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Patients with mild traumatic brain injury have a diverse clinical presentation, and the underlying pathophysiology remains poorly understood. Magnetic 
resonance imaging is a non-invasive technique that has been widely utilized to investigate neurobiological markers after mild traumatic brain injury. This 
approach has emerged as a promising tool for investigating the pathogenesis of mild traumatic brain injury. Graph theory is a quantitative method of analyzing 
complex networks that has been widely used to study changes in brain structure and function. However, most previous mild traumatic brain injury studies using 
graph theory have focused on specific populations, with limited exploration of simultaneous abnormalities in structural and functional connectivity. Given that 
mild traumatic brain injury is the most common type of traumatic brain injury encountered in clinical practice, further investigation of the patient characteristics 
and evolution of structural and functional connectivity is critical. In the present study, we explored whether abnormal structural and functional connectivity 
in the acute phase could serve as indicators of longitudinal changes in imaging data and cognitive function in patients with mild traumatic brain injury. In 
this longitudinal study, we enrolled 46 patients with mild traumatic brain injury who were assessed within 2 weeks of injury, as well as 36 healthy controls. 
Resting-state functional magnetic resonance imaging and diffusion-weighted imaging data were acquired for graph theoretical network analysis. In the acute 
phase, patients with mild traumatic brain injury demonstrated reduced structural connectivity in the dorsal attention network. More than 3 months of follow-
up data revealed signs of recovery in structural and functional connectivity, as well as cognitive function, in 22 out of the 46 patients. Furthermore, better 
cognitive function was associated with more efficient networks. Finally, our data indicated that small-worldness in the acute stage could serve as a predictor of 
longitudinal changes in connectivity in patients with mild traumatic brain injury. These findings highlight the importance of integrating structural and functional 
connectivity in understanding the occurrence and evolution of mild traumatic brain injury. Additionally, exploratory analysis based on subnetworks could serve 
a predictive function in the prognosis of patients with mild traumatic brain injury.

 cognitive function; cross-section; follow-up; functional connectivity; graph theory; longitudinal study; mild traumatic brain injury; prediction; small-
worldness; structural connectivity; subnetworks; whole brain network

Mild traumatic brain injury (mTBI) can lead to post-concussion symptoms 
(Taylor et al., 2017; Center for Disease Control and Prevention, 2023) that 

et al., 2011). The relatively high prevalence of this condition represents 
a significant burden on society. Although studies have indicated that the 

symptoms (Lunkova et al., 2021; Huang et al., 2022; Jang and Seo, 2022; Li 

of neurological biomarkers following mTBI has been a major research focus.

extensively employed in several neuroimaging studies to investigate brain 

has led to highly accurate classification, highlighting the potential of graph 

mTBI patients encountered in clinical practice (Pandit et al., 2013; Akiki et 
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Subtle abnormalities in structural connectivity during the acute stage, with subsequent 
recovery trends in both structural and functional connectivity from the acute to chronic stages 

after mTBI
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al., 2018). Additionally, few studies have examined structural connectivity 
and functional connectivity (FC) in the same patients. Multimodal imaging 
approaches can capture the heterogeneous nature of mTBI (Lunkova et al., 
2021). Accordingly, we explored both structural and functional alterations 
within the same group of mTBI patients, with the goal of examining their 

understanding of the development of mTBI. 

Cognitive dysfunction is a prominent post-concussion symptom that is 

The DAN and VAN are task-positive networks responsible for visuospatial 
attention, detecting stimuli related to sustained attention, and detecting 
unexpected and unattended stimuli (Amgalan et al., 2022). In contrast, 
the DMN is a task-negative network composed of densely interconnected 
white matter tracts. The DMN interacts with task-positive networks and 
plays a crucial role in cognitive function (Sharp et al., 2011). Prior studies 

(Franzmeier et al., 2017; Richard et al., 2018; Campbell et al., 2020; Amgalan 
et al., 2022). We investigated these cognitive networks, in addition to the 
whole brain networks, to gain a better understanding of the alterations in 
brain subnetworks following mTBI. 

structural connectivity and FC in the acute stage, which gradually improve 

cognitive function in the acute phase, which gradually recover over time; 

to impairments in cognitive function. Additionally, we assessed whether 
abnormal graph metrics observed in the acute phase were correlated with 

Methods 
In this cross-sectional study, a total of 48 mTBI patients were recruited 
from the emergency department of Second Xiangya Hospital, Central South 

comparisons with healthy controls (HCs) as well as longitudinal comparisons. 
The subjects were enrolled after obtaining approval from the Ethics 
Committee of Second Xiangya Hospital, Central South University (approval 
No. 086) on February 9, 2019. All participants provided written informed 
consent. All protocols were executed in accordance with the Ethical Principles 
for Medical Research Involving Human Subjects in the . 

in Epidemiology (STROBE) guidelines (von Elm et al., 2007).

The inclusion criteria for the mTBI patients were based on the guidelines 
provided by the World Health Organization Collaborating Center for 

detailed in our previous article (Huang et al., 2022). Patients meeting the 
following requirements were included: (1) a Glasgow Coma Scale score of 

of mTBI. The exclusion criteria were: (1) age below 18 or above 60 years; 
(2) presence of severe psychiatric disease, severe somatic disease, or drug 

injury (TBI) or other diseases associated with brain pathology; (4) structural 

symptoms, the interval between the injury and MRI scan, and follow-up 

1 and 2.

MRI data were acquired using a 3T MRI scanner (MAGNETOM Skyra, Siemens 
Healthcare, Erlangen, Germany) equipped with a 32-channel head coil. 

susceptibility-weighted imaging were used to thoroughly assess and rule 
out any structural abnormalities. Two experienced neuroradiologists with 
over 10 years of neuroimaging expertise evaluated the images. In cases of 
disagreement between the two observers, a consensus was reached through 

of 240 × 240 mm2

and the participants were instructed to relax, close their eyes, and avoid 

MRI (Huang et al., 2022). The participants underwent scanning in a supine 

Making Tests (TMT) A and B, as described in our previous work (Huang et 
al., 2022). The DSST is commonly used to assess processing speed, sustained 

motor and visual search speed (Sánchez-Cubillo et al., 2009; Misdraji and 
Gass, 2010), while the TMT-B (Horton and Hartlage, 1994) is widely used 
as a measure of set shifting and inhibition (Arbuthnott and Frank, 2000; 
MacPherson et al., 2017). These tests are well-established tools used in 

tests were administered on the same day as the MRI.

for each subject were discarded to allow for magnetization equilibration, 

three-dimensional head motion correction. Subjects exhibiting a maximum 

to the mean of the realigned echo planar images on an individual basis. 
The transformed structural images were then segmented into gray matter, 
white matter, and cerebrospinal fluid. We employed DARTEL (Ashburner, 

to a voxel size of 3 × 3 × 3 mm3. Subsequently, a 4-mm FWHM Gaussian 
kernel was applied to smooth the images. Nuisance covariates, including 

bandpass filter (0.01–0.08 Hz) was employed to reduce low-frequency 

2 P

Number 46 36
0.287 0.59a

Age (yr) 37.07±9.94 40.92±8.54 –1.85 0.068b

Education (yr) 12 (9–16) 15 (11.25–16) –1.14 0.25c

Cause of injury
Vehicle accident 15
Assault 15
Fall 9
Other 7

Injury and MRI scan interval 
(h)

48.50 (26.50–93.25)

Neuropsychological tests
TMT-A 46.52 (31.07–60.06) 45.68 (39.48–58.26) –0.46 0.65c

TMT-B 97.10 (75.32–187) 100.92 (70.78–122) –0.61 0.54c

DSST 53 (36.5–60) 55 (46.75–64.25) –1.08 0.28c

DSST: Digital Symbol Substitution Test; HCs: healthy controls; MRI: magnetic resonance 
imaging; mTBI: mild traumatic brain injury; TMT: Trail Making Test. Data were analyzed by 
chi-square testa, unpaired two-sample t-testb or Kruskal-Wallis testc. The distributed data 
are expressed as mean ± standard deviation, and the non-normal distributed data are 
expressed as median and quartiles.

chronic stage

Chronic stage 2 P

Number 22
Sex (n, female) 15
Age (yr) 37.38±11.68
Education (yr) 15 (9–16)
Cause of injury (n)

Vehicle accident 4
Assault 9
Fall 5
Other 4

Neuropsychological tests
TMT-A 54.04±23.67 43.95±19.90 2.24 0.037
TMT-B 110.24±47.59 96.39±45.48 1.1 0.29
DSST 48.76±17.96 55.14±18.36 –1.22 0.24

DSST: Digital Symbol Substitution Test; HCs: healthy controls; mTBI: mild traumatic brain 
injury; TMT: Trail Making Test. Data in neuropsychological tests were analyzed by paired 
two-sample t-test. The distributed data are expressed as mean ± standard deviation, and 
the non-normal distributed data are expressed as median and quartiles.
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drift, physiological high-frequency noise, and cardiac noise. We used the 

time series for each subject. We then calculated Pearson’s correlation 

Before preprocessing, we performed a visual inspection of the diffusion 

Diffusion imAges (PANDA) (www.nitrc.org) to carry out whole-brain fiber 
deterministic tractography and generate a connectivity matrix for each 
participant based on the preprocessed diffusion images (Cui et al., 2013). 

We used GRETNA to calculate the graph metrics of the FC, FA, and FN 
networks. The sparsity was calculated by dividing the total number of 
edges by the maximum number of possible edges. Given the dense and 

properties of structural networks, we only calculated the threshold for the 
sparsity of the functional networks (Imms et al., 2019). The sparsity of the 
functional networks ranged from 0.05 to 0.35, with intervals of 0.05. The 
minimum sparsity was set to ensure that there were no isolated nodes in the 
network. The maximum sparsity was set to ensure that the small-world index 

efficiency (Eg and Eloc), clustering coefficient (Cp), and small-world index 

nodal shortest path length (NLp), betweenness centrality (Bc), and degree 
centrality (Dc) to investigate the regional (nodal) properties. The details of 
these graph metrics are shown in 
comparisons, we employed a correction method for family-wise error. This 
was based on the 246 × 246 connection matrix and the network partition 

(Xia et al., 2013).

partial correlation analyses after controlling for sex, age, and education. 

between graph metrics in the acute stage and longitudinal changes in graph 
metrics, as well as between graph metrics in the acute stage and longitudinal 
changes in cognitive performance, with the number of follow-up days as a 

the associations between graph metrics and cognitive scores, as well as 
between longitudinal changes in graph metrics and longitudinal changes in 

 provides an overview of the characteristics of the mTBI patients 

differences in sex, age, or education between the patients and HCs. The 

up period (chronic phase) are provided in 
age, 37.38 years; seven men) completed two MRI scans. The median follow-

. 

Metric

Global 
metrics

Global efficiency Eg Average degree of information transfer 
among network nodes; the average inverse 
shortest path length.

Local efficiency Eloc Average degree of information transfer 
between each node in the network and its 
neighboring nodes.

Clustering 
coefficient

Cp Averaged proportion of each node's 
neighbors that are also considered to be 
neighbors.

Small-worldness Ratio of clustering coefficient to path 
length, both of which are standardized 
measures within the network.

Nodal 
metrics

Nodal efficiency Ne Efficiency of information transfer from 
a specific node to all other nodes in the 
network.

Nodal local 
efficiency

NLe Efficiency of information transfer from a 
specific node to its nearby or neighboring 
nodes.

Nodal Clustering 
coefficient

NCp Proportion of a given node's neighbors that 
are also connected to each other.

Nodal Shortest 
path length

NLp Minimum number of edges among a given 
node and all other nodes in the graph.

Betweenness 
centrality

Bc Frequency that a specific node is part of 
shortest paths to all other (whole) network 
nodes.

Degree centrality Dc Total edge count for a specific node.

The demographic characteristics and neuropsychological data were 
analyzed using IBM SPSS Statistics for Windows (Version 24.0, IBM Corp., 

t-tests, chi-
square tests, Kruskal-Wallis tests, paired two-sample t-tests, and Wilcoxon 
tests were conducted to assess differences in age, gender, education, and 
neuropsychological test scores among groups. To examine the relationship 
between graph metrics and neuropsychological test scores, we performed 

injury.

compared with the HCs, the mTBI patients exhibited a tendency towards 
declined cognitive function, but the differences were not statistically 
significant ( ). However, cognitive function, as reflected by TMT-A, 

).

The cross-sectional analysis revealed no significant differences in FN or FC 
between the mTBI patients and HCs. However, we observed differences in 

t = –2.18, 
P

t = 2.01, P = 0.048; ).

The longitudinal analysis revealed significant changes in graph metrics 
between the first and second MRI scans (acute and chronic stages). At the 
whole brain level, Eg (FA: t = –8.93, P < 0.001; FN: t = –13.043, P < 0.001; FC: t
= –5.32, P < 0.001) and Eloc (FA: t = –8.50, P < 0.001; FN: t = –7.88, P < 0.001) 

t = 4.78, 
P < 0.001; FN: t = 3.43, P = 0.0025; FC: t = 5.61, P < 0.001). In the DAN and 

than 3 months of follow-up (FA: DAN: Eg: t = –3.61, P = 0.0016; Eloc: t = –2.49, 
P = 0.021; DMN: Eg: t = –5.09, P < 0.001; Eloc: t = –3.40, P = 0.0027; FN: DAN: 
Eg: t = –5.19, P < 0.001; Eloc: t = –2.84, P = 0.0097; DMN: Eg: t = –7.48, P < 
0.001; Eloc: t = –5.16, P < 0.001; FC: DAN: Eg: t = –2.85, P = 0.010; Eloc: t = 
–2.44, P = 0.024 DMN: t = –3.15, P

t = –2.18, P = 0.041) and the Eg of the VAN (t = –2.95, P = 

are presented in .

The nodal graph theoretical results showed no significant differences 
between the mTBI patients and HCs. However, in the chronic stage, the 

superior frontal gyrus (SFG), middle frontal gyrus (MFG), precentral gyrus 
(PrG), superior temporal gyrus (STG), middle temporal gyrus (MTG), inferior 
temporal gyrus (ITG), superior parietal lobule (SPL), inferior parietal lobule 
(IPL), precuneus, postcentral gyrus (PoG), cingulate gyrus (CG), medioventral 
occipital cortex (MVOcC), lateral occipital cortex (LOoC), hippocampus, 
basal ganglia (BG), and thalamus. These results indicate that the network 

). 
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differences after family-wise error correction. The correlation between the 
graph metrics in the acute stage and longitudinal changes in the graph metrics 

r = 0.820, P < 
0.001; ). 

functional networks. This trend is consistent with other studies that have 
reported recovered connectivity (Dall’Acqua et al., 2017). Dall’Acqua et al. 
(2017) also observed recovery of structural connectivity and FC one year 

while others reported weakened connectivity within 3 months after injury 

of imaging post mTBI may have significant implications for the variability 
of results across different studies. Future work should consider recruiting 

process. Additionally, different analysis methods and the heterogeneous 
nature of mTBI and patient characteristics may also explain the different 
results observed in various studies. Overall, our findings support previous 
evidence indicating that functional and structural connectivity are strongly 
interrelated (Hagmann et al., 2008; Honey et al., 2009; van den Heuvel et al., 
2009; Yuan et al., 2015).

findings are in line with an earlier study (Kuceyeski et al., 2019). Here, we 
found that greater network efficiency was associated with better cognitive 

Caeyenberghs et al. (2014), indicating that similar mechanisms may exist 
across mild to severe TBI. Additionally, we found that longer path length 
was correlated with lower cognitive performance, which is in agreement 
with another study (Kim et al., 2014). The above-mentioned findings are 
further supported by pathological studies that have shown a correlation 
between TBI-induced abnormalities and cognitive impairments at the 
cellular and subcellular levels (Liu et al., 2021; Bolte et al., 2023). However, 
a study by van der Horn et al. (2017) reported the opposite correlation, 
as in, decreased global efficiency was associated with improved cognitive 

characteristics of individuals with mTBI (e.g., traumatic position, cause of 
injury). Nonetheless, it is important to note that none of the correlations 
remained significant after adjusting for multiple comparisons. Therefore, it 
is appropriate to consider the correlations between the longitudinal graph 

The current study had several limitations. First, the study had a relatively 
small sample size, particularly in the longitudinal comparison group. As 
a result of the COVID-19 pandemic, the number of subjects that could 
be recruited decreased significantly. Future studies should aim to recruit 
larger numbers of mTBI patients to increase the statistical power and 
generalizability of the results. Second, the structural network construction 
relied on deterministic fiber tracking, which might not fully represent the 

as probabilistic fiber tracking, should be explored and validated. Third, the 

specificity when used as measures of structural connectivity. Advanced 

explored in future research. 

in the acute stage only, which are reflected by subnetwork connectivity. 

analysis based on subnetworks can help to characterize these changes in 
more detail and may have value as a predictor of prognosis.

the manuscript.

project outline. 
This is an open access journal, and 

to remix, tweak, and build upon the work non-commercially, as long as 
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r = 0.82

changes in Ne. 

than 3 months of follow-up assessments, we founded a tendency towards 

patient group. Furthermore, better cognitive function was correlated with 

In the cross-sectional comparison, we found no significant differences in 

and FC in the acute stage after mTBI. Our findings are in alignment with a 

connectivity between mTBI patients and HCs (van der Horn et al., 2017). 

both mTBI patients and HCs exhibited typical features of a small-world 
system, characterized by a normalized clustering coefficient considerably 

worldness index significantly above 1. However, within the DAN, the mTBI 

The increase in short connections suggest enhanced local robustness and 

a greater number of nodes to reach its ultimate destination (Rubinov and 

the first to second scan also suggest a possible compensatory mechanism. 
Similarly, the compensatory trends observed after TBI have been validated 
by pathological studies conducted at various research institutes (Chao et 
al., 2019; Capizzi et al., 2020). A higher small-worldness in the acute stage 
has been associated with better nodal efficiency recovery, indicating that 

networks exhibiting overly small-world patterns showed reduced efficiency 
in terms of global integration, leading to poorer outcomes. Another study 

2017). Those results suggest that chronic impairment is associated with small-

In our longitudinal comparison, we identified a noticeable trend towards 
recovery in both the global and nodal characteristics of the structural and 
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