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Vascular mild cognitive impairment (VMCI) is an early and reversible stage of dementia. Volume differences in regional gray matter
may reveal the development and prognosis of VMCI. This study selected 2 of the most common types of VMCI, namely, periventricular
white matter hyperintensities (PWMH, n=14) and strategic single infarctions (SSI, n=10), and used the voxel-based morphometry
method to quantify their morphological characteristics. Meanwhile, age- and sex-matched healthy volunteers were included (n= 16).
All the participants were neuropsychologically tested to characterize their cognitive function and underwent whole-brain magnetic
resonance imaging scanning. Our results showed that the volumes of the bilateral temporal lobes and bilateral frontal gray matter were
obviously diminished in the PWMH group. The atrophy volume difference was 4,086 voxels in the left temporal lobe, 4,154 voxels in the
right temporal lobe, 1,718 voxels in the left frontal lobe, and 1,141 voxels in the right frontal lobe (P < 0.001). Moreover, the characteristics
of the gray matter atrophy associated with the PWMH were more similar to those associated with Alzheimer’s disease than SSI, which
further revealed the susceptibility for escalation from PWMH to dementia. In conclusion, PWMH patients and SSI patients have different

morphological characteristics, which explain the different prognoses of VMCI.
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Introduction

Vascular cognitive impairment is a mental disorder caused by or
related to vascular diseases (Dichgans and Leys 2017; Iadecola
et al. 2019), ranging from its mildest form, vascular mild cognitive
impairment (VMCI), to complete dementia syndrome. VMCI is a
condition in which the impairment affects >1 cognitive domains
but is not severe enough to guarantee a diagnosis of demen-
tia, which is one of the early signs of dementia. Since VMCI is
reversible under appropriate treatment, early diagnosis is partic-
ularly important (Frances et al. 2016). Moreover, different types
of VMCI have diverse prognoses. Previous statistical studies have
indicated that, compared to other types of VMCI, mild cognitive
impairment associated with periventricular white matter hyper-
intensities (PWMH) more easily deteriorates into dementia (Park
et al. 2016; Rutten-Jacobs et al. 2017). However, the mechanism
underlying this effect is unclear.

PWMH is a radiological condition characterized by lesions
around the lateral ventricles, which is associated with microin-
farction (Liu et al. 2016). Another common and widely studied
type of VMCI is caused by strategic single infarctions (SSI), such
as infarctions in the thalamus or caudate head (Weaver et al.
2021). However, previous studies indicated that, in rare cases, a
single strategic lesion might result in serious and widespread

cognitive impairment, leading to a diagnosis of dementia (Zheng
et al. 2016). The different prognoses between these two types of
VMCI patients need to be explored further.

Atrophy is an essential indicator of secondary degeneration
after cerebral infarction. Meta-analyses have shown that general
cerebral atrophy is associated with the development of cognitive
impairment after vascular disorders (Wang et al. 2021). In addi-
tion, cortical gray matter atrophy is an independent predictor
of cognitive decline in patients with subcortical cerebrovascular
injury, and the severity of dementia is associated with cortical gray
matter atrophy (Trapp et al. 2018).

Compared with other traditional volume assessment methods,
voxel-based morphometry (VBM) provides an automated, voxel-
wise comparison of structure volumes between different patient
subsets (Zhanget al. 2016; Keller et al. 2018). This process involves
normalizing all magnetic resonance imaging (MRI) scan objects
into a common anatomical space to eliminate the differences
in brain size and shape between individuals. In this spatial nor-
malization process, images are normalized to standard templates
(image databases based on normalized stereotaxic atlases) or
custom templates explicitly created for the study through linear
and nonlinear transformations. The images of each subject were
then automatically segmented into gray matter, white matter, and
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cerebrospinal fluid regions and were smoothed using a Gaussian
filter (Torres et al. 2016; Kan et al. 2020).

We assumed regional volume differences between patients
with PWMH and SSI suffering from mild cognitive impairment,
which account for the diverse prognoses. In the present study, we
compared the regional differences between patients with PWMH
and those with SSI, and a sample of ischemic patients without
cognitive impairment was also recruited. In addition, VBM was
used to adjust individual brain distortions to a common template
(Guo et al. 2019). We sought to determine the effectiveness of this
approach in classifying gray matter changes in VMCI and further
understand the relationship between gray matter changes and
cognitive function.

Materials and methods
Participants

All the experimental protocols were approved by the Ethics Com-
mittee of Shantou University Medical College. A total of 24 outpa-
tients or inpatients with cerebral infarction were enrolled in our
neurology department, including 15 males and 9 females, with an
average age of 69 +3.2 years. The diagnosis was made according
to Erkinjutti’s criteria (Erkinjuntti et al. 2000): (i) Clinical criteria:
(1) symptoms and signs of paroxysmal mild upper motor neuron
damage; (2) abnormal gait, instability, and easy to fall in the early
stage; (3) early urinary control is poor; (4) Bulbar paralysis and
extrapyramidal signs; (5) highlight the executive function and
attention; and (6) depression, personality, and behavior abnormal-
ities. (i) MRI criteria: (1) white matter damage type: extensive deep
and ventricular voiceover lesions, lacunar infarcts with extended
cap longer than 10 mm (measured along the anterior ventricular
angular axis) or irregular halos (>10 mm in width, irregular
edges, extending into deep white matter) and/or diffuse fused
hyperintensity (>25 mm, irregular) or extensive white matter
lesions (diffuse hyperintensity without boundaries) and deep gray
matter; (2) lacunar protrusion type: at least 5 lacunar foci in
deep gray matter; (3) no cortical or subcortical nonlacunar artery
innervation area infarction, watershed infarction, hemorrhage,
normal intracranial pressure hydrocephalus, or other particular
etiological white matter lesions.

Exclusion criteria: (i) complicated with cortical infarction; mas-
sive cerebral infarction; (ii) poor general condition, or combined
with aphasia or lateral limb paralysis, unable to cooperate with
cognitive function measurement; (iii) cognitive impairment or
dementia caused by causes other than the cerebrovascular dis-
ease (such as tumor, epilepsy, psychosis, hypothyroidism, liver and
kidney insufficiency, alcohol or drug abuse); and (iv) patients with
cognitive dysfunction before infarction.

Sixteen healthy volunteers with an average age of 57.9 4+ 6.5 years
were selected as the standard control group. The control and 2
patient groups were matched in gender and age. All subjects
signed informed consent.

Neuropsychological assessment

All the patients underwent neuropsychological testing, including
assessments for attention, language abilities, praxis, the 4 ele-
ments of Gerstmann syndrome, visuoconstructive functioning,
verbal, and visual memory, and frontal/executive functioning.
The scorable tests included the following: the Montreal cogni-
tive assessment (MoCA), activities of daily living (ADL), Clinical
Dementia Rating Scale (CDR), and Hamilton Depression Rating
Scale (HDRS). The MCI criteria were as follows: 21 < MoCA <26,
CDR=0.5, ADL < 16, and HDRS < 8.

Acquisition of MR images

All the MRI scans were acquired using a 1.5-Tesla MRI scanner at
the Second Affiliated Hospital of Shantou University Medical Col-
lege. A high-resolution 3D spoiled gradient-recalled T;-weighted
MRI scan was acquired for each subject using the following iden-
tical imaging parameters: axial slices with a thickness of 1.4 mm,
an echo time of 5 ms, a repetition time of 11.1 ms, the number of
excitations at 1, a flip angle of 20°, a field of view of 240 x 240 mm,
a matrix size of 256 x 256 pixels, NEX=1, and 96 axial slices.

VBM image preprocessing

The imaging data were analyzed using the SPM8 software (Insti-
tute of Neurology, London, UK), implemented in MATLAB (Math-
works Inc., Sherborn, MA, United States). First, normalize each
scan into a template, the Montreal Neurological Institute space.
Adjusting the parameters through the “Estimate and Write” mod-
ule, the individual 3D, T1-spoiled gradient-recalled scans were
segmented into white matter, gray matter, and cerebrospinal fluid
components. The individual gray matter segments were spatially
normalized to the gray matter template. The quality of split and
standardization was checked using the “Display One slice for
all images” and “Check sample homovariance using covariance”
options on the menu. During the normalization, the voxel sizes
were multiplied by the Jacobian determinants, which were derived
from the normalization process. The region segmented, normal-
ized, and modulated individual brain segments were smoothed
with an 8-mm full-width at half-maximum Gaussian kernel. By
applying the smoothing kernel, interindividual variability was
compensated, and the data were conformed more closely to the
Gaussian random field theory, which provides the revised statis-
tical inference.

Statistical analyses

The demographic, stroke-related variables, and the cognitive
performance domain scores of the group differences were
assessed using a 2-sample t-test where appropriate: SSI versus
PWMH, SSI versus control group, and PWMH versus control
group. The normalized, modulated, segmented, and smoothed
lesion-adjusted MRI images were used to evaluate the gray
matter differences among the 3 groups, respectively. The general
linear model, controlling for the total brain volume and selected
stroke-related, cognitive, and demographic variables were used
to perform the voxel-by-voxel comparisons. A threshold of
P<0.001 indicated significant differences in the gray matter
tissue volumes between the groups. Moreover, the clusters of
significant differences required an extent of at least 50 voxels.

Results

Forty participants were recruited according to the medical images
and neuropsychological tests, including 14 PWMH patients, 10
SSI patients, and 16 age- and sex-matched control group. There
were no significant differences in the gender, age, or handedness
distribution among these three groups. Compared to the SSI and
control groups, the patients in the PWMH group had fewer years of
formal education. However, the scores from the MoCA, ADL, CDR
and HDRS assessments were all not significantly different.

The whole cerebral volume declined in the PWMH patients
compared to the SSI and control groups. The regions of the
gray matter volumes were derived from the VBM processing.
The statistically significant differences between the PWMH and
SSI groups are shown in Table 1. The most obvious atrophy was
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Table 1. Stereotactic locations of the significant differences (P <0.001 with a 50-voxel extent threshold) in the gray matter volumes

between the SSI and PWMH groups.

Talairach coordinates

Location X Y Z k z P

right superior temporal gyrus 51 -10 4 4154 5.59 0.001
left superior temporal gyrus —57 -18 12 4086 5.34 0.001
left inferior frontal gyrus -32 30 -9 1718 4.40 0.001
right lingual gyrus 23 -73 24 256 4.22 0.001
right middle frontal gyrus 3 29 -14 707 418 0.001
right inferior frontal gyrus 51 27 -9 434 4.04 0.001
primary visual cortex 12 —60 180 3.70 0.001
right cuneus 3 —84 118 3.51 0.001

Fig. 1. Statistical maps of the gray matter volumes in the PWMH (a)
and SSI (b) groups. Relative to the SSI group, the PWMH patients showed
significant gray matter volume decreases in widespread regions of the
bilateral temporal lobes. Additional regions of decreased gray matter
volume in the PWMH group were found in the bilateral superior frontal
lobes, left postcentral gyrus, bilateral inferior frontal gyrus, right middle
frontal gyrus, and right lingual gyrus.

observed in the superior temporal gyrus, with the regions in
the left and right consisting of 4,086 voxels and 4,154 voxels,
respectively (P <0.001). The atrophy in both of the frontal lobes
was also significant, involving 4,154 voxels in the left and 434
voxels in the right frontal lobe (P <0.001). In addition, there were
some slight decreases in the right lingual gyrus and cuneus.
Figure 1 depicts the statistical maps of the gray matter volumes
in the most significant slices of the PWMH and SSI groups. Relative
to the SSI group, the PWMH patients showed serious gray matter
volume decreases in widespread regions of the bilateral temporal
lobes. Additional regions of decreased gray matter volume were
found in the bilateral superior frontal lobes, left postcentral gyrus,

Fig. 2. Statistical maps of the gray matter volumes in the SSI (a) and
control groups (b). The atrophy in the SSI patients was much more
moderate. There were only several trivial atrophies in the postcentral
gyrus, superior temporal gyrus, and occipital lobe.

bilateral inferior frontal gyrus, right middle frontal gyrus, and
right lingual gyrus.

The atrophy observed in the SSI patients was much more
moderate. Although several gyri indicated significant differences,
including the precentral gyrus, superior temporal gyrus, postcen-
tral gyrus, occipital lobe, etc., the maximum voxel cluster was
<300 (Table 2). Statistically significant atrophy was noted in the
right temporal lobe and right postcentral gyrus in the SSI group
compared with the control group (Fig. 2).

Inspection of the volume changes between the PWMH patients
and healthy volunteers revealed dramatic atrophy in extensive
gray matter regions, including the bilateral temporal lobes,
postcentral gyrus, middle frontal gyrus, lingual gyrus, etc.

(Fig. 3).

Table 2. Stereotactic Locations of Significant Differences (P <0.001 with a 50-voxel extent threshold) in Gray Matter Volume between

SSI and Control Group.

Talairach Coordinate

Location X Y K Z )

right precentral gyrus 36 -9 46 93 3.89 0.001
right superior temporal gyrus 48 —54 =21 211 3.81 0.001
left occipital lobe -30 —67 34 73 3.76 0.001
right postcentral gyrus 51 -16 33 281 3.75 0.001
left postcentral gyrus -38 —34 43 69 3.66 0.001
right middle temporal gyrus 44 -61 10 71 3.65 0.001
right postcentral gyrus 39 -28 46 194 3.51 0.001
left superior temporal gyrus —54 -37 15 68 3.45 0.001
right thalamus 15 -30 0 54 3.31 0.001
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Table 3. Stereotactic locations of the significant differences (P <0.001 with a 50-voxel extent threshold) in the gray matter volumes

between the PWMH and control groups.

Talairach Coordinates

Location X Y VA K z p

left superior temporal gyrus -57 -4 6 13,112 6.09 0.001
right superior temporal gyrus 48 =27 15 10,668 5.46 0.001
right middle frontal gyrus 26 33 34 869 4.98 0.001
left middle temporal gyrus =59 -33 -3 2037 4.39 0.001
right lingual gyrus 14 -58 10 507 4.24 0.001
right cuneus 23 -73 25 617 4.20 0.001

Fig. 3. Statistical maps of the gray matter volumes in the PWMH (a) and
control groups (b). Decreased gray matter volumes were detected in the
PWMH group compared with the control group in the bilateral temporal
lobes, right postcentral gyrus, right middle frontal gyrus, and right lingual
gyrus. The scope of the decrement was more extensive.

The atrophy volume in the superior temporal gyrus reached
~10,000 voxels (Table 3).

Discussion

By analyzing baseline imaging data, we demonstrated that com-
pared with age-matched control participants, VMCI patients had
reduced brain volume, which was most pronounced in the bilat-
eral temporal lobes. In a previous longitudinal follow-up study,
patients with lacunar stroke and leukoaraiosis had twice the atro-
phy rate of age-matched control participants, which was approxi-
mately 1% per year (Appleton et al. 2020). By contrast, no cognitive
changes were detected during this period. The sensitivity of brain
volume measurements over time suggests that they may have
potential as surrogate markers for detecting the disease progres-
sion and assessing the efficacy.

In previous studies, volume changes were also compared
between patients with SSI with and without cognitive impair-
ment. Significant decreases were found in the thalamus in
patients with ischemic stroke and cognitive impairment (Kim
et al. 2020). However, limited data have suggested that patients
with SSI identify as a high-risk group, and the rate of progression
to dementia is slow (Graff-Radford et al. 2020). Recent studies
provided evidence that extensive white-matter damage, such as
PWMH, showed a stronger correlation with dementia compared
with SSI.

The reason underlying PWMH being more closely related to
cognitive decline than SSIis intriguing. Periventricular white mat-
ter contains several bundles that connect various parts of the
brain, particularly in the brain cap region (Porcu et al. 2020).
The periventricular cap region radiates through the inferior and

superior occipito-frontal tracts, inferior longitudinal tract, cingu-
late gyrus, and thalamus; however, the density of these bundles
are located in the deep white matter region (Tan et al. 2019).
This suggests that the significant association of PWMH with
cortical thinning and executive dysfunction may be related to the
major regions crossing these regions. In addition, bundles passing
through the anterior cap interconnect the frontal lobe structure
primarily with other structures. Specifically, anterior thalamic
radiation connects the anterior thalamus to the orbitofrontal or
dorsolateral frontal region.

The mechanism of brain atrophy in VMCI remains to be elu-
cidated. Pathological and physiological variables that may affect
brain volume have been investigated in the context of multiple
sclerosis (Moccia et al. 2018). Factors contributing to reduced brain
volume may be related to axonal loss, resolution of inflammation
and edema, gliosis, demyelination, dehydration, normal aging,
and antiinflammatory agents (Andravizou et al. 2019; Arvanitakis
et al. 2019; Yang, Rong, et al. 2021). However, few studies have per-
formed direct pathological investigations to analyze the histology
underlying brain volume changes in VMCI (Yang, Wan, et al. 2021).
Changes in brain volume may be a direct result of microvascular
disease.

Atrophy of temporal lobe structures is a common indicator in
patients with Alzheimer’s disease, and it is associated with defi-
cient performance in memory tests (Bregman et al. 2020; Caillaud
et al. 2020). In our study, the atrophy of the temporal lobes was
more marked in the patients with PWMH compared to that noted
in those in the SSI and control groups. The characteristics of the
gray matter atrophy associated with the PWMH were more similar
to those associated with Alzheimer’s disease than SSI, which may
further reveal the susceptibility for escalation from PWMH to
dementia. It is our hope that further exploration will eventually
allow us to identify the early stages of dementia.

Traditional MRI measurement methods are based on the region
of interest (ROI), which has certain defects, such as time con-
sumption, intense subjectivity, poor repeatability, and inability to
perform whole-brain analysis. However, using VBM to measure
the morphological characteristics of PWMH and SSI can directly
analyze the original data. There is no prior assumption on ROI,
and it is not subject to the subjective influence of researchers,
so it has the advantages of comprehensiveness, automaticity,
objectivity, and repeatability.

However, in this study, after segmentation, standardization,
and smoothing, the data of the 2 experimental groups were
superimposed on the standardized brain map of a patient
with cognitive impairment, which was more reasonable than
superimposed on the SPM template. It can be further improved



in the future. Therefore, it is necessary to establish specific
standard templates suitable for specific study populations in the
future.

Conclusion

PWMH and SSI have different characteristics of gray matter atro-
phy, which explains the different clinical courses of PWMH and SSI
from the morphology perspective. In addition, the similar features
of gray matter atrophy between PWMH and neurodegenerative
diseases suggest that this subtype of vascular cognitive impair-
ment may be combined with or secondary to neurodegenerative
diseases.
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