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Purpose: We explored changes in spontaneous brain connectivity in patients with diffuse 
axonal injury (DAI), assessed via functional connectivity density (FCD) tests using different 
frequency bands.
Patients and Methods: In all, 23 patients with DAI (17 males and 6 females) and 23 
healthy controls (HCs; 17 males and 6 females) were included. Functional magnetic reso
nance imaging scans were performed when the participants were in a resting state and the 
FCD levels in three frequency bands (slow-4: 0.027–0.073 Hz, slow-5: 0.01–0.027 Hz, and 
typical: 0.01–0.08 Hz) were measured. In addition, Pearson’s correlation coefficient was used 
to explore the relationship between clinical indices and brain regions with abnormal FCD 
values.
Results: Compared to HCs, DAI patients had significantly greater FCD values in the right 
extranuclear/limbic lobe/cingulate gyrus and left limbic lobe/hippocampus/parahippocampal 
gyrus, and significantly lower FCD values in the left precuneus/posterior cingulate gyrus, in 
the slow-4 band. In the slow-5 band, the DAI patients had higher FCD values in the left 
inferior temporal gyrus/superior temporal gyrus, left parahippocampal gyrus/limbic lobe, left 
extranuclear/cingulate gyrus, and right medial frontal gyrus, and lower values in the right 
inferior frontal gyrus, right inferior parietal lobule, and left cingulate gyrus/limbic lobe. 
Moreover, compared to HCs, the values in the typical band were higher in the right extra
nuclear/limbic lobe/hippocampus/parahippocampal gyrus, but were significantly lower in the 
right precuneus/posterior cingulate gyrus and right inferior parietal lobule/supramarginal 
gyrus. The abnormal FCD values of these brain regions were linearly correlated with 
different clinical scale scores.
Conclusion: DAI patients had abnormal FCD values in various brain regions, indicating 
disruption to the brain functional network. Moreover, the values were frequency dependent. 
Our results provide new evidence for the pathogenesis of functional impairment and may 
explain the neuropathological or compensatory mechanism of the disease.
Keywords: diffuse axonal injury, functional connectivity density, functional magnetic 
resonance imaging, frequency bands

Introduction
Diffuse axonal injury (DAI) is a common and serious traumatic brain injury (TBI). 
It accounts for about 20% of severe craniocerebral injuries and 29–43% of deaths 
from TBI1,2 It is the result of the brain moving when subjected to a severe external 
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force, such as a car accident. Due to differences in the 
mass and elasticity of gray and white matter, these regions 
move in different ways, resulting in shear stress. This leads 
to rupture of nerve axons and capillary damage, ultimately 
resulting in DAI. The common regions of injury in DAI 
are where nerve axons are gathered, such as the gray– 
white matter junction, corpus callosum, brainstem, cere
bellum, and internal capsule.3

TBI typically causes persistent cognitive and beha
vioral dysfunction, such as memory, attention, emotion, 
and executive dysfunction. However, the clinical manifes
tations of DAI are a series of nonspecific symptoms, 
including disturbance of consciousness, pupil changes, 
coma, restlessness, memory loss, limb movement disor
ders, and language disorders. The most prominent clinical 
manifestation of DAI is rapidly progressive consciousness 
disorder without obvious focal injury. Furthermore, it can 
occur alone or be accompanied by severe brain contusion 
and laceration, brainstem blood vessel injury, and deep 
brain hemorrhage. Because of its nonspecific symptoms 
and wide range of axonal injuries, DAI is difficult to 
diagnose and recover from.

Computed tomography (CT) is often applied to DAI 
early after presentation. It has a short examination time 
and can quickly differentiate whether acute patients have 
brain parenchyma injury and hemorrhage. But its sensitiv
ity is poor for the detection of microhemorrhage, and its 
resolution for soft tissue is poor. Compared to CT, con
ventional magnetic resonance imaging (MRI) sequences 
offer higher resolution and do not emit radiation. 
However, neither option can directly reveal the extent of 
damaged axons, and thus many clinical symptoms cannot 
be explained.

In recent years, the rapid development of neuroima
ging technology has provided more possibilities for 
studying the pathogenesis of neuropsychiatric diseases. 
Notably, resting-state functional MRI (rs-fMRI) can pro
vide evidence of changes in spontaneous activity closely 
related to various nervous system diseases. The technol
ogy takes advantage of the different magnetisms of oxy
hemoglobin and deoxyhemoglobin to provide signals that 
depend on the blood oxygen levels in different brain 
regions. In particular, signals from spontaneous neural 
activity in the resting state are good biomarkers for the 
study of brain-related clinical conditions. The use of rs- 
fMRI to assess functional connectivity density (FCD) is 
one method to assess brain trauma injury.4,5 FCD is 
a voxel data-driven method of whole-brain analysis, 

which has the advantage of relatively fast processing 
speed. In this method, the number of connections among 
voxels in the whole brain below a certain threshold are 
detected. Different from the traditional functional connec
tivity method which focus on connection strength 
between two voxels or two regions of interest, FCD 
reflects the relation between one region to the whole 
brain. Therefore, FCD can indirectly reflect the role and 
status of a region in brain functional network. The FCD 
method has been widely used in Alzheimer’s disease,6 

schizophrenia,7 Parkinson’s disease,8 and anisometropic 
amblyopia.9 However, it has not been used in DAI 
patients. In this study, we applied the FCD method at 
different frequency bands to DAI patients, and then 
attempted to explain the pathological mechanism of 
their clinical symptoms.

Patients and Methods
Participants
We recruited 23 patients with DAI (17 males and 6 
females) and 23 healthy controls (HCs; 17 males and 6 
females). The education level and age of the two groups 
were matched. All of the subjects were right-handed. All 
DAI patients were diagnosed according to the imaging 
results and clinical manifestations in the First Affiliated 
Hospital of Nanchang University, People’s Republic of 
China. The inclusion criteria for DAI patients were 
a history of closed head trauma (acceleration–deceleration 
effect or high-speed rotation); brain MRI showing possible 
diffuse pathology without large focal lesions (over 
10 mm3); hemodynamically stable and 18–60 years old.

The exclusion criteria were CT showing obvious inju
ries (such as cerebral contusion and laceration, subdural/ 
epidural hematoma, or intracerebral hemorrhage, with 
a volume greater than 10 mL); systemic diseases such as 
a history of brain trauma or cerebrovascular disease, 
Parkinson’s disease, intracranial space occupation, epi
lepsy, Alzheimer’s disease, multiple sclerosis, psychologi
cal disorders, alcoholism, drug abuse, encephalitis, or 
diabetes; a midline offset >3 mm; bilateral pupillary reac
tion deficiency; and/or contraindications for MRI. In the 
same period, 23 healthy volunteers, matched in age, sex, 
and education, were recruited according to the following 
inclusion criteria: no abnormalities in a routine head MRI 
examination and no diabetes, alcoholism, neuropsychiatric 
diseases, or other systemic disease that might cause an 
abnormal brain condition.
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All participants were informed of the method, purpose, 
content, precautions, and possible problems of the study 
and signed a consent form. The study was performed in 
accordance with the principles of the Helsinki Declaration 
and received approval from the Medical Research Ethics 
Committee of The First Affiliated Hospital of Nanchang 
University.

Questionnaires
Before performing MRI scanning, all subjects were 
assessed with different clinical scales, including the 
Glasgow Coma Scale (GCS), Disability Rating Scale 
(DRS), Mini-mental State Examination (MMSE), 
Activities of Daily Living (ADL), Motor Assessment 
Scale (MAS), Agitation Behavior Scale (ABS), Beck 
Depression Inventory (BDI), and Hamilton Anxiety Scale 
(HAMA). GCS was used to evaluate patients’ conscious
ness levels; ABS, DRS, and MAS were used to evaluate 
body-related functions; ADL was used for patients’ quality 
of life after injury; and MMSE and HAMA were used for 
cognitive functions. These scales are widely used in 
patients with nervous system diseases and can comprehen
sively evaluate various brain functions of patients.

MRI Acquisition
All subjects received MRI scans with a 3.0 T scanner (Trio 
TIM, Siemens, Erlangen, Bavaria, Germany) in the resting 
state with eyes closed while remaining awake. Firstly, each 
participant underwent a conventional T1-weighted and T2- 
weighted MRI scan, with the same parameters described in 
previous study.6 Images of 240 functional volumes were 
obtained with the echo planar imaging sequence (TR = 
2000 ms, TE = 30 ms, matrix = 64 × 64, flip angle = 90°, 
FOV = 220 mm × 220 mm, slices = 30, and slice thickness 
= 4 mm). Oriented, three-dimensional, T1 images were 
also acquired (TR = 1900 ms, TE = 2.26 ms, matrix = 
240 × 256, flip angle = 9°, FOV = 215 × 230 mm, slices = 
176, and slice thickness = 1.0 mm).

Resting-State Date Preprocessing
The Data Processing Assistant for Resting-State fMRI 
v2.1 (http://www.restfmri.net/forum/dparsf) on MATLAB 
7.14.0 (Mathworks, Natick, MA, USA) and SPM12 (http:// 
www.fil.ion.ucl.ac.uk/spm) were used to preprocess the 
data. Removing the initial 10 volumes and applying slice- 
timing correction and realignment to the remaining 
images. A subject was excluded if his or her head motion 
had a maximum spin (x, y, or z) >2.0°. Then, the data were 

normalized to the Montreal Neurological Institute space. 
Finally, bandpass filtering (ranging from 0.01 to 0.08 Hz) 
was used to reduce the effects of noise.

FCD Analyses
The FCD of each voxel was calculated using an in-house 
script, as described by Tomasi and Volkow.10,11 Pearson’s 
linear correlation coefficient, r, was calculated to identify 
the strength of the functional connectivity among voxels. 
Next, the FCD values were spatially smoothed using 
a Gaussian kernel with a full-width at half-maximum 
of 8 mm.

FCD is useful for exploring the strength of functional 
connections in the brain. To detect DAI-related brain con
nections, we calculated the FCD for three frequency 
bands: slow-4 (0.027–0.073 Hz), slow-5 (0.01–0.027 
Hz), and typical (0.01–0.08 Hz).

Statistical Analyses
We used the SPSS 20.0 software (SPSS Inc, Chicago, IL, 
USA) to analyze demographic and clinical differences. 
The chi-square test was used to compare the classification 
data (handedness and sex). Two-sample t-tests were 
applied for the differences in the age and clinical scales; 
p < 0.05 was considered significantly different. The 
SPM12.0 software was used to compare FCD values of 
different brain areas between DAI and HC group. The data 
were collected with a voxel level of p < 0.01 and a cluster 
level of p < 0.05, based on the Gaussian random field 
theory. Then, the relationships between the FCD values 
and clinical scales were analyzed using Pearson correla
tion analysis.

Results
Demographic and Behavior 
Measurements
No significant differences were found in sex (p > 0.99) or 
age (p = 0.928) between the DAI patients and HCs. The 
mean duration of DAI was 78.63 days. As for the clinical 
scales, the scores for GCS, MMSE, and MAS were signifi
cantly lower in DAI patients than in the HC group, while the 
scores for DRS, ADL, ABS, BDI, and HAMA were signifi
cantly higher (p < 0.05); Further details are shown in Table 
1. The results indicated DAI patients had a variety of brain 
dysfunction, such as disturbance of consciousness, cognitive 
impairment and emotional disorders.
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FCD Results
Figure 1 shows the group mean FCD values in DAI patients 
and healthy controls. In the slow-4 band, DAI patients had 
significantly higher FCD values in the right extranuclear/ 
limbic lobe/cingulate gyrus and left limbic lobe/hippocam
pus/parahippocampal gyrus than HCs. However, the values 
in the left precuneus/posterior cingulate gyrus in that band 
were significantly lower (Figure 2 and Table 2). In the slow-5 
band, the values were significantly higher in the left inferior 
temporal gyrus/superior temporal gyrus, left parahippocam
pal gyrus/limbic lobe, left extranuclear/cingulate gyrus, and 
right medial frontal gyrus, and lower in the right inferior 
frontal gyrus, right inferior parietal lobule, and left cingulate 
gyrus/limbic lobe (Figure 2 and Table 3). Furthermore, in the 
typical range, DAI patients had significantly higher values in 
the right extranuclear/limbic lobe/hippocampus/parahippo
campal gyrus, but significantly lower values in the right 
precuneus/posterior cingulate gyrus and right inferior parietal 
lobule/supramarginal gyrus (Figure 3 and Table 4).

Correlation Analyses
In correlation analyses, the elevated FCD values in the 
right extra-nuclear/limbic lobe/cingulate gyrus and left 
limbic lobe/hippocampus/parahippocampal gyrus of DAI 
patients using the slow-4 band were positively correlated 
with DRS score and the lower values in the left precuneus/ 
posterior cingulate were positively correlated with ABS 
score. For the slow-5 band, the elevated values in the left 

parahippocampal gyrus/limbic lobe were positively corre
lated with DRS score, and the lower values in the right 
inferior frontal gyrus were negatively correlated with DRS 
score; the lower values in the right inferior parietal lobule 
were positively correlated with ADL score. Finally, the 
abnormal FCD values for the typical band in the right 
extranuclear/limbic lobe/hippocampus/parahippocampal 
gyrus and right precuneus/posterior cingulate gyrus were 
positively correlated with DRS score and negatively cor
related with MMSE score. See the details in Table 5.

Discussion
In the past several years, great progress has been made in 
the field of functional MRI. For example, diffusion- 
weighted imaging (DWI) and susceptibility-weighted ima
ging (SWI) are useful for showing white matter pathology 
and microhemorrhage, respectively. However, rs-fMRI 
provides a better understanding of brain dysfunction by 
examining changes in spontaneous brain activity when 
subjects are at rest. Previous studies have used the ampli
tude of low-frequency fluctuation (ALFF) and regional 
homogeneity (ReHo) to assess DAI patients.12,13 FCD is 
a useful tool for exploring the connections in the brain, 
being noninvasive and highly repeatable in the resting 
state. To the best of our knowledge, this is the first time 
that the FCD method has been applied to patients 
with DAI.

We documented abnormal FCD values in various brain 
regions (eg, limbic lobe, cingulate gyrus, extra-nuclear, 
hippocampus, and parahippocampal gyrus) of DAI 
patients. The limbic lobe consists of the cingulate gyrus, 
parahippocampal gyrus, hippocampus, and other struc
tures; it is located inside the cerebral hemisphere and 
surrounds the upper end of the brainstem and the corpus 
callosum. The limbic lobe, cingulate gyrus, hippocampus, 
and parahippocampal gyrus are important components of 
the limbic system. The aforementioned structures are con
nected to each other through the Papez circuit and have 
extensive connections with other brain structures. Through 
connections with the hypothalamus and the autonomic 
nervous system, the limbic system is involved in mediat
ing instinct and emotional behavior, and regulation of 
visceral activity. Moreines et al14 reported abnormal activ
ity in the limbic lobe in patients with depression and found 
that increased connectivity of limbic lobe was associate 
with negative emotions. Similarly, we found higher FCD 
values in limbic lobe and cingulate gyrus in DAI patients 
in three bands, which were speculated to be one of the 

Table 1 Demographics and Behavioral Results of DAI and HCs

DAI HC p-value

Male/female 17/6 17/6 >0.99
Age (years) 37.22±13.23 37.57±12.76 0.928

Handedness 23 R 23 R >0.99

Duration (days) 78.63±106.90 N/A N/A
GCS 7.45±4.89 15±0 <0.05

DRS 10.65±7.79 0±0 <0.05

MMSE 20.45±10.03 29.56±0.68 <0.05
ADL 30.35±13.15 13.28±0.71 <0.05

MAS 37.52±9.84 48±0 <0.05
ABS 19.91±8.63 12±1.43 <0.05

BDI 13.95±5.11 5.36±3.12 <0.05

HAMA 8.71±7.87 1.02±0.52 <0.05

Note: Chi-square test and independent t-tests comparing the two groups (p<0.05 
represented statistically significant differences). 
Abbreviations: DAI, diffuse axonal injury; HCs, healthy controls; N/A, not applic
able; R, right; GCS, Glasgow Coma Scale; DRS, Disability Rating Scale; MMSE, Mini- 
Mental State Examination; ADL, Activities of Daily Living; MAS, Motor Assessment 
Scale; ABS, Agitation Behavior Scale; BDI, Beck Depression Inventory; HAMA, 
Hamilton Anxiety Scale.
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pathogenic factors of emotional disorder in DAI. In addi
tion, the extra-nuclear region plays an important role in 
emotional processing. Depressive patients who experi
enced childhood neglect exhibit decreased voxel-based 
morphometry in the bilateral extra-nuclear. What is more, 
the decreased voxel-based morphometry was found to be 
negatively correlated with HAMA.15 Lei et al16 found that 
white matter in the bilateral extra-nuclear was damaged in 
rats model with deficit schizophrenia, suggesting extra- 
nuclear impairment was important for the occurrence of 
greater negative symptoms and anhedonia. Contrary to the 
findings presented above, the FCD values of extra-nuclear 
in DAI patients were increased in both slow-4 band and 
typical band, and it might be a compensatory mechanism 
for mental disorder in DAI. A study conducted by 
Slobounov et al17 concluded that athletes with concussion 
have more activity in the hippocampus when performing 
spatial memory tasks, in contrast to HCs. Increased ReHo 
and ALFF values in the bilateral hippocampus and para
hippocampal gyrus have also been observed in patients 

with mild cognitive impairment without lacunar 
infarction.18 That can be explained compensation in 
patients with cognitive impairment. In the current study, 
we found that FCD values in the extra-nuclear, limbic 
lobe, cingulate gyrus, hippocampus, and parahippocampal 
gyrus were significantly higher in DAI patients. 
Furthermore, the increased values in the right extranuc
lear/limbic lobe/cingulate gyrus and left limbic lobe/hip
pocampus/parahippocampal gyrus in slow-4 band were 
positively correlated with DRS score and the increased 
values in the right extranuclear/limbic lobe/hippocampus/ 
parahippocampal gyrus in typical band were positively 
correlated with DRS score and negatively correlated with 
MMSE score. The increased FCD values in these brain 
regions might be related to the mechanism of emotional 
disorders and the activation of brain regions working as 
a compensatory mechanism for brain function after injury. 
It is worth noting that in the slow-5 band, the FCD value 
of the left limbic lobe/left cingulate gyrus was 
significantly lower, indicating severe damage in this 

Figure 1 Whole-brain voxel-wise functional connectivity density (FCD) patterns in diffuse axonal injury patients and healthy controls. 
Abbreviations: DAI, diffuse axonal injury; HCs, healthy controls; FCD, functional connectivity density; LH, left hemisphere; RH, right hemisphere.
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region. The reason for this phenomenon may be the domi
nant hemisphere of individual were more fragile to be 
damaged.

The default mode network (DMN) is an important brain 
network in humans, with strong, spontaneous activity in the 

resting state. It is involved in introspection, recalling the 
past, thinking about the future, and introversion thinking 
activities under the basic or default state. As important parts 
of the DMN system, the precuneus and posterior cingulate 
gyrus are responsible for consciousness, learning, memory, 

Figure 2 Areas with significant differences in functional connectivity density (FCD) in the slow-4 frequency band (0.027–0.073 Hz) between patients with diffuse axonal 
injury and healthy controls. Red (blue) indicate higher (lower) FCD values (p < 0.05, GRF corrected). Clusters showing significant differences in functional connectivity 
density in the slow-5 frequency band (0.01–0.027 Hz) between patients with diffuse axonal injury and healthy controls, in axial view. 
Abbreviations: DAI, diffuse axonal injury; HC, healthy control; FCD, functional connectivity density; LH, left hemisphere; RH, right hemisphere.

Table 2 Brain Regions with Significant Differences in FCD Between DAI Patients and HCs in Slow-4 Band

L/R Brain Areas T-values Voxel MNI Coordinates

x y z

DAI>HC R Extra-Nuclear/Limbic Lobe/Cingulate Gyrus 5.818 588 30 −39 21

DAI>HC L Limbic Lobe/Hippocampus/Parahippocampal Gyrus 4.836 176 −36 −39 −3

DAI<HC L Precuneus/Posterior Cingulate −4.711 121 −3 −66 24

Notes: The statistical threshold was set at a voxel level P<0.01 and a cluster level of P<0.05 based on Gaussian random field theory. 
Abbreviations: FCD, functional connectivity density; DAI, diffuse axonal injury; HCs, healthy controls; R, right; L, left; MNI, Montreal Neurological Institute.
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and other cognitive functions by automatically collecting 
and integrating information from the human body and sur
rounding environment. Johnson et al19 reported a reduced 
number of connections and detectable connection strengths 
in the DMN of patients with subconcussive head trauma. 
Another study that used rs-fMRI found a significantly lower 
ALFF value in the precuneus of DAI patients, which also 
correlated with GCS score.12 Therefore, it can be speculated 
that the DMN may be associated with disorder of con
sciousness. Another study observed different degrees of 
injury in the cingulum, including the posterior cingulate 
gyrus, in TBI patients.20 That might be the reason for the 
impairment of sustained attention in TBI patients. Hence, 
the deterioration of attention is related to posterior cingulate 
gyrus injury, which can also be predicted by the reduction 
of functional connections in the DMN. A previous study 

discovered lower functional connectivity in the posterior 
cingulate gyrus in patients with Parkinson’s disease with 
dementia and increased functional connectivity in the pos
terior cingulate gyrus of those with Parkinson’s disease with 
mild cognitive impairment (compared to Parkinson’s dis
ease patients with no cognitive impairment).21 The authors 
considered this region to be severely damaged in the former, 
and part of a compensatory mechanism in the latter. The 
precuneus and posterior cingulate gyrus are also closely 
related to emotional processing. Considering the posterior 
cingulate gyrus/anterior cuneiform lobe as the region of 
interest, Bluhm et al22 detected changes in brain activity 
in 17 patients with post-traumatic stress disorder. The data 
showed a noticeably reduced functional connection between 
the posterior cingulate gyrus and other areas of the brain. 
The authors speculated that it might be closely related to 
symptoms such as lack of pleasure and emotional retarda
tion. In patients with borderline personality disorder, 
reduced ALFF and ReHo values in the precuneus and 
posterior cingulate gyrus are thought to be the cause of 
their unstable self-identification characteristics.23 The pre
cuneus and posterior cingulate gyrus can also influence 
behavior by changing decision-making and motivation. 
We observed significantly reduced FCD values in the pre
cuneus/posterior cingulate gyrus in both the slow-4 and 
typical bands in this study, which indicates network dys
function and impairment of the precuneus/posterior cingu
late gyrus in DAI patients. Moreover, the decreased FCD 
values in the precuneus/posterior cingulate gyrus were posi
tively correlated with ABS and DRS scores, and negatively 
correlated with MMSE score. According to evidence from 
earlier, alterations in the precuneus/posterior cingulate gyrus 
can be considered as one of neuropathological mechanisms 
of disturbance of consciousness, cognitive impairment and 
mental disorder of DAI patients.

Table 3 Brain Regions with Significant Differences in FCD Between DAI Patients and HCs in Slow-5 Band

L/R Brain Areas T-Values Voxel MNI Coordinates

x y z

DAI>HC L Inferior Temporal Gyrus/Superior Temporal Gyrus 5.214 75 −54 −3 −42

DAI>HC L Parahippocampal Gyrus/Limbic Lobe 4.243 71 −36 −21 −18
DAI<HC R Inferior Frontal Gyrus −4.255 68 36 30 6

DAI>HC L Extra-Nuclear/Cingulate Gyrus 4.079 85 −18 −9 30

DAI<HC R Inferior Parietal Lobule −3.916 60 66 −39 27
DAI<HC L Cingulate Gyrus/Limbic Lobe −5.859 51 −6 −27 42

DAI>HC R Medial Frontal Gyrus 4.267 66 12 −18 66

Notes: The statistical threshold was set at a voxel level P<0.01 and a cluster level of P<0.05 based on Gaussian random field theory. 
Abbreviations: FCD, functional connectivity density; DAI, diffuse axonal injury; HCs, healthy controls; R, right; L, left; MNI, Montreal Neurological Institute.

Figure 3 Areas with significantly different functional connectivity density in the 
typical frequency band (0.01–0.08 Hz) between patients with diffuse axonal injury 
and healthy controls. 
Abbreviations: DAI, diffuse axonal injury; HCs, healthy controls; FCD, functional 
connectivity density; LH, left hemisphere; RH, right hemisphere.
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The inferior parietal lobule and supramarginal gyrus 
also belong to the DMN. The connectivity between the 
bilateral inferior parietal lobules and whole-brain function 
are lower in patients with TBI, and this has been thought 
to be the reason for cognitive impairment.24 Consistently, 
we found significantly lower FCD values in slow-5 and 
typical bands in those regions in DAI patients. 
Furthermore, the significantly lower FCD value in the 
slow-5 band in the inferior parietal lobule was positively 
correlated with ADL score. These results indicate the 
dysfunction and reduction in importance of the inferior 
parietal lobule and supramarginal gyrus. To some extent, 
it is helpful to understand this pathophysiological mechan
ism of cognitive impairment after extensive axonal injury.

We also found that DAI patients exhibited abnormal 
FCD values in the superior temporal gyrus/inferior tem
poral gyrus. The temporal lobe principally handles visual 
and auditory information but also relates to emotional 
function. One study showed that the ReHo value of the 
left inferior temporal gyrus of Parkinson’s disease patients 
in the resting state is significantly increased.25 Even if 
there are no clinically relevant visual symptoms in patients 
with Parkinson’s disease, the metabolic activity of the 
inferior temporal gyrus will change to compensate for 

motor disorders by improving their ability to process 
visual information. Abnormal signals in the temporal 
gyrus may relate to the process of negative automatic 
thinking and negative emotional immersion in patients 
with depression. In one study,26 TBI patients with depres
sion showed increased activities in the bilateral inferior 
temporal gyrus and left superior temporal compared to 
those without depression. Previous studies have also 
demonstrated increased functional connectivity in the left 
and right temporal gyrus, related to depression, aggressive 
behavior, and stress-related symptoms in patients with 
mild TBI.27 Consistent with these results, we found 
increased FCD values in the superior temporal gyrus/infer
ior temporal gyrus in slow-5 band. The data supported the 
view that the increased FCD values in the superior tem
poral gyrus/inferior temporal gyrus were the cause of 
abnormal emotional responses and compensation for the 
motor disorder after extensive axonal injury.

The frontal lobe plays a major role in executive function, 
including selective attention, behavior planning, information 
manipulation, and emotional processing. For instance, the 
interruption of functional connections of the bilateral inferior 
frontal gyrus had been observed in TBI patients with poor 
working memory.28 However, Smits et al29 reported the 

Table 5 Correlations Between Abnormal FCD of Brain Regions in DAI Patients and Clinical Scales

Brain Areas Frequency Bands Correlated Scales R-Values p-value

R_Extra-Nuclear/Limbic Lobe/Cingulate Gyrus Slow-4 DRS 0.652 0.008

L_Limbic Lobe/Hippocampus/Parahippocampal Gyrus Slow-4 DRS 0.664 0.007

L_Precuneus/Posterior Cingulate Gyrus Slow-4 ABS 0.584 0.022
L_Parahippocampal Gyrus/Limbic Lobe Slow-5 DRS 0.562 0.029

R_Inferior Frontal Gyrus Slow-5 DRS −0.551 0.033

R_Inferior Parietal Lobule Slow-5 ADL 0.553 0.032
R_Extra-Nuclear/Limbic Lobe/Hippocampus/Parahippocampal Gyrus Classic DRS 0.628 0.012

R_Extra-Nuclear/Limbic Lobe/Hippocampus/Parahippocampal Gyrus Classic MMSE −0.523 0.046

R_Precuneus/Posterior Cingulate Classic DRS 0.653 0.008
R_Precuneus/Posterior Cingulate Classic MMSE −0.517 0.049

Abbreviations: FCD, functional connectivity density; DAI, diffuse axonal injury; R, right; L, left; DRS, Disability Rating Scale; ABS, Agitation Behavior Scale; ADL, Activities 
of Daily Living; MMSE, Mini-Mental State Examination.

Table 4 Brain Regions with Significant Differences in FCD Between DAI Patients and HCs in Typical Band

L/R Brain Areas T-Values Voxel MNI Coordinates

x y z

DAI>HC R Extra-Nuclear/Limbic Lobe/Hippocampus/Parahippocampal Gyrus 5.223 483 36 −36 −3

DAI<HC R Precuneus/Posterior Cingulate −5.994 271 9 −33 39
DAI<HC R Inferior Parietal Lobule/Supramarginal Gyrus −5.134 258 45 −48 60

Notes: The statistical threshold was set at a voxel level P<0.01 and a cluster level of P<0.05 based on Gaussian random field theory. 
Abbreviations: FCD, functional connectivity density; DAI, diffuse axonal injury; HCs, healthy controls; R, right; L, left; MNI, Montreal Neurological Institute.
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activation of the inferior frontal gyrus in concussion patients 
during attention tasks. In addition, the posterior part of the 
inferior frontal gyrus is crucial for the integration of language 
information and the understanding of the meaning of sen
tences. The results of diffusion tensor imaging have shown 
that the loss of fiber bundles in the inferior frontal and 
temporal gyrus of DAI patients results in the interruption of 
frontal lobe information, thus disturbing the production of 
language.30 Similarly, the study displayed decreased FCD 
values in inferior frontal gyrus in slow-5 band, which was 
negatively correlated with DRS score. The results indicated 
disturbed intrinsic brain function compared with HCs and 
can be considered as neurological basis for cognitive dys
function in DAI patients. However, an analysis of the ReHo 
values of 32 manic-depressive patients found that the ReHo 
of the right middle frontal gyrus was higher than that of 
HCs,31 pointing out the role of middle frontal gyrus in emo
tion processing. In this study, we observed significantly 
higher FCD values in the inferior frontal gyrus in DAI 
patients, suggesting the involvement of the neuropathologi
cal compensatory mechanism for mental disorder.

The study showed abnormal FCD values in all three 
bands. We also found abnormal FCD values in the extra
nuclear, limbic lobe, cingulate gyrus, hippocampus, and 
parahippocampal gyrus in both the slow-4 and slow-5 
bands, while the abnormal FCD values in the frontal and 
temporal lobes were only found in the slow-5 band and 
the abnormal FCD values in the inferior parietal lobule 
were only found in slow-5 and typical bands. These 
results indicate that the internal brain activity pattern is 
sensitive to a specific frequency. Slow-5 band is more 
suitable for studying large neural networks, such as the 
frontal and temporal lobes, which may be due to the 
higher energy in this lower frequency band. While 
slow-4 band which has lower power is more suitable 
for the study of changed brain activity of small neurons. 
In view of the fact that different frequency bands may 
have specific physiological and pathological significance, 
the influence of the frequency band should be considered 
when studying the FCD of DAI patients. In brief, our 
results highlighted the importance of FCD values within 
different frequency bands in understanding the mechan
ism of DAI.

Conclusion
The FCD method has shown great potential and advan
tages in studying brain functional connections and has 
provided researchers with a powerful tool to measure the 

abnormal brain functional connectivity of DAI patients. 
Our results indicate that, in DAI patients, many brain 
regions exhibit abnormal FCD values. Impairment of con
sciousness and cognition in such patients may be related to 
changes in brain network activity and connection patterns. 
Therefore, we speculate that abnormal functional connec
tivity between brain regions is a crucial neuropathological 
or compensatory factor for DAI-related symptoms and 
even a biomarker for distinguishing DAI patients from 
healthy people. Furthermore, these findings emphasize 
the key role of aberrant FCD patterns in DAI patients.
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