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Background: Mild traumatic brain injury (mTBI) is typically characterized by temporally limited cognitive 
impairment and regarded as a brain connectome disorder. Recent findings have suggested that a higher level 
of organization named the “rich-club” may play a central role in enabling the integration of information 
and efficient communication across different systems of the brain. However, the alterations in rich-club 
organization and hub topology in mTBI and its relationship with cognitive impairment after mTBI have 
been scarcely elucidated.
Methods: Resting-state functional magnetic resonance imaging (rs-fMRI) data were collected from 88 
patients with mTBI and 85 matched healthy controls (HCs). Large-scale functional brain networks were 
established for each participant. Rich-club organizations and network properties were assessed and analyzed 
between groups. Finally, we analyzed the correlations between the cognitive performance and changes in 
rich-club organization and network properties.
Results: Both mTBI and HCs groups showed significant rich-club organization. Meanwhile, the rich-club 
organization was aberrant, with enhanced functional connectivity (FC) among rich-club nodes and peripheral 
regions in acute mTBI. In addition, significant differences in partial global and local network topological 
property measures were found between mTBI patients and HCs (P<0.01). In patients with mTBI, changes in 
rich-club organization and network properties were found to be related to early cognitive impairment after 
mTBI (P<0.05).
Conclusions: Our findings suggest that such patterns of disruption and reorganization will provide the 
basic functional architecture for cognitive function, which may subsequently be used as an earlier biomarker 
for cognitive impairment after mTBI.
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Introduction

Traumatic brain injury (TBI), including concussion, 
poses an immense public health burden; in particular, 
mild traumatic brain injury (mTBI) accounts for close to 
90% of all brain injuries (1). Although deemed “mild”, 
concussed patients remain symptomatic (characterized 
by physical, emotional, cognitive, and sleep disturbances) 
for more than 2 weeks in 50% of cases and up to several 
months in 5–20% of cases after the initial injury (2). Several 
neuropsychological studies have reported reduced cognitive 
efficiency in patients with mTBI, especially in processing 
speed, executive function, connectivity, attention, and 
memory (3,4). However, to date, the neurobiological 
mechanism of post-mTBI cognitive impairment remains 
poorly understood. Meanwhile, clinicians have few objective 
tools to guide the diagnosis and management of cognitive 
impairment following mTBI. Therefore, there is increasing 
demand for the application of neuroimaging to better 
understand the mechanisms of cognitive impairment on a 
neurobiological level and to improve patient monitoring. 

A key component in the architecture of the brain 
network is a robust hub structure in which the hub nodes 
integrate efficient information via utilization of highly 
connected and functional centers (5). Destruction or 
abnormal formation in this central system can cause 
impaired information processing and integration, and 
ultimately lead to brain dysfunction, through impaired 
connectivity or network (6). An mTBI, which is typically 
characterized by temporally limited emotional symptoms 
and cognitive impairment,  is  regarded as a brain 
connectome disorder (7). Functional magnetic resonance 
imaging (fMRI) studies have provided extensive evidence for 
impaired brain structure and functional connectivity (FC) in 
patients with mTBI and TBI (8,9). FC abnormalities have 
commonly been detected in regions within the attention, 
default mode, executive, salience, and somatosensory 
networks in the different timing of data acquisition after 
mTBI (10-12). Different brain regions and networks have 
their own tasks and functions. For example, default mode 
networks (DMN) are known to support several key cognitive 
functions, such as memory encoding, environmental 
monitoring, consolidation, self-relevance, and rapid error 
recognition (13). These higher-order cognitive functions are 
often disrupted in mTBI patients (10). A study found that 
decreased network connectivity between the left thalamus 
and left middle frontal gyrus (MFG) was correlated with 
measures of cognition (working memory) in patients with 

mTBI (14). Another study revealed a significant negative 
relationship between the dorsal attentional network and 
behavioral symptoms score in mTBI patients (15). In 
addition, the brain network can be modeled using graphical 
theory as functional interactions consisting of nodes and 
edges. Recent graph analytical studies, which examined the 
brain network topology, have shown increased connection 
distance and reduced efficiency in mTBI (16-18). 

The brain network also has a high level of organization 
named the “rich-club”, where synergistic hubs work to 
connect different functional systems in the brain (19,20). 
The “rich-club phenomenon” may be of particular 
interest due to its significant impact on cognitive function 
and critical role in dominating network topology and 
influencing dynamic integration and communication 
among network elements (21). The rich-club organization 
described in the human connectome is a high-capacity 
central core that comprises a set of regions (22) which are 
suggested to form an information backbone; it is crucial 
for brain function and vulnerable to pathogenic agents of 
disease (23). Consequently, rich-club organization has been 
studied in several brain disorders, including Alzheimer’s 
disease (24,25), schizophrenia (26), insomnia (27),  
and stroke (28). Antonakakis et al. (18) identified with 
magnetoencephalography (MEG) that patients with mTBI 
demonstrate hyper-synchronization among rich-club 
regions compared with healthy controls (HCs) in the δ 
band and the δ-γ1, θ-γ1, and β-γ2 frequency pairs. Hillary 
et al.’s (29) findings generally support a hyperconnectivity 
hypothesis, and this alteration is disproportionately 
represented in brain regions belonging to the brain’s core 
subnetworks. However, very few studies have discussed the 
rich-club organization of brain network disruption in mTBI 
based on resting-state (rs) fMRI data. Meanwhile, how 
rich-club organization and network topology are altered in 
acute mTBI and the relationship with underlying cognitive 
impairment are also largely unknown, highlighting the need 
for exploration of this research area.

On the basis of theoretical and empirical work regarding 
the influence of mTBI on network function, we predicted 
that mTBI may induce cognitive impairment-related 
network disturbances, and cognitive impairment would 
be linked to disturbed rich-club organization or network 
topological properties. Here, a graph theoretical approach 
was used to assess the underlying rich-club organization 
and network topological properties in acute mTBI. 
Subsequently, we examined whether the functional rich-
club organization and network properties were related to 
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cognitive impairment after mTBI to improve mechanistic 
understandings of cognitive impairment manifestations in 
mTBI. We present the following article in accordance with 
the TREND reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-21-915/rc).

Methods

Participants

We recruited 88 patients with acute mTBI (aged  
40 .16±11 .25  year s )  and  85  matched  HCs  ( aged  
39.22±12.07 years) to this study. Among them, 88 mTBI 
patients were included from the Department of Emergency, 
Nanjing First Hospital, Nanjing Medical University, and 85 
HCs were recruited from the local community. The patients 
with mTBI were required to meet the following criteria: (I) 
age (18–60 years); (II) a closed head injury occurring within 
7 days of recruitment with either posttraumatic amnesia 
of less than 24 hours or loss of consciousness of no more 
than 30 minutes, or with any alteration in mental state (i.e., 
dazed, disoriented, and confused); and (III) a Glasgow coma 
scale (GCS) score of between 13 and 15 on presentation 
to the emergency department. Furthermore, the exclusion 
criteria for all participants included the following: (I) 
existence of prior brain injury or other neurological 
disease that would affect the study results; (II) history of 
drug or alcohol abuse; (III) MRI contraindications; (IV) 
abnormal visual acuity or corrected visual acuity; and (V) 
poor quality of the imaging data. Given the emergency 
care setting, a complete neuropsychological assessment 
was not feasible. All participants underwent standardized 
clinical neuropsychological evaluations via the Beijing 
version of Montreal Cognitive Assessment (MoCA), which 
assessed visuospatial, language, naming, attention, memory, 
localization, and abstraction (30). The major mechanism 
of trauma among patients was traffic accidents [40 of 88 
patients (45.4%)], followed by fall from variable heights [27 
of 88 male patients (30.6%)], and assault [21 of 88 patients 
(23.8%)]. In addition, no patients had loss of consciousness 
and retrograde or anterograde amnesia.

MRI acquisition

All MRI scans were performed on a 3.0 T MRI scanner 
(Ingenia, Philips Medical Systems, Best, Netherlands) using 
a standard 8-channel digital head coil at Nanjing First 
Hospital within 7 days (3.16±1.83 days) of injury. The rs-

fMRI was acquired axially using a gradient echo-planar 
imaging (EPI) sequence and scanning parameters were as 
follows: repetition time (TR) =2,000 ms; echo time (TE) 
=30 ms; slices =36; thickness =4 mm; gap =0 mm; field of 
view (FOV) =240 mm × 240 mm; matrix =64×64; and flip 
angle (FA) =90°. The anatomical T1-weighted MR images 
were obtained by a 3D turbo fast echo (3D-TFE) T1-
weighted sequence with the following parameters: TR 
=8.1 ms; TE =3.7 ms; thickness =1 mm; slices =170; FA 
=8°; FOV =256 mm × 256 mm; gap =0 mm; and matrix 
=256×256. The susceptibility-weighted imaging (SWI) used 
a 3D gradient echo (GRE) sequence, and the specifications 
were as follows: TR/TE =22/34 ms; slice thickness =1 mm; 
FOV =220 mm × 220 mm; and matrix =276×319. The 
sequences of fluid-attenuated inversion recovery (FLAIR) 
were as follows: TR =7,000 ms; TE =120 ms; slices =18; gap 
=1.3 mm; slice thickness =6 mm; FA =110°; and voxel size 
=0.65 mm × 0.95 mm × 6 mm. Both SWI and FLAIR were 
used to investigate the presence of traumatic lesions. 

Image preprocessing

The preprocessing steps were conducted with Statistical 
Parametric Mapping 12 (SPM12; The Wellcome Center 
for Human Neuroimaging, UCL Queen Square Institute of 
Neurology, London, UK) and resting-state data processing 
and analysis for brain imaging (DPABI) (31). First, the 
initial 10 scans were removed before preprocessing. Second, 
functional images were corrected for slice-timing by using 
slice interpolation to interpolate the voxel time, and head 
motion correction was performed. According to the criteria 
of spatial movement, participants with head motion >2.0° 
of rotation or 2.0 mm of translation in any direction were 
removed (32). Third, the fMRI images were spatially 
co-registered with their anatomical T1 image and then 
resampled to 3×3×3 mm3 voxels (33). To avoid inflation of 
local connectivity and clustering, no spatial smoothing was 
applied in this study (34). Linear detrending and bandpass 
filtering (0.01–0.1 Hz) were carried out to diminish the 
effects of physiological noise of high-frequency components 
and low-frequency drift. All regions of interest (ROIs)/
participants were checked for signal dropouts, and there was 
no loss of signal detected.

Functional network construction

Within this study, we established the brain functional 
network based on the Dos-160 template (including 

https://qims.amegroups.com/article/view/10.21037/qims-21-915/rc
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160 ROIs) (35). A total of 160 ROIs of the Dos-160 
template were classified into 6 subnetworks (36,37), which 
included the DMN, cingulo-opercular network (CON), 
fronto-parietal network (FPN), occipital network (ON), 
sensorimotor network (SMN), and cerebellum network 
(CN). These 6 modules are shown in Figure S1. First, we 
calculated the mean blood-oxygen-level-dependent (BOLD) 
signal time series for each ROI from the Dos-160 template 
(spherical radius of 5 mm) by averaging the time courses 
of all the voxels within the ROIs. Second, we calculated 
Pearson’s linear correlation (only looking at positive 
correlations) between average time series for each ROI. A 
160×160 symmetric correlation matrix and corresponding 
P value matrix for each participant were computed, and 
Fisher-z transformation was used for the symmetric 
correlation matrix.

Rich-club organization

The GRaph thEoreTical Network Analysis (GRETNA) 
toolbox (https://www.nitrc.org/projects/gretna) was used 
for network analyses (37). The rich-club coefficient was 
calculated using Brain Connectivity Toolbox (http://
www.brain-connectivity-toolbox.net). To exclude weak 
or spurious connections, thresholds were applied to the 
connectivity matrices by network sparsity following the 
previous studies of the functional brain network (33,38). 
We calculated the different network sparsity values as 10%, 
15%, 20%, and 25%. The cost of 15% is shown in the main 
text, while the other costs (10%, 20%, and 25%) are shown 
in the Supplementary Materials (Appendix 1). In summary, 
the rich-club organization of a network is characterized 
by a high degree of above-average connectivity between 
the nodes of the network. If a rich-club is present, high-
degree (“rich”) nodes of the network will be closely 
connected, forming a closely connected core or “club” of 
nodes—the rich-club. In this study, rich-club organization 
based on the group-averaged network was analyzed in the 
binary functional network. We calculated the “rich-club 
coefficient”, which refers to the density of connections 
between rich-club nodes, and is expressed as (19):

( ) ( )
2

1
K

K K

Ek
N N

>

> >

Φ =
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where k is the degree that represents the number of 
connections from a given node to other nodes in the 
network; N>k means the number of remaining nodes; and 
E>k is the number of remaining connections after removal of 

the nodes with connections less than k (23). The rich-club 
coefficients Φ (k) were computed for each participant based 
on the group mean networks of each group, and normalized 
relative to a set of 1,000 comparable random networks, 
resulting in a normalized rich-club coefficient Φnorm(k) (only 
looking at positive values) (39,40). A Φnorm(k) >1 over a 
range of k is indicative of a rich-club organization within a 
brain network (41). 

Definition of nodes and connections

In this study, the top 19 (12%) brain regions with the 
highest degree (unweighted) averaged across HCs based on 
the group-average cortical network were chosen as rich-
club regions (42,43). The nodes were classified into “rich-
club” nodes and “peripheral” (i.e., non-rich-club) nodes. 
Meanwhile, the classification of rich-club nodes allowed for 
the categorization of the edges into 3 connection classes: 
“rich-club connections”, which linked 2 rich-club nodes; 
“feeder connections”, which linked 1 rich-club node to 1 
peripheral node; and “local connections”, which linked 2 
peripheral nodes (34). The connectivity strength of “rich-
club”, “local”, and “feeder” was computed as the sum of the 
edge weights for each connection.

Network topological metrics

Network metrics and the results were calculated using 
the GRETNA toolbox (37) and BrainNet Viewer toolbox 
(http://www.nitrc.org/projects/bnv) (44). To exclude 
weak or spurious connections, the threshold range of 
network sparsity was identified as 0.05–0.50 with an 
increment of 0.01 based on the previous graph-based study 
of the functional brain network (45). Only the positive 
relationships were considered. To avoid the selection of 
a specific threshold, we adopted the area under the curve 
(AUC) method, which is widely used in graph theory-based 
network research (46). For each network topological metric, 
the AUC was calculated within a defined threshold range 
based on rs-fMRI data. Selection of specific global and 
local measures was based on previous literature and review 
(47,48). Global metrics included the following: global 
efficiency (Eg), reflecting the efficiency for network-wide 
communication; mean local efficiency (Eloc), reflecting 
the mean efficiency of information propagation through a 
node’s direct neighbors; mean clustering coefficient (Cp), 
reflecting the average likelihood that the neighbors of a 
node are interconnected; mean shortest path length (Lp), 

https://cdn.amegroups.cn/static/public/QIMS-21-915-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-915-Supplementary.pdf
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reflecting the mean minimal travel distance between nodes; 
and small-world properties. In addition, nodal network 
graph metrics included nodal clustering coefficient (Ci) and 
nodal local efficiency (Eloci), reflecting the inverse of the 
characteristic Lp between the pair of nodes.

Statistical analysis

The software SPSS 20.0 (IBM Corp., Armonk, NY, 
USA) and the GRETNA toolbox were used for statistical 
analyses. Age and education were evaluated using an 
independent t-test, and the gender was evaluated using the 
chi-square test. A 2-sample t-test was used to test for group 
differences in neuropsychological scores. A 1-sample t-test 
(Bonferroni correction) was applied at each level of k to 
test whether the normalized rich-club coefficients exceed 
1 and to probe the existence of the rich-club organization. 
Bonferroni correction was used to calibrate multiple tests 
across all test levels of k (49). We used the 2-sample t-test 
(age, gender, and education as covariates) to test group 
differences in rich-club coefficients, nodal efficiency, and 
nodal cluster coefficients with Bonferroni corrections for 
multiple comparisons. The between-group differences in  
3 classes of connectivity density and other network topology 
metrics were assessed by the 2-sample t-test (age, gender, 
and education as covariates). Spearman’s rank correlation 
(controlled for age, gender, and education) was used to 
assess the relationship among rich-club connection, graph 
metrics, and cognitive functional performance in the mTBI 

group (Bonferroni correction). Statistical significance was 
considered when P<0.05.

Ethical statement

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The current 
study was approved by the Institutional Review Board of 
Nanjing Medical University. Written informed consent was 
provided by all participants before their participation in the 
study protocol.

Results

Demographic and neuropsychological characteristics

The demographic characteristics and neuropsychological 
performance of the 2 groups are presented in Table 1. No 
significant group differences were found in age, gender, and 
education (P>0.05). Compared with HC, the score of the 
MoCA scale (P<0.001) was lower in the patients with acute 
mTBI. For cognitive variables, the patients with mTBI 
performed significantly worse than HCs on visuospatial/
executive (P<0.001), attention (P=0.002), and memory 
(P=0.005). No significant differences in other cognitive 
performances were observed between the mTBI group and 
HCs group in this study. In addition, all patients showed 
no MRI/computed tomography (CT) abnormalities on the 
FLAIR or SWI scan. 

Table 1 Demographics and cognitive variables of mTBI patients and healthy controls

Characteristics mTBI (n=88) Controls (n=85) P value

Age (years) 40.16±11.25 39.22±12.07 0.599

Education (years) 12.76±3.05 13.49±3.57 0.149

Gender (female/male) 45/43 47/38 0.648

MoCA scores 24.26±2.47 26.32±1.91 <0.001*

Visuospatial/executive 3.48±1.10 4.26±0.84 <0.001*

Language 2.39±0.61 2.53±0.60 0.126

Attention 5.42±0.88 5.76±0.53 0.002*

Naming 2.85±0.38 2.85±0.36 0.927

Memory 2.53±1.23 3.11±1.39 0.005*

Abstraction 1.76±0.52 1.86±0.38 0.166

Orientation 5.69±0.49 5.75±0.65 0.495

Data are represented as mean ± SD. *, P<0.05. mTBI, mild traumatic brain injury; MoCA, Montreal Cognitive Assessment. 
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Rich-club organization and reorganization 

The increasing rich-club coefficient (Φnorm) >1 reflects the 
existence of the rich-club organization in the brain network 
over a certain range of degrees (k). In our study, for the FC 
networks, the rich-club organization was evident in both 
acute mTBI and HCs with normalized rich-club coefficient 
(Φnorm) increasing higher than 1 as a function of node degree 
(k) (1<k<45). Figure 1A,1B shows Φnorm and Φ as a function 
of node degree (k) for HCs (blue) and mTBI groups (red), 
respectively. Inter-connected brain regions dropped off 
more readily in acute mTBI than HCs. In our results, Φ 
was significantly higher in mTBI groups relative to HCs at 
the range of k=20 to k=45 (P<0.05) but especially at high-
degree k-levels where k=25–39 and 40–45 (P<0.01). In the 
whole-brain network, compared with the HCs group, Φnorm 
was found to be significantly higher in the mTBI group at 
the range of k=23 to k=44 (P<0.01; 1,000 permutations). 
Notably, these findings were supported by rich-club 
organization analyses under different network connection 
density threshold levels, and the results were consistent 
with our main findings [Figures S2-S4; see Supplementary 
Materials for rich-club organization results (Appendix 1)].

The functional rich-club regions were set at the top 
19 (12%) highest-degree nodes [Figure 2A (red nodes) 
and Table 2] (aDC, means the sum of AUC of average 
node degree for different sparsity threshold levels within 
the defined threshold range), comprising the bilateral 
precuneus, bilateral occipital gyrus, bilateral post occipital 
gyrus, left anterior cingulate cortex (L-ACC), medial 
frontal cortex (mFC), left temporoparietal junction (L-TPJ), 
supplementary motor area (SMA), L-temporal lobe, 
L-inferior cerebellum, L-lateral cerebellum, and L-parietal 
lobe. The remaining regions were recognized as peripheral 

regions (Figure 2A, gray nodes). The distribution of rich-
club regions in the brain’s intrinsic functional networks is 
shown in Figure 2B. The rich-club nodes were distributed in 
the DMN (10.53%), FPN (5.26%), CON (15.79%), SMN 
(10.53%), ON (42.11%), and CN (15.79%). 

Selection of the rich-club and non-rich-club regions 
allowed for classification of the connections into different 
types: rich-club connections between rich-club nodes; 
feeder connections between rich-club nodes and peripheral 
nodes; and local connections between peripheral nodes. 
Figure 2C shows a schematic representation of 3 types of 
connections and 2 classes of nodes. Compared with the HCs 
groups, the patients with acute mTBI showed a significant 
increase in the FC strength of rich-club connections 
(P=0.01), local connections (P=0.006), and feeder 
connections (P=0.01) (Figure 3A). In patients with mTBI, 
the visuospatial/executive performance was significantly 
negatively correlated with local connectivity (rho=−0.289; 
P=0.007). A similar association was found between MoCA 
scores and rich-club connectivity (rho=−0.349; P=0.001) 
(Figure 3B).

Network topological metrics

The destruction of the brain network’s topological 
organization may lead to changes in brain information 
transmission efficiency (25). Globally, group comparison 
showed that the mean Eloc (P=0.015), whole-brain mean 
Cp (P=0.003), and mean Lp (P=0.005) significantly 
increased in patients with acute mTBI relative to the 
controls. In addition, a significant reduction in Eg (P=0.007) 
was observed in the acute mTBI group compared with 
the HCs group (age, gender, and education as covariates; 
Figure 4A). Positive linear relationships between Eg and 
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Figure 1 Rich club organization of functional connectome. The figure shows the functional normalized rich club coefficients curve (A) and 
the rich club coefficients curve (B) for mTBI patients (red) and healthy controls (blue). mTBI, mild traumatic brain injury.
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attention performance (rho=0.319; P=0.003), as well as 
the visuospatial/executive score (rho=0.272; P=0.011) 
of functional connectomes, were observed (Figure 4B). 
Specifically, in our study, the brain functional networks in 
the mTBI and HCs groups showed small-world properties, 
but no group difference was found for the value of global 
small-world properties (P>0.05).

For the local  topological  properties of  the FC 
networks in the patients with mTBI, the nodal efficiency 
significantly increased in the patients with mTBI 
compared with that in the HCs group (P<0.05, Bonferroni 
corrected; Figure 5A). No significant difference was found 
in the Ci between the mTBI and HCs groups (P>0.05). 
In addition, in the mTBI group, 13 abnormal regions in 
nodal efficiency were observed compared with the HCs 
group, including 3 rich-club regions, namely, L_occipital 
(ON), L_inferior cerebellum (CN), and R_precuneus 
(DMN), and 10 non-rich-club regions, which were located 

in the frontal lobe (4 nodes), temporal lobe (2 nodes), 
insular lobe (1 node), limbic lobe (1 node), and cerebellum 
lobe (2 nodes) (Figure 5B; Table 3).

In the patients with acute mTBI, the normalized 
rich-club coefficient (k=23) was significantly negatively 
correlated with visuospatial/executive performance 
(rho=−0.475; P=0.03). No significant relationships with 
other cognitive performance were observed. For the 
rich-club coefficient in patients with mTBI, this metric 
did not show any significant correlations with cognitive 
performance (P>0.05). Moreover, no significant correlations 
were observed between any cognitive performance and the 
feeder connectivity or Eloc (P>0.05) (Table 4). 

Discussion

The main finding of this study was that patients with acute 
mTBI had relatively higher resting-state functional rich-
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15.79%

5.26%
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A B

C

Figure 2 The rich-club regions of all groups. (A) Rich club regions (red nodes) across both HCs and mTBI patients. (B) The distribution 
of rich-club regions in the whole brain network. (C) Three classes of connections: rich club connections (red), linking 2 rich club nodes (red 
nodes); local connections (yellow), linking 2 peripheral nodes (gray nodes); and feeder connections (orange). ACC, anterior cingulate cortex; 
mFC, medial frontal cortex; SMA, supplementary motor area; OCC, occipital lobe; Lat-C, lateral occipital lobe; TPJ, temporoparietal 
junction; Med-C, medial occipital lobe; Inf-C, inferior occipital lobe; P-OCC, posterior occipital lobe; DMN, default mode network; FPN, 
fronto-parietal network; CON, cingulo-opercular network; SMN, sensorimotor network; ON, occipital network; CN, cerebellum network; 
HC, healthy control; mTBI, mild traumatic brain injury. 
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Table 2 List of rich-club nodes according to the Dos-160 template

Labels Regions Hemisphere Subnetwork Peak MNI coordinates x, y, z (mm) aDC

111 Temporal L Sensorimotor −54, −22, 9 36.380

133 Occipital R Occipital 15, −77, 32 34.915

87 TPJ L Cingulo-opercular −52, −63,15 33.835

153 Inf-cerebellum L Cerebellum −34, −67, −29 33.590

146 Lat-cerebellum L Cerebellum −34, −57, −24 32.950

135 Post-occipital L Occipital −5, −80, 9 32.815

140 Post-occipital R Occipital 13, −91, 2 31.675

130 Occipital L Occipital −29, −75, 28 31.025

154 Med-cerebellum L Cerebellum −11, −72, −14 30.720

131 Occipital L Occipital −16, −76, 14 30.705

33 Occipital L Default −2, −75, 32 30.320

127 Occipital R Occipital 17, −68, 20 29.490

64 mFC – Cingulo-opercular 0, 15, 45 29.400

93 SMA – Sensorimotor 0, −1, 52 29.105

16 Precuneus L Default −3, −38, 45 28.860

132 Occipital R Occipital 9, −76, 14 28.855

80 Precuneus R Cingulo-opercular 8, −40, 50 28.660

41 ACC L Fronto-parietal −1, 28, 40 28.655

121 Occipital L Occipital −18, −50, 1 28.585

aDC, the sum of area under the cure of average node degree for different sparsity threshold levels within the defined threshold range. MNI, 
Montreal Neurological Institute; TPJ, temporoparietal junction; mFC, medial frontal cortex; SMA, supplementary motor area; ACC, anterior 
cingulate cortex; L, left; R, right.

club connectivity than HCs. Peripheral region connectivity 
and network topological metrics were also significantly 
influenced in patient groups. Another main observation 
was that the changes in rich-club connectivity and network 
topological metrics were associated with cognitive 
impairment in patients with acute mTBI. 

Rich-club organization is a key attribute of the brain 
network, in which highly concentrated centers form a tightly 
connected core. To date, no research group has assessed the 
rich-club coefficient within fMRI networks in acute mTBI. 
In the present study, we observed that both acute mTBI and 
HCs networks possessed rich-club organization characters, 
and mTBI patients had increased Φnorm, mostly in the high-
degree regime. Therefore, the high-degree k-value regions 
may be more affected in patients with mTBI than in HCs. 
However, the rich-club coefficient varies among different 
groups. This finding was important because it suggests that 

the network information in the acute mTBI brain network 
is quantitative. Moreover, this work also reported a group 
of 19 strongly interconnected rich-club nodes, which are 
predominantly located in the ON, CON, DMN, FPN, and 
CN. They are associated with vision, language, cognitive 
control, emotion, and social cognition function. These 
findings showed that the rich-club organization exists across 
many different static networks (20). Meanwhile, our results 
also suggested a characteristic pattern of disruption where 
brain connectivity is targeted globally rather than at the 
central network core in patients with acute mTBI. 

The rich-club plays a unique role in maintaining overall 
functional coordination and is related to higher-order 
cognitive abilities, which are vulnerable in most brain 
disorders and may be related to rich-club vulnerability 
in pathological conditions (6). Disturbances in rich-club 
organization of the acute mTBI patients were observed 
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Figure 3 Rich club, local connectivity, and feeder. (A) Bar graphs represent connectivity strength for rich club, feeder, and local connections. 
Significant ordered differences, such that acute mTBI patients > HCs, were found for rich club, feeder, and local connectivity (P<0.05). 
(B) The relationship between the rich club connectivity strength and MoCA score, between local connectivity strength and visuospatial/
executive score (age-, gender- and education-corrected) for the mTBI group (P<0.05). mTBI, mild traumatic brain injury; HC, healthy 
control; MoCA, Montreal Cognitive Assessment.

in rich-club connections and in feeder and peripheral 
connections, suggesting that peripheral regions may also 
lead to cognitive impairment. These findings also suggested 
that global network functions, rather than only rich-club 
disruptions, play an important role in patients with mTBI. 
Nevertheless, how can the increased rich-club connectivity 
be understood in patients with acute mTBI? An explanation 
may be that the observed increase of rich-club connectivity 
reflects a compensatory mechanism of neurological stress. 
Consistent with our results, the study by Hillary et al. (29) 
showed a hyperconnectivity hypothesis that during the 
first year of recovery after TBI, neural networks will show 
increased connectivity. Our findings exhibited that aberrant 
brain network organization, especially disrupted rich-club 

connectivity, is associated with cognitive impairment after 
acute mTBI. Recent structural network studies utilizing 
high angular diffusion MRI in long-term TBI showed an 
altered overall network organization and weak rich-club 
and local connectivity density (50). Remarkably, the rich-
club connections were reorganized during the onset and 
development of cognitive impairment. Therefore, the 
mechanism of cognitive impairment after mTBI may be 
closely related to the disruption and redistribution of brain 
hubs in the functional networks. 

The topological characterization of neural network 
locates the rich-club in the center of brain communication 
pathways. However, previous studies have shown that 
the various indicators of brain network organization are 
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Table 4 Relationships between connection strength and network topology metrics with cognitive scores

Covariates: age, gender, education Values MoCA Visuospatial/executive Memory Attention

Rich-club connectivity r −0.349# −0.164 0.013 −0.121

P 0.001**# 0.128 0.901 0.263

Feeder connectivity r 0.083 −0.181 0.038 −0.130

P 0.083 0.093 0.727 0.232

Local connectivity r −0.210 −0.289# −0.083 −0.166

P 0.050 0.007**# 0.444 0.124

Global efficiency r −0.204 0.272# −0.198 0.319#

P 0.059 0.011*# 0.066 0.003**#

Local efficiency r −0.069 −0.096 0.156 −0.097

P 0.526 0.378 0.150 0.374

The star-labeled numbers represent significant correlations (*, P<0.05; **, P<0.01). #, indicated significant correlation (P<0.05). MoCA, 
Montreal Cognitive Assessment.

Table 3 Abnormal regions in nodal efficiency in mTBI group according to the Dos-160 template

Labels Regions Hemisphere Subnetwork Peak MNI coordinates x, y, z (mm) P value

4 vmPFC R Default 9, 51, 16 0.018

14 Post cingulate R Default 1, −26, 31 0.036

16 Precuneus L Default −3, −38, 45 0.038#

40 dlPFC R Fronto-parietal 40, 36, 29 0.012

42 dlPFC R Fronto-parietal 46, 28, 31 0.022

82 Temporal R Cingulo-opercular 43, −43, 8 0.028

88 Frontal R Sensorimotor 58, 11, 14 0.005

104 Mid-insula L Sensorimotor −36, −12, 15 0.023

118 Temporal L Sensorimotor −41, −37, 16 0.031

130 Occipital L Occipital −29, −75, 28 0.040#

145 Inf cerebellum L Cerebellum −37, −54, −37 <0.001

153 Inf cerebellum L Cerebellum −34, −67, −29 <0.001#

159 Inf cerebellum L Cerebellum −6, −79, −33 0.038
#, rich club nodes. mTBI, mild traumatic brain injury; MNI, Montreal Neurological Institute; vmPFC, ventromedial prefrontal cortex; dlPFC, 
dorsolateral prefrontal cortex; Inf, inferior; L, left; R, right.

not isolated, but interrelated (51). In many real-world 
networks, the presence of the rich-club is considered the 
basis for important organizational attributes, including 
high clustering (52). Therefore, our findings suggested that 
the observed differences in topological characterization 
metrics may partly be due to disrupted rich-club connectivity. 
Although different disorders may target different central 

subsets, the parallel loss of rich club impairment and network 
efficiency is a common feature of brain pathology (53). Local 
topological properties of the FC networks also showed 
different changes across groups, such that nodal efficiency 
values were significantly higher in patients with acute mTBI 
than in the HCs. Abnormalities in nodal efficiency appear 
to be overrepresented among rich-club members, and this 
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result was consistent with previous reports. Therefore, the 
high-efficiency state always involves some brain regions 
overlapping with the rich-club structure to accurately 
perform cognitive tasks requiring integration of multiple 
functional domains (54,55). 

In addition, impairment in numerous cognitive domains 
has been reported in mTBI; these mainly include memory 
and learning, executive function, processing speed, and 
attention (4,56). It remains unclear why some of the 
cognitive domains affected by mTBI while others were 
spared. Our brain is a very efficient network of different 
brain regions, each with its own tasks and functions, that are 
constantly sharing information with each other. Functional 
communication between brain regions is likely to play a 
key role in complex cognitive processes. Evidence indicates 
that a single concussion can disrupt the neurological 
mechanisms underlying cognition (57). Moreover, previous 
studies have found that structural brain changes occur in 
numerous brain regions following mTBI. For example, a 
study showed that temporal and frontal association white 
matter pathways are most frequently damaged in mTBI, 
and the integrity of these paths showed some correlation 
with cognitive impairment (58). Therefore, we speculate 
that mTBI can affect these related cognitive functions, 
since it causes structural changes in various brain regions 
with different cognitive functions. However, the specific 
relationship between mTBI and symptoms of cognitive 
impairment remains unclear and needs further study.

This study had several limitations. First, the sample size 
of the current study was relatively small; our results should 
be validated by repeating our analysis with a larger sample 
of participants. Moreover, a limitation of graph theory 
analysis is the arbitrary threshold and binarization process, 
which leads to information loss. However, in this study, we 
calculated the graph theoretical measures based on binary 
networks, given the theories that binary networks maintain 
the most important correlations and may be less sensitive 
to noise and easier to explain (39). Finally, the selection of 
the threshold program is still a controversial topic in the 
study of brain networks (59,60). In this study, we used only 
1 type of thresholding procedure, namely the fixed-density 
threshold procedure. Different threshold methods may lead 
to different topological organization and result in different 
findings during comparison between groups. Future 
research should keep in mind the different conceptual 
characteristics of different threshold strategies and apply 
them in network analysis and comparative research.

In conclusion, our study found that brain network 
abnormalities, including impaired rich-club organization 
and topology, are related to cognitive impairment 
after acute mTBI. These findings may contribute to a 
comprehensive understanding of rich club connectivity 
as an early neurobiomarker of cognitive impairment after 
acute mTBI. Findings may also, to some extent, help 
clinicians identify interventions or treatments that are more 
appropriate to ameliorate these impairments, for example, 
neurotrophic drug therapy and targeted therapies (physical 
therapy, cognitive behavioral therapy, etc.) that can improve 
the corresponding cognitive impairment. 
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Supplementary

Appendix 1 Results 

Rich club organization 

Rich-club organization in the all groups at connection density for 0.10
The increasing rich club coefficient (Φnorm) >1 reflects the existence of the rich-club organization in the brain network over 
a certain range of degrees (k). Consistent with our main finding, for the FC networks, the group-average functional network 
during acute mTBI patients and HC groups revealed the rich-club organization with the normalized rich club coefficient (Φnorm) 
increasing as a function of node degree (k) higher than 1. In the whole-brain network, the normalized rich-club coefficient 
(Φnorm) was found to be significantly higher in mTBI group relative to HC, at the range of k=20 to k=28 (P<0.05) (Figure S2).

Rich-club organization in the all groups at connection density for 0.20
Again, consistent with our main finding, the result showed that the group-average functional network during acute mTBI 
patients and HC groups revealed the rich-club organization. In the whole-brain network, the normalized rich-club coefficient 
(Φnorm) was found to be significantly higher in mTBI group relative to HC, at the range of k=20 to k=58 (P<0.01) (Figure S3).

Rich-club organization in the all groups at connection density for 0.25
Consistent with our main finding, rich club organization was evident in all groups with the Φnorm increasing as a function of 
node degree (k) higher than 1 for the FC networks. In the whole-brain network, Φnorm was found to be significantly higher in 
mTBI group relative to HC, at the range of k=35 to k=72 (P<0.001) (Figure S4).

Figure S1 The regions of interest (ROIs) in the Dos-160 template. The different colors represented different brain functional networks. 
DMN: the default mode network, FPN: the fronto-parietal network, CON: the cingulo-opercular network, SMN: the sensorimotor 
network, ON: the occipital network, CN: the cerebellum network. 
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Figure S2 The rich-club organization in the all groups at connection density for 0.10. The group-averaged rich club coefficient and 
normalized rich club coefficient curves for mTBI patients (red) and healthy controls (blue).

Figure S3 The rich-club organization in the all groups at connection density for 0.20 respectively. The group-averaged rich club coefficient 
and normalized rich club coefficient curves for mTBI patients (red) and healthy controls (blue).

Figure S4 The rich-club organization in the all groups at connection density for 0.25 respectively. The group-averaged rich club coefficient 
and normalized rich club coefficient curves for mTBI patients (red) and healthy controls (blue).
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