J. Integr. Neurosci. 2024; 23(1): 12
https://doi.org/10.31083/j.jin2301012

Original Research

Acute Changes in the Resting Brain Networks in Concussion Patients:
Small-World Topology Perspective

Hong-mei Kuang!, Yan Chen', Ji-lan Huang', Jian Li!, Ning Zhang', Hong-hui Ai%*,
Guo-jin Xial:*

I Department of Radiology, The First Affiliated Hospital of Nanchang University, 330000 Nanchang, Jiangxi, China
2Department of Otolaryngology Head and Neck Surgery, The First Affiliated Hospital of Nanchang University, 330000 Nanchang, Jiangxi, China
*Correspondence: aihh@ncu.edu.cn (Hong-hui Ai); ndyfy02344@ncu.edu.cn (Guo-jin Xia)

Academic Editor: Gernot Riedel

Submitted: 6 March 2023  Revised: 8 May 2023  Accepted: 22 May 2023  Published: 16 January 2024

Abstract

Background: The acute changes that occur in the small-world topology of the brain in concussion patients remain unclear. Here, we
investigated acute changes in the small-world organization of brain networks in concussion patients and their influence on persistent
post-concussion symptoms. Methods: Eighteen concussion patients and eighteen age-matched controls were enrolled in this study. All
participants underwent computed tomography, magnetic resonance imaging (MRI), susceptibility weighted imaging, and blood oxygen
level-dependent functional MRI. A complex network analysis method based on graph theory was used to calculate the parameters of small-
world networks under different degrees of network sparsity. All subjects were evaluated using the Glasgow Coma Scale and Rivermead
Postconcussion Symptom Questionnaire. Results: Compared with the controls, the normalized cluster coefficient (y) of whole brain
networks in patients and the “small-world” index (o) was slightly enhanced, whereas the standardized minimum path (\) was slightly
shorter. Whole brain effect (Eglobal) and local effect (Elocal) changes were not pronounced. Under the condition of minimum network
sparsity (Dmin = 0.13), the numbers of nodes in the “right intraorbital superior frontal gyrus” (Anatomical Automatic Labeling, AAL26),
right globus pallidus (AAL76), and bilateral temporal transverse gyrus (AAL79,80) in brain concussion patients were significantly lower.
The numbers of nodes in the left subcapital lobe (AAL61) and left occipital gyrus (AALS1) were significantly higher, and the normalized
cluster coefficients of the right intraorbital supraphalus (AAL26) and left posterior cingulate gyrus (AAL35) were significantly increased.
The normalized clustering coefficients of the right triangular subfrontal gyrus (AAL55) (based on the normalized clustering coefficients of
nodes in AAL14) and left sub-parietal lobes (AAL61) were significantly reduced. The mean local effects of nodes in the right intraorbital
upper frontal gyrus (AAL26), left posterior cingulate gyrus (AAL35), and bilateral auxiliary motor cortex (AAL19, 20) were enhanced,
whereas the mean local effects of the bilateral triangular inferior frontal gyrus (AAL13,14) and left insular cap (AAL11) were reduced (p
< 0.05). Conclusions: The overall trend of network topology abnormalities in patients was random, and generalized and local functional
abnormalities were seen. Changes in the function and affective circuitry of the resting default network were particularly pronounced in
these patients, which we speculate may be one of the main drivers of the cognitive dysfunction and mood changes seen in concussion
patients.
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1. Introduction viously, concussion patients commonly underwent routine
computed tomography (CT) scans to exclude damage to
the brain structure after trauma. However, given that sus-
ceptibility weighted imaging (SWI) has greatly improved
the detection rate of microhemorrhages, it can help deter-
mine the reasons for the persistence of symptoms in BC
patients. However, questions remain regarding the persis-
tence of PCS in BC patients with negative SWI findings;

thus, further investigation of the connections among func-

Concussion (sometimes called brain concussion, BC)
is an important subtype of mild traumatic brain injury
(mTBI), a condition in which the brain cortex is suppressed
due to transient dysfunction of the brainstem reticular sys-
tem after traumatic brain injury (TBI). Its main characteris-
tics are short-term impaired consciousness; short-term ret-
rograde amnesia after waking up but no organic damage,
which is clinically easy to ignore due to its mild, short-

duration symptoms; and a self-limiting nature [1]. How-
ever, about 10-15% of patients have symptoms for >10
days, which may even last for months or an entire lifetime,
potentially seriously affecting their work and daily life.
This condition is referred to as persistent post-concussion
symptoms (PCS), and is mainly characterized by cogni-
tive, emotional, physical, and sleep disorders [2,3]. Pre-

tional networks is needed.

The brain is an extensive, interactive, complex net-
work with topological properties [4]. He et al. [5] success-
fully constructed the first human brain structural network in
2007 and found that the network has a “small-world” char-
acteristic. Several subsequent studies have shown that brain
networks have small-world properties and exhibit varying
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degrees of damage among different diseases [6-9]. Zhou
et al. [10] and Johnson ef al. [11] reported that the default
mode network (DMN) is the major functional network dis-
rupted after concussion in the absence of structural deficits.
Some researchers in the Salience Network found decreased
functional connectivity after concussion [12,13]. To date,
there are few literatures reports on acute changes in the
small-world properties of the brain in concussion patients.

In this study, a complex network analysis method was
used to observe acute changes in the brain network topology
of BC patients in the resting state, and the influence of these
changes on PCS and possible mechanisms. The results of
this study provide some insights into the central pathophysi-
ology of BC patients with negative traditional imaging find-
ings.

2. Materials and Methods
2.1 Participants and Ethics Statement

All of the participants or guardians provided informed
written consent prior to study enrollment. The study pro-
tocol was approved by the Human Research Ethics Com-
mittee and Institutional Review Board of the First Affil-
iated Hospital of Nanchang University. The project was
based on the Clinical Research Center For Medical Imag-
ing In Jiangxi Province (N0.20223BCG74001). All study
procedures were carried out in accordance with approved
guidelines and the principles of the Declaration of Helsinki.
All BC patients were retrospectively selected from a TBI
database (n = 162) comprising multimodal magnetic res-
onance imaging (MRI) results. The inclusion criteria for
BC patients were as follows: met the diagnostic crite-
ria for mTBI of the American Congress of Rehabilitation
Medicine; presented within 24 h of injury with a Glasgow
Coma Scale (GCS) score of 13—15; negative CT, MRI, and
SWI findings for brain tissue; age <60 years (to avoid pos-
sible effects of physiological atrophy), and underwent a vol-
untarily MRI examination within 7 days after their injury,
along with clinical tests on the day of scanning and 10 days
after injury. The exclusion criteria were as follows: previ-
ous history of brain trauma, mental illness or drug addic-
tion; and contraindications to MRI examination (e.g., metal
dentures, pacemakers). All matched healthy controls (HCs)
were recruited from the local community and had no history
of neurological or psychiatric disorders.

2.2 Data Acquisition and Clinical Assessment

MRI scanning was performed at our hospital using a
3.0-Tesla MRI system (Trio, Siemens Healthcare, Erlangen,
Germany). High-resolution T1-weighted anatomical im-
ages were acquired using a sagittal magnetization-prepared
rapid acquisition gradient echo sequence for optimal gray-
white matter contrast, with the following parameter set-
tings: repetition time (TR) = 1900 ms, echo time (TE) =
2.26 ms, flip angle = 15°, the field of view (FOV) = 215

mm X 230 mm, and slice number = 176. Functional MRI
(fMRI) data were acquired using an interleaved axial echo-
planar imaging sequence (TR =2000 ms, TE =30 ms, FOV
=200 mm x 200 mm, flip angle = 90°, slice number =
30). During the fMRI scan, the subjects were asked to keep
their eyes closed, remain as motionless as possible, and
avoid thinking systematically. Additional conventional T2-
weighted (TR/TE = 4000/113 ms, slice thickness = 5 mm,
matrix = 320 x 256), T2-fluid-attenuated inversion recov-
ery (TR/TE/TI (inversion time) = 8000/79/2722 ms, slice
thickness = 5 mm, matrix = 320 x 256), SWI (TR/TE =
28/20 ms, flip angle = 15°, slice thickness = 1.2 mm, ma-
trix =320 x 256), and diffusion weighted imaging (TR/TE
=3100/91 ms, b= 1000 s/mm? , matrix = 192 x 192) scans
were obtained.

Each patient underwent a detailed clinical interview
and physical examination, including the GCS and River-
mead Postconcussion Symptoms Questionnaire (RPQ), on
the day of the scan and after the acute phase of trauma.
All demographic and clinical assessment results were com-
pared between the two groups using SPSS 20.0 software
(IBM Inc., Chicago, IL, USA).

2.3 Data Analysis

Blood oxygen level-dependent fMRI data were ob-
tained using Onis 2.5 (http://www.onis-viewer.com) soft-
ware. The brain was divided into 90 regions according to
the Anatomical Automated Labeling templates provided by
the brain network analysis and visualization software pack-
ages Gretna and BrainNet Viewer (https://www.nitrc.org/pr
ojects/bnv/). The time series for each voxel was calculated
in each region and averaged. Pearson’s correlation coef-
ficient between two regions was calculated to construct a
symmetrical correlation matrix, which was then subjected
to Fisher Z transformation for conversion to a binary con-
nectivity matrix. After obtaining the binary matrix, a bina-
rized function of the brain was constructed to connect the
brain network, and the topological properties of the network
under different degrees of sparsity (i.e., network density)
were calculated including the clustering coefficient, short-
est path length, and o, among other indicators.

The clustering coefficient (C) reflects the local separa-
tion of the network and corresponds to the mean clustering
coefficient for all nodes (i) therein. The number of edges
(ei) near a node adjacent to an actual connection was di-
vided by the maximum number of sides (k) that could be
connected (ki [ki — 1]). Thus, the cluster coefficient of the
node Ci is given by Ci = 2ei / ki [ki — 1]).

The shortest path length (L) reflects the whole brain
integration effect and represents the best path in the network
from one node (i) to another node (j). The shortest path
length of each node was averaged to obtain L.

Notably, for the abovementioned parameters, the ac-
tual brain network topology attributes of each subject were
normalized (divided by the corresponding attributes of 1000
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Functional Connectivity Matrix
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Fig. 1. Functional correlation matrix in the healthy control (HC) group (left) and brain concussion (BC) group (right) under the

minimum network sparsity (Dmin = 0.13).

random networks) to obtain the normalized cluster coef-
ficients (7 = C/Crand) and standardized path length (A =
L/Lrand).

The small world index (¢ = /) reflects more effi-
cient network characteristics (i.e., the highest cluster coef-
ficient and shortest path length). When the characteristics
of a network show that ~yi/yrand >1, ~i tends to vp, and
Ai/Arand is close to 1, oi is >1, indicating that the network
has small-world characteristics, where “P” represents a reg-
ular network and “rand” represents a random network.

Other indicators included whole brain efficiency, lo-
cal efficiency, and node betweenness. Differences in net-
work graph theory metrics were determined by calculating
the area under the curve across all sparsities and using anal-
ysis of variance and post-hoc analysis with age and sex as
covariates and the false discovery rate correction, q = 0.05.
An independent two-sample #-test was used for the compar-
isons. p < 0.05 was considered statistically significant.

3. Results
3.1 Comparison of General and Clinical Scoring Scales

In this study, 18 patients (9 men and 9 women) with
acute-stage BC who met the requirements were selected
from the TBI database; they were all right-handed, had an
average age of 36.8 &+ 12.2 (20-56) years, have an aver-
age time since the injury of 3.6 £+ 2.3 (0.5-7) days, and
an average of 7.2 + 3.1 (2-15) years of education. Eigh-
teen HCs were matched by sex, age, and educational attain-
ment; there was no statistically significant difference in age
or years of education between the two groups (p > 0.05).
The GCS scores of BC patients and the HCs did not show
statistically significant differences. The RPQ score was sig-
nificantly higher for the patients than HCs (p = 0.001), as
shown in Table 1.
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Table 1. General characteristics and clinical data of the BC
and HC groups.

General information BC HCs t p
Age (y) 36.8 +12.2 36.4 £ 11.1 0.086  0.932
Sex (m/f) 9/9 9/9 - -
Education (years) 72+3.1 71428 0.056 0.956
Time since injury (days) 3.6 £2.3 - - -
GCS score 149+£03 15+£0 -1458 0.163
RPQ score 28.5+8.9 0 13.617 0.000*

BC, brain concussion; HC, healthy control; GCS, Glasgow Coma
Scale; RPQ, Rivermead Postconcussion Symptom Questionnaire.
Age, education, illness duration, GCS, and RPQ data are shown as the
mean =+ standard deviation. *statistically significant difference.

3.2 Changes in Small-World Topology

Using different correlation coefficients as thresholds
to define network sparsity, a 90 x 90 binary function con-
nection matrix was constructed, as shown in Fig. 1.

3.2.1 Measurement and Comparison of the Overall
Properties of Brain Functional Networks

After measuring the overall properties of brain func-
tional networks under different network sparsity conditions,
cluster coefficients and shortest path lengths were standard-
ized to obtain standardized cluster coefficients (), stan-
dardized shortest path lengths (\), and the o (Fig. 2A-C,
respectively). The minimum network sparsity (Dmin) of
0.13 was used to ensure the full connection of brain func-
tional network nodes. The maximum sparseness (Dmax)
of the small world characteristic (o > 1) of the brain func-
tional networks of the BC and HC groups was 0.48. Com-
pared with the HC group, the ~ value of the BC group was
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Fig. 2. Overall properties of brain networks under different sparsity conditions. Plates (A—C) show the standardized cluster co-
efficients (A), standardized shortest path length (B), and “small-world” index (o) (C) of the brain concussion (BC) and healthy control
groups. Both groups had small-world characteristics (o > 1). Within the network sparsity range (0.13—0.48), the brain network stan-
dardized cluster coefficient (a) was slightly increased in the BC group, the standardized minimum path length (b) was slightly reduced,
and o (c) was slightly higher; however, the group differences were not statistically significant (p > 0.05). CI, Confidence Interval.
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Fig. 3. Small-world network efficiency results obtained within the network sparsity range. Compared with the healthy control

group, whole brain (A and a) and local measurements (B and b) were not significantly different in the brain concussion group.

slightly higher (Fig. 2a). The A value was slightly lower
(Fig. 2b), but within the range of network sparsity (0.13—
0.48); the difference was not statistically significant (p >
0.05). Overall, these changes resulted in a slight increase
in the o values of the functional networks in the BC group
(Fig. 2¢; p > 0.05).

3.2.2 Measurement and Comparison of Brain Functional
Network Efficiency

In the small-world network density range of the BC
and HC groups, differences in brain function network effect
parameters, including the whole brain effect (Eglobal) and
local effect (Elocal), were not statistically significant under
the same network sparsity conditions (Fig. 3).

3.2.3 Comparison of Local Parameters of Brain Functional
Networks

Under the condition of Dmin = 0.13, node between-
ness in the right intraorbital superior frontal gyrus (ORB-
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supmed.R, AAL26, Anatomical Automatic Labeling), right
globus pallidus (PAL, AAL76), and Heschl’s gyrus (HG),
also known as transverse temporal gyrus (AAL77 and
AAL78) in the BC patient group were significantly lower
(p < 0.05), whereas node betweenness between the left in-
ferior parietal lobe (IPL.L, AAL61) and median occipital
gyrus (MOG, AALS1) was significantly higher (p < 0.05;
Fig. 4).

The normalized cluster coefficients of the ORB-
supmed.R (AAL26) and left posterior cingulate gyrus
(PCG, AAL35) in the BC group were significantly higher (p
< 0.05). The normalized cluster coefficients of the inferior
frontal gyrus pars triangularis (IFGtriang, AAL14) and IPL
(AALG61) were significantly reduced (p < 0.05). Normal-
ized clustering coefficients for other nodes within the func-
tional brain network showed a slight increase or decrease
(p > 0.05; Fig. 5A,a). Enhanced local nodal effects (p <
0.05) were observed for the right ORBsupmed (AAL26),
left PCG (AAL35), and bilateral supplementary motor area
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Fig. 4. Comparison of node betweenness under the minimum network sparsity condition (Dmin = 0.13). Compared with the healthy

control (HC) group, node betweenness in the right intraorbital superior frontal gyrus (ORBsupmed.R, right globus pallidus), and bilateral

temporal traverse (Heschl’s gyrus) in the BC group were significantly lower, whereas node betweenness in the left inferior parietal lobule
(IPL.L) and left median occipital gyrus (MOG) were significantly higher (p < 0.05). mTBI, mild traumatic brain injury; PAL, pallidus.

(SMA, AAL19, and AAL20) in the BC group. A reduc-
tion in local nodal effects was observed between the bi-
lateral triangular inferior frontal gyrus (IFGtriang, AAL13
and AAL14) and the left insular cap inferior frontal gyrus
(IFGopere, AAL11) (p < 0.05). The local effects of other
nodes in the functional network showed a slight increase or
decrease (p > 0.05; Fig. 5B,b).

4. Discussion

The human brain is a complex, internally connected
system, with a highly diverse set of important topologi-
cal attributes such as small-world attributes, low efficiency,
and high connectivity of hub nodes [14,15]. The small-
world network model, also known as the Watt—Strogatz
model [16], combines the characteristics of shortest path

length and high cluster coefficients and provides a powerful
means for interpreting brain network models. The combina-
tion of high cluster coefficients and the shortest path length
reflects two important attributes for the management of the
human brain: functional separation and functional integra-
tion.

Our complex network analysis based on graph theory
revealed that both the BC patient and normal control groups
had efficient small-world attributes in whole-brain func-
tional networks (>1). Many studies have shown that both
healthy people and patients with brain damage, for exam-
ple due to hepatic encephalopathy [17], drug addiction [ 18],
Alzheimer’s disease (AD) [19], and multiple sclerosis [20],
do not show changes in the overall nature of the small-world
brain network, although certain parameters are abnormal.
The results of this study are consistent with this premise.
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Fig. 5. Under the minimum network sparsity condition (Dmin = 0.13), clustering coefficients (plates A and a), and local node

effects (plates B and b) were compared between the groups for each brain region. Compared with the healthy control group, the

standardized cluster coefficients of the right intraorbital superior frontal gyrus (ORBsupmed) and left posterior cingulate gyrus (PCG)

were significantly higher in the patient group, whereas the normalized cluster coefficients of the right triangular inferior frontal gyrus

(IFGtriang) and left inferior parietal lobules (IPLs) were significantly lower (p < 0.05) (plates A and a). Local effects of nodes in the

right intraorbital upper frontal gyrus (ORBsupmed), left PCG, and bilateral auxiliary motor cortex (supplementary motor area [SMA])

were enhanced in the patient group, but were reduced (p < 0.05) (blue circles) between the bilateral triangular inferior frontal gyrus

(IFGtriang and left insular cap inferior frontal gyrus [IFGopere]) (plates B and b). ROI, region of interest; IPG, inferior parietal gyrus.

We found that although the two groups showed common
small-world topological properties, there were still several
important differences. Specifically, the standardized clus-
tering coefficient and shortest path length of the brain net-
work of BC patients were slightly elevated and shorter, re-
spectively, resulting in a slight increase in the o of the brain
network. Most of the intergroup network properties were in
the range of network sparsity (0.13-0.48), indicating that
there were no isolated and/or network nodes in the fully
connected network. In this range, the above three brain net-
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work indicators were not statistically significant in patients
with BC. The result was consistent with the study of Virji-
Babul ez al. [21]. This suggests a tendency for the network
indicators of functional networks to increase in BC patients,
indicating that the balance between functional integration
and separation in their small-world networks is disturbed
(i.e., closer to random). This randomization is also seen in
AD [19] and schizophrenia [22]. Random networks exhibit
less modular information processing and lower fault toler-
ance than small-world networks; thus, the small-world net-
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works of BC patients deviate from the optimal brain topo-
logical network structure. Our small-world network results
were consistent with other TBI studies [23,24]; the slight
differences may be explained by differences in patient in-
clusion criteria.

We observed no significant differences in the whole
brain or meant local efficiency between the BC and HC
groups. However, there were significant differences in the
local efficiency of some brain regions, suggesting compen-
satory changes in the brain network of concussion patients.
This was consistent with Yan’s study [25] but was inconsis-
tent with Churchill’s study [26]; the slight differences may
be explained by differences in patient inclusion criteria and
too few samples. Regarding the right medial orbitofrontal
cortex, left posterior cingulate gyrus, and left sub-parietal
lobules (i.e., the core area of the DMN), an increase in the
local efficiency was seen in the former two and a reduc-
tion was seen in the latter, suggesting functional separation
of the DMN. Functional separation of the DMN was con-
sistent with some smaller research results [10,27]. A sleep
deprivation study by Gujar ef al. [28] revealed the bidi-
rectional separation of DMN function; combined with the
results of this study, we speculate that the function of some
brain areas of the DMN after BC injury may be impaired,
while other brain regions provide complementary function-
ality. Alternatively, different brain regions within the DMN
may control different subfunctions, where compensation by
one side due to functional impairment of the other side may
result in the separation of DMN function [10]. The specific
mechanism requires further study.

This study also found that compared with the HC
group, the nature of brain network nodes in BC patients
was consistently altered, which was mainly reflected in ab-
normal changes in emotional circuits. The cluster coef-
ficient and average local effect of the upper frontal node
on the right orbit were increased, while the median num-
ber of nodes was reduced, in the BC group. The former
two findings reflect the enhancement of node betweenness,
which indicates that the influence of nodes in the func-
tional loop was weakened. The intraorbital prefrontal gyrus
is associated with the prefrontal lobe system and abnor-
mal emotional processing. Abnormal changes in the frontal
gyrus contribute to emotional numbness, mental alertness,
and psychological avoidance in patients with post-traumatic
stress disorder [29]. The superior frontal triangle and the
superior frontal insular gyrus are part of the frontal gyrus;
a change in the nature of their nodes may contribute to the
abnormal brain emotional circuits seen in BC patients. The
PAL is part of the limbic system and is involved in emo-
tional processing. The reduction in the number of nodes
in the left PAL seen in this study may play a role in the
negative mood of BC patients. Functional separation of
the nodes in the core area of the DMN was also seen, as
stated above. The number of nodes mediating the hearing-
related brain region (bilateral temporal transverse gyrus) is

reduced, whereas the number in the vision-related brain re-
gion (left occipital midgeal gyrus) is increased, in BC pa-
tients, which may explain their noise sensitivity. The left
occipital midgeal gyrus is associated with the visual cor-
tex, and plays a role in mild cognitive impairment and early
manifestations of AD [19]. These abnormalities may ex-
plain some of the symptoms of BC, but their clinical rele-
vance has yet to be explored.

Limitations

The clinical scoring scale of patients in this study had
few categories and lacked a follow-up study. The range of
education level and age in this patient group was large and
the number of cases was relatively small, which was not
enough to group patients with different levels of education
and age. This study did not study the correlation between
topology attribute parameters and clinical scales. We ex-
pect this to be further studied in the future.

5. Conclusions

In patients with concussion, random abnormalities
may be seen in the overall and local properties of the rest-
ing brain functional network. Functional abnormalities in
the default network and changes in the emotional circuit in
the resting state are particularly significant. We speculate
that these abnormalities may lead to cognitive dysfunction
and emotional changes in BC patients.
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