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Abstract: This study aimed to investigate whole-brain spontaneous activities changes in patients with
vascular mild cognitive impairment (VaMCI), and to evaluate the relationships between these brain
alterations and their neuropsychological assessments. Thirty-one patients with VaMCI and thirty-one
healthy controls (HCs) underwent structural MRI and resting-state functional MRI (rs-fMRI) and
neuropsychological assessments. The functional alterations were determined by the amplitude
of low-frequency fluctuation (ALFF) and degree centrality (DC). The gray matter volume (GMV)
changes were analyzed using voxel-based morphometry (VBM). Linear regression analysis was used
to evaluate the relationships between the structural and functional changes of brain regions and
neuropsychological assessments. The VaMCI group had significantly lower scores in the Montreal
Cognitive Assessment (MoCA), and higher scores on the Hamilton Anxiety Rating Scale (HAMA)
and Hamilton Depression Rating Scale (HAMD). Compared to the HCs, the VaMCI group exhibited
GM atrophy in the right precentral gyrus (PreCG) and right inferior temporal gyrus (ITG). VaMCI
patients further exhibited significantly decreased brain activity within the default mode network
(DMN), including the bilateral precuneus (PCu), angular gyrus (AG), and medial frontal gyrus
(medFG). Linear regression analysis revealed that the decreased ALFF was independently associated
with lower MoCA scores, and the GM atrophy was independently associated with higher HAMD
scores. The current finding suggested that aberrant spontaneous brain activity in the DMN might
subserve as a potential biomarker of VaMCI, which may highlight the underlying mechanism of
cognitive decline in cerebral small vessel disease.

Keywords: vascular mild cognitive impairment (VaMCI); amplitude of low-frequency fluctuation
(ALFF); degree centrality (DC); gray matter (GM) atrophy; default mode network (DMN)

1. Introduction

Vascular mild cognitive impairment (VaMCI) is the early stage of vascular dementia
(VaD), considered to be the most critical subtype of vascular disease due to cerebral small
vessel disease (CSVD) [1]. Early diagnosis and intervention of VaMCI are of particular
importance. Understanding the mechanism of brain function of cognitively influenced
VaMCI could help delay the progress and prevent the occurrence of dementia [2]. Even
though several research studies have examined the neural mechanisms of CSVD and
vascular cognitive impairment (VCI) during the last decade, the definitive conclusion of
the neuropathological mechanism in VaMCI remains undetermined.

More advanced than traditional MRI methods that are used to diagnose pathological
changes in the late stage of brain vascular disease, amplitude low-frequency fluctuation
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(ALFF) is a kind of non-invasive resting-state functional MRI (rs-fMRI) technique, mea-
suring the spontaneous total power of the BOLD signal, reflecting regional spontaneous
neuronal activity in an early stage of the disease [3]. Altered ALFF values in brain regions
have been identified predominantly in the default mode network (DMN) in VaMCI [4–6].
However, these functional alterations within the DMN still remain inconsistent. For ex-
ample, decreased ALFF in the bilateral medial prefrontal cortex (anterior part of DMN)
and increased ALFF in the right posterior cingulate cortex (PCC)/precuneus (PCu) (pos-
terior part of DMN) have been reported in VaMCI patients compared to healthy controls
(HCs) [4]. By contrast, decreased ALFF in the posterior DMN has been reported in the
posterior parietal cortex and PCu [5,6], and increased ALFF in the anterior DMN of the
bilateral anterior cingulate cortex, superior medial frontal gyrus, and orbital frontal cortex
has been identified in VaMCI compared to HCs [5]. Thus, the reliability of spontaneous
brain activity, particularly in the DMN in patients with VaMCI still needs to be answered.

Furthermore, CSVD frequently experiences brain functional alteration accompanied
by structural changes [7]. In particular, changes in gray matter volume (GMV) were pre-
viously reported in VaMCI [4,6,8–11]. These regions involve the cortical regions of the
frontal and temporal cortex, as well as subcortical regions of the pons, thalamus, caudate,
and (para)hippocampus. Consequently, these morphometric changes may interact with
functional activity. However, some rs-fMRI studies have considered the influence of GMV
on functional activity [4,6,11], while others have not [5]. On this basis, the morphometric
changes might, to some extent, confound the previous functional changes. GMV alter-
ations are reported to be linked to ALFF deficits in amnestic MCI, suggesting that brain
structural and functional impairment might occur in CSVD patients with MCI [12]. In
addition, GM atrophy is responsible for cognitive decline in VaMCI, such as memory
loss, attention/executive dysfunction, language dysfunction, visuospatial function [9,10],
and depression [13]. In the present study, to better understand the neural mechanisms
underlying VaMCI, structural influence on functional alterations in VaMCI was considered.

Different from ALFF which reflects regional brain activities, degree centrality (DC)
reflects the information flow in the global network connectivity at the voxel level, and
provides insights into the relationship between the local activity and the global network [14].
Recently, the abnormality of DC has been widely reported in MCI, AD, and PD [8,9].
Therefore, combined with the ALFF and DC, we aimed to explore the aberrant spontaneous
brain activities in patients with VaMCI compared to HCs and examine the relationship
between these alterations and clinical characteristics. It was further hypothesized that
abnormal spontaneous brain activity in the DMN might be exhibited in patients with
VaMCI, independent of confounding factors.

2. Materials and Methods
2.1. Participants

For this study, 40 VaMCI patients and 36 HCs were recruited after excluding 9 patients
with VaMCI and 5 HCs due to quality control of MRI images. Finally, 31 VaMCI patients
(20 males, 62.87 ± 7.07 years old) and 31 HCs (14 males, 59.35 ± 8.15 years old) who were
matched for age and gender were recruited in this study. The experimental procedure was
approved by the Research Ethics Committee. Written informed consent was acquired from
each participant after the study was fully explained.

The inclusion criteria for the VaMCI groups were derived from the clinical practice
guideline for cognitive impairment of CSVD of China (2019) [1] and Diagnostic Criteria for
Vascular Cognitive Disorders—A VASCOG Statement [15]: (1) presence of cognitive decline
complaint by patient participant or caregiver, and presence of cognitive impairment that
was not enough to affect life; (2) there exists evidence of MRI markers of small cerebrovascu-
lar lesions, including white matter lesions, lacunar infarcts, cerebral microbleeds, enlarged
perivascular space, or cortical microinfarcts in MRI imaging; (3) a Clinical Dementia Rating
Scale (CDR) score = 0.5; (4) cognitive activities have not reached the standard of a diagnosis
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of dementia in the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
(DSM-IV); and (5) Montreal Cognitive Assessment (MoCA) score < 26.

The exclusion criteria for the VaMCI group: (1) dementia or severe cognitive im-
pairment; (2) no evidence of cerebrovascular lesions in MRI imaging; (3) history of a
neurological or psychiatric disorder affecting cognition (e.g., large cerebrovascular disease,
white matter disease, brain tumor, depression); and (4) contraindications for MRI, being a
cardiac pacemaker user.

The inclusion criteria for the HC group: (1) without neurological or psychiatric dis-
eases diagnosed currently or previously in physical examinations and neuropsychological
tests, (2) no subjective or caregiver complaints of cognitive impairment, and (3) no abnormal
findings on brain MRI.

All of the participants received standardized neuropsychological assessments. The
global cognitive level was assessed by MoCA. Emotional performances were evaluated
by the Hamilton Anxiety Rating Scale (HAMA) for anxiety and the Hamilton Depression
Rating Scale (HAMD) for depression. Other examinations included Clinical Dementia
Rating (CDR) and Activity of Daily Living (ADL). An ADL score ≤ 20 considers that the
individual’s daily living activity was normal or corrected-to-normal status.

2.2. Image Data Acquisition

MRI imaging data were obtained using a 3.0 Tesla Scanner (Discovery MR750W, GE
Healthcare, Chicago, IL, USA) and an 8-channel head coil. All participants were told to lie
still and close their eyes, breathe quietly, and remain awake and motionless. Foam padding
was applied to limit head motion, and earplugs were employed to reduce noise during
scanning.

A T2-weighted image (T2WI), diffusion-weighted imaging (DWI), and fluid-attenuated
inversion recovery (FLAIR) were acquired. Axial T2WI: repetition time (TR) = 4742 ms;
echo time (TE) = 119 ms; slice thickness = 6 mm; field of view (FOV) = 240 × 240;
matrix size = 416 × 416; and slice number = 19. Axial DWI: repetition time (TR) = 4880 ms;
echo time (TE) = 77 ms; b-values = 0, 1000 s/mm2; slice thickness = 6 mm; field of view
(FOV) = 240 × 240; matrix size = 130 × 160; and slice number = 38. Axial FLAIR: repeti-
tion time (TR) = 9000 ms; echo time (TE) = 93 ms; slice thickness = 6 mm; field of view
(FOV) = 240 × 240; matrix size = 256 × 256; and slice number = 19.

High-resolution T1-weighted images of the whole brain were received using a sagittal
3D magnetization-prepared rapid gradient echo (MP-RAGE) sequence with the following
parameters: repetition time (TR) = 8.464 ms; echo time (TE) = 3.248 ms; inversion time
(TI) = 450 ms; slice thickness = 1 mm; flip angle = 12◦; field of view (FOV) = 256 × 256;
matrix size= 256 × 256; and slice number = 188. Rs-fMRI were acquired using an echo-
planar imaging (EPI) sequence parameters: repetition time (TR) = 2000 ms; echo time
(TE) = 30 ms; slice thickness = 3.6 mm; gap = 0.4 mm; flip angle = 90◦; field of view
(FOV) = 220 × 220; matrix size = 64 × 64; and slice number = 36.

2.3. MRI Data Processing

Rs-fMRI data were pre-processed and analyzed using the data processing assistant
for rs-fMRI (DPARSF 5.0 http://www.rfmri.org, accessed on 8 October 2020; [16]), and
statistical parametric mapping 12 packages (SPM12 http://www.fil.ion.ucl.ac.uk/spm,
accessed on 8 October 2020). The first 10 functional images volumes were removed to
reduce the fluctuation of MRI signals. The remaining images of each subject have all layers
corrected for slice timing to reduce the within-scan acquisition time differences between
slices. Then images of each subject were realigned to reduce the influence of head motion
during the scan. The time slices were scrubbed if the head motion exceeded 2 mm in
displacement (x, y, or z) or >2◦ in rotation. Then, the realigned images were co-registered
to T1 images (through DARTEL). T1 images were segmented into GM, white matter (WM),
and cerebrospinal fluid (CSF). Then the co-registered images were spatially normalized into
Montreal Neurological Institute (MNI) space using transformations from segmentation and

http://www.rfmri.org
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resampled them to 3 × 3 × 3 mm3 voxels. The functional images were smoothed with a
6 mm full width at a half-maximum (FWHM) isotropic Gaussian kernel. A linear nuisance
covariates regression was performed to remove the interference of WM and CSF signals.
Detrend and filter were used to reduce higher frequency noise and the lower frequency
drift caused by physiological interference.

The time series were transformed to the frequency domain using the fast Fourier
transform (FFT) algorithm, and the power spectrum was obtained by square-rooted FFT
and averaged across 0.01–0.08 Hz at each voxel. To reduce the global effects of variability
among the subjects, the mean ALFF was taken as the ALFF of each voxel divided within
the whole-brain mask obtained previously. The global mean ALFF was calculated within
the brain. The background and other tissues outside the brain were removed. Finally, the
mean ALFF values of each brain region of each significant cluster were extracted.

DC is a graph theory-based approach to calculate the temporal correlation between
a voxel and all other brain voxels within the mask at the voxel-wise level [14]. After
preprocessed data, we acquired an n × n matrix of Pearson’s correlation coefficients
between any pair of voxels, where n is the voxel number of the GM mask. The matrix of
Pearson’s correlation coefficients was set at the threshold r > 0.25 for computing the GM
voxel. Only positive Pearson’s correlation coefficients were considered. Binarized global
mean DC values of the whole-brain network were calculated as the sum of the significant
connections in a given voxel at the individual level.

A voxel-based morphometry (VBM) analysis was acquired to explore the structural
alteration in VaMCI. Using the DPARSF software, 3D-T1-weighted images examined GMV
alterations in VaMCI and HCs with VBM analysis. All T1-weighted images were segmented
into GM, WM, and CSF. Then, they were normalized to the MNI template. Finally, they
were smoothed with an 8 mm FWHM isotropic Gaussian kernel. Total intracranial volume
(TIV) was used as a covariate in the GMV analysis.

2.4. Statistical Analysis

The statistical software package SPSS 22.0 was used in statistical analysis, including
comparing demographic, neuropsychological scores, and extracted structural and func-
tional values between the VaMCI and HCs. The Kolmogorov–Smirnov test was used
to test normality for selecting parametric tests or non-parametric tests. The Chi-square
test was used to compare gender differences between groups. The two-sample t-test for
the parametric test and Mann–Whitney test for the non-parametric test were adopted.
Statistical significance was set at p < 0.05.

Voxel-wise two-sample t-tests were performed to detect the group differences in ALFF,
DC values, and GMV values, controlled for age, gender, and education years. To further
exclude the effect of structural change on functional change, GMV was used as a covariate.
ALFF and GMV results were thresholded at a voxel-wise p < 0.001 (uncorrected) combined
with a cluster-wise p < 0.05 (FWE corrected). DC results were thresholded at a voxel-wise
p < 0.005 (uncorrected) combined with a cluster-wise p < 0.05 (FWE corrected). The XjView
software (http://www.alivelearn.net/xjview, accessed on 23 October 2020) was used to
report the brain anatomical regions.

Regions with significant alterations in patients were further defined as regions of
interest (ROIs). To explore the relationship between values in these ROIs and patients’
performance on neuropsychological assessments, partial correlations were then performed
after adjusting for age, sex, education level, and GMV changes as nuisance variables of
no interest. Multiple linear regression was analyzed for MoCA, HAMA, and HAMD as a
dependent variable, while age, gender, educational levels, and extracted mean values of
ALFF, DC, and GMV were analyzed as variables. The forward method was adopted. A
composite z-score of ALFF, DC, and GMV values was calculated.

http://www.alivelearn.net/xjview
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3. Results
3.1. Demographic and Neuropsychological Tests Results

The details of the demographic characteristics and neuropsychological tests scores of
all the participants are shown in Table 1. There was no significant difference in age and
gender between the two groups. There was a significant difference between the two groups
in education level, MoCA, HAMA, and HAMD. Compared to the HC group, the VaMCI
group had significantly lower education level (p = 0.017) and MoCA scores (p < 0.001), and
significantly higher HAMA scores (p = 0.009) and HAMD scores (p = 0.006).

Table 1. Demographic and clinical characteristics.

HC (N = 31) VaMCI (N = 31) p-Value

Age (years) 59.35 (8.15) 62.87 (7.07) 0.075
Gender (male/female) 14/17 20/11 0.446
Education level (years) 11(9, 12) 9 (8, 11) 0.017

MoCA score 28 (26, 30) 23(20, 24) <0.001
HAMD score 0 (0, 1) 3 (0, 8) 0.006
HAMA score 0 (0, 3) 3 (0, 6) 0.009

Normal distribution data are presented as means (SD). Non-normal distribution data are presented as median
(the first quartile, the third quartile). Gender data were analyzed with Chi-square test; age was analyzed with
two-sample t-test; education level, MoCAMMSE, HAMD, and HAMA were analyzed with the Mann–Whitney
test. HC, healthy control; VaMCI, vascular mild cognitive impairment; MoCA, Montreal Cognitive Assessment;
HAMA, Hamilton Anxiety Rating scale; HAMD, Hamilton Depression Rating scale.

3.2. VBM Results

Compared to the HC group, the VaMCI group showed a significant GMV decrease in
the right precentral gyrus (PreCG) (MNI coordinate: 36, −20, 63, with 470 voxels, t = 4.42)
and right inferior temporal gyrus (ITG) (MNI coordinate: 50, −21, −27, with 383 voxels,
t = 4.94) (Supplementary Figure S1A,B). These regions also survived adjusting for age,
gender, and education level (voxel-wise threshold p < 0.001).

3.3. ALFF Results

Compared to the HC group, the VaMCI group showed a significant ALFF decrease
in the DMN, including the right precuneus (PCu), right angular gyrus (AG), right medial
frontal gyrus (medFG), and left PCu (Table 2, Figures 1A and 2A), which remained after
controlling for the nuisance variables of age, gender, education years, GMV, and HAMD.

Table 2. Decreased ALFF in VaMCI compared to HC.

Region
Cluster Size MNI Coordinate

t-Value
(voxel) (x, y, z)

R.PCu 258 (15, −45, 45) 5.05
R.AG 125 (54, −63, 45) 4.91

R.medFG 58 (6, 39, 36) 6.08
L.PCu 44 (−33, −81, 39) 4.35

Results were thresholded at a voxel-wise p < 0.001 (uncorrected) combined with a cluster-wise p < 0.05 (FWE
corrected). PCu, precuneus; AG, angular gyrus; medFG, medial frontal gyrus; L., left; R., right; MNI, Montreal
Neurological Institute.

3.4. DC Results

Compared to the HC group, the VaMCI group showed a significant DC decrease in
the DMN, including the right AG, right PCu, and left AG (Table 3, Figures 1B and 2B).
After we used GMV as a covariate, the DC values pattern remained highly similar to those
without a covariate.
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Figure 1. Altered brain regions in the VaMCI group compared with HCs. (A) ALFF decrease in the bilateral PCu, R.AG, 
and R.medFG in the VaMCI group. (B) DC decrease in the R.PCu and bilateral AG in the VaMCI group. Color bars indicate 
t-values. PCu, precuneus; AG, angular gyrus; medFG, medial frontal gyrus; L., left; R., right. 

Figure 1. Altered brain regions in the VaMCI group compared with HCs. (A) ALFF decrease in the bilateral PCu, R.AG, and
R.medFG in the VaMCI group. (B) DC decrease in the R.PCu and bilateral AG in the VaMCI group. Color bars indicate
t-values. PCu, precuneus; AG, angular gyrus; medFG, medial frontal gyrus; L., left; R., right.
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VaMCI, vascular mild cognitive impairment; PCu, precuneus; AG, angular gyrus; medFG, medial frontal gyrus; L., left; 
R., right. *** p < 0.001. 
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Figure 2. Comparison of significant brain regions between VaMCI group and HC group in extracted ALFF and DC values.
(A) Comparison of ALFF values in the bilateral PCu, R.AG, and R.medFG between the VaMCI group and HC group.
(B) Comparison of DC values in the R.PCu and bilateral AG between the VaMCI group and HC group. HC, healthy control;
VaMCI, vascular mild cognitive impairment; PCu, precuneus; AG, angular gyrus; medFG, medial frontal gyrus; L., left; R.,
right. *** p < 0.001.

Table 3. Decreased DC in VaMCI compared to HC.

Region
Cluster Size MNI Coordinate

t-Value
(voxel) (x, y, z)

L.AG 258 (−36, −60, 33) 4.15
R.PCu 224 (6, −45, 42) 4.24
R.AG 220 (42, −72, 48) 4.69

Results were thresholded at a voxel-wise p < 0.005 (uncorrected) combined with a cluster-wise p < 0.05 (FWE
corrected). PCu, precuneus; AG, angular gyrus; L., left; R., right; MNI, Montreal Neurological Institute.

3.5. Linear Regression Analysis

Mean ALFF, DC, and GMV values were extracted for each significant cluster of brain
regions. Significantly positive correlations were found between MoCA scores and ALFF
in the right medFG (r = 0.707, p < 0.001), right PCu (r = 0.499, p = 0.004), and right AG
(r = 0.435, p = 0.015) in the VaMCI group (Figure 3A). Significantly negative correlations
were found between HAMA scores and DC in the right PCu (r = −0.445, p = 0.012) and left
AG (r = −0.356, p = 0.049) (Figure 3B), and between HAMD scores and GMV in the right
PreCG (r = −0.659, p < 0.001) and right ITG (r = −0.407, p = 0.023) in the VaMCI group
(Figure 3C). Furthermore, multiple linear regression analysis found that lower MoCA was
independently associated with decreased ALFF scores (p < 0.001), DC was independently
associated with higher HAMA scores (p = 0.048), and the GM atrophy was independently
associated with higher HAMD scores (p < 0.001) (Table 4).

Table 4. Linear regression between MoCA and ALFF, HAMA and DC, and HAMD and GMV.

Unstandardized Coefficient Standardized Coefficient
t p

B SE(B) β

MoCA
Constant 23.528 0.488 48.193 <0.001 ***

Age −0.160 −1.103 0.280
Gender 0.006 0.042 0.967

Edu. level 0.043 0.292 0.773
GMV 0.092 0.627 0.536
ALFF 2.122 0.489 0.627 4.338 <0.001 ***

DC −0.077 −0.476 0.638
Registered R square: 0.373; ANOVA: <0.001
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Table 4. Cont.

Unstandardized Coefficient Standardized Coefficient
t p

B SE(B) β

HAMA
Constant 1.727 0.836 2.065 0.048 *

Age 0.224 1.249 0.222
Gender 2.773 1.041 0.443 2.663 0.013 *

Edu. level 0.065 0.368 0.716
GMV −0.323 −2.043 0.051
ALFF 0.050 0.292 0.773

DC −0.237 −1.349 0.188
Registered R square: 0.169; ANOVA: 0.013

HAMD
Constant 0.220 1.104 0.199 0.844

Age 0.083 0.517 0.610
Gender 2.963 1.251 0.322 2.368 0.025 *

Edu. level −0.084 −0.589 0.561
GMV −3.426 0.735 −0.633 −4.662 <0.001 ***
ALFF −0.086 −0.615 0.544

DC −0.114 −0.775 0.445
Registered R square: 0.448; ANOVA: <0.001

Edu., education. ANOVA, analysis of variance * p < 0.05, *** p < 0.001.
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4. Discussion

In this study, we investigated whole-brain spontaneous activities in VaMCI patients
and evaluated the relationships between the alterations of brain regions and cognitive and
emotional neuropsychological indexes. The current study found that the VaMCI group
exhibited altered brain activities in the DMN, particularly in the bilateral PCu, AG, and
medFG, independent of GM atrophy. Further, the decreased ALFF was independently
associated with lower cognitive decline measured by MoCA scores, while the changes of
DC values in the DMN and GM atrophy contributed to emotional performance measured
by the HAMA and HAMD tests, respectively.

Consistent with previous studies [4], the current findings indicated aberrant sponta-
neous brain activities within the DMN during resting state, specifically in the hub regions of
the bilateral medFG and left PCC in VaMCI. DMN is a large-scale brain network comprised
of highly connected cortical regions integrated with self-referential function, emotion,
and episodic memory retrieval [17,18], exhibiting metabolically active decreases during
attention-demanding tasks, but activity increases at rest [19]. In the current study, we
noted that spontaneous brain activities decreased in both anterior and posterior parts of
the DMN, especially in bilateral PCu, right AG, and right medFG. The PCu plays an impor-
tant role mainly in visuospatial imagery, episodic memory retrieval, and self-processing
operations [20]; the AG plays an important role in word reading, number processing,
comprehension, attention, and spatial awareness [21]; the medFG plays an important role
in decision making, discrimination, computation, and reasoning [22]. The reduced ALFF
activities in the bilateral PCu, right AG, and right medFG may indicate DMN impairment in
patients with VaMCI, suggesting global cognitive impairments. Thus, in our study, global
cognitive impairments of VaMCI patients might be attributed to the aberrant activities in
these DMN regions.

Previous study exhibited that ALFF decreased specifically in the anterior part of
the DMN (i.e., the medFG) and increased in the posterior part of the DMN (i.e., the
PCC/PCu) in VaMCI patients [4]. While another study showed increased ITG in the
anterior part of DMN and decreased ALFF in the PCC/PCu, the posterior part of DMN [6].
The inconsistent results in DMN may be due to the different analysis approaches. In
this study, we included age, gender, education level, and GMV as covariates in ALFF
analysis to further control for their potential confounding effect. Moreover, in line with
previous studies [23,24], the decreased ALFF in the DMN was positively correlated with
MoCA scores in VaMCI, which suggested that the aberrant spontaneous brain activities
was associated with cognitive decline in CSVD. In addition, a recent study has reported
decreased regional homogeneity (Reho) and functional connectivity are associated with
MoCA scores in VaMCI patients [25], suggesting that different fMRI measurements may
provide mutual information about aberrant functional activities.

In this study, the significantly decreased DC regions in DMN overlapped with the
ALFF, including bilateral AG and right PCu in VaMCI compared to HCs, consistent with
a previous study [4], which exhibited decreased functional connectivity density in the
PCC/PCu, the medFG, and the middle temporal gyrus. In addition, VaMCI patients
exhibited a significant correlation between HAMA and decreased DC. Furthermore, HAMD
scores increased in VaMCI patients, indicating that VaMCI patients might be more prone to
have depression symptoms. Evidence suggests that depression plays a critical role in the
pathogenesis of cognitive impairment and cerebrovascular events [26–29].

Previous studies suggest that CSVD is accompanied by structural changes such as
cortical thinning and GM atrophy due to the remote effect of the white matter hyperten-
sion (WMH) and infarct [7,30], and the WMH lesions are able to affect cognition impair-
ments [31]. Widespread GM atrophy has been reported in many cortical and subcortical
regions, such as frontal and temporal cortex, pons, cerebellum, thalamus, hippocampus,
parahippocampal gyrus, and caudate in VaMCI patients [4,8,9]. In the current study, de-
creased GMV was identified in the right PreCG and right ITG in VaMCI patients. PreCG is
the main brain area of the primary motor cortex, which plays an important role in motor
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control [32]. At the same time, ITG plays a role in visual recognition, decision making,
and lexical/phonologic decisions [33]. A previous study found that structural network
disruption can damage mood regulation circuits and cause depressive symptoms [29].
On this basis, the current study also identified that GM atrophy in PreCG and ITG were
negatively correlated with HAMD scores.

Some limitations should be acknowledged in this study. First, the sample size of
participants was relatively small. In order to obtain a more reliable result, large sample
size is required in further studies. Second, to measure the cognitive decline in specific
cognitive domains, comprehensive neuropsychological assessments should be performed.
Third, to explore the causal relationship between brain changes and the progression of this
disease, a longitudinal study is needed in the future. Fourth, due to the lack of clinical
data in our study, the conditions of blood glucose variations, aortic macrovascular disease,
and ApoEε4 were not clear. Further study should exclude the impact of these potential
confounding factors. Fifth, to better understand the relationship between brain functional
and structural alterations, the B-matrix spatial distribution method DTI (BSD-DTI), which is
able to decrease scanning time, maintain a minimal number of diffusion gradient directions
and high resolution, and reduce spatial systematic errors in tractography by gradients
inhomogeneity [34–36], should be considered in future experiments.

5. Conclusions

The current findings suggested that aberrant spontaneous brain activity in the DMN
might subserve as a potential biomarker of VaMCI, which may highlight the underlying
mechanism of cognitive decline in cerebral small vessel disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/brainsci11111534/s1, including other results and findings that are not included in the main
contents. Figure S1: Altered brain regions of GMV in the VaMCI group compared with HCs. (A) GM
atrophy in the R.PreCG and R.ITG in the VaMCI group. Results were thresholded at a voxel-wise
p < 0.001 (uncorrected) combined with a cluster-wise p < 0.05 (FWE corrected). Color bar indicates
the t-value. (B) Comparison of significant brain regions between the VaMCI group and HC group of
the extracted GMV values in the R.PreCG and R.ITG. PreCG, precentral gyrus; ITG, inferior temporal
gyrus; L., left; R., right. *** p < 0.001.

Author Contributions: X.J. (Xiuqin Jia) and Q.Y. designed the study; Y.L. and X.J. (Xuejia Jia) per-
formed the experiments; H.L., Y.L. and X.J. (Xuejia Jia) assisted with the data analysis and interpreta-
tion of data; H.L., X.J. (Xiuqin Jia) and Q.Y. wrote and revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant num-
ber 81961128030, 62076169), Beijing Hospitals Authority Youth Program (grant number QML20200304),
China National Funds for Distinguished Young Scientists (grant number 82025018), and Beijing Na-
tional Natural Science Foundation Key Program (grant number 7191003). The funders had no role in
the experiment.

Institutional Review Board Statement: The experimental procedure was approved by the Institu-
tional Review Boards (IRBs) of Beijing Chaoyang Hospital, Capital Medical University (2021-Ke-52).

Informed Consent Statement: Written informed consent was obtained from all volunteers after the
study was fully explained.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to data privacy.

Conflicts of Interest: All listed authors agree with the submission, and the final manuscript has been
approved by all authors. All authors report no biomedical financial interests or potential conflicts of
interest.

https://www.mdpi.com/article/10.3390/brainsci11111534/s1
https://www.mdpi.com/article/10.3390/brainsci11111534/s1


Brain Sci. 2021, 11, 1534 11 of 12

References
1. Geriatric Neurology Group; Chinese Society of Geriatrics; Clinical Practice Guideline for Cognitive Impairment of Cerebral Small

Vessel Disease Writing Group. Clinical practice guideline for cognitive impairment of cerebral small vessel disease of China
(2019). Chin. J. Geriatr. 2019, 38, 345–354. [CrossRef]

2. La, C.; Nair, V.A.; Mossahebi, P.; Young, B.M.; Chacon, M.; Jensen, M.; Birn, R.M.; Meyerand, M.E.; Prabhakaran, V. Implication of
the slow-5 oscillations in the disruption of the default-mode network in healthy aging and stroke. Brain Connect. 2016, 6, 482–495.
[CrossRef] [PubMed]

3. Zang, Y.F.; He, Y.; Zhu, C.Z.; Cao, Q.J.; Sui, M.Q.; Liang, M.; Tian, L.X.; Jiang, T.Z.; Wang, Y.F. Altered baseline brain activity in
children with ADHD revealed by resting-state functional MRI. Brain Dev. 2007, 29, 83–91. [CrossRef]

4. Yi, L.; Wang, J.; Jia, L.; Zhao, Z.; Lu, J.; Li, K.; Jia, J.; He, Y.; Jiang, C.; Han, Y. Structural and functional changes in subcortical
vascular mild cognitive impairment: A combined voxel-based morphometry and resting-state fMRI study. PLoS ONE 2012,
7, e44758. [CrossRef] [PubMed]

5. Zhuang, Y.; Shi, Y.; Zhang, J.; Kong, D.; Guo, L.; Bo, G.; Feng, Y. Neurologic factors in patients with vascular mild cognitive
impairment based on fMRI. World Neurosurg. 2021, 149, 461–469. [CrossRef] [PubMed]

6. Wang, J.; Chen, H.; Liang, H.; Wang, W.; Liang, Y.; Liang, Y.; Zhang, Y. Low-frequency fluctuations amplitude signals exhibit
abnormalities of intrinsic brain activities and reflect cognitive impairment in leukoaraiosis patients. Med. Sci. Monit. 2019, 25,
5219–5228. [CrossRef]

7. Ter Telgte, A.; van Leijsen, E.M.C.; Wiegertjes, K.; Klijn, C.J.M.; Tuladhar, A.M.; de Leeuw, F.E. Cerebral small vessel disease:
From a focal to a global perspective. Nat. Rev. Neurol. 2018, 14, 387–398. [CrossRef]

8. Grau-Olivares, M.; Arboix, A.; Junque, C.; Arenaza-Urquijo, E.M.; Rovira, M.; Bartres-Faz, D. Progressive gray matter atrophy in
lacunar patients with vascular mild cognitive impairment. Cerebrovasc. Dis. 2010, 30, 157–166. [CrossRef]

9. Li, M.; Meng, Y.; Wang, M.; Yang, S.; Wu, H.; Zhao, B.; Wang, G. Cerebral gray matter volume reduction in subcortical vascular
mild cognitive impairment patients and subcortical vascular dementia patients, and its relation with cognitive deficits. Brain
Behav. 2017, 7, e00745. [CrossRef]

10. Lei, Y.; Su, J.; Guo, Q.; Yang, H.; Gu, Y.; Mao, Y. Regional gray matter atrophy in vascular mild cognitive impairment. J. Stroke
Cerebrovasc. Dis. 2016, 25, 95–101. [CrossRef]

11. Liu, C.; Li, C.; Yin, X.; Yang, J.; Zhou, D.; Gui, L.; Wang, J. Abnormal intrinsic brain activity patterns in patients with subcortical
ischemic vascular dementia. PLoS ONE 2014, 9, e87880. [CrossRef] [PubMed]

12. Zhao, Z.L.; Fan, F.M.; Lu, J.; Li, H.J.; Jia, L.F.; Han, Y.; Li, K.C. Changes of gray matter volume and amplitude of low-frequency
oscillations in amnestic MCI: An integrative multi-modal MRI study. Acta Radiol. 2015, 56, 614–621. [CrossRef] [PubMed]

13. Lyu, H.; Wang, J.; Xu, J.; Zheng, H.; Yang, X.; Lin, S.; Chen, J.; Zhou, L.; Hu, Y.; Guo, Z. Structural and functional disruptions in
subcortical vascular mild cognitive impairment with and without depressive symptoms. Front. Aging Neurosci. 2019, 11, 241.
[CrossRef] [PubMed]

14. Zuo, X.N.; Ehmke, R.; Mennes, M.; Imperati, D.; Castellanos, F.X.; Sporns, O.; Milham, M.P. Network centrality in the human
functional connectome. Cereb. Cortex 2012, 22, 1862–1875. [CrossRef] [PubMed]

15. Sachdev, P.; Kalaria, R.; O’Brien, J.; Skoog, I.; Alladi, S.; Black, S.E.; Blacker, D.; Blazer, D.; Chen, C.; Chui, H.; et al. Diagnostic
criteria for vascular cognitive disorders: A VASCOG statement. Alzheimer Dis. Assoc. Disord. 2014, 28, 206. [CrossRef]

16. Yan, C.G.; Wang, X.D.; Zuo, X.N.; Zang, Y.F. DPABI: Data processing & analysis for (resting-state) brain imaging. Neuroinformatics
2016, 14, 339–351. [CrossRef]

17. Yeo, B.T.; Krienen, F.M.; Sepulcre, J.; Sabuncu, M.R.; Lashkari, D.; Hollinshead, M.; Roffman, J.L.; Smoller, J.W.; Zollei, L.; Polimeni,
J.R.; et al. The organization of the human cerebral cortex estimated by intrinsic functional connectivity. J. Neurophysiol. 2011, 106,
1125–1165. [CrossRef]

18. Yin, Y.; He, X.; Xu, M.; Hou, Z.; Song, X.; Sui, Y.; Liu, Z.; Jiang, W.; Yue, Y.; Zhang, Y.; et al. Structural and functional connectivity
of default mode network underlying the cognitive impairment in late-onset depression. Sci. Rep. 2016, 6, 37617. [CrossRef]

19. Greicius, M.D.; Krasnow, B.; Reiss, A.L.; Menon, V. Functional connectivity in the resting brain: A network analysis of the default
mode hypothesis. Proc. Natl. Acad. Sci. USA 2003, 100, 253–258. [CrossRef]

20. Cavanna, A.E.; Trimble, M.R. The precuneus: A review of its functional anatomy and behavioural correlates. Brain 2006, 129,
564–583. [CrossRef]

21. Seghier, M.L. The angular gyrus: Multiple functions and multiple subdivisions. Neuroscientist 2013, 19, 43–61. [CrossRef]
[PubMed]

22. Talati, A.; Hirsch, J. Functional specialization within the medial frontal gyrus for perceptual go/no-go decisions based on “what,”
“when,” and “where” related information: An fMRI study. J. Cogn. Neurosci. 2005, 17, 981–993. [CrossRef] [PubMed]

23. Li, C.; Yang, J.; Yin, X.; Liu, C.; Zhang, L.; Zhang, X.; Gui, L.; Wang, J. Abnormal intrinsic brain activity patterns in leukoaraiosis
with and without cognitive impairment. Behav. Brain Res. 2015, 292, 409–413. [CrossRef] [PubMed]

24. Ni, L.; Liu, R.; Yin, Z.; Zhao, H.; Nedelska, Z.; Hort, J.; Zhou, F.; Wu, W.; Zhang, X.; Li, M.; et al. Aberrant spontaneous brain
activity in patients with mild cognitive impairment and concomitant lacunar infarction: A resting-state functional MRI study. J.
Alzheimers Dis. 2016, 50, 1243–1254. [CrossRef] [PubMed]

http://doi.org/10.3760/cma.j.issn.0254-9026.2019.04.001
http://doi.org/10.1089/brain.2015.0375
http://www.ncbi.nlm.nih.gov/pubmed/27130180
http://doi.org/10.1016/j.braindev.2006.07.002
http://doi.org/10.1371/journal.pone.0044758
http://www.ncbi.nlm.nih.gov/pubmed/23028606
http://doi.org/10.1016/j.wneu.2020.11.120
http://www.ncbi.nlm.nih.gov/pubmed/33253953
http://doi.org/10.12659/MSM.915528
http://doi.org/10.1038/s41582-018-0014-y
http://doi.org/10.1159/000316059
http://doi.org/10.1002/brb3.745
http://doi.org/10.1016/j.jstrokecerebrovasdis.2015.08.041
http://doi.org/10.1371/journal.pone.0087880
http://www.ncbi.nlm.nih.gov/pubmed/24498389
http://doi.org/10.1177/0284185114533329
http://www.ncbi.nlm.nih.gov/pubmed/24792358
http://doi.org/10.3389/fnagi.2019.00241
http://www.ncbi.nlm.nih.gov/pubmed/31572164
http://doi.org/10.1093/cercor/bhr269
http://www.ncbi.nlm.nih.gov/pubmed/21968567
http://doi.org/10.1097/WAD.0000000000000034
http://doi.org/10.1007/s12021-016-9299-4
http://doi.org/10.1152/jn.00338.2011
http://doi.org/10.1038/srep37617
http://doi.org/10.1073/pnas.0135058100
http://doi.org/10.1093/brain/awl004
http://doi.org/10.1177/1073858412440596
http://www.ncbi.nlm.nih.gov/pubmed/22547530
http://doi.org/10.1162/0898929054475226
http://www.ncbi.nlm.nih.gov/pubmed/16102231
http://doi.org/10.1016/j.bbr.2015.06.033
http://www.ncbi.nlm.nih.gov/pubmed/26116811
http://doi.org/10.3233/JAD-150622
http://www.ncbi.nlm.nih.gov/pubmed/26836013


Brain Sci. 2021, 11, 1534 12 of 12

25. Zuo, M.; Xu, Y.; Zhang, X.; Li, M.; Jia, X.; Niu, J.; Li, D.; Han, Y.; Yang, Y. Aberrant brain regional homogeneity and functional
connectivity of entorhinal cortex in vascular mild cognitive impairment: A resting-state functional MRI study. Front. Neurol. 2018,
9, 1177. [CrossRef] [PubMed]

26. Teper, E.; O’Brien, J.T. Vascular factors and depression. Int. J. Geriatr. Psychiatry 2008, 23, 993–1000. [CrossRef]
27. Steffens, D.C.; Otey, E.; Alexopoulos, G.S.; Butters, M.A.; Cuthbert, B.; Ganguli, M.; Geda, Y.E.; Hendrie, H.C.; Krishnan, R.R.;

Kumar, A.; et al. Perspectives on depression, mild cognitive impairment, and cognitive decline. Arch. Gen. Psychiatry 2006, 63,
130–138. [CrossRef]

28. Burrage, E.; Marshall, K.L.; Santanam, N.; Chantler, P.D. Cerebrovascular dysfunction with stress and depression. Brain Circ.
2018, 4, 43–53. [CrossRef]

29. Xie, X.; Shi, Y.; Zhang, J. Structural network connectivity impairment and depressive symptoms in cerebral small vessel disease. J.
Affect. Disord. 2017, 220, 8–14. [CrossRef]

30. Duering, M.; Righart, R.; Csanadi, E.; Jouvent, E.; Herve, D.; Chabriat, H.; Dichgans, M. Incident subcortical infarcts inducefocal
thinning in connected cortical regions. Neurology 2012, 79, 2025–2028. [CrossRef]

31. Carmichael, O.; Schwarz, C.; Drucker, D.; Fletcher, E.; Harvey, D.; Beckett, L.; Jack, C.R., Jr.; Weiner, M.; DeCarli, C.; Alzheimer’s
Disease Neuroimaging Initiative. Longitudinal changes in white matter disease and cognition in the first year of the Alzheimer
disease neuroimaging initiative. Arch. Neurol. 2010, 67, 1370–1378. [CrossRef] [PubMed]

32. Wen, Z.; Zhou, F.Q.; Huang, X.; Dan, H.D.; Xie, B.J.; Shen, Y. Altered functional connectivity of primary visual cortex in late
blindness. Neuropsychiatr. Dis. Treat. 2018, 14, 3317–3327. [CrossRef] [PubMed]

33. Lin, Y.H.; Young, I.M.; Conner, A.K.; Glenn, C.A.; Chakraborty, A.R.; Nix, C.E.; Bai, M.Y.; Dhanaraj, V.; Fonseka, R.D.; Hormovas,
J.; et al. Anatomy and White Matter Connections of the Inferior Temporal Gyrus. World Neurosurg. 2020, 143, e656–e666.
[CrossRef]

34. Borkowski, K.; Klodowski, K.; Figiel, H.; Krzyzak, A.T. A theoretical validation of the B-matrix spatial distribution approach to
diffusion tensor imaging. Magn. Reson. Imaging 2017, 36, 1–6. [CrossRef] [PubMed]

35. Borkowski, K.; Krzyzak, A.T. The generalized Stejskal-Tanner equation for non-uniform magnetic field gradients. J. Magn. Reson.
2018, 296, 23–28. [CrossRef]

36. Borkowski, K.; Krzyzak, A.T. Assessment of the systematic errors caused by diffusion gradient inhomogeneity in DTI-computer
simulations. NMR Biomed. 2019, 32, e4130. [CrossRef] [PubMed]

http://doi.org/10.3389/fneur.2018.01177
http://www.ncbi.nlm.nih.gov/pubmed/30723453
http://doi.org/10.1002/gps.2020
http://doi.org/10.1001/archpsyc.63.2.130
http://doi.org/10.4103/bc.bc_6_18
http://doi.org/10.1016/j.jad.2017.05.039
http://doi.org/10.1212/WNL.0b013e3182749f39
http://doi.org/10.1001/archneurol.2010.284
http://www.ncbi.nlm.nih.gov/pubmed/21060014
http://doi.org/10.2147/NDT.S183751
http://www.ncbi.nlm.nih.gov/pubmed/30584305
http://doi.org/10.1016/j.wneu.2020.08.058
http://doi.org/10.1016/j.mri.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27742435
http://doi.org/10.1016/j.jmr.2018.08.010
http://doi.org/10.1002/nbm.4130
http://www.ncbi.nlm.nih.gov/pubmed/31343807

	Introduction 
	Materials and Methods 
	Participants 
	Image Data Acquisition 
	MRI Data Processing 
	Statistical Analysis 

	Results 
	Demographic and Neuropsychological Tests Results 
	VBM Results 
	ALFF Results 
	DC Results 
	Linear Regression Analysis 

	Discussion 
	Conclusions 
	References

