interesting to explore the activity of mTBI
patients in the fusiform gyrus and compare it to controls
using neuromagnetic source reconstruction (Zhan et al.,, 2016).
Further analysis on the source level could reveal if there is
increased connectivity between visual system and default mode
network.

Furthermore, we found that, compared to SW, the RC
organization underwent significantly higher GE changes in both
groups, with a much larger reduction in the mTBI group. These
findings indicate that the RC organization can encode important
topological features of the underlying brain networks (Figure 6).
These findings in particular extend our previous results from
comparing the SW and RC models only on CFCGs and in the 8-
frequency pair (Antonakakis et al., 2015). Through the adopted
attack strategy, the RC organization demonstrated higher levels
of %GE reduction and confirmed the damage inflicted on a
node by attack, which was simulated as a decrease in the
weights of the node’s connections (Van den Heuvel and Sporns,
2011). Misic¢ et al. (2014) also demonstrated that a large part
of information flows in the RC organization, suggesting that
it is better modeled by an RC organization than an SW. The
reduction of GE in mTBI could be linked to the significant
reduction of functional connectivity within the default mode
network revealed by a recent mTBI study working with MEG
resting-state on the source level (Alhourani et al., 2016). In a next
study working at the source level, we will try to reproduce our
results.

Additionally, to uncover the different role and definition of
hubs in a brain network, we explored the mean degree and
mean strength of RC and SW hubs in two conditions, namely
within their subnetworks and with the rest of the network. Our
analysis revealed significantly higher mean values in degree and
strength in the control group compared to the mTBI in RC
topology for both conditions in the § and 6 bands (Figure 4A).
Based on these findings, we conclude that the RC definition
can uncover the subset of nodes from a network that plays a
pivotal role in global information integration. A collapse of such
highly interconnected hub regions can cause communication
aberrations between different parts of the brain (Van den Heuvel

and Sporns, 2011). Thus, these brain hubs should be further
studied both structurally and functionally in various brain
diseases and disorders.

Through the examination of the strength ratio of RC nodes
(Figure 7), we found hyper synchronization in mTBI patients
compared to normal controls within RC subnetworks based
on intra- and inter-frequency intrinsic couplings in the 3, 8-
Y1, 6-y1, and P-y, frequencies and frequency pairs. These
results agree with the basic findings of Hillary et al. (2014)
who showed that brain connectivity increased after TBI—
they examined the mean degree of 52 nodes and showed
significantly greater connectivity in TBI patients compared
to normal controls. Instead, the highest degree nodes (i.e.,
RC nodes in our case) were selectively observed in several
core subnetworks (either TRC or HRRC). Our analysis
further explains hyper-connectivity in mTBI patients under
the RC model and the use of both intra- and inter-frequency
coupling.

In conclusion, this study demonstrated that the RC
organization of graphs reflecting the local distribution of activity
from resting-state brain networks can encode characteristic
aspects of two types of FCG for both mTBI patients and control
subjects. RC hubs in mTBI subjects were overrepresented in right
temporal areas from 6 to y; frequencies and underrepresented
in left occipital areas in 8-f, 8-y, 6-p, and B-y, frequency
pairs. Therefore, our analysis does not only support the
use of resting state MEG for the extraction of meaningful
features that describe abnormal brain connectivity after mTBI
(Buzsdki and Watson, 2012; Zouridakis et al, 2012; Huang
et al, 2014; Dimitriadis et al., 2015b; Dunkley et al., 2015;
Antonakakis et al., 2016) it also indicates the need to explore
the RC organization under different types of interactions (intra-
and cross-frequency) for the development of complementary
connectomic biomarkers of recovery from mTBI that can be
useful in clinical research (Buzsdki and Watson, 2012). The
potential functional implications of RC organization of MEG
intrinsic coupling modes, considering its role in network
integration and its vulnerability in various disorders like
mTBI, seem to deserve further investigation for diagnostic and
clinical purposes. Furthermore, our approach is suitable for
accessing the recovery process following mTBI using resting
state MEG (Zouridakis et al., 2016; Li et al., 2017) and focusing
not only on the strength of the couplings but also on the
dominant type of interactions (Bharath et al., 2015; Losoi et al.,
2015).

In order to provide a robust spatial mapping for brain
functions in both control subjects and mTBI patients, it
is necessary to adopt a dynamic functional connectivity
approach (Dimitriadis et al, 2012, 2013a, 2014, 2015a,c,
2016) through the definition of functional connectivity
microstates (Dimitriadis et al, 2013a) and/or network
microstates (Dimitriadis et al., 2015c). Our current studies
focus on exploring a dynamic combination of IFCGs and
CFCGs into ICFCGs (Dimitriadis et al., 2016), their related
microstates, and their symbolic dynamical signature in a
possible combination with compression methods (Luo et al,
2013).
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