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Abstract

Background: Traumatic brain injury (TBI)-induced attention deficits are among the most common long-term
cognitive consequences in children. Most of the existing studies attempting to understand the neuropathological
underpinnings of cognitive and behavioral impairments in TBI have utilized heterogeneous samples and resulted
in inconsistent findings. The current research proposed to investigate topological properties of the structural brain
network in children with TBI and their relationship with post-TBI attention problems in a more homogeneous
subgroup of children who had severe post-TBI attention deficits (TBI-A).
Materials and Methods: A total of 31 children with TBI-A and 35 group-matched controls were involved in the
study. Diffusion tensor imaging-based probabilistic tractography and graph theoretical techniques were used to
construct the structural brain network in each subject. Network topological properties were calculated in both global
level and regional (nodal) level. Between-group comparisons among the topological network measures and analy-
ses for searching brain-behavioral were all corrected for multiple comparisons using Bonferroni method.
Results: Compared with controls, the TBI-A group showed significantly higher nodal local efficiency and nodal
clustering coefficient in left inferior frontal gyrus and right transverse temporal gyrus, whereas significantly
lower nodal clustering coefficient in left supramarginal gyrus and lower nodal local efficiency in left parahippo-
campal gyrus. The temporal lobe topological alterations were significantly associated with the post-TBI inatten-
tive and hyperactive symptoms in the TBI-A group.
Conclusion: The results suggest that TBI-related structural re-modularity in the white matter subnetworks asso-
ciated with temporal lobe may play a critical role in the onset of severe post-TBI attention deficits in children.
These findings provide valuable input for understanding the neurobiological substrates of post-TBI attention
deficits, and have the potential to serve as quantitatively measurable criteria guiding the development of more
timely and tailored strategies for diagnoses and treatments to the affected individuals.
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Impact Statement

This study provides a new insight into the neurobiological substrates associated with post-traumatic brain injury attention def-
icits (TBI-A) in children, by evaluating topological alterations of the structural brain network. The results demonstrated that
relative to group-matched controls, the children with TBI-A had significantly altered nodal local efficiency and nodal clustering
coefficient in temporal lobe, which strongly linked to elevated inattentive and hyperactive symptoms in the TBI-A group. These
findings suggested that white matter structural re-modularity in subnetworks associated with temporal lobe may serve as quan-
titatively measurable biomarkers for early prediction and diagnosis of post-TBI attention deficits in children.
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Introduction

Pediatric traumatic brain injury (TBI) is a major
public health concern, which occurs in >100,000 chil-

dren each year and incurs an estimated annual medical cost
of >$1 billion (Watson et al., 2019). Neurocognitive impair-
ments and behavioral abnormalities have been consistently ob-
served in children with TBI (Dewan et al., 2016; Konigs et al.,
2015; Lumba-Brown et al., 2018; Polinder et al., 2015).
Among the most common cognitive consequences, significant
attention deficits were reported in *35% of children within 2
years of their TBI (Max et al., 2005), and were observed to
strongly contribute to elevated risk for severe psychopathol-
ogy and impairments in overall functioning in late adoles-
cence, with the pathophysiological underpinning yet to be
fully elucidated (Le Fur et al., 2019; Narad et al., 2019).

The post-TBI attention problems in children have been
evaluated and treated based on endorsements of behavioral
symptoms from subjective observations, and have resulted
in largely divergent results regarding effectiveness (Backel-
jauw and Kurowski, 2014; Kurowski et al., 2019; LeBlond
et al., 2019). Understanding the neurobiological substrates of
post-TBI attention deficits (TBI-A) in children is thus vitally
critical, so that timely and tailored strategies can be developed
for diagnoses and long-term treatments and interventions.

In literature of pediatric TBI, injury-induced regional struc-
tural brain alterations and associated cognitive and behavioral
impairments have been increasingly reported. Structural mag-
netic resonance imaging (MRI) studies have investigated the
relationship between cortical thickness and functional out-
comes in children with chronic TBI, and found that the abnor-
mal cortical gray matter (GM) thickness in frontal, parietal,
and temporal regions were significantly associated with work-
ing memory impairments (Merkley et al., 2008) and executive
dysfunctions (Wilde et al., 2012b).

Existing diffusion tensor imaging (DTI) studies in chil-
dren with TBI have also reported widespread white matter
(WM) structural abnormalities and their linkage with post-
TBI cognitive and behavioral impairments in the chronic
stage. For instance, a number of DTI studies have demon-
strated that disrupted WM integrity in corpus collosum
(Ewing-Cobbs et al., 2008; Lindsey et al., 2019; Treble
et al., 2013; Wilde et al., 2011), uncinate fasciculus (Lindsey
et al., 2019), superior longitudinal fasciculus, and inferior
fronto-occipital fasciculus (Dennis et al., 2015) were signif-
icantly associated with working memory impairments in
children with TBI. Lower fractional anisotropy (FA) in fron-
tal regions (Kurowski et al., 2009; Wozniak et al., 2007), su-
perior longitudinal fasciculus and anterior corona radiata
(Adamson et al., 2013), and ventral striatum (Faber et al.,
2016) have been found to significantly link to post-TBI exec-
utive dysfunctions in children. Reduced FA in inferior longi-
tudinal fasciculus, inferior fronto-occipital fasciculus,
superior longitudinal fasciculus, and corpus callosum were
also found to be associated with impaired attention function
(Konigs et al., 2018).

The large inconsistency of these findings partially resulted
from factors of the study samples, such as heterogeneity re-
garding TBI-induced cognitive and behavioral impairments
and their severity levels, variations in terms of the biological
and modifiable factors, differences in injury severity and
mechanism, sample sizes, differences in imaging and data

analysis techniques, and so on. In addition, for understanding
relations of the anatomical and cognitive/behavioral alter-
ations in TBI, the region-of-interest (ROI)-based investiga-
tions of the injured human brain can be biased without
considering the fact that human brain is formed as a structur-
ally and functionally connected network for information
transferring.

Indeed, human brain regions do not work in an isolated
manner. When processing sensory and higher-order cognitive
information, cortical and subcortical brain regions have been
found to dynamically reassemble into small-world networks,
to maintain optimal communication efficiency (Bassett et al.,
2011; Spreng et al., 2013). Structural connectome, facili-
tated by WM structural connectivity, has been highlighted
to play important role in supporting functional brain pro-
cesses (Baum et al., 2017; Chu et al., 2018).

A handful of studies involving adults with TBI have used
graph theoretical techniques to explore the structural net-
work alterations and have reported inconsistent results.
Some studies reported significant structural network segrega-
tion in adults with TBI, including increased shortest path length
and decreased global efficiency compared with controls
(Caeyenberghs et al., 2014; Hellyer et al., 2015; Kim et al.,
2014), whereas others reported no significant alterations in
global network metrics (Caeyenberghs et al., 2013; Kuceyeski
et al., 2019). One study found that the reduction of structural
network connectivity at chronic stage might be related to the
severity of injury, where adult with severe TBI demonstrated
significant lower network topological measures than adult
with mild TBI and controls (Raizman et al., 2020). A longitu-
dinal study found that increased structural segregation was as-
sociated with better cognitive recovery within the patient group
(Kuceyeski et al., 2019). The relationship between reduced
structural network connectivity and cognitive impairment
have also been observed in the group of professional fighters
(Mishra et al., 2019). Relative to controls, adult TBI patients
also demonstrated reduced structural connectivity in subnet-
works that identified using network-based statistic (Dall’Acqua
et al., 2017; Mitra et al., 2016).

In the context of pediatric TBI, structural brain network
studies have found that children with TBI had altered global
network properties. At acute and subacute stage, children
with TBI were shown to have reduced global efficiency
and increased clustering coefficient, characteristic path
length, and modularity (Watson et al., 2019; Yuan et al.,
2015, 2017b). For children with chronic TBI, the structural
networks were found to have increased characteristic path
length and decreased local efficiency, suggesting a more
segregated, instead of a normally more coordinated, archi-
tecture for information processing, compared with matched
controls (Caeyenberghs et al., 2012; Konigs et al., 2017;
Yuan et al., 2017a). In addition, the reduced connectivity
in the network was found to be associated with deficits in
postural control (Caeyenberghs et al., 2012), and decreased
intelligence quotient (IQ) and impaired working memory
(Konigs et al., 2017) in TBI children. A longitudinal inter-
vention study reported that improved overall cognitive per-
formance after intervention was associated reduced
network segregation in TBI children (Yuan et al., 2017a).
A more recent study categorized the edges of the structural
brain network into rich club (connections between different
hubs), feeder (connections between hubs and other nodes),
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and local (connections between different non-hub nodes)
connections, and reported that children with TBI had signif-
icantly lower overall strength in rich club connections and
higher overall strength in local connections; whereas none
were associated with their significantly impaired executive
function (Verhelst et al., 2018). Although increasing num-
ber of studies have started to focus their effort on under-
standing the relations of TBI-induced structural brain
network alterations and cognitive/behavioral impairments
(Imms et al., 2019), the neuroanatomical substrates of se-
vere post-TBI attention deficits in children have not yet
been fully investigated.

This study proposed to utilize the probabilistic tractogra-
phy in DTI and graph theoretical techniques to assess the
structural connectome properties in a carefully evaluated co-
hort of children with severe post-TBI attention deficits and
group-matched controls. In previous functional MRI studies,
significant functional hyperactivations in frontal and parietal
regions have been consistently observed in children with
TBI, during sustained attention and inhibitory control pro-
cesses (Kramer et al., 2008; Strazzer et al., 2015; Tlustos
et al., 2011). Based on these findings, we hypothesized that
altered regional structural network properties in frontal and
parietal areas may exist in children with severe post-TBI
attention deficits.

Materials and Methods

Participants

A total of 66 children, including 31 with severe post-TBI
attention deficits (TBI-A) and 35 group-matched controls,
were initially involved in this study. A subject in the TBI-
A group must have had a clinically diagnosed mild or moder-
ate nonpenetrating TBI at least 6 months before the study date;
and T score ‡65 in the inattention subscale (or T scores ‡65 in
both inattention and hyperactivity subscales) in the Conners
3rd Edition-Parent Short form (Conners 3-PS) (Conners,
2008) assessed during the study visit. Children with TBI
who had overt focal brain damages or hemorrhages were ex-
cluded. To rule out confounding factors associated with pre-
TBI attention deficits, children who had a history of diagnosed
attention-deficit/hyperactivity disorder (ADHD) (any subpre-
sentations) before the diagnosis of TBI, or severe pre-TBI
inattentive and/or hyperactive behaviors that were reported
by a parent, were excluded from the TBI-A group. The con-
trol group included children with no history of diagnosed
TBI, no history of diagnosed ADHD, and T scores £60 in
all the subscales in the Conners 3-PS assessed during the
study visit.

To further improve the homogeneity of the study sample,
the general inclusion criteria for both groups included (1)
only right-handed, to remove handedness-related potential
effects on brain structures; (2) full scale IQ ‡80, to minimize
neurobiological heterogeneities in the study sample; (3) ages
of 11–15 years, to reduce neurodevelopment-introduced var-
iations in brain structures. In the study, handedness was eval-
uated using the Edinburgh Handedness Inventory (Oldfield,
1971). Full scale IQ was estimated by the Wechsler Abbre-
viated Scale of Intelligence II (WASI-II) (Wechsler, 2011).
The two groups were matched on sex (male/female) distribu-
tion and socioeconomic status (SES) that was estimated
using the average education year of both parents.

The general exclusion criteria for both groups were (1)
current or previous diagnosis of Autism Spectrum Disorders,
Pervasive Development Disorder, psychotic, Major Mood
Disorders (except dysthymia not under treatment), Post-
Traumatic Stress Disorder, Obsessive-Compulsive Disorder,
Conduct Disorder, Anxiety (except simple phobias), or sub-
stance use disorders, based on Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (DSM-5) (Amer-
ican Psychiatric Publishing, 2013) and supplemented by the
Kiddie Schedule for Affective Disorders and Schizophrenia
for School-Age Children—Present and Lifetime Version
(K-SADS-PL) (Kaufman et al., 2000); (2) any types of diag-
nosed chronic medical illnesses, neurological disorders, or
learning disabilities, from the medical history; (3) treatment
with long-acting stimulants or nonstimulant psychotropic
medications within the past month; (4) any contraindications
for MRI scanning, such as claustrophobia, tooth braces, or
other metal implants; (5) prepuberty subjects were also ex-
cluded, to reduce confounders associated with different pu-
bertal stages (Blakemore and Choudhury, 2006). Puberty
status was evaluated using the parent version of Carskadon
and Acebo’s self-administered rating scale (Carskadon and
Acebo, 1993).

After initial processing of the neuroimaging data from each
subject, three subjects were excluded from further analyses,
owing to heavy head motion. Therefore, a total of 31 patients
with TBI-A and 32 controls were included in group-level
analyses.

The TBI-A subjects were recruited from the New Jersey
Pediatric Neuroscience Institute (NJPNI), North Jersey Neuro-
developmental Center (NJNC), Children’s Specialized Hospi-
tal (CSH), Brain Injury Alliance of New Jersey (BIANJ), and
local communities in New Jersey. Controls were solicited from
the local communities by advertisement in public places. The
study received institutional review board approval at the
New Jersey Institute of Technology (NJIT), Rutgers Univer-
sity, and Saint Peter’s University Hospital. Before the study,
all the participants and their parents or guardians provided
written informed assents and consents, respectively.

Clinical/neurocognitive assessments and measures

Severity of TBI was characterized using the Glasgow
Coma Scale (GCS) (Teasdale and Jennett, 1974), with the
scores ranging from 9 to 15 in the TBI-A subjects. Severities
of the inattentive and hyperactive/impulsive symptoms were
dimensionally measured using the raw scores and T scores of
the subscales in Conners 3-PS. The CogState brief battery for
children (Eckner et al., 2011), which included five computer-
ized tests, was administered to each subject. The normalized
overall scores of the tests were used to evaluate neurocogni-
tive capacities in executive function, psychomotor speed, vi-
sual attention, visual learning/memory and working memory.

All the demographic, clinical, and neurocognitive perfor-
mance measures are given in Table 1.

Neuroimaging data acquisition protocol

MRI scans for each subject were performed on a 3-Tesla
Siemens TRIO (Siemens Medical Systems, Germany) scanner
at Rutgers University Brain Imaging Center. The DTI data
were acquired using a single-shot echo planar sequence
(voxel size = 2.0 mm · 2.0 mm · 2.5 mm voxel size, repetition

ABERRANT STRUCTURE NETWORK IN CHILDREN WITH TBI-A 653



Table 1. Demographic, Clinical, and Neurocognitive Characteristics in the Study Sample

Controls, mean (SD) TBI-A, mean (SD) t or v2 value p

N 35 (M:18, F:17) 31 (M:16, F:15) 0.0002 (v2) 0.988
Age 13.83 (1.29) 14.13 (1.69) �0.817 0.417
Ethnicity/race 0.2418 (v2) 0.886

Caucasian 25 23
Hispanic 6 4
Others 4 4

Socioeconomic status 32.00 (3.70) 31.16 (4.16) 0.872 0.387
Full scale IQ 115.08 (11.27) 111.13 (12.59) 1.348 0.183
Conners 3rd Edition-Parent Short Form (T-score)

Inattention 45.97 (5.86) 70.52 (7.32) �18.031 <0.001
Hyperactivity/impulsivity 48.31 (5.55) 62.00 (14.08) �6.546 <0.001

CogState Brief Neurocognitive Testing Battery
Groton Maze Learning Test 106.34 (4.76) 105.58 (4.71) 0.653 0.516
Detection 100.54 (6.02) 101.39 (4.96) �0.617 0.540
Identification 102.17 (5.25) 100.39 (6.68) 1.213 0.230
One Card Learning 101.34 (7.36) 100.16 (7.53) 0.644 0.522
One Back (Speed) 92.63 (9.18) 93.58 (10.61) �0.391 0.697
One Back (Accuracy) 101.77 (6.94) 104.55 (8.20) �1.490 0.141

F, females; IQ, intelligence quotient; M, males; N, no. of subjects; SD, standard deviation; TBI, traumatic brain injury; TBI-A, TBI
attention deficit.

FIG. 1. Individual level imaging data analysis and network construction. (A) DTI data; (B) Estimated tensor directions with
two-crossing fiber model; (C) T1-weighted structural MRI data; (D) Parcellated structural image based on Desikan–Killiany
Atlas; (E) Seed masks in diffusion space, binarized, and transformed from structural space; (F) Symmetric and weighted
78 · 78 connectivity matrix. The edges were calculated based on the number of fibers in tractography. DTI, diffusion tensor
imaging; MRI, magnetic resonance imaging.
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time (TR) = 7700 msec, echo time (TE) = 103 msec, field of
view (FOV) = 250 mm · 250 mm, 30 diffusion-sensitizing gra-
dient directions with b-value = 700 sec/mm2, and one image
with b-value = 0 sec/mm2). In addition, high-resolution T1-
weighted data from each subject was also involved in the
study for creation of individualized brain atlas. The T1-
weighted anatomical images were obtained with a sagittal
multi-echo magnetization-prepared rapid acquisition gradient
echo sequence (voxel size = 1 mm3 isotropic, TR = 1900 msec,
TE = 2.52 msec, flip angle = 9�, FOV = 250 mm · 250 mm, and
176 sagittal slices).

Individual-level neuroimaging data preprocesses

DTI data preprocessing was performed using the Diffusion
Toolbox from FMRIB Software Library v6.0 (FSL) ( Jenkin-
son et al., 2012). Each DTI data (Fig. 1A as an example) was
first manually checked for any missing slides or heavy geo-
metric distortions. The head motions and eddy-current dis-
tortion were then corrected with affine transformation and
predictions estimated by a Gaussian Process (Andersson
and Sotiropoulos, 2016). Heavy head movement is a critical
issue that can significantly affect the quality of imaging data
and cause inaccurate results of tractography. In this study,
the cutoffs of heavy head movements were defined as data
with ‡2 mm translational displacement or ‡3� rotational dis-
placement, with which data from three subjects were excluded
from further analyses. Subjects involved in further analyses
did not show significant between-group differences in the
head movement measures (in mean translation [t = 0.623,
p = 0.536], maximum translation [t = 0.638, p = 0.526], mean
rotation [t = 0.941, p = 0.350], and maximum rotation
[t = 0.847, p = 0.400]).

Nonbrain voxels were removed by performing brain ex-
traction over the nondiffusion-weighted image (b0 image).
The parameters for probabilistic tractography were estimated
using the FSL/BedpostX toolbox (Behrens et al., 2007). This
process estimated a two-fiber model in each voxel based on
the probability distribution generated by Markov Chain
Monte Carlo sampling (Fig. 1B).

In each subject, a total of 78 cortical and subcortical ROIs
were generated from the T1-weighted data (Fig. 1C) using
the standardized brain atlas parcellation procedures from
FreeSurfer v6.0.0 (Fischl, 2012). There ROIs (Fig. 1D) in-
cluded 68 cortical regions bilaterally, and 10 subcortical re-
gions (bilateral putamen, caudate, hippocampus, thalamus,
and pallidum). All the ROIs in structural space were linearly
registered into each individual’s native diffusion space by
referencing to the b0 image and binarized into ROI masks
to serve as seed masks for tractography (Fig. 1E).

Finally, the DTI probabilistic fiber tracking was per-
formed using a streamline tractography algorithm, FSL/
PROBTRACKX2. To prevent the generated fibers from run-
ning into GM and cerebrospinal fluid, a WM mask was used
for the probabilistic tractography. Five thousand streamlines
per voxel were then initiated from each seed mask, with 0.5
step distance. A fiber was terminated when (1) it reached
other seed masks; (2) it exceeded 2000 step limits; (3) it looped
back to the same streamline; (4) its curvature exceeded 80�;
and (5) it left the WM mask. Once all fibers were terminated,
fibers that reached one of the seed masks were retained and
counted to determine the connectivity between ROIs.

Individual-level structural brain network
construction and analyses

To construct the structural brain network for each subject,
the 78 cortical and subcortical ROIs were used as network
nodes. A pair of nodes was considered to have no anatomical
connectivity (i.e., no edge in the network), if fiber tracts from
neither of the two nodes successfully reached the other one,
during the probabilistic tractography step. The weight of a
nonzero edge was first evaluated by averaging the number
of fibers on both directions. This raw value was then trans-
formed using logarithm function and normalized by dividing
the maximum edge weight in the same network (Rubinov and
Sporns, 2011). In addition, a nonzero edge was further set as
zero if at least 60% of the whole study sample had a zero
weight on this edge (de Reus and van den Heuvel, 2013).
This cutoff threshold was validated in previous studies for effi-
cacy of controlling false-positive and false-negative rates of the
generated connections (Bathelt et al., 2019; Misic et al., 2018;
Verhelst et al., 2018). Then for each subject, the 78 · 78 sym-
metric connectivity matrix was generated for construction of
the weighted structural brain (Fig. 1F).

The global and regional topological properties of the
structural brain network from each subject were then esti-
mated, including the network global and local efficien-
cies, network overall strength, and nodal global efficiency,
nodal local efficiency, and nodal clustering coefficient of
each node. All network topological property was calculated
using Brain Connectivity Toolbox (Rubinov and Sporns,
2010).

The network global efficiency is a metric of the structural
network integration that reflects the ability of information
transferring across distributed brain areas (Latora and
Marchiori, 2001). It was defined as

Eglob Gð Þ = 1

n n� 1ð Þ +
i, j2N, j 6¼i

1

dij

, (1)

where dij was the inverse of the shortest distance between
node i and j that was represented using the edge’s normalized
weight. When two nodes were not directly connected, the
shortest distance was the sum of the shortest connecting
edges.

The network local efficiency estimates the network segre-
gation and represents the fault tolerance level of the network
(Latora and Marchiori, 2001), which was defined as

Enetwork� loc Gð Þ = 1

n
+
i2N

Eglob Gið Þ,

where Gi was the subnetwork consisted of all neighbor nodes
of node i, and the global efficiency of subnetwork Gi is cal-
culated using Equation (1).

The network overall strength was defined as the average of
the normalized weights of the edges in the network, which
was used to represent the overall connectivity of the network.

The nodal global efficiency of node i is a measure of its
nodal communication capacity with all other nodes in the
network, which was defined as

Enodal ið Þ = 1

n� 1
+

j2N, j6¼i

1

dij

:
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Nodal local efficiency of node i represents the robustness
and integration of the subnetwork it belongs, which was de-
fined as the global efficiency of the subnetwork consist of all
the neighbors of i.

The nodal clustering coefficient describing the likelihood
of whether the neighboring nodes of node i are intercon-
nected with each other (Onnela et al., 2005). It was defined as

C ið Þ = 1

ki ki� 1ð Þ +
j, h2Ni

wijwihwjh

� �1=3
,

where j, k were neighbors of node i, and ki was the number of
neighbors of node i.

In a communicative network, there are certain nodes that
have strong connections with other nodes, and/or frequently
appear in the shortest between-node paths. These critical
nodes are called ‘‘network hubs,’’ which serve to connect
multiple segregated subnetworks and facilitate the intermod-
ular integrations (Rubinov and Sporns, 2010). In our study,
nodal strength and betweenness centrality (BC) were esti-
mated to characterize the hub property of each node in a net-
work. The strength of a node was defined as the sum of the
weights of its edges; whereas the BC attempted to measure
the ability for one node to bridge indirectly connected nodes
(Freeman, 1978). BC was defined as

BC(i) =
1

(n� 1)((n� 2)
+

j, k2N, j6¼k

p(i j j, k)

P( j, k)
,

where j, k were node pairs in the network. p(ij j,k) was
whether the shortest path between node j and node k passes
through node i. P(i,k) was the total number of unique shortest
path between node j and node k.

For each node in a WM structural brain network, its
nodal global efficiency represents the integration of its as-
sociated WM structural subnetworks; whereas its nodal local
efficiency and nodal clustering coefficient represent the
modularity, and BC represents the connectivity of its asso-
ciated WM subnetworks (Fagerholm et al., 2015; Jolly
et al., 2020).

Group-level analyses

Group statistics were carried out using SPSS 25 on macOS
Mojave 10.14.1. Between-group comparisons in demographic,
clinical, behavioral, and neurocognitive performance mea-
sures were conducted using chi-square test for categorical
data (sex and ethics), and independent two sample t-test for
numerical measures.

Group comparisons in the network topological measures
were performed using a mixed-effects general linear model
by setting TBI-A and controls as group variables, and adding
IQ, age, SES as random-effect, and sex as fixed-effect cova-
riates, respectively. In addition, the group-specific network
hubs of each diagnostic group were examined using one-
sample t-test in the nodal strength and BC measures, respec-
tively, with a threshold of 2 standard deviations higher than
the group mean. Group comparisons in all these network
measures were controlled for potential multiple comparisons
(in the total of 78 network nodes), using Bonferroni correc-
tion with a threshold of significance at corrected a £ 0.05
(Green and Diggle, 2007).

Brain-behavior relationships in the TBI-A group were
assessed using Pearson correlation between the T scores of
the inattentive and hyperactive/impulsive subscales from Con-
ners 3-PS and the network measures that showed significant
between-group differences. The correlation analyses were
controlled for potential multiple comparisons (in the total num-
ber of comparisons), by using Bonferroni correction with a
threshold of significance at corrected a £ 0.05.

Results

Demographic, clinical/behavioral, and neurocognitive
performance measures

As given in Table 1, there were no significant between-
group differences in the demographic and neurocognitive
performance measures. Compared with the controls, the chil-
dren with TBI-A showed significantly more inattentive
( p < 0.001) and hyperactive/impulsive ( p < 0.001) symptoms
measured using the T scores in Conners 3-PS.

Topological properties of the structural brain network

The global network properties did not show significant
between-group differences. Compared with controls, the
TBI-A group showed significantly increased nodal local
efficiency ( p = 0.005) and nodal clustering coefficient
( p < 0.001) in left inferior frontal gyrus; significantly in-
creased BC ( p = 0.037) in left superior frontal gyrus; and
significantly increased nodal local efficiency ( p = 0.036)
and nodal clustering coefficient ( p = 0.043) in right trans-
verse temporal gyrus. Meanwhile, relative to controls, the
TBI-A group also demonstrated significantly decreased
nodal local efficiency ( p = 0.026) in left parahippocampal
gyrus; and greatly reduced nodal clustering coefficient
( p = 0.017) in left supramarginal gyrus (Table 2).

Table 2. Anatomical Regions That Showed Significant Between-Group Differences

in Nodal Topological Properties of the Structural Brain Network

Anatomical region Measurement
Controls,

mean (SD)
TBI-A,

mean (SD) F
p-After Bonferroni

correction

Left inferior frontal gyrus Nodal local efficiency 0.397 (0.041) 0.437 (0.042) 16.738 0.005
Nodal clustering coefficient 0.326 (0.048) 0.376 (0.043) 20.879 <0.001

Right transverse temporal gyrus Nodal local efficiency 0.420 (0.064) 0.478 (0.062) 12.128 0.036
Nodal clustering coefficient 0.412 (0.063) 0.471 (0.061) 11.736 0.043

Left parahippocampal gyrus Nodal local efficiency 0.534 (0.058) 0.489 (0.042) 12.834 0.026
Left supramarginal gyrus Nodal clustering coefficient 0.519 (0.050) 0.476 (0.045) 13.802 0.017
Left superior frontal gyrus Betweenness centrality 0.100 (0.032) 0.127 (0.030) 12.044 0.037
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In addition, distinct patterns of the within-group hub distri-
bution were observed in the two diagnostic groups (Fig. 2),
with the precentral gyrus and putamen nucleus in the right
hemisphere showing as hubs (measured by BC) in the TBI-
A group but not in controls. Left precentral gyrus was identi-
fied as a hub in controls but not in the TBI-A group.

Brain-behavior relationships in the TBI-A group

In the TBI-A group, increased nodal local efficiency of left
parahippocampal gyrus was significantly associated with in-
creased inattentive (r = 0.405, p = 0.024) and hyperactive/
impulsive (r = 0.457, p = 0.01) symptoms, whereas greater
nodal clustering coefficient of right transverse temporal
gyrus was strongly associated with decreased hyperactive/
impulsive symptoms (r =�0.468, p = 0.008) (Fig. 3).

Discussion

This study depicted for the first time that aberrant regional
topological properties of the WM structural brain network
play critical role in severe post-TBI-A in children. Specifi-
cally, we found that relative to the group-matched controls,
children with TBI-A had significantly increased nodal local
efficiency and nodal clustering coefficient in the left inferior
frontal gyrus, as well as significantly higher BC in the left
superior frontal gyrus. These results suggest significantly in-
creased structural connectivity and modularity of the subnet-
works associated with left inferior and superior frontal gyri
in children with severe post-TBI attention deficits. Chronic
tissue abnormalities in children with mild and moderate
TBI have been found to be mainly resulted from diffuse ax-
onal injury (DAI), owing to the abrupt stretching, twisting,
and shearing of axons in the event of a mechanical blow
(Roberts et al., 2016). Frontal lobe, located class to the ante-
rior fossa of the skull, is one of the most vulnerable brain re-
gions to DAI (Bigler, 2007). Existing neuroimaging studies
in children with chronic TBI have consistently demonstrated

structural anomalies in frontal cortex GM and the WM path-
ways connect it and other brain regions. For instance, multiple
structural MRI and DTI studies have reported frontal GM vol-
umetric reduction and cortical thinning (Bigler et al., 2013;
Dennis et al., 2016; Mayer et al., 2015; Wilde et al., 2012b),
as well as disrupted frontal WM integrity, represented by re-
duced WM FA and increased apparent diffusion coefficient
in children with chronic TBI relative to group-matched con-
trols (Wilde et al., 2011, 2012a; Wozniak et al., 2007). Frontal
tissue anomalies in children with TBI have also been found to
link to long-term neurobehavioral impairments in domains
such as executive control (Lipszyc et al., 2014) and learning
and memory (Lindsey et al., 2019), whereas no evidence
from previous quantitative clinical and neuroimaging studies
have suggested strong correlations between frontal GM/WM
tissue alterations and post-TBI attention deficits in children.
Along with these existing studies, results from this study sug-
gest that abnormal structural connectivity and modularity of
the subnetworks associated with frontal lobe may be caused
by TBI-induced structural damages in frontal cortex and asso-
ciated WM structures, whereas these regional topological alter-
ations of the WM structural network might not necessarily play
the key role in long-term and severe post-TBI attention deficits
in the affected individuals.

Compared with controls, the TBI-A group demonstrated
significantly reduced nodal clustering coefficient in left supra-
marginal gyrus. This result of reduced topological modularity
of the structural subnetwork in parietal regions is consistent
with findings from a previous structural network study using
deterministic tractography (Caeyenberghs et al., 2012). In ad-
dition, several previous DTI studies in children with chronic
TBI have consistently reported significantly decreased FA of
the superior longitudinal fasciculus, which is a major associa-
tion tract that connects parietal lobe with frontal lobe (Ewing-
Cobbs et al., 2016; Konigs et al., 2018; Molteni et al., 2019).
An early structural MRI study reported significantly reduced
cortical thickness of bilateral supramarginal gyri in children with

FIG. 2. Network hubs
identified using the BC mea-
sure in the groups of controls
and TBI-A. PCG, precentral
gyrus; PUT, putamen; L, left
hemisphere; R, right hemi-
sphere; SFG, superior frontal
gyrus; SPG, superior parietal
gyrus; TBI-A, TBI-attention
deficits.

ABERRANT STRUCTURE NETWORK IN CHILDREN WITH TBI-A 657



chronic TBI children, relative to matched controls (Merkley
et al., 2008), whereas a more recent longitudinal study
reported significant correlation between greater volume of
left supramarginal gyrus and worse overall cognitive perfor-
mance (Dennis et al., 2016). Meanwhile, task-based func-
tional MRI studies have demonstrated abnormal
supramarginal gyrus activation in children with chronic
TBI, when performing a motor task (Caeyenberghs et al.,
2009) and a working memory task (Newsome et al., 2008).
However, similar to the fact from investigations in frontal re-
gions, no evidence has yet suggested strong linkage between
parietal lobe GM/WM tissue alterations and post-TBI atten-
tion deficits in children.

Intriguingly, this study found that relative to controls, the
TBI-A group had significantly decreased nodal local efficiency
in left parahippocampal gyrus and significantly increased nodal

local efficiency and nodal clustering coefficient in right trans-
verse temporal gyrus. Furthermore, nodal local efficiency in
left parahippocampal gyrus showed significant positive corre-
lations with the post-TBI inattentive and hyperactive symp-
toms, and nodal local efficiency in right transverse temporal
gyrus showed significant negative correlations with the post-
TBI hyperactive symptoms, in the group of TBI-A. These para-
doxes may suggest compensatory or scaffolding mechanisms
where reduced efficiency in left parahippocampal gyrus and in-
creased efficiency in right transverse temporal gyrus both illus-
trate potential structural brain recovery from TBI-induced
behavioral impairment in attention domain. Similar to the fron-
tal lobe, temporal lobe is also among the most vulnerable brain
regions for DAI, owing to its anatomical location as the close
proximity to the bony structure of the middle fossa of the skull
(Bigler, 2007). TBI-related cortical GM atrophy and disrupted

FIG. 3. Regions that showed significant brain-behavior correlations in the TBI-A group. The p-values reported in the figure
were after Bonferroni correction. (A) Correlation between hyperactive/impulsive symptoms severity score and nodal local
efficiency of left parahippocampal gyrus. (B) Correlation between inattentive symptoms severity score and nodal local effi-
ciency of left parahippocampal gyrus. (C) Correlation between hyperactive/impulsive symptoms severity score and nodal
lustering coefficient of right transverse temporal gyrus.
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WM integrity in temporal lobe have been reported in several
studies in children with chronic TBI (Caeyenberghs et al.,
2012; Dennis et al., 2016; Diez et al., 2017; Wilde et al.,
2005, 2012a). The transverse temporal gyrus, also called
Heschl’s gyrus, is the primary auditory cortex responsible
for early processing related to speech understanding (Arnott
and Alain, 2011; Recanzone and Cohen, 2010). It was also
found to be part of the dorsal pathway in the bottom-up visual
attention stream (Katsuki and Constantinidis, 2014), as well
as subject to top-down influences of attention (Voisin et al.,
2006). Parahippocampal gyrus belongs to the medial tempo-
ral system for visuospatial processing, which has intensive
WM connections with frontal, parietal, occipital cortices,
and midbrain structures. It was found to involve in selective
attention during shifting and orienting processes through the
ventral attention pathways (Corbetta and Shulman, 2002;
Ochsner et al., 2012; Vossel et al., 2014; Wager et al., 2004).
Both the transverse temporal and parahippocampal gyri are
critical components in the multisensory integration system
for attention processing (Cappe et al., 2009). These existing
studies in cognitive neuroscience have provided strong scien-
tific premise of our novel findings in the temporal lobe in chil-
dren with TBI-A. Therefore, we suggest that TBI-related local
re-modularity associated with the transverse temporal region,
and structural segregation of the subnetworks connecting the
parahippocampal gyrus with other brain regions, may have
significant linkage with the onset of post-TBI inattentive and
hyperactive/impulsive symptoms in children.

There are some limitations in this study. First, the sample size
is relatively modest. Compared with other existing studies with
similar sample sizes, the effect size of our study is larger, be-
cause of the inclusion criteria of the two diagnostic groups
(the T-scores of inattentive and hyperactive subscales were
‡65 for TBI-A, whereas £60 for controls). The increased effect
size can help improve statistical power of our study. Second, the
study did not include a clinical control group of TBI children
without clinically significant attention deficits. Therefore, this
study by itself could not testify whether the structural anomalies
in the TBI-A group might also be seen in TBI patients more gen-
erally who do not have attention deficits. Nevertheless, the main
findings of this study reviewed in the above paragraphs, the
structural alterations in left frontal, supramarginal, and parahip-
pocampal gyri, have also been reported by other research groups
to exist in TBI children without showing significant attention
deficits (or studies without including post-TBI attention prob-
lems as inclusion/exclusion criteria). In addition, previous clin-
ical studies have consistently reported that in children with TBI,
15% develop attention deficits 6–12 months after the injury and
21% during the second year (Max et al., 2005), and >50% from
1 year up to 10 years postinjury (Narad et al., 2018). However,
we acknowledge that ADHD is a neurodevelopmental problem
that can develop in this age range independently from any TBI
episode. Therefore, it cannot be unexclusively concluded that
the attention problems reported in these TBI-A children were
all TBI induced. To minimize the number of potential primary
ADHD subjects, we included detailed parent report to assess the
preinjury behavioral problems and have excluded subjects with
uncertain responses and subjects with family history of ADHD.
Considering the majority of ADHD onset is before age of 7
(Polanczyk et al., 2010), the number of potential primary
ADHD in the TBI-A group is minimal. Third, sex-related topo-
logical differences of the structural brain network, and their in-

teractions with the two diagnostic groups were not investigated,
considering the sample size limitation of the study. Recently,
several studies have reported effects of sex and SES on the
long-term cognitive and behavioral outcomes in children
with TBI (Anderson et al., 2013; Scholten et al., 2015;
Wade et al., 2016; Yeates et al., 2012). Additional analyses
of our sample did not show any trends of significant correla-
tions of the SES and time from injury with any clinical/behav-
ioral measures in the TBI-A group. To partially remove the
potential effects of these factors, we added sex as a fixed-effect
covariate, and SES as a random-effect covariate, in the group-
level analyses. Future work in a sample with a much larger
size and a broader behavioral spectrum in terms of inattentive-
ness is expected to further elucidate how the results of this
study would provide new leads in structural brain network
changes associated with post-TBI attention deficits, and their
interactions with the critical biological and social environmen-
tal factors. Finally, the DTI acquisition parameters were not
optimal. The voxel size of our data was 2 · 2 · 2.5 mm3. A pre-
vious study suggested that anisotropy in the z-plane may affect
the estimation of FA values and fiber directions (Oouchi et al.,
2007; Soares et al., 2013). In addition, the percentage of vox-
els that contain at least two crossing fibers was relatively low
in this study when compared with a previous one (22% vs.
63%) (Jeurissen et al., 2013). The reduced sensitivity in
detecting the orientations of small fibers may be owing to
the relative low diffusion weighting ( Jones et al., 2013).
Because the major long-distance WM tracts are most vulner-
able to TBI (Sharp et al., 2014) and both groups were applied
with same settings, this limitation should not bias the group
comparison.

In summary, this study demonstrated significantly altered
regional topological organizations of the WM brain network
in frontal, parietal, and temporal regions, in a more homoge-
neous subgroup of children with chronic TBI who had severe
post-TBI attention deficits. The results further suggest that
TBI-related WM structural re-modularity in the subnetworks
associated with temporal lobe may significantly link to onset
of severe post-TBI attention deficits in the affected children.
These findings provide valuable implication for understand-
ing the neurobiological substrates of post-TBI attention
deficits, and have the potential to serve as quantitatively
measurable criteria guiding the development of more timely
and tailored strategies for diagnoses and treatments to the af-
fected individuals.
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