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Abstract: The traumatic biomechanical forces associated with mild traumatic brain injury (mTBI) typi-
cally impart diffuse, as opposed to focal, brain injury potentially disrupting the structural connectivity
between neural networks. Graph theoretical analysis using diffusion tensor imaging was used to assess
injury-related differences in structural connectivity between 23 children (age 11-16 years) with mTBI
and 20 age-matched children with isolated orthopedic injuries (OI) scanned within 96 h postinjury.
The distribution of hub regions and the associations between alterations in regional network measures
and symptom burden, as assessed by the postconcussion symptom scale score (PCSS), were also exam-
ined. In comparison to the OI group, the mTBI group was found to have significantly higher small-
worldness (P <0.0001), higher normalized clustering coefficients (P < 0.0001), higher normalized char-
acteristic path length (P =0.007), higher modularity (P =0.0005), and lower global efficiency
(P <0.0001). A series of hub regions in the mTBI group were found to have significant alterations in
regional network measures including nodal degree, nodal clustering coefficient, and nodal between-
ness centrality. Correlation analysis showed that PCSS total score acquired at the time of imaging was
significantly associated with the nodal degree of two hubs, the superior frontal gyrus at orbital section
and the middle frontal gyrus. These findings provide new evidence of acute white matter alteration at
both global and regional network level following mTBI in children furthering our understanding of
underlying mechanisms of acute neurological insult associated with mTBI. Hum Brain Mapp 36:779-
792, 2015. © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Annually in the United States, over 650,000 children are
evaluated acutely following a traumatic force to the brain
that imparts an impairment of neurologic function com-
monly classified as mild traumatic brain injury (mTBI)
[Faul et al., 2010; Langlois et al., 2004]. Findings from con-
ventional computed tomography or magnetic resonance
imaging are typically normal following mTBIL. However,
these children have a variety of somatic, cognitive, and
behavioral symptoms suggestive of underlying neurologic
injury. In part due to the diffuse and subtle nature of
mTBI, reliable and valid indices of acute injury that eluci-
date underlying neuroanatomical injury mechanisms or
predict longer-term outcomes are lacking. The absence of
valid markers of acute mTBI has limited our ability to
establish prognostic models, develop focused treatments,
and stratify patients for interventional trials.

In recent years, graph theory emerged as a promising
tool that allows for characterizing the brain connectivity in
a complex network, structurally or functionally, at both
global and regional levels [Bullmore and Sporns, 2009;
Rubinov and Sporns, 2010]. In this approach, the brain is
modeled as a network composed of a number of nodes
and edges connecting these nodes. The nodes and edges,
respectively represent individual cortical and subcortical
regions responsible for various brain functions and whiter
matter fibers responsible for transferring information
among these regions. Based on graph theoretical analysis,
the integrity of the structural connectivity of the brain can
be represented by a series of network measures that quan-
tify the segregation and/or the integration features of the
network topology [Sporns 2013]. Small-worldness, a global
network measure that quantifies the balance between inte-
gration and segregation among all the nodes in the net-
work, is arguably the most often used topological feature
reported in the literature. The concept of small-worldness
originated in investigations of social network connectivity.
When applied in neuroscience, the small-worldness and
other measures based on graph theory analysis have
shown to be sensitive to development [Bassett et al., 2011;
Dennis et al., 2013; Hagmann et al. 2010], cognitive ability
[Ajilore et al., 2014; Reijmer et al., 2013; Vaessen et al.,
2012; Vecchio et al., 2014] and impaired structural connec-
tivity in various patient populations and conditions such
as schizophrenia, Alzheimer’s disease, Parkinson’s disease,
epilepsy, stroke, aging, and drug abuse [Bassett et al.,
2008; Bernhardt et al., 2011; Daianu et al., 2013; Kim et al.,
2011; Lo et al, 2010; Liu et al, 2008, Onoda and
Yamaguchi, 2013; Shi et al., 2012; van Meer et al.,, 2012;
Zalesky et al., 2011].

Damage to white matter integrity following TBI can
potentially disrupt connections in a widely distributed net-
work. Consequently, graph theory analysis may provide a
logical tool for elucidating underlying changes in the net-
work connectivity in children after TBI. This approach
based on graph theory has been adopted in a few recent

TBI studies using either functional MRI for functional con-
nectivity analysis or diffusion tensor imaging (DTI) for
structural connectivity analysis [Caeyenberghs et al.,
2012a, b, ¢, 2013; Messé et al., 2013; Nakamura et al., 2009;
Pandit et al., 2013]. However, most of these studies
involved patients with moderate to severe TBI, and all the
studies that investigated structural connectivity were con-
ducted during the chronic stage of recovery [Caeyenberghs
et al., 2012b, ¢, 2013]. A single study has investigated con-
nectivity based on graph theory following mTBI but it was
in adults and was during the subacute and chronic stage
using resting state functional MRI [Messé et al., 2013]. In
this study, adults with mTBI and evidence of postconcus-
sion syndrome based on later evaluation were found to
have significant abnormality in various network measures
in comparison to the controls in the temporal region and
thalamus at the subacute stage (1-3 weeks postconcus-
sion). The network measures from these patients were also
found to differ significantly from the control group in the
frontal regions at the chronic stage (6 months postconcus-
sion). To our knowledge, no studies have reported find-
ings of structural connectivity based on graph theory
analysis in children with mTBI acutely following injury.

In the present study, we used DTI fiber tracking and graph
theory analysis to investigate the integrity of structural con-
nectivity in the brain networks of children within 96 h of
mTBI. We tested the hypothesis that the small-worldness in
the brain networks of children with mTBI is significantly
lower in comparison to those of orthopedically injured con-
trols (OI group). In general, we hypothesized that both global
and local topological features would differ significantly
between the two groups. Additionally, we also investigated
whether the network measures in children with mTBI were
correlated with total symptom burden as measured by the
postconcussion symptom scale (PCSS). We anticipated that
disruptions in white matter connectivity would be associated
with symptom severity with children with greater disruption
reporting higher levels of PCS symptoms.

METHODS
Participants

Two groups of children were prospectively enrolled
from the emergency department within 96 h of injury. The
first group included 23 children (age between 11.0 and
16.7 years) who sustained either a blow to the head or an
injury with acceleration/deceleration movement to the
head, a Glasgow coma scale (GCS) score of 14-15 on pre-
sentation to the emergency department (ED), and any one
of the following: (i) loss of consciousness <30 min, (ii)
amnesia, (iii) any alteration in mental state at the time of
the injury. The second group included 20 children (age
between 11.1 and 16.6 years) with isolated extremity ortho-
pedic injury (OI) with an Abbreviated Injury Severity
Score of less than 4, for whom an X-ray was obtained.
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Figure 1.
Data processing workflow for structural connectivity analysis using DTl and graph theoretical

analysis.

Any findings suggestive of brain injury (e.g., loss of con-
sciousness or symptoms of brain concussion) would
exclude a participant with OI from the present study.

Children with any pre-existing neurological condition,
learning disabilities, behavioral disorders, or prior concus-
sions were excluded from either group. Baseline behav-
ioral, emotional and social capacity was assessed by the
child behavior checklist [CBCL, Achenbach and Edelbrock,
1983]. Children who received a T-score of 65 or greater
were excluded due to likelihood of pre-existing problems.
The CBCL scores of the two study groups were 45.0 = 11.6
in mTBI and 43.0 = 12.9 in the OI group.

The study was approved by the Institutional Review
Board at the participating institution. Families of partici-
pants gave written informed consent and children pro-
vided written assent.

MRI/DTI data acquisition

MR imaging data were obtained within 96 h of injury.
Among the 43 participants, 42 participants were scanned
within 72 h postinjury. One patient with mTBI was scanned
after 72 h but before 96 h postinjury. DTI data were acquired
on a 3 Tesla Phillips scanner with a single-shot echo planar
imaging sequence. The acquisition parameters were as fol-
lows: TR/TE=9000/84 ms; field of view (FOV) =256 X
256 mm?Z; acquisition matrix = 128X128; in-plan resolution =
2 X 2 mm?; number of slices = 76; slice thickness =2 mm; 61
noncolinear diffusion-weighted directions (b= 1000 s/mm?);
One volume of images with no diffusion sensitization; sensi-
tivity encoding factor 2. High resolution 3D T1-weighted ana-

tomical images were acquired with a magnetization prepared
rapid gradient echo sequence with the following specifica-
tions: TR/TE=8.1/3.7 ms; FOV =256 X 256; acquisition
matrix = 256 X256; sagittal in-plan resolution: 1 X 1 mm?; slice
thickness = Imm; number of slices = 180.

MRI/DTI Data Processing and Tractography

The overall imaging data processing and graph theory
analysis workflow are illustrated in Figure 1. Subject head
motion and eddy current artifact were corrected by aligning
all 61 noncolinear diffusion-weighted images with the b0
image using an affine transformation (Functional MRI of
The Brain’s (FMRIB’s) linear image registration tool) imple-
mented in FMRIB’s Diffusion Toolbox in FSL Software
(FMRIB, Oxford, UK). The high resolution T1l-weighted
images were down-sampled and registered to the 2 mm-iso
T1 brain template in Montreal Neurological Institute (MNI)
space (Montreal Neurological Institute 152). The inverse
transformation was then calculated and used to transform
the parcelated regions of interest (ROI) from the MNI space
back to subject’s native space (to b0). In this study, the
Automated Anatomical Labeling Atlas (AAL atlas) was
used to parcellate the brain structures into 116 regions.

In subject’s native space, diffusion tensor reconstruction
and whole brain fiber tracking were conducted using Dif-
fusion Toolkit/TrackVis [Hess et al., 2006; Wang 2007].
Diffusion tensor calculation was based on a linear least-
square fitting algorithm [Wang 2007]. Tractography was
performed based on a deterministic tracking algorithm
(FACT: Fiber Assignment by Continuous Tracking). An
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TABLE I. Cortical and subcortical brain regions defined in the AAL atlas. 45 regions for each hemisphere

Region name Abbreviation Region name Abbreviation
PrecCentral Gyrus PreCG Lingual Gyrus LG
Superior Frontal Gyrus SFG Superior Occipital Gyrus SOG
Superior Frontal Gyrus — orbital SFGorb Middle Occipital Gyrus MOG
Middle Frontal Gyrus MFG Inferior Occipital Gyrus ICG
Middle Frontal Gyrus — orbital MFGorb Fusiform Gyrus FG
Inferior Frontal Gyrus — opercular [FGop Postcentral L PostCG
Inferior Frontal Gyrus — triangular IFGtri Superior Parietal Gyrus SPG
Inferior Frontal Gyrus — orbital IFGorb Inferior Parietal Gyrus IPG
Rolandic Operculum ROL SupraMarginal Gyrus SMG
Supplementary Motor area SMA Angular Gyrus AG
Olfactory Cortex OLFC Precuneus PCUN
Superior Frontal Gyrus, Medial SFGmed Paracentral Lobule PCL
Superior Frontal Gyrus — Medial orbital SFGmorb Caudate CAU
Rectus gyrus RG Putamen PUT
Insula INS Pallidum PAL
Anterior Cingulate Gyrus ACG Thalamus THAL
Medial Cingululate Gyrus MCG Heschl Gyrus HG
Posterior Cingulate Gyrus PCG Superior Temporal Gyrus STG
Hippocampus HCP Superior Temporal_Gyrus — temporal pole STGtp
ParaHippocampal Gyrus PHG Middle Temporal Gyrus MTG
Amygdala AMG Middle Temporal Gyrus — temporal pole MTGtp
Calcarine and surrounding cortex CAL Inferior Temporal Gyrus IFG
Cuneus CUN

angular threshold of 70° was used to exclude high curva-
ture streamlines. A fiber length threshold of 20 mm was
used to avoid spurious results from fiber tracking.

Construction of Connectivity Matrix

The UCLA Multimodal Connectivity Package (Bassett
et al.,, 2011) was used to construct a connectivity matrix for
graph analysis. In preliminary analyses, some of the vermis
regions of cerebellum were found to be isolated (i.e., no
streamlines generated from the region based on the fiber
tracking) in both study groups due perhaps to the compro-
mised signal to noise ratio level in cerebellum. To exclude
the potential confounding effect, the 26 subdivisions in cere-
bellum were not included in the construction of connectiv-
ity matrix for the brain network. The 90 cortical and
subcortical brain regions (Table I) initially parcellated in
MNI space based on the AAL atlas were inversely warped
back to subjects” native space. These 90 regions were used
as masks to guide the counting of white matter streamlines.
A 90X90 square connectivity matrix was thus constructed
with the value in each entry equal to the number of stream-
lines connecting the corresponding pair of brain regions.

Graph Theoretical Analysis and Network
Variables

Graph theoretical analysis was performed using Brain
Connectivity Toolbox [Rubinov and Sporns, 2010]. Addi-

tional in-house Matlab scripts were used to calculate dif-
ferent variables for network connectivity measures.

In graph theory, a network G is defined by the nodes
and the connections (edges) that link these nodes. Mathe-
matically, a graph, or equivalently an adjacency matrix, is
used to represent the network. The topological features
and the behavior of the brain network, or the so-called
structural connectivity, can be characterized via a series of
global and local network measures. In the present study,
the global network measures analyzed included normal-
ized clustering coefficient (gamma, y), normalized charac-
teristic path length (lambda, Z), small-worldness (sigma,
o), global efficiency (Eglob), average local efficiency (Eloc),
and modularity (MOD). We also analyzed regional net-
work measures in hub nodes including nodal degree (Ki),
nodal clustering coefficient (Ci), and nodal between-ness
centrality (bi). As the graph theory has been applied exten-
sively in neuroscience research [example of review papers:
Bassett and Bullmore 2009; Bullmore and Bassett, 2011;
Bullmore and Sporns 2009; He and Evans, 2010; Zuo et al.,
2012], only a brief description is provided as shown in
Table II. All the network variables calculations were based
on the definitions of Rubinov and Sporns [2010].

In the present study, the definition of hub was based on
the ranking of three nodal network measures: degree,
betweeness centrality, and clustering coefficient. A node
was first ranked separately for each measure with a score
between 1 and 90, with 90 as the highest possible score for
each category if a node has highest nodal degree or high-
est betweeness centrality or lowest clustering coefficient.
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TABLE Il. Network measures used in the study

Regional (nodal) network measures

Degree (Ki)
Clustering Coefficient (Ci)

Ki is the total number of connections linking the node with all other nodes
Ci is the ratio between the existing number of edges among the neighbors of the node

and the maximum possible number of connections among these neighbors. It quantifies
the cliquishness and reflects the regional efficiency

Betweenness Centrality (bi)

bi is the fraction of shortest path between all other pair of nodes in the network that

actually pass through the node of interest, which is a variable that reflect the impor-
tance of the node in information transferring with other nodes.

Global network measures
Network clustering coefficient (C)

C is the network average of nodal clustering coefficient. It is a measure of the level of

segregation in the entire system.

Characteristic path length (Lp)

Lp is the network average of shortest path lengths. The shortest path length between two

nodes is the geodesic distance, i.e., the smallest number of edges between these two
nodes. Lp is an indirect quantification of possible long fiber connections acting as
short-cuts (in the sense of topological distance, not the physical proximity) in the net-
work. It is a global property that quantifies the level of integration in the network.

Normalized clustering coefficient (y)

7 =C/Crand. Crand is the clustering coefficient calculated from a null random network

constructed with the degree and degree distribution preserved to reflect the real brain
network under investigation

Normalized characteristic path length (2)

A=Lp/Land. Lrand is the characteristic path length calculated from a null random net-

work constructed with the degree and degree distribution preserved to reflect the real
brain network under investigation

Small-worldness ()
in the network.
Global efficiency (Egiob)

o =7/ o reflects the balance between integration and segregation among all the nodes

Egiob is defined as the inverse of average shortest path length. It reflects the network effi-

ciency in transferring information.

Average local efficiency (Eioc)

Ejoc is defined as the average of local efficiency of all individual nodes. It reflects system

redundancy and tolerance to attack

Modularity (MOD)

MOD quantifies the level of partitioning of network into nonoverlapping modules in

which nodes within the same module are densely interconnected but they only have
sparse connections with nodes from other modules.

The nodes with the top 20% of the rank sum score (18 of
90 total nodes) were classified as hub nodes, representing
the brain regions that were most highly connected, most
central, and least clustered [Ottet et al. 2013].

Postconcussion Symptom Scale

Participants in both groups were asked to complete the
PCSS at presentation in the ED and repeated at the time of
imaging. PCSS is a 22-item inventory of symptoms associ-
ated with concussion and is graded on 7-point Likert scale
with ratings of 0 and 6 corresponding to none and severe
respectively [Lovell et al., 2006]. The total score of PCSS
was used in the present study.

Statistical Analysis

Group differences in the global network connectivity
variables as defined above were tested with two tailed
t-test at significance level of P <0.05. The comparison was
first made at a commonly used network cost threshold of
0.2. We also repeated the test over a large range of cost
threshold (between 0.1 and 0.3) to ensure the findings
remained independent of threshold selection. At each

threshold level, multiple comparisons were corrected
using false discovery rate (FDR) method.

Network hubs were identified based on the combined
index of three local network measures as described above
(nodal degree Ki, nodal clustering coefficient Ci, and nodal
betweeness centrality bi). Group differences of these three
local network measures were tested with f-test for the hub
areas at network cost threshold of 0.2. Multiple compari-
son effect for local network variables was also corrected
using FDR method. In those hubs that were found to differ
significantly between groups, we examined the correlation
between the local network connectivity variables and the
PCSS score at the time of scan within the mTBI group.

RESULTS

Forty-three participants were included in this study.
The participants were 23 children with mTBI (Mean
age * STD=13.7 £ 1.8 years; F/M= 2/21) and 20 children
with an OI (Mean age += STD = 13.2 + 1.4 years; F/M = 4/16).
No statistically significant difference was found in age or sex
between the two study groups at P-level of 0.05 (t-test for
age; Fisher’s exact test for sex). Sports injury was the most
frequent mechanism of injury for both groups (17/23 for
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TABLE Ill. Global network measures at network cost of
0.2. P values are corrected with FDR methods

Global network CTL n=20 TBI n=23 P
measures (Mean =* Std) (Mean = Std) (corrected)
9 2.094 = 0.052 2.215 + 0.059 <0.0001
pi 1.090 = 0.010 1.099 + 0.010 0.007

o 1.920 =+ 0.045 2.014 + 0.052 <0.0001
Es8lob 0.563 * 0.004 0.556 *+ 0.003 <0.0001
Mean E'°¢ 0.763 +0.008 0.764 + 0.008 NS
MOD 0.372 +0.017 0.391 +0.011 0.0005

vy = normalized clustering coefficient; /. =normalized characteris-
tic path length; o =small-worldness; Eg, = global efficiency;
Ejoc = local efficiency; MOD = modularity.

mTBI vs. 16/20 for OI) and neither group was injured by
motor vehicle collisions. Children with mTBI presented the
following features: GCS of 14 (1/23), level of consciousness
(LOC) (8/23), amnesia (12/23), and other changes in mental
status (12/23). Children with mTBI had greater symptom
burdens as measured by the total PCSS at presentation in the
ED and at the time of the scan than children with OI (Total
PCSS*+STD=378+19.6 vs. 183*152 in the ED,
P=0.0009; and 25.5*21.7 vs. 99*+10.2 at the scan,
P =0.005). The CBCL scores of the two study groups were
45.0x11.6 in mTBI and 43.0 £ 12.9 in the OI group. There
was no statistical difference in time from injury to scan

between the mTBI and OI group (Mean = STD =45+ 17.6 vs.
48.2 = 21.1 h, respectively, P = 0.59).

Initial linear regression analysis showed that there was
no association between age and any of the global network
parameters examined in either the mTBI group or the OI
group. Therefore, the group comparisons were made using
two-tailed t-test for independent samples.

Group Difference in Global Network Variables

At a fixed wiring cost 0.2, our data showed that the brain
networks in both the mTBI and OI groups preserved small-
world characteristics [y >> 1, A ~ 1, and ¢ >> 1 as described
Watts and Strogatz, 1998; Table III]. The mTBI group was
found to have significantly higher y (P <0.0001), higher A
(P =0.007), and higher ¢ (P < 0.0001) when compared to the
OI group. (Table III; Fig. 2A-C). The mTBI group was also
found to have significantly lower global efficiency (Egiop,
P <0.0001) and higher modularity (MOD, P = 0.0005) when
compared to the OI group (Table III, Fig. 2D,F). No signifi-
cant difference was found in mean local efficiency (Ejoc)
between the two groups (Table III, Fig. 2E).

As the values of all the network measures are known to
be sensitive to the network wiring cost (i.e., how densely
the network is connected among the nodes) threshold, the
group comparison was repeated over the range of wiring
cost between 0.1 and 0.3 with an interval of 0.01. As shown
in Figure 3, the statistical significance of the intergroup

A Gamma B Lambda C Small-Worldness -Sigma
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Figure 2.
Comparison of global network measures at wiring cost 0.2.(A) Normalized Clustering Coeffi-
cient, Gamma; (B) Normalized Characteristic Path Length, Lambda; (C) Small-worldness, Sigma;
(D) Global Efficiency, Eg; (E) Mean Local Efficiency; (F) Modularity, MOD.
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Figure 3.

Comparison of Global Network Measures across different network cost from 0.1 to 0.3. (A)
Normalized Clustering Coefficient; (B) Normalized Characteristic Path Length; (C) Small-
worldness; (D) Global Efficiency; (E) Mean Local Efficiency; and (F) Modularity.

contrast observed at cost level of 0.2 as described above
was preserved over the whole range between 0.1 and 0.3
for y, g, and Egep. The intergroup contrast also remained
statistically significant for 4 and MOD for most of the
threshold levels tested in the comparisons. The group dif-
ference was not significant between cost 0.1 and 0.13 for 1
and at cost level of 0.29 for MOD. The group difference in
Ejoc was statistically significant only at cost level of 0.1-0.13
but not at other threshold levels examined.

Similar Network Hub Regions in the Two Study
Groups

Based on the approach as described in Method section,
18 nodes (20% of the total 90 nodes) were identified as
hubs for both study groups. Figure 4 shows the ranking
scores of the three local network variables, with the overall
bar height representing the sum ranking scores. The brain
regions were sorted by the sum ranking score in descend-
ing order in the OI network (Fig. 4A) and mTBI network
(Fig. 4B), respectively.

As shown in Figure 4 and Table IV, the hubs identified in
the two groups were similar. Sixteen network nodes, includ-
ing bilateral superior frontal gyrus, bilateral superior frontal
gyrus orbital part, bilateral lingual gyrus, bilateral precu-
neus gyrus, bilateral superior temporal gyrus temporal
pole, right precentral gyrus, left supplementary motor area,
left calcarine, and surrounding cortex, left middle occipital
gyrus, right post central gyrus, and left medial superior
frontal gyrus were identified as hubs for both groups. In

addition, two brain regions, right middle frontal gyrus and
right calcarine and surrounding cortex, were identified as
hubs for the OI but not the mTBI group. Two other areas,
right superior parietal gyrus and left post central gyrus,
were identified as hubs for the mTBI but not the OI group.

Group Difference in Local Network Measures in
Hub Regions

Group comparisons were made for each one of the 20
regions that was classified as hub in either one or both study
groups. Among them, 7 hubs in the mTBI group, including
right frontal gyrus (SFG_R), left superior frontal gyrus orbital
part (SFGorb_L), right middle frontal gyrus (MFG_R), bilat-
eral calcarine and surrounding cortex (CAL), and bilateral
precuneus, were found to have significantly decreased nodal
degree (P<0.05), or at least at trend level (0.05<P <0.1),
when compared to the control group (all P values corrected
for multiple comparison, Table IV). Two mTBI hubs, left
supplementary motor area (SMA_L) and right superior tem-
poral gyrus temporal pole (STGtp_R) were found to have
significantly lower clustering coefficients (P < 0.05). No statis-
tically significant difference was found in the normalized
betweeness-centrality in any of these hub regions.

Correlation between Network Variables and

PCSS Scores in mTBI Group

The total PCSS score at the time of the scan was signifi-
cantly higher in children in the mTBI group as compared
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Figure 4.

Final ranking of the 90 gray matter areas in the Ol group (A)
and mTBI group (B). The nodes are listed in the order of rank
sum score with nodal degree, betweeness centrality, and cluster-
ing coefficient in blue, green, and red, respectively. The nodes
with top 20% highest rank sum scores (n= 18 in each group)
are highlighted in brown. Ol: orthopedic injury control group;
TBI: mTBI patient group; BN: normalized betweeness centrality;
Deg: degree; CC; clustering coefficient. Abbreviations for node
names can be found in Table I.

to the OI group (Mean = STD =25.5+21.7 and 9.9 +£10.2,
respectively, P <0.005). No statistically significant correla-
tion was found between PCSS score at the time of scan
and values of any of the global network measures in chil-
dren with mTBI. Among the hub regions that were found
to have significant group differences in local network
measures, significant correlations between total PCSS score

and nodal degree were found for two hubs, the SFGorb_L
and MFG_R (P <0.05, not corrected, Fig. 5). Among those
hub regions that did not have significant group differen-
ces, the total PCSS scores in patients at time of scan were
positively correlated with nodal clustering coefficient in
LG_R (P =0.018, not corrected) and normalized betwee-
ness centrality in SFGorb_L, SFGorb_R, and CAL_L
(P=0.0178, 0.0173, 0.0017, respectively, not corrected). No
other significant correlation was found in any other hubs
in any of the three local network measures under

investigation.

DISCUSSION

To the best of our knowledge, this is the first study that
has applied graph theoretical analysis to investigate struc-
tural connectivity in children with acute mTBI. Abnormal-
ities in functional connectivity using either resting state
fMRI or task related fMRI have been reported in patients
with TBI [Nakamura et al., 2009; Caeyenberghs et al,,
2012a, 2013; Pandit et al., 2013; Messé et al., 2013]. To date,
structural connectivity changes based on DTI using graph
theoretical analysis have also been reported in adults in
the chronic phase following moderate and severe TBI.
[Caeyenberghs et al., 2012b, ¢, 2013]. Only a single pub-
lished study [Messé et al., 2013] examined network con-
nectivity based on graph theory analysis in adults with
mTBI during the subacute or even later phase following
mTBI (1-3 weeks and 6 months postinjury). Thus, the cur-
rent findings address a significant gap in the knowledge
base regarding network characteristics following mTBI in
children during the acute stage when neurophysiology
undergoes rapid changes.

Small-worldness (o) quantifies the balance between seg-
regation and integration of information processing and
communication in the system. According to the criteria by
Watts and Strogatz [1998] as well as others [Achard et al,,
2006; Humphries et al., 2006], a network is considered to
have small world features if it has comparable characteris-
tic path length (some long connections) relative to an
equivalent random network but with a much higher net-
work clustering coefficient (many short connections). A
small-world network is thus considered to be an optimal
balance between the competing demand for over-all effi-
ciency and regional redundancy. Our data showed that,
while the brain networks in the mTBI group preserved
small-world characteristics (y >> 1, A = 1, and ¢ >> 1),
both the y and 4 were significantly greater among those

with mTBI than those in the OI group. The increase of A
has been found previously in both adults and children
with TBI during the chronic stage of recovery [Pandit
et al., 2013; Caeyenberghs et al.,, 2012b, c]. A longer path
length at a global level means that information has to cross
more nodes to reach its final destination [Rubinov and
Sporns 2010], suggesting a decrease of efficiency in inte-
grating the anatomically segregated brain structures.

* 786 ¢



Children with Acute mTBI ¢

ivity in

¢ Abnormal Structural Connect

‘[ 9[qeL UT punoj aq ued suor3al Jo UOHeIARIGQY "JUSDIJ00 SULIS)sn[d Tepou :10) 22139p Tepou Iy ‘ANTeIIUad $SaU22M)3q [ePOU PIZITULIOU :1q JUedyTudIs Jou :su

su 1100 + 2200 100 + 0200 su 9900 * LEV0 £90°0 + €570 su €y +9TC [ R qny qny-uou A OdS
su 910°0 + 6200 Y100 + €200 su 2900 = S€¥°0 0£0°0 + ¥9¥°0 su LY +¢€CC v +91¢ qny qmy-uou T D280
su €100+ 6100 1100 + 8100 su 2900 = 9070 200+ 61%°0 su 96+ 00¢ 1'e+¢lc qny qny ¥ q10D4S
6€90°0 6100 = 8200 €100 + 610°0 12200 9%0°0 = ¥0¥°0 9900 + 9¥¥°0 su CY+17¢ 67 +¢¢eC qny qny T VIAS
su ¥10°0 + 1200 100 + 0200 su ¥80°0 + 85¥°0 2900 * IS¥°0 su 8+ 0'¢C Ly +19¢C qny qny 191
€£60°0 G100 + ¥10°0 910°0 + €200 su G80°0 + €8¥°0 €0T°0 + 05¥°0 11200 9¥1T0C L'S+¢EEeC qny-uoN qny A DI
su 110°0 + 21070 0100 + 1200 su 9900 + 04¥7°0 0500 + IS¥°0 64000 6'C+8'CC 0¥ +729c qny-uoN qny A IVO
su S10°0 + 0€0°0 ¥10°0 + 8200 su 090°0 = Z1¥°0 090°0 + 8¢¥°0 su LEF6TC €Y +7ee qny qny A DI04
su 810°0 + 9200 €100 + 1200 su L2070 + €70 6700 + 6€7°0 su 8F + L'GC ¥y +9ac qny qny AD1
su ¥10°0 + 0€0°0 9100 + ¥20°0 29200 9400 + 96€°0 2900 + €70 su 8+ 1'SC 7G+87¥¢ qny qny ¥ dins
su €10°0 + ¢200 6000 + 1200 su £80°0 * 1S¥°0 ¥70°0 = 9¢t'0 9%€0°0 8V + €¥C ge+14Le qny qny 171V
su 0200 + 620°0 100 + 2200 su 990°0 = S0¥°0 9500 + ¢¢r'0 su S9F¢€9C 0¥+ 6'GC qny qny T pawDdS
su 9100 + 1€0°0 1200 + 1€0°0 su €00+ €170 9L0°0 ¥ ¥2¥°0 su [ A 74 L'9+89C qny qny T OO
su 910°0 + ££0°0 £10°0 * 620°0 su 090°0 + 88¢€°0 160°0 * 00%°0 su €Y+ ¢€4C e+ 8YC qny qny A DI21d
su ¥10°0 + 0200 810°0 + 8200 su 680°0 = 6270 £90°0 + €60 9610°0 89F+G'1C €9+09¢ qny qny T q10D4S
su G200 + €v0°0 6200 = 9¢0°0 su 26070 * £6€°0 S60°0 + 6170 su 19+ 96C G9+¢8C qny qny T 9O4S
su L1000+ C¥0°0 6100 +8€0°0 su S¥0°0 = 89¢°0 $90°0 = 98¢0 su eF 08¢ Y +98¢ qny qny T dio1s
su G100 + 1¥0°0 9200 + 9%0°0 su 1¥0°0 + 29¢€°0 LY0°0 * 69¢°0 Y00 9eFL1E 6'G+09E qny qny T NNDd
su €200 + 200 €200 + 8¥0°0 su S¥0°0 = 89¢°0 8¥0°0 + 99¢°0 £880°0 geFLIe 6’ + 8¢ qny qny A NNDd
su 9200 + 9500 1€0°0 +990°0 su 0%0°0  ££€°0 ¥€0°0 + 020 65100 9F80¢ 09+7cse qny qny A O4S
d LS + UesN ALS + UesN d € ALS + UeIN dlLs + uesN d LS + UesaN LS + UesaN qny 1g.Lw qnH uorday
€C=uJgru 0c=u10 ¢=uJdru 0c=410 €C=uJgru 0c=u]0O 10
q D I

S|0J3U0d |O PUE |glW uaaMmiaq (1q pue ‘1D ‘1Y) saInseaw }JoMiau [euoldad jo uosiiedwod dnoug ‘Al 319VL

o 787 o



¢ Yuan et al. ¢

A SFGorb_L
as =
a0 e
.
w 35 S
]
} - 30 L] L]
[T . . g
825‘.'!"‘"—--_'._-__ —gemm==="
— 5 . 0 0 _..'c il
- ®
.g e o% oo
Q15 -
Z 10 e = o Ol, n=20; r=0.133, p=0.575 ]
5 * mTBI, n=23; r=0.445, p=0.033 |
0
0 20 0 60 80 100
PCSS
0 =
35 ]  0l, n=20; r=0.028, p=0.907
o
9 30 & % = = o mTBI, n=23; r=0.413, p=0.048
?un 25 ® .
$sooaseo
(=Tl ol T S—
_— e e - .
L} 15 ® bl ™ . ™~ e >
3 e
L
2 10 .
5
0
0 20 10 60 80 100
PCSS

Figure 5.
Correlation between PCSS total scores and nodal degree. (A) PCSS versus degree in SFGorb_L;
(B) PCSS versus degree in MFG_R. Note: P-value not corrected for multiple testing in the corre-

lation analysis.

Conversely, an increased y implies that brain regions are
more connected at local level across the entire network,
suggesting a higher degree of robustness and redundancy.
This pattern of findings may reflect the initial adaptive
response of the brain at the acute stage of injury. Caeyen-
berghs et al [2012c] also reported an increase of y in adults
at 4 years after moderate to severe TBI, suggesting that the
increase of y could extend to the chronic stage or even
become permanent following more severe TBI. However,
additional investigation is needed to clarify whether simi-
lar long term response in y will be found in children with
mTBI In theory, the change of 4 and y can both lead to
changes in the ¢. In the present study, the ¢ in the mTBI
group was found to be significantly higher driven mainly
by the elevated y. By contrast, Caeyenberghs et al. [2012c]
also found higher levels of y and /4 in the TBI group but
failed to find change in the o, due perhaps to the smaller
increase in y in the adult TBI at chronic stage. Overall, the
higher levels of y, /, and ¢ in the mTBI group in the pres-
ent study indicated that their brain networks had lower
efficiency in global integration and a higher degree of
regional segregation and specialization than the OI group,
thus reflecting a new balance between the competing
demands for wiring cost and resilience to pathological
conditions.

The topological features of brain network can be analyzed
structurally based on DTI, as the approach in the present

study, as well as functionally based on task-related fMRI or
resting state fMRI. The correspondence between structural
and functional connectivity has recently been investigated in
a series of articles exploring the level of coupling/decoupling
between the two approaches in both healthy participants
and those with diseases [Baria et al., 2013; Betzel et al., 2013;
Hagmann et al., 2010; van den Heuvel et al., 2013; Zhang
et al., 2011]. In general, evidence has shown that both func-
tional and structural connectivity analysis yield similar global
level network features and that the coupling strengthens
with development and weakens or even decouples in neuro-
logical disorders such as schizophrenia and epilepsy [Van
den Heuvel et al., 2013; Zhang et al., 2011]. Due to the highly
sensitive nature of the graph theory method, for example,
the network measures are significantly influenced by the par-
cellation scheme and thresholding level, it usually is not fea-
sible to combine results from the two approaches from
different studies. To date, only one recent study of TBI
[Caeyenberghs et al., 2013] has analyzed both functional and
structural connectivity features in the same patients. In this
study, no coupling was found in the TBI patients, which
was in line with the findings from other patient populations.

Network hubs refer to those nodes that are highly influ-
ential over the hierarchical organization of the entire sys-
tem. They are the brain areas that carry significant weight,
without which the robustness and efficiency of the entire
network would be significantly compromised. The profile
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of hub distribution and the changes of network features
related to these hub nodes can often facilitate the identifi-
cation of vulnerable brain regions and help to establish the
association between functional deficits and abnormalities
in neuroanatomy. In the present study, the hubs identified
in the two groups were similar with 16 hubs shared by
both groups. It is premature, although tempting, to specu-
late that mTBI poses no significant impact on the hubs
regions based on the absence of differences in the distribu-
tion of hubs as seen in the present study. On the contrary,
previous research has shown adverse effect of neurological
disorders or disease in the absence of changes in the distri-
bution of hubs [Kim et al., 2011; Liu et al., 2012]. Our anal-
ysis demonstrated evidence of abnormalities in nodal
degree, nodal clustering coefficient, or nodal betweeness
centrality in certain hubs including superior frontal gyrus,
middle frontal gyrus, superior parietal gyrus, precuneus,
supplementary motor area, and calcarine. Some of these
hub areas have been reported to be associated with TBI
outcomes based on structural or functional neuroimaging
findings [Correa et al., 2013; Kohl et al., 2009; Leunissen
et al., 2013; Lipszyc et al., 2014; Max et al., 2006; Sanchez-
Carrion et al., 2008; Scheibel et al., 2007; Tuner and Levine,
2008; Wilde et al., 2012]. For example, the superior parietal
gyrus was found to have significant changes in cortical
thickness [Wilde et al.,, 2012] and functional activation
[Kohl et al., 2009] in patients with TBI. The superior fron-
tal gyrus abnormality, either due to its own lesion or due
to lesions in the white matter (WM) connected to it, was
found to be associated with impaired performance in exec-
utive functions such as response inhibition [Lipszyc et al.,
2014] and task switching [Leunissen et al., 2013]. Abnor-
mal fMRI activation patterns in both superior frontal gyrus
and middle frontal gyrus have been found in TBI patients
with impairments in cognitive control [Scheibel et al.,
2007] and working memory [Sanchez-Carrion et al., 2008;
Turner and Levine, 2008]. Cortical thickness of the precu-
neus and fMRI activation in patients with TBI were found
to be abnormal in association with the level of executive
function deficit [Cook et al., 2013], memory impairment
[Palacios et al., 2013], and attention deficits [Bonnelle
et al.,, 2011; Kim et al., 2009]. In the supplementary motor
area, lower fMRI activation has been reported in patients
with TBI when they performed motor [Kasahara et al.,
2010] or attentional tasks [Kim et al., 2009]. Other hub
areas were not found to have significant group difference
in the present study due perhaps to the mild nature of the
injury, but we cannot rule out the possibility that differen-
ces may manifest later during the course of recovery. Two
of the hubs from the present study, that is, the orbital por-
tion of superior frontal gyrus and the middle frontal
gyrus, were found to have significant correlations between
total PCSS scores and nodal degree, suggesting a potential
association between symptom severity and regional neuro-
anatomical changes. It is worth noting that as the P-values
in the correlation analysis were not corrected for multiple
testing, caution should be taken in the interpretation of the
results. Nevertheless, the analysis of group difference of

local network connectivity measures and their association
to the PCSS scores in the present study provided initial
evidence suggesting that not only the grey matter anatomy
and functions could be compromised as reported in the lit-
erature, the integrity of white matter structural connectiv-
ity associated with these regions could also be affected as
the consequence of mTBIL

TBI patients commonly have cognitive deficits in frontal
lobe function such as attention, memory, and executive
functions, which has been supported by extensive neuroi-
maging evidences based on fMRI and DTI [Kim et al. 2009;
Tlustos et al., 2011; Wilde et al., 2011; Yuan et al., 2007].
The present study provided new evidence for the involve-
ment of the frontal lobe based on analysis of group differ-
ence of connectivity measures and their correlation with
PCSS results. However, unlike the traditional DTI indices
(e.g., Fractional Anisotropy (FA) and Mean Diffusivity
(MD) values) measures in a certain white matter area,
which are direct measure of diffusion property in the struc-
ture, the regional connectivity measures (e.g., nodal degree)
in the present study are a reflection of strength, efficiency,
or cost of the interaction of individual node (gray matter
regions) with the rest of the network. Therefore, it is not
feasible to make a direct comparison between the findings
in the present study based on graph analysis and those
from traditional DTI analyses although both approaches
pointed to frontal lobe alterations.

Several limitations in the present study need to be taken
into consideration when interpreting the results. First, the
sample size was relatively small to account for all the poten-
tial confounding factors. We were underpowered to deter-
mine whether sex, race, injury mechanisms, family income,
or other individual characteristics contributed to differences
between the mTBI and OI groups. Among these factors, sex
differences have been reported in some network measures
such as clustering coefficient and small worldness [Dennis
et al., 2013; Yan et al., 2011]. In the present study, this is not
expected to affect our conclusions because the two study
groups had similar male and female distribution (Fisher’s
exact test, P = 0.39) although both groups had a majority of
males. Second, while the aim of the study was to examine
neural consequences of mTBI at acute stage, imaging data
were only acquired once within 96 h postinjury. No longitu-
dinal data were available at additional time points for study-
ing the progression of recovery. Thus, future prospective
studies are clearly warranted. Third, the white matter net-
work was constructed based on deterministic tractography
using a single-tensor model which was not ideal to differen-
tiate crossing fibers. In future studies, a High Angular
Resolution Density Imaging data acquisition and Q-ball
approach for tractography may help to address the issue.

CONCLUSION

In conclusion, the present study demonstrated that the
graph theoretical analysis combined with DTI detected
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abnormalities in brain structural connectivity in children
with acute mTBI. The current findings add to a growing
body of literature documenting injury following mTBI in
children to the neuronal architecture, spatially and tempo-
rally, not detected by conventional neuroimaging. Future
longitudinal studies using this approach are needed to elu-
cidate the progression of changes in the network measures
and their associations with behavioral and neuropsycho-
logical outcomes. If structural connectivity can be estab-
lished as an imaging biomarker for persistence of
postconcussion symptoms and/or other long term func-
tional deficits following mTBI, it will allow us to evaluate
and improve our understanding of the structural physio-
logical substrates while enabling clinicians to more effec-
tively screen and treat youth with mTBL
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