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Various cognitive disorders have been reported for mild traumatic brain injury (mTBI)

patients during the acute stage. This acute stage provides an opportunity for clinicians

to optimize treatment protocols, which are based on the evaluation of brain structural

connectivity. So far, most brain functional magnetic resonance imaging studies are

focused on moderate to severe traumatic brain injuries (TBIs). In this study, we

prospectively collected resting state data on 50 mTBI within 3 days of injury and 50

healthy volunteers and analyzed them using Amplitude of low-frequency fluctuation

(ALFF), Regional Homogeneity (ReHo), graph theory methods and behavior measure, to

explore the dysfunctional brain regions in acute mTBI. In our study, a total of 50 patients

suffering <3 days mTBI and 50 healthy subjects were tested in rs-fMRI, as well as under

neuropsychological examinations including the Wechsler Intelligence Scale and Stroop

Color and Word Test. The correlation analysis was conducted between graph theoretic

parameters and neuropsychological results. For the mTBI group, the ReHo of the inferior

temporal gyrus and the cerebellum superior are significantly lower than in the control

group, and the ALFF of the left insula, the cerebellum inferior, and the middle occipital

gyrus were significantly higher than in the control group, which implies the dysfunctionality

usually observed in Parkinson’s disease. Executive function disorder was significantly

correlated with the global efficiencies of the dorsolateral superior frontal gyrus and the

anterior cingulate cortex, which is consistent with the literature: the acute mTBI patients

demonstrate abnormality in terms of motor speed, association, information processing

speed, attention, and short-term memory function. Correlation analysis between the

neuropsychological outcomes and the network efficiency for the mTBI group indicates

that executive dysfunction might be caused by local brain changes. Our data support

the idea that the cerebral internal network has compensatory reactions in response to

sudden pathological and neurophysiological changes. In the future, multimode rs-fMRI

analysis could be a valuable tool for evaluating dysfunctional brain regions after mTBI.

Keywords: mild traumatic brain injury, rs-fMRI, neurological disorders, regional homogeneity, clinical and imaging

assessment, multi-modal analysis
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INTRODUCTION

Mild traumatic brain injury (mTBI) makes up about 75% of TBI
cases (1). Furthermore, the actual incidence of mTBI is estimated
to be even higher than the mTBI cases reported by hospitals (2).
Hence, much effort has been invested in understanding mTBI,
which is usually difficult to diagnose but could lead to serious
sequelae, in order to improve brain health. One limitation in
understanding and treating mTBI is that many mTBI patients do
not receive special interventions in hospitals (3), partially due to
the fact that mTBI patients do not show obvious abnormalities
through conventional CT and MRI imaging. Meanwhile, many
patients with mTBI develop both acute and chronic neurological
symptoms and cognitive defects (4, 5). Further, retrospective
studies have shown that the incidence of neuropsychiatric
disorders in patients with previous mTBI in their younger age
is higher compared with those without previous mTBI (6). To
better help patients during the acute phase, which provides a
window for interventions that may treat mTBI, more studies
on the abnormality of brain network and the neurocognitive
function in the acute phase are needed.

Resting-state functional magnetic resonance imaging (rs-
fMRI) reflects time synchronization of several brain regions
when the brain is in the resting state without a specific task.
It can also show a significant amount of spontaneous neuronal
activity, and it may reveal cognitive impairment caused by mTBI
(7). The main advantage of rs-fMRI is its capability of finding
abnormal functional connections, even when structural deficits
are absent. And new methods based on graph theory could be
used to compare the patients with brain injury in the acute
phase and even half a year later (8). There have been extensive
reports of changes in connectivity in patients with moderate to
severe TBIs, Alzheimer’s disease, dementia, anorexia nervosa,
and schizophrenia (9–13), which is of great significance.

In this study, rs-fMRI data and T1 anatomical image data from
mTBI patients and a control group were collected. The global
and local graphic parameter differences of functional network
connection between the mTBI group and the control group were
compared by rs-fMRI (14). First, the ReHo and ALFF between
the two groups were compared, and then the changes of local
and global efficiency for mTBI patients at the acute phase were
calculated by analyzing rs-fMRI data using the graph theory
method. The standard neuropsychological method was used to
evaluate the changes of executive function for mTBI patients in
the acute phase, and the correlations between executive network
damage and mTBI patients’ neuropsychological assessment
were explored.

METHODS AND MATERIALS

Experimental Subjects
Head trauma patients treated in the emergency department of
the third Xiangya Hospital of Central South University from
April 2014 toMarch 2020were recruited. Healthy volunteers with
matching age, gender, and education level were also recruited.

All the subjects eligible to participate in this study meet
the following inclusion and exclusion criteria. The study was

TABLE 1 | Group characteristics.

mTBI group

(N = 50)

Control group (N = 50) P-value

Sex (M/F) 25/25 25/25 N/A

Age (yr) 24.3 ± 5.2 24.1 ± 4.9 0.58

Height (cm) 169.5 ± 10.1 170.1 ± 10.0 0.41

Weight (kg) 70.4 ± 10.9 69.9 ± 9.2 0.94

Mechanism of Injury Traffic

accident (28)

Activity of

daily

Living (9)

Sport

Activity (13)

N/A N/A

GCS score 14 (26)

15 (24)

N/A N/A

LOC <30min N/A N/A

approved by the IRB of Third Xiangya Hospital, Central South
University, and the study on humans was carried out in
accordance with the relevant Measures for the Ethical Review
of Biomedical Research Involving Humans (China, 2016). All
participants in the study signed an informed consent form.
Group characteristics are shown in Table 1.

The inclusion criteria (all required) specified that patients:
(1) The GCS score is between 13 and 15 points; (2) Loss
of consciousness (LOC) lasted <30min; the subject had post-
traumatic amnesia (PTA) of <20 h or had an alternation in the
mental state (e.g., disorientation, bewilderment or confusion); (3)
No intracranial hematoma showed up on a CT scan; (4) Injury
lasted <3 days; (5) The patient did not have any other serious
physical injuries (such as multiple fractures, etc.); (6) The patient
is right-handed and aged from 18 to 55 years old. The exclusion
criteria included (1) Having a history of head trauma previously;
(2) Intracranial hematoma or cerebral contusion that showed
on CT; (3) Having neurological, psychiatric, or psychological
illness; (4) Abuse of drugs, alcohol, or tobacco; (5) Being a
non-cooperator because of mentally disturbed; (6) Having had
claustrophobia; (7) Having had metal implants in the body; and
(8) Pregnancy or plans to become pregnant.

For the selected patients and control group, the same
analysis procedure (Figure 1) was adopted to analyze local and
global functional network parameters. All the procedures have
been approved by the university ethical committee on human
subject research.

Neuropsychological Assessment, PSQI,
and Treadmill Test
In the acute phase (3 days after injury), patients received a set
of neuropsychological assessments in clear consciousness and
emotionally stable condition. The Wechsler Adult Intelligence
Scale (WAIS), the most widely used tool for intelligence and
neuropsychological assessment for adults aged 16 or older (15),
was chosen for this study, in which the Stroop color-word test (S-
CWT) is used in the evaluation of craniocerebral trauma (16, 17),
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FIGURE 1 | Overview of image analysis steps.

TABLE 2 | The neuropsychological assessment, PSQI, and treadmill test results of

the mTBI group and the control group.

Behavior and Information mTBI Control group P-value

Knowledge 11.91 ± 1.95 12.33 ± 2.30 0.53

Number span 13.00 ± 2.81 12.722 ± 3.25 0.77

Drawing and filling 9.18 ± 2.01 9.944 ± 2.555 0.30

IQ 105.91 ± 12.32 107.222 ± 9.32 0.61

Digit sign test 58.773 ± 8.97 68.611 ± 9.70 0.00028*

Stroop-Word 22.415 ± 4.36 19.735 ± 4.20 0.08

Stroop-Color 35.652 ± 4.71 31.575 ± 5.72 0.018*

Stroop-Interference 61.061 ± 14.68 53.312 ± 10.20 0.18

Sleep (PSQI) 6.355 ± 10.61 3.92 ± 9.19 0.074

Sport (Treadmill test) 4.77 ± 9.24 5.26 ± 8.72 0.048

*p < 0.05.

was also adopted. Furthermore, the Pittsburgh Sleep Quality
Index (PSQI) and the treadmill test results were collected to
analyze the cognitive dysfunction relevance between the clinical
neuropsychology and functional MRI; the detailed data are
shown in Table 2.

Image Acquisition
The PHILIPS Ingenia 3.0T MRI of the third Xiangya Hospital
in Central South University was adopted for the use of image
scanning. It is equipped with a 15-channel head coil. All patients
(within 3 days after injury for the mTBI patient group) received

a high-resolution 3D sequence, a T2-FLAIR sequence, and an rs-
fMRI sequence scan. The detailed sequence parameter was the
same as with our previous study (18). During scanning, subjects
were placed in a supine position on the bed, on which foam
pads constrained the head to limit head movements. During
the process, subjects were instructed to close their eyes and stay
awake in the resting position without any cognitive tasks.

Rs-fMRI Pretreatment
The BOLD data were preprocessed using AFNI software and
MATLAB 2013a. The T1-weighted structure image was fed into
the MNI (Montreal Neurological Institute) template using the
uniform standardized spatial segmental method. As head motion
affects the quality of rs-fMRI data during the scan, a method
was developed to detect and remove the data above the RMS
error of the whole brain (19). Then the slice timing, realignment,
co-registry, normalization, smoothing, filtering, and segmenting
were processed before the section Reho and ALFF.

ReHo and ALFF
Regional homogeneity (ReHo) utilized the Kendall’s coefficient of
concordance to measure the time series varying the consistency
of bold, which present the dysfunctional brain region (Figure 2),
the equation was the following:

w =

∑

(Ri)2 − nR
2

( 1
12 )K

2(n3 − n)
(1)

In which w represents the voxel Kendall’s coefficient of
concordance, w ∈ (0, 1); when w is closer to 1, the consistency
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FIGURE 2 | Three different situations of adjacent voxels analyzed by the ReHo method: (A) six adjacent voxels connected with six surfaces; (B) twelve adjacent

voxels connected with twelve sides; (C) eight adjacent voxels connected with eight angles.

FIGURE 3 | Double t-test of the ReHo value in the mTBI group and the control group: the blue part indicates that the ReHo value of the mTBI group is significantly

lower than that of the normal group.

is higher. Here, n represents time, and K is the voxel number. Ri

is the voxel summary of the i time node; R is the average of the
Ri. In this study, the ReHo value represents the local consistency
of the brain area, while the lower ReHo value indicates the axon
nervous disorder in this local brain area.

By analyzing the correlation coefficient of the functional
brain areas in different frequency domains, (20) found that
frequencies below 0.1Hz were the main source of functional
brain connectivity, and then ALFF was proposed by Zou et al.
to reflect the activity of all brain voxels in the resting state (21).

This method first removes the linear drift from the preprocessed
data, and then the low-frequency signals are filtered out through
a band-pass filter. The low-frequency signal is processed by a
Fourier transform by taking the square root of the transformed
power spectrum; the average value of the lower amplitude of each
frequency is obtained to present the activity of each brain region.

The clustering coefficient is a measure of the separation
function. The clustering coefficient Ci of node i is defined as the
ratio of the number of the actual edges between node i and its
adjacent nodes and the largest possible numbers of edges among
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FIGURE 4 | Double sample t-test results of ALFF of the mTBI group and control group. The red part indicates that the ALFF value of mTBI group is significantly higher

than that of the control group.

those adjacent nodes, as shown in equation (2),

Ci =
2Ei

ki(ki − 1)
(2)

Where Ei denotes the number of edges between node i and all
other nodes which have connection with it. Ki represents the
number of nodes directly connected to node i. The denominator
indicates the maximum number of possible edges between node
i and its connected nodes. The clustering coefficients range from
0 to 1. Usually, Ci represents the average of all nodes in the whole
network, so the clustering coefficient of the whole network can be
expressed as C (n represents the number of nodes in the network):

C =
1

n

∑

i∈G

Ci =
1

n

∑

i∈G

(

2Ei
ki
(

ki − 1
)

)

(3)

The clustering coefficient reflects the function of the local
structure. As a result, it can be understood that when some
error occurs in the network, the clustering coefficient reflects the
repairability of the network. When a node has lost its function,

the adjacent nodes can remain intact.

Eloc_i =
1

ngi
(

ngi − 1
)

∑

i,h∈gi

1

Lj,h
(4)

Eloc =
1

n

∑

i∈G

Eloc_i (5)

Eglob_i =
1

n− 1

∑

i6=j∈G

1

Li,j
,Eglob =

1

n

∑

i∈G

Eglob_i (6)

Eloc_i and Eloc are used to represent the local structure of node
i and the network, where gi is the sub-network composed
of node i and its connected nodes. The former reflects the
degree of closeness of node i to the neighboring nodes, and
the latter reflects the stability of the whole system, as shown in
equation (4) and equation (5). Global efficiency, equation (6),
is a good indicator to measure the transmission of information
between parallel systems. Higher global efficiency is related to
better transmission of information.

Frontiers in Neurology | www.frontiersin.org 5 May 2021 | Volume 12 | Article 639760

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Shi et al. Multi-Modal Analysis of mTBI Patients

Statistical Analysis
Statistical analysis was performed using the statistical software
IBM SPSS 19.0, and the measurement data were analyzed by
mean± standard deviation (22, 23).

Comparison of Psychological Scale Scores Between

Groups
Psychological cognitive outcomes of the mTBI group and the
healthy control group were analyzed by multivariate covariance
analysis after corrected for age, sex, and IQ to find out whether
there is executive function change in mTBI group.

Correlation Analysis of Psychometric Scores and

fMRI Processing
In order to explore whether the change in the brain network
structure causes a change of psychological cognition, Pearson
correlation analysis was performed on regions with abnormal
functional parameters and various psychological cognition
results after age, gender, and IQ correction. It is confirmed that
the difference was statistically significant when P < 0.05. The
results of Alff, ReHo, and graph theory were statistically analyzed
with a two-sample t-test, this statistical method being the most
appropriate and efficient way for experiments with only two
groups of fMRI data (24).

RESULTS

ReHo Analysis Result
The ReHo value of the control group was significantly higher
than that of the injury group in the following brain regions: the
inferior temporal gyrus and the cerebellum superior, as shown in
Figure 3.

ALFF Analysis
Figure 4 presents the statistical two-sample t-test results of the
ALFF between the mTBI group and the control group, the ALFF
in the left insula, the cerebellum inferior, and the left middle
occipital gyrus of the mTBI group being significantly higher than
those in the normal group (Table 3). These results indicate that
these three brain regions have a certain degree of dysfunction,
which is usually observed in the brains of Parkinson’s disease
patients (25).

Clustering Coefficients, Local Efficiency,
and Global Efficiency
In themTBI group, the clustering coefficients of the right superior
orbital frontal gyrus, the right middle frontal gyrus, the left
inferior frontal triangle, and the right inferior occipital gyrus
significantly decreased (Figure 5). And the clustering coefficients
of the nodes in the right central posterior gyrus increased
significantly (p < 0.05). Compared with the control group, the
local efficiency of the left middle frontal gyrus of the mTBI group
was significantly decreased (p < 0.05).

The global efficiency of nodes in the mTBI group significantly
decreased in the right orbital frontal gyrus, the right anterior
wedge lobe, the right superior temporal gyrus, the right middle
temporal gyrus, the right dorsolateral pre-frontal cortex, the right

TABLE 3 | The ALFF values in the mTBI group compared with those in the control

group.

Brain region Peak ALFF Location

X Y Z

Insula_L 4.01 −44 6 6

Cerebellum_7b_R 2.64 16 −80 −49

Occipital_MID_L 3.55 −44 −68 6

FIGURE 5 | The decrease of clustering coefficients and local efficiency in the

mTBI group.

anterior cingulate gyrus, the right suboccipital gyrus, the right
gyrus lingualis, and the right inferior parietal lobe, as shown in
Figure 6 (p < 0.05).

Correlation Analysis of Psychometric
Scores and fMRI Processing
In this study, there was a strong positive correlation between
global efficiency and the digit sign score (p < 0.05) of the
dorsolateral pre-frontal cortex of the mTBI group (Figure 7A).
The global efficiency of the anterior cingulate gyrus was strongly
negatively correlated with the response time of the stroop-color
test (p < 0.05; Figure 7B).
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FIGURE 6 | The decrease of nodes global efficiency in the mTBI group.

FIGURE 7 | (A) Significant positive correlation was observed between the digit symbol scores of the mTBI group and the node global efficiency of the dorsolateral

pre-frontal cortex (p < 0.05); (B) the stroop-color response time of the mTBI group was significantly negatively correlated with the global efficiency of the anterior

cingulate gyrus (p < 0.05).

DISCUSSION

This study focused on investigating the altered local and
global dysfunctional region to reveal the pathology of mTBI
with multimode analysis, including ReHo, ALFF with graph
theory, and neuropsychological outcomes. In our study, the
main findings are as follows: both executive and kinematics
dysfunction in mTBI patients as well as neuropsychological
outcomes in acute phase existed, and significant differences in
structure connections, ReHo, and ALFF in some brain regions
between mTBI patients and control group could be found.

ReHo’s statistical results showed that compared with the
control group, the inferior temporal gyrus and the upper
cerebellum of the brain injury group were significantly reduced.

This result is consistent with the movement control, muscle
tension control, sensory perception, micro-motor coordination,
posture, and gait changes in patients with mTBI after injury
(26, 27). It is also consistent with the difference in the kinematic
test scores (Table 2) we observed in this study: the inferior
temporal gyrus is mainly responsible for cognitive learning of
objects. According to the statistical results of ALFF, the abnormal
brain function in the brain injury group occurred in the left
insula, the cerebellum inferior, and the left middle occipital gyrus.
The middle occipital gyrus is the center of the visual cortex, and
these abnormalities usually lead to visual disturbances, as well as
memory and motor perception disturbances. This is in line with
the clinical observation that mTBI patients tend to see double
images in the acute phase and suffer from memory lapses. While
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the abnormal ALFF of the insula indicates the dysfunction of
emotional adjustment and addiction, there’s also a retrospective
study of mTBI (28–32) that reported that patients who suffered
mTBI in their youth were more likely to have emotional disorders
and addiction problems.

Abnormal structural connections in the brain indicate
the possibility of various types of dysfunction, and our
study mainly presents the cerebellar-temporal lobe and basal
ganglia-cerebellar circuits. Clinical studies have reported that
mTBI patients usually suffer motor dysfunction and abnormal
executive function in the acute phase, which is consistent
with the results of this study in the cerebellar-temporal lobe
structural connectivity abnormalities.Moreover, the basal ganglia
are cooperatively regulated by the cerebral cortex and the
cerebellum, and voluntary motor muscle tension and postural
reflex also participate in the regulation of complex behaviors.
The abnormalities of basilar-cerebellar structural connections
obtained in this study need to be further explored in relation to
clinical symptoms. And the limitations of this study include the
lack of long-term follow-up data and convalescence stage fMRI
analysis, which deserves to be further investigated.

The behavioral results of this study found that the mTBI
patients performed worse on the number symbol test and
the Stroop test than the control group, which reflects the
discrepancy in attention and short-term test of memory,
perceptual discrimination, writing speed, and the efficiency
of association and information processing. Our experimental
results show that patients with mTBI cannot process external
information normally and give appropriate feedback during the
acute phase: it took a while to recover their working memory
and work efficiency. At the same time, mTBI patients take longer
on the Stroop test compared with the control group. The Stroop
mainly evaluates attention control and attention execution ability
of the subjects, suggesting that mTBI patients have control
and executive dysfunction in the acute phase. These cognitive
abnormalities are related to our analysis in graph theory, as
shown in Figure 7.

CONCLUSIONS

Compared with the control group, the acute phase mTBI
group performed poorly in the DSTT and Stroop test,
indicating a dysfunction among mTBI patients in movement
speed, association, information processing speed, attention, and
short-term memory. Meanwhile, abnormal multimode rsMRI
parameters in some brain regions of acute mTBI patients

are correlated with executive function performance, indicating
that changes in local brain regions may be the cause of
the decline in information processing speed and executive
function. In conclusion, multimode analysis of mTBI patients
based on rs-fMRI, including ALFF, ReHo, graph theory, and
neuropsychological outcomes, can be used formore objective and
accurate brain region assessment of acute mTBI.
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19. Mišić B, Fatima Z, Askren MK, Buschkuehl M, Churchill N, Cimprich B, et al.
The functional connectivity landscape of the human brain. PLoS ONE. (2014)
9:e111007. doi: 10.1371/journal.pone.0111007

20. Cordes D, Haughton VM, Arfanakis K, Turski PA, Moritz CH, et al.
Frequencies contributing to functional connectivity in the cerebral cortex in
“resting-state” data. Am J Neuroradiol. (2001) 22:1326–33.

21. Zou QH, Zhu CZ, Yang Y, Zuo XN, Long XY, Cao QJ, et al. An improved
approach to detection of amplitude of low-frequency fluctuation (ALFF) for
resting-state fMRI: fractional ALFF. J Neurosci Methods. (2008) 172:137–
41. doi: 10.1016/j.jneumeth.2008.04.012

22. Langer.N, Pedroni. A, Gianotti. L.R, Hänggi. J, Knoch. D, Jäncke. L. Functional
brain network efficiency predicts intelligence. Hum Brain Mapp. (2012)
33:1393–406. doi: 10.1002/hbm.21297

23. de Reus MA, van den Heuvel MP. Estimating false positives
and negatives in brain networks. Neuroimage. (2013) 15:402–
9. doi: 10.1016/j.neuroimage.2012.12.066

24. Wang Z, Yan C, Zhao C, Qi Z, Zhou W, Lu J, et al. Spatial patterns of
intrinsic brain activity in mild cognitive impairment and Alzheimer’s disease:
a resting-state functional MRI study. Hum Brain Mapp. (2011) 32:1720–
40. doi: 10.1002/hbm.21140

25. Williams-Gray CH, Foltynie T, Brayne CE, Robbins TW, Barker RA.
Evolution of cognitive dysfunction in an incident Parkinson’s disease cohort.
Brain. (2007) 130:1787–98. doi: 10.1093/brain/awm111

26. McCrea M, Iverson GL, McAllister TW, Hammeke TA, Powell MR, Barr
WB, et al. An integrated review of recovery after mild traumatic brain injury
(mTBI): implications for clinical management. Clin Neuropsychol. (2009)
23:1368–90. doi: 10.1080/13854040903074652

27. Mouzon BC, Bachmeier C, Ojo JO, Acker CM, Ferguson S, Paris
D, et al. Lifelong behavioral and neuropathological consequences of
repetitive mild traumatic brain injury. Ann Clin Transl Neur. (2018) 5:64–
80. doi: 10.1002/acn3.510

28. Zhan J, Gao L, Zhou F, Kuang H, Zhao J, Wang S, et al. Decreased
regional homogeneity in patients with acute mild traumatic
brain injury: a resting-state fMRI study. J Nerv Ment Dis. (2015)
203:786–91. doi: 10.1097/NMD.0000000000000368

29. Proskynitopoulos PJ, Stippler M, Kasper EM. Post-traumatic anosmia
in patients with mild traumatic brain injury (mTBI): a systematic
and illustrated review. Surg Neurol Int. (2016) 7 (Suppl. 10):S263–
75. doi: 10.4103/2152-7806.181981

30. Seabury SA, Gaudette É, Goldman DP, Markowitz AJ, Brooks J,
McCrea MA, et al. Assessment of follow-up care after emergency
department presentation for mild traumatic brain injury and concussion:
results from the TRACK-TBI study. JAMA Netw Open. (2018)
18:e180210. doi: 10.1001/jamanetworkopen.2018.0210

31. Sherer M, Sander AM, Nick TG, High WM Jr, Malec JF, Rosenthal M.
Early cognitive status and productivity outcome after traumatic brain injury:
findings from the TBI model systems. Arch Phys Med Rehabil. (2002) 83:183–
92. doi: 10.1053/apmr.2002.28802

32. Nakamura T, Hillary FG, Biswal BB. Resting network plasticity following brain
injury. PLoS ONE. (2009) 4:e8220. doi: 10.1371/journal.pone.0008220

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Shi, Teng, Du and Li. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 9 May 2021 | Volume 12 | Article 639760

https://doi.org/10.1097/00001199-200501000-00003
https://doi.org/10.1007/s11682-012-9156-5
https://doi.org/10.1016/j.neuroimage.2011.07.081
https://doi.org/10.1038/s41598-020-65948-4
https://doi.org/10.1002/hbm.21151
https://doi.org/10.1016/j.neuroimage.2005.12.033
https://doi.org/10.3390/jcm9082477
https://doi.org/10.3390/jcm9040900
https://doi.org/10.1016/j.schres.2007.05.029
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1007/s00234-005-1372-x
https://doi.org/10.1111/jnp.12002
https://doi.org/10.1371/journal.pone.0111007
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1002/hbm.21297
https://doi.org/10.1016/j.neuroimage.2012.12.066
https://doi.org/10.1002/hbm.21140
https://doi.org/10.1093/brain/awm111
https://doi.org/10.1080/13854040903074652
https://doi.org/10.1002/acn3.510
https://doi.org/10.1097/NMD.0000000000000368
https://doi.org/10.4103/2152-7806.181981
https://doi.org/10.1001/jamanetworkopen.2018.0210
https://doi.org/10.1053/apmr.2002.28802
https://doi.org/10.1371/journal.pone.0008220
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Multi-Modal Analysis of Resting-State fMRI Data in mTBI Patients and Association With Neuropsychological Outcomes
	Introduction
	Methods and Materials
	Experimental Subjects
	Neuropsychological Assessment, PSQI, and Treadmill Test
	Image Acquisition
	Rs-fMRI Pretreatment
	ReHo and ALFF
	Statistical Analysis
	Comparison of Psychological Scale Scores Between Groups
	Correlation Analysis of Psychometric Scores and fMRI Processing


	Results
	ReHo Analysis Result
	ALFF Analysis
	Clustering Coefficients, Local Efficiency, and Global Efficiency
	Correlation Analysis of Psychometric Scores and fMRI Processing

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


