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Subcortical ischemic vascular disease (SIVD) is one of the important causes

of cognitive dysfunction, altered amyloid-beta (Aβ) and cerebral perfusion

may be involved in the pathophysiological mechanism of SIVD and are

closely related to cognitive function. We aimed to investigate altered serum

Aβ and cerebral perfusion in patients with SIVD and their correlation with

cognitive function. Seventy-four healthy controls (HCs) and 74 SIVD patients,

including 38 SIVD patients with no cognitive impairment (SIVD-NCI) and

36 SIVD patients with mild cognitive impairment (SIVD-MCI) underwent the

measurement of serum Aβ40 and Aβ42 levels, pseudo-continuous arterial spin

labeling MRI scanning, and cognitive evaluation. Compared to the healthy

controls (HCs), the level of serum Aβ40 and Aβ40/42 ratio increased and Aβ42

decreased in SIVD patients. The serum Aβ40 level and Aβ40/42 ratio in patients

with SIVD-MCI were significantly higher than those in the HCs and SIVD-NCI,

and the level of Aβ42 in the SIVD-MCI was lower than the HCs. In addition,

the serum Aβ40/42 ratio provided high diagnostic accuracy for SIVD and

SIVD-MCI, it was further identified as an independent risk factor for cognitive

impairment. Patients with SIVD-NCI and SIVD-MCI exhibited both increased

and decreased cerebral blood flow (CBF) in regional. The Aβ40/42 ratio

was associated with global CBF, while altered global and regional CBF was

associated with cognitive deficits. In addition, white matter hyperintensities

volume (WMHV) correlated with Aβ40/42 ratio, CBF, and cognition. The

relationship between Aβ40/42 ratio and cognition was partially mediated by

altered CBF. Based on these results, we conclude that the serum Aβ40/42

ratio may be a potential biomarker that can complement current methods for
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the prediction and diagnosis of cognitive impairment in SIVD patients. In

addition, serum Aβ may play a role in cognitive function by regulating CBF,

which provides new insights into the intervention, treatment, and prevention

of cognitive impairment in SIVD.

KEYWORDS

arterial spin labeling, biomarker, cognitive impairment, subcortical ischemic vascular
disease, serum amyloid beta

Introduction

Nowadays, the pathogenesis of subcortical ischemic vascular
disease (SIVD) is not well defined. The term SIVD refers to a
subtype of vascular cognitive impairment (VCI) characterized
by extensive white matter hyperintensities (WMHs) and
multiple lacunar infarcts in brain imaging (Jokinen et al.,
2006). The symptoms of SIVD are usually not evident in
the early stages, but such individuals may develop cognitive
deficits in the future (Sachdev et al., 2014). Patients with
SIVD are susceptible to decreased cerebral perfusion, which
could lead to cognitive impairment including speed of
information processing, executive function, and attention
(Galluzzi et al., 2005; Sun et al., 2016). Amyloid beta
(Aβ) accumulation in the brain is a characteristic symptom
of Alzheimer’s disease (AD), recent studies showed that
approximately 30% of patients with clinically diagnosed
subcortical vascular cognitive impairment (SVCI) had a
significant amyloid load (Lee et al., 2011). However, the
role of Aβ in cognitive impairment in SIVD patients
and its relationship with cerebral perfusion are largely
unknown.

With the development of neuroimaging technology, we
can better explore the underlying pathogenesis of cognitive
impairment in SIVD patients with the help of brain magnetic
resonance. Arterial spin labeling (ASL) MRI employs an in vivo
technique to noninvasively quantify cerebral blood flow (CBF)
by using arterial water protons as an endogenous tracer (Inoue
et al., 2014). A previous study found that compared with
SIVD patients without cognitive impairment, SIVD patients
with cognitive impairment showed a diffuse decrease in brain
CBF, and regional CBF values were positively correlated with
cognitive scores (Sun et al., 2016). In addition, CBF in the
frontal and parietal cortices was significantly lower in patients
with SVCI and was not associated with brain atrophy (Schuff
et al., 2009). Studies have shown that CBF in the normally
occurring WM region around WMHs had begun to decline and
may progress to WMHs (Wu et al., 2019), so it was speculated
that regional CBF changes may be an earlier danger signal and
an initiating factor in the pathogenesis of SIVD and cognitive
impairment.

Deposition of Aβ within small cerebral vessels is a
pathological feature of cerebral amyloid angiopathy (CAA).
Growing evidence suggests that CAA plays a key role in the
pathogenesis of dementia (Keage et al., 2009). Aβ is produced
by the sequential processing of amyloid precursor protein by β-
secretase and G-secretase, and a peptide consisting of 40 or 42
amino acids is the main product (Aβ40 and Aβ42, respectively)
(Gandy, 2005). Aβ40 is the main component of AD brain
amyloid plaques and Aβ42 is the predominant component of
vascular deposits in CAA (Yamada, 2015). A Vilar-Bergua et al.
(2016) conducted a summary analysis of SIVD cerebrospinal
fluid (CSF) biomarkers and found that Aβ42 could effectively
distinguish vascular dementia (VaD) from AD and healthy
control (HC), in addition, plasma Aβ42 was also one of the
best biomarkers for silent brain infarct and WMHs. Due to the
traumatic nature of CSF examination, many studies have been
devoted to exploring whether blood Aβ markers have similar
diagnostic values in recent years. A blood-based test for the
differential diagnosis of VaD and other types of dementia found
that plasma Aβ40 was significantly elevated and Aβ38/Aβ40
ratio was decreased in VaD patients, moreover, the diagnostic
accuracy of plasma Aβ38/Aβ40 ratio for VaD can be comparable
to that of CSF biomarkers (Bibl et al., 2007). However, there
are few studies on the role of Aβ40 and Aβ42 in SIVD and its
cognitive impairment.

It is now recognized that both SVCI and AD are susceptible
to vascular risk factors and can be secondary to chronic cerebral
hypoperfusion affecting cognitive function (Gorelick et al., 2011;
Snyder et al., 2015). Some scholars put forward the hypothesis
that AD may be of vascular origin 25 years ago (de la Torre and
Mussivand, 1993), an important reason for the accumulation of
Aβ in brain tissue is the decreased clearance, and the normal
clearance of Aβ depends on stable CBF (Tarasoff-Conway et al.,
2015). Studies have confirmed that disordered CBF can lead
to decreased cerebral perfusion, damage to the blood-brain
barrier, and cause Aβ clearance obstacles, resulting in more Aβ

deposition in brain tissue (Bell and Zlokovic, 2009). Recently,
it has even been shown that the earliest event in AD is CBF
reduction, which subsequently may play a key role in driving
cognitive decline by initiating the amyloid cascade itself or by
causing and amplifying Aβ production (Korte et al., 2020).
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However, on the other hand, Aβ deposited in blood vessels has
certain toxic effects, which may further lead to hypoperfusion
by inducing vasoconstriction, increasing vascular resistance,
and causing pericyte degeneration (Kisler et al., 2017; Yew
and Nation, 2017). Thus, the causal relationship between
hypoperfusion and Aβ accumulation is still unknown. Although
CBF and Aβ play crucial roles in cognitive impairment in SIVD
patients, few studies have explored the relationship between CBF
and Aβ in SIVD patients with cognitive impairment and how the
causal relationship affects cognitive function.

In this study, we performed serum Aβ, cognitive function,
and cerebral perfusion imaging analysis in SIVD patients to
test the following hypotheses. Firstly, SIVD patients (including
SIVD-NCI and SIVD-MCI) showed significant changes in
serum Aβ levels, which may be an independent risk factor for
cognitive impairment. Secondly, patients with SIVD showed
decreased global cerebral perfusion, which was related to Aβ

levels, and regional cerebral perfusion changes were associated
with specific cognition domains. Finally, altered CBF mediated
the link between serum Aβ levels and cognitive impairment
in SIVD patients.

Materials and methods

Participants

This cross-sectional study was approved by the Ethics
Committee of The First Affiliated Hospital of Anhui Medical
University, and the study conformed to the World Medical
Association Declaration of Helsinki. All participants signed
an informed consent form before participating. In this study,
from August 2020 to April 2022, 120 patients with SIVD
were included from the Department of Neurology of the First
Affiliated Hospital of Anhui Medical University, Hefei, China.
Among the 120 participants, we excluded seven patients with
cortical non-lacunar infarcts and five with non-vascular white
matter hyperintensities. Others with intracerebral hemorrhages
(n = 3), cardioembolic infarction (n = 2), vascular dementia
(n = 4), Alzheimer’s disease (n = 3), Parkinson’s disease
(n = 3), new subcortical infarction (n = 3), subcortical
ischemic depression (n = 4), taking cognitive-improving drugs
(n = 3), alcohol abuse (n = 2), severe hepatic and renal
insufficiency (n = 2), inability to complete neuropsychological
tests (n = 2), claustrophobia (n = 3). Hence, a final analysis
of 74 SIVD-eligible patients was performed, including 38
SIVD patients with no cognitive impairment (SIVD-NCI) and
36 SIVD patients with mild cognitive impairment (SIVD-
MCI). All magnetic resonance imaging was evaluated in a
standardized manner by two experienced neuroradiologists,
and they were blinded to the clinical data of the subjects
in advance. The inclusion criteria for patients with SIVD
were based on the diagnostic criteria proposed by Roman

et al. (2002) and revised as follows: (1) age between 50
and 80 years; (2) brain MRI showed extensive periventricular
and deep white matter hyperintensity; extensive cap-shaped
hyperintensity (>10 mm along the ventricle) or irregular
band-shaped hyperintensity (wide degree > 10 mm, irregular
borders and extending into deep white matter); and diffuse
confluent hyperintensity (>25 mm, irregular shape, diffuse
hyperintensity without focal lesions); and lacune(s) in the
deep gray matter; or (3) multiple lacunes (>5) in the deep
gray matter and accompanied by moderate white matter
hyperintensities; and (4) absence of hemorrhages, cortical
and/or corticosubcortical non-lacunar territorial infarcts and
watershed infarcts; signs of normal pressure hydrocephalus; and
specific causes of white-matter lesions. In addition to meeting
the above imaging standards, SIVD-MCI patients should also
meet the following points: (1) participants complained of
cognitive decline, and this performance lasted at least several
months to several years; (2) in the cognitive test, at least one
or more cognitive domains were impaired but did not reach
the level of dementia (compared with the healthy controls,
the composite z-score of at least one cognitive domain was
lower than the adjusted average of 1.5 SD); (3) the ability
of daily living was unaffected, and only complex activities
were impaired or defective. Therefore, patients with SIVD-
NCI meet the diagnostic criteria for SIVD and have normal
cognitive function and activities of daily living. Subjects
meeting the following criteria will be excluded: (1) history of
traumatic brain injury, cerebral hemorrhage, intracranial tumor,
serious physical disease, mental system disease, or history of
electroconvulsive therapy; (2) conventional magnetic resonance
imaging showed infarction with a diameter ≥ 15 mm; (3)
epilepsy, alcoholism, Parkinson’s disease, Alzheimer’s disease,
dementia with Lewy bodies and other diseases that may cause
cognitive impairment; (4) white matter lesions caused by
other causes, such as normal pressure hydrocephalus, multiple
sclerosis, brain radiation, and metabolic disease; (5) Hamilton
Depression Scale score > 17, or anxiety; (6) severe visual or
hearing loss cannot complete neuropsychological evaluation; (7)
MRI examination is contraindicated or cannot tolerate MRI
examination.

In this study, 74 age, sex, and education-matched healthy
controls (HCs) were recruited from the local community during
the same period and did not meet the inclusion criteria of
the SIVD patients.

Neuropsychological test

The neuropsychological tests of this research were uniformly
evaluated by doctoral students in neurology who had undergone
rigorous training. All subjects participated in our cognitive
tests to fully understand their health status, which ensured the
compliance of the cognition test and the reliability of the results.
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All participants underwent the following neuropsychological
assessments: (1) life abilities evaluation: Activities of Daily
Living scale (ADL); (2) global cognition test: Mini-Mental State
Examination (MMSE); (3) information processing speed test:
Trail Making Test-A (TMT-A), the Stroop’s Color Word Test-
A (SCWT-A: dot), the Stroop’s Color Word Test-B (SCWT-
B: word), and the Symbol Digit Modalities Test (SDMT);
(4) executive function: Trail Making Test-B (TMT-B) and
Stroop’s Color Word Test-C (SCWT-C: color word); (5)
attention function: The forward and backward aspects of the
Digital Span test (DS); (6) memory function: Auditory Verbal
Learning Test (AVLT), and consists of four parts: immediate
memory, 5-min delay memory, 20-min delay memory, and
recognition memory. (7) language function: Verbal Fluency Test
(VFT); (8) visuospatial perception test: Clock Drawing Test
(CDT). (9) Hamilton Depression (HAMD) scale was assessed
to exclude those with potential depression. To facilitate a
better comparison of cognitive function between groups, we
performed z-transformation on the neuropsychological test of
each subject (z-score = individual test score minus mean of
healthy controls, divided by standard deviation of controls).
The subitems of each cognitive domain were averaged to
obtain the composite score of a single domain (The z-score
of the SDMT item was first multiplied by –1, then averaged
with STROOP-A and STROOP-B to obtain the z-score of the
cognitive domain of information processing speed. Subitems
in other cognitive domains have not been treated similarly).
It is well known that the higher the score of the information
processing speed and executive function is, the worse the
cognitive performance; therefore, we invert the z-scores of the
two parts by multiplying them by –1, and higher z-scores
represent better performance. In addition, higher z-scores in
language, memory, attention, and visuospatial domains indicate
better cognitive function.

Clinical and biochemical assessments

Demographic and clinical data of all subjects were
collected, including sex, age, education level; history of stroke,
hypertension, diabetes, hyperlipidemia, drinking, and smoking;
medical history related to Aβ40 or Aβ42, and vascular risk
factors. In addition, detailed neurological physical examination
and clinical interview were performed on all subjects by
two neurologists. Subjects fasted for more than 12 h. On
the day of performing the brain MRI, 3 ml of peripheral
venous blood was drawn on an empty stomach in the
morning and immediately sent to the laboratory of the First
Affiliated Hospital of Anhui Medical University to complete
liver and kidney function, triglycerides (TG), total cholesterol
(TCH), high-density lipoprotein-cholesterol (HDL-C), low-
density lipoprotein-cholesterol (LDL-C), homocysteine (Hcy),
and hs-CRP detection. Additionally, 2 ml of peripheral venous

blood was taken at 3000 rpm/separation of the heart for 20 min,
the serum was taken in the Eppendorf tube and placed in
the refrigerator at –80◦C until it was used for testing. Using
a two-site sandwich enzyme-linked immune sorbent assay
to determine serum Aβ40 and Aβ42 levels (Huada Biotech
Corporation Ltd., Wuhan, China). The dynamic range was 8–
500 pg/ml for Aβ40 and 2–85 pg/ml for Aβ42. The intraassay
and interassay coefficients of variation for serum Aβ40 and Aβ42
levels were less than 9 and 11%, respectively.

APOE genotyping

APOE genotyping was performed on EDTA blood samples
at Beijing Liuhe Huada Gene Technology company. Genomic
DNA was extracted from blood samples using the Tiangen
Biochemical Technology company Blood DNA Mini Kit
(DP348). Genotyping of rs429358 and rs7412 (APOE) in each
subject was performed using the Penta-primer amplification
refractory mutation system method. After the polymerase chain
reaction, the plates were read by a TECAN M1000 infinite
reader, and DNA sequences were analyzed using the online
software snp decoder1. The χ2 test was used to assess whether
the allele frequency was consistent with expectation in the
Hardy–Weinberg equilibrium. The statistical significance level
was set at P < 0.05.

Image acquisition

MRI scans were obtained using a 3.0-Tesla MR system
(Discovery MR750w, General Electric, Milwaukee, WI, USA)
with a 24-channel head coil. Earplugs were used to reduce
scanner noise, and tight but comfortable foam padding was
used to minimize head motion. High-resolution 3D T1-
weighted structural images were acquired by employing a brain
volume (BRAVO) sequence with the following parameters:
repetition time (TR) = 8.5 ms; echo time (TE) = 3.2 ms;
inversion time (TI) = 450 ms; flip angle = 12◦; field of view
(FOV) = 256 mm × 256 mm; matrix size = 256 × 256; slice
thickness = 1 mm, no gap; 188 sagittal slices. T2 fluid-attenuated
inversion recovery (FLAIR): TR = 9,000 ms, TE = 119.84 ms,
FOV = 225 × 225 mm, FA = 160◦, Matrix = 512 × 512,
number of layers = 19, layer thickness = 7 mm, acquisition
time = 1 min 57 s. SWAN: TR = 45.4 ms, TE = 23.536 ms,
FOV = 240.64 × 240.64 mm, FA = 20◦, Matrix = 512 × 512,
number of layers = 138, layer thickness = 1 mm, acquisition
time = 3 min and 51 s. Resting-state perfusion imaging was
performed using a pseudo-continuous arterial spin labeling
(ASL) sequence with a 3D fast spin-echo acquisition and
background suppression (TR = 5070 ms, TE = 11.5 ms; post-
label delay = 2025 ms; spiral in readout of eight arms with 512
sample points; flip angle = 111?; FOV = 240 mm × 240 mm;
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reconstruction matrix = 128 × 128; slice thickness = 3 mm, no
gap; 50 axial slices; number of excitation = 3). The label and
control whole-brain image volumes required 8 TRs, respectively.
Routine T2-weighted images were also collected to exclude
any organic brain abnormality. None of the participants were
excluded for visually inspected imaging artifacts.

Structural MRI data processing

The three-dimensional (3D) structural MRI images were
processed using the Computational Anatomy Toolbox 12
(CAT12) software1 based on SPM8. Firstly, all the structural
images were corrected for bias-field inhomogeneities. Then,
the structural images were segmented into three density
components including gray matter (GM), white matter (WM),
and cerebrospinal fluid (CSF). Total brain volume (TBV) was
calculated as the sum of total GM and WM. Intracranial volume
(ICV) was the summation of all tissue classes (total GM, total
WM, and CSF volume). The whole white matter hyperintensities
volume (WMHV) was segmented by the lesion prediction
algorithm using T2 fluid-attenuated inversion recovery imaging
(FLAIR) as implemented in the Lesion Segmentation Toolbox
(LST) version 3.0.02 for SPM, and volumes of total WMH were
estimated as direct volumes in ml.

PCASL data processing

Three ASL difference images were calculated by subtracting
the label images from the control images and then averaged.
Next, CBF was quantified by applying a single-compartment
model (Buxton et al., 1998) to the mean ASL difference and
proton-density-weighted reference images (Xu et al., 2010; Zhu
et al., 2015, 2017). SPM12 software3 was used to normalize
the CBF images into the MNI space using the following steps:
(1) individual structural images were firstly co-registered with
the CBF images; (2) the transformed structural images were
segmented and normalized to the MNI space; and (3) the CBF
image of each subject was written into the MNI space using
the deformation parameter derived from the prior step and
was resliced into a 2-mm cubic voxel. For standardization, the
CBF value of each voxel was divided by the global mean CBF
value of each person. Finally, the CBF images were smoothed
with a 6 mm FWHM Gaussian kernel. Multiple comparisons
were corrected using the cluster-level false discovery rate (FDR)
method, resulting in a cluster defining threshold of P < 0.001
and a corrected cluster significance of P < 0.05 (Mueller et al.,
2017). Clusters were localized by non-linear transformation to

1 http://www.neuro.uni-jena.de/cat

2 www.statistical-modelling.de/lst.html

3 http://www.fil.ion.ucl.ac.uk/spm/

the anatomical automatic labeling (AAL) template provided
by the Montreal Institute of Neuroscience. The results were
presented using MRIcron4. The CBF value of regions with
differing perfusion was extracted for further statistical analysis.

Statistical analysis

The Shapiro–Wilk (S–W) test was performed on all
continuous variables to assess whether the data conformed
to normality. Normally distributed continuous variables were
presented as mean ± standard deviation (SD), non-normally
distributed continuous variables are presented as median with
interquartile range (IQR), and values for categorical variables
were provided as frequencies with percentages (%). A two-
sample t-test was used for continuous variables with normal
distribution, the Mann–Whitney U test was used for continuous
variables with non-normal distribution, and a chi-square test
was used for categorical variables between the comparison
of the HC and SIVD groups. The comparison of continuous
variables with normal distributions between the HC, SIVD-NCI,
and SIVD-MCI groups used a one-way analysis of variance
(ANOVA) followed by a post hoc Bonferroni test. Continuous
variables with non-normal distributions were analyzed using
Kruskal–Wallis tests, categorical variables were tested by chi-
square tests, and the statistical significance of the pairwise
comparison among the three groups of HC, CSVD-NCI, and
CSVD-MCI was corrected by the Bonferroni method to control
for false positives (P < 0.05/3 = 0.0167). To evaluate the
diagnostic value of serum level of Aβ in distinguishing HCs
from SIVD, and SIVD-NCI from SIVD-MCI, receiver operating
characteristic (ROC) analysis was performed, and the area
under the curve (AUC) was calculated to provide better tools
for early diagnosis. Binary logistic regression analysis was
used to investigate independent risk factors for SIVD-MCI,
we took the occurrence of SIVD-MCI in SIVD patients as
the dependent variable and included the influencing factors of
P < 0.2 in the univariate logistic regression analysis as the
independent variable Partial correlation analysis (controlling
for age, gender, education, vascular risk factors) was used
to analyze the correlation between the CBF (including the
whole brain, GM, and WM), Aβ40/42 ratio, and WMHV.
At the same time, a partial correlation analysis (controlling
for age, gender, education, vascular risk factors) was carried
out to explore the correlation between CBF, WMHV and
cognitive function. After the CBF values of HC, SIVD-NCI,
and SIVD-MCI groups were extracted, the differences between
the two groups were compared by a two-sample T-test and
corrected by the Bonferroni method (P < 0.05/3 = 0.0167) was
considered statistically.

4 https://www.nitrc.org/projects/mricron
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Mediation analysis

To test whether the alteration of the CBF (including the
whole brain and GM) mediated the link between the Aβ40/42
ratio and cognitive function, mediation analysis of linear
regression models with the help of the PROCESS macro5 was
performed, and a multifunctional modeling tool developed by
Hayes in 2009 that can be used for SPSS analysis. This PROCESS
used the common least squares path analysis framework to
estimate the direct and indirect mediation effects. In the
schematic diagram of the mediation analysis model (Figure 6A),
all paths were reported as nonstandard ordinary least squares
regression coefficients. Gender, age and years of education were
included in the model as covariates. During the implementation
of SPSS, significance analysis was performed based on 5,000
bootstraps, but the significance of the indirect effect needed
to be evaluated by the bootstrap 95% confidence interval (CI).
A significant indirect effect was considered when the 95% CI did
not contain zero. The level of significance was set at P < 0.05.

Results

Participant characteristics,
neuropsychological tests, and
neuroimaging manifestations

The demographic, clinical data, neuropsychological tests,
and neuroimaging manifestations for each group were listed
in Table 1. No significant differences in age, gender, and
educational levels were observed between the HC and whole
SIVD groups. The whole SIVD group had a higher proportion
of hypertension, diabetes, hyperlipidemia, and drinking history;
as well as higher levels of Hcy, Aβ40, and Aβ40/42 ratio; lower
levels of Aβ42; more lacunes; and a larger volume of WMH.
CBF in the whole brain and GM were lower than that in the HC
group. Furthermore, SIVD patients showed poorer performance
in MMSE, z-global, and all cognitive domains (including
information processing, executive, attention, memory, language,
and visuospatial). There were no significant differences in
sex distribution, age, and years of education between the
three groups (HC, SIVD-NCI, and SIVD-MCI). Compared
with the HC group, patients in the SIVD-NCI group had
higher rates of hypertension, hyperlipidemia, and drinking
history; a larger volume of WMH; more lacunes; lower CBF
in the whole brain and GM, and no significant difference
in cognitive function between the two groups. Compared
with the HC group, patients in the SIVD-MCI group had a
higher proportion of hypertension, diabetes, hyperlipidemia,
and drinking history; as well as higher levels of Hcy; more

5 http://www.processmacro.org/

lacunes; and larger volume of WMH; lower CBF in the
whole brain and GM. In addition, SIVD-MCI patients showed
poorer performance in MMSE, z-global, and all cognitive
domains than that in HCs. Compared with the SIVD-NCI
group, patients in the SIVD-MCI group had more lacunes;
a larger volume of WMH; and showed poorer performance
in MMSE, z-global, and all cognitive domains. Differences
in Aβ40, Aβ42, and Aβ40/42 ratio among the three groups
of HC, SIVD-NCI, and SIVD-MCI were shown in Figure 1.
Compared with the HC group, Aβ40 and Aβ40/42 ratios
were significantly increased in SIVD-MCI group, while Aβ42
was significantly decreased (Figures 1A–C). There was no
significant difference between SIVD-NCI and HC groups.
Compared with the SIVD-NCI group, Aβ40 and Aβ40/42
ratios were significantly increased in the SIVD-MCI group
(Figures 1A,C), with no significant difference in Aβ42 between
the two groups.

Receiver operating characteristic
analysis of the serum Aβ40, Aβ42,
Aβ40/42 levels in the diagnosis of the
subcortical ischemic vascular disease
and cognitive impairment

Considering the above findings, we want to know more
about which of the Aβ40, Aβ42, and Aβ40/42 has the greatest
diagnostic value for SIVD and related cognitive impairments, we
further determined the diagnostic value of serum Aβ40, Aβ42,
and Aβ40/42 levels by constructing the ROC curve. As shown
in Figure 2A, the AUCs for Aβ40 and Aβ42 to discriminate
between HC and SIVD were 0.632 (P < 0.01, 95%CI: 0.541–
0.723) and 0.614 (P < 0.05, 95%CI: 0.524–0.705), respectively;
however, the AUC of Aβ40/42 ratio was increased to 0.702
(P < 0.001, 95%CI: 0.618–0.785). Similarly, The AUCs for Aβ40,
Aβ42, and Aβ40/42 to discriminate between SIVD-NCI and
SIVD-MCI were 0.689 (P < 0.01, 95%CI: 0.567–0.809), 0.578
(P = 0.245, 95%CI: 0.447–0.709), 0.741 (P < 0.001, 95%CI:
0.629–0.852), respectively (Figure 2B).

Binary logistic regression analysis of
the risk factors for cognitive
impairment

To further examine the risk factors for cognitive impairment
in SIVD patients, we took the occurrence of SIVD-MCI in SIVD
patients as the dependent variable and included the influencing
factors of P < 0.2 in the univariate logistic regression analysis
as the independent variable. Finally, age, education, LDL-C,
Hcy, Aβ40/Aβ42, WMHV, Lacunes were incorporated into the
logistic regression model (Table 2). The result showed that Hcy
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TABLE 1 Demographic, clinical, and neuroimaging manifestations data.

Characteristics HC(n = 74) Whole SIVD(n = 74) SIVD-NCI(n = 38) SIVD-MCI(n = 36) P
Demographics

Age (years) 60.75 (8.09) 62.46 (7.81)b 61.95 (4.52) 63.14 (5.52) 0.119 d

Male, n (%) 30 (40.5) 39 (52.7)a 23 (60.5) 19 (52.8) 0.114 a

Education (years) 8.97 (2.87) 8.73 (2.55)b 9.13 (3.05) 8.25 (2.62) 0.355 d

Vascular risk factors

Hypertension, n (%) 10 (13.5) 37 (50.0)a# 16 (42.1)# 21 (58.3)# <0.001a

Diabetes, n (%) 8 (10.8) 20 (27.0)a# 9 (23.7) 11 (30.6)# 0.032a

Hyperlipidemia, n (%) 10 (12.2) 27 (36.5)a# 13 (34.2)# 14 (38.9)# 0.005a

Smoking history, n (%) 9 (10.0) 18 (24.3)a 9 (23.7) 9 (25.0) 0.158a

Drinking history, n (%) 9 (12.3) 28 (37.8)a# 13 (34.2)# 15 (41.6)# 0.004a

Laboratory examination

Glu (mmol/L) 5.40 (1.18) 5.63 (1.03)b 5.48 (0.88) 5.80 (1.15) 0.201d

TG (mmol/L) 1.45 (0.80) 1.48 (0.94)b 1.47 (0.98) 1.49 (0.91) 0.977d

TCH (mmol/L) 4.26 (0.76) 4.45 (1.25)b 4.31 (1.32) 4.59 (1.17) 0.267d

LDL-C (mmol/L) 3.02 (0.71) 3.23 (1.16)b 3.04 (1.23) 3.42 (1.05) 0.107d

HDL-C (mmol/L) 1.46 (0.38) 1.32 (0.32)b 1.33 (0.33) 1.31 (0.32) 0.068d

Hcy (µmol/L) 16.57 (5.06) 19.43 (10.11)b# 17.65 (6.90) 21.31 (12.49)# 0.014d

hs-CRP (mg/L) 1.00 (1.25) 1.00 (1.32)b 1.00 (1.50) 1.05 (1.25) 0.666d

Aβ40 (pg/mL) 400.14 (32.42) 414.39 (34.49)b# 403.25 (35.59) 426.18 (29.42)#† <0.001d

Aβ42 (pg/mL) 66.44 (9.39) 62.76 (9.64)b# 63.94 (9.56) 61.52 (9.69)# 0.037d

Aβ40/42 ratio 6.15 (1.06) 6.75 (1.15)b# 6.42 (1.01) 6.88 (1.22)#† <0.001d

APOE4, n (%) 11 (14.9) 19 (25.7)a 9 (23.7) 10 (27.8) 0.234a

Neuropsychological tests

MMSE 27.89 (2.33) 25.85 (2.37)b# 26.97 (1.51) 24.64 (1.82)#† <0.001d

Information processing z-score 0.0 (0.77) –0.85 (1.06)b# –0.34 (0.78) –1.30 (0.81)#† <0.001d

Executive z-score 0.0 (0.74) –0.86 (1.21)b# –0.39 (1.01) –1.37 (1.21)#† <0.001d

Attention z-score 0.0 (0.89) –0.54 (0.78)b# –0.12 (0.69) –0.99 (0.60)#† <0.001d

Memory z-score 0.0 (0.86) –0.63 (1.04)b# –0.21 (0.90) –1.09 (1.01)#† <0.001d

Language z-score 0.0 (0.82) –0.51 (0.90)b# –0.15 (0.85) –0.87 (0.82)#† <0.001d

Visuospatial z-score 0.0 (1.00) –0.93 (1.49)b# –0.33 (1.39) –1.56 (1.34)#† <0.001d

Global z-score 0.0 (0.59) –0.72 (0.79)b# –0.24 (0.60) –1.14 (0.66)#† <0.001d

Neuroimaging

GMV (mL) 581.05 (45.34) 572.88 (51.47)b 583.800 (37.52) 561.36 (61.40) 0.081d

WMV (mL) 470.15 (55.26) 466.83 (42.35)b 476.72 (42.46) 456.39 (40.21) 0.189d

WMHV (ml) 1.06 (0.85) 7.93 (12.81)c# 7.11 (11.88)# 12.07 (13.94)#† <0.001e

Lacunes 0 (0) 1 (2)c# 1 (1)# 2 (3)#† <0.001e

CBF-Whole brain 0.9541 (0.0030) 0.9533 (0.0029)b# 0.9527 (0.0023)# 0.9524 (0.0026)# 0.005d

CBF-GM 1.0053 (0.0126) 1.0007 (0.0122)b# 0.9985 (0.0149)# 0.9962 (0.0137)# 0.002d

CBF-WM 0.9015 (0.0197) 0.8996 (0.0286)b 0.8963 (0.0209) 0.8947 (0.0272) 0.258d

Continuous variables with normal distribution (age, Glu, TG, TCH, LDL-C, HDL-C, Hcy, hs-CRP, Aβ40, Aβ42, Aβ40/42 ratio, Neuropsychological tests, GMV, WMV, CBF-Whole brain,
CBF-GM, CBF-WM) were described by mean and standard deviation. Continuous variables with non-normal distribution (WMHV, Lacunes) were described by median and interquartile
range. Categorical variables (sex, hypertension diabetes, hyperlipidemia, smoking history, drinking history, APOE4) were described by frequencies and percentages. P: The p-values
of difference between HC, SIVD-NCI and SIVD-MCI. #Whole SIVD, SIVD-NCI, SIVD-MCI group vs. HC group significantly different (P < 0.05). †SIVD-MCI group vs. SIVD-NCI
group significantly different (P < 0.05). a: Chi-square test. b: Two independent-samples t-test. c: Mann–Whitney U test. d: One-way analysis of variance (ANOVA) with a post hoc
Bonferroni test. e: Kruskal–Wallis test. HC, healthy control; SIVD, subcortical ischemic vascular disease; NCI, no cognitive impairment; MCI, mild cognitive impairment; Glu, glucose;
TCH, total cholesterol; TG, triglycerides; HDL-C, high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol; Hcy, homocysteine; hs-CRP, hypersensitive-C reactive
protein; GMV, gray matter volume; WMV, white matter volume; WMHV, white matter hyperintensity volume; MMSE, Mini-Mental State Examination; GM, gray matter; WM, white
matter; CBF, cerebral blood flow. Significant differences are indicated in bold.

{odds ratio [OR] = 1.152; 95% Confidence interval (CI = 1.004–
1.323); P = 0.044}, WMHV (OR = 1.075; 95%CI = 1.017–1.137;
P = 0.010) and Aβ40/42 ratio (OR = 2.237; 95%CI = 1.319–
3.795; P = 0.003) were independent risk factors for SIVD-
MCI after adjusting for confounders such as vascular risk

factors and imaging markers of small vessel disease. Given the
diagnostic value of the Aβ40/42 ratio and its impact on cognitive
impairment in SIVD, we employed this indicator for further
research in subsequent analysis.

Association between Aβ40/42 ratio,
white matter hyperintensities volume,
and cerebral blood flow

We performed a partial correlation analysis (after
adjustment for age, sex, education, and vascular risk factors)
on Aβ40/42 ratio with CBF values, and WMHV in patients
with SIVD-NCI, SIVD-MCI, and whole SIVD. As shown
in Figure 3, in the SIVD-MCI group, there were significant
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FIGURE 1

Boxplots of differences in serum Aβ40, Aβ42, and Aβ40/42 levels between HC, SIVD-NCI, and SIVD-MCI groups. (A) Comparison of serum Aβ40
levels among the three groups of HC, SIVD-NCI and SIVD-MCI. (B) Comparison of serum Aβ42 levels among the three groups of HC, SIVD-NCI
and SIVD-MCI. (C) Comparison of serum Aβ40/42 levels among the three groups of HC, SIVD-NCI and SIVD-MCI. HC, healthy control; SIVD,
subcortical ischemic vascular disease; NCI, no cognitive impairmen; MCI, mild cognitive impairment; *P < 0.05; **P < 0.01; ***P < 0.001.

FIGURE 2

ROC analysis of the serum Aβ40, Aβ42, and Aβ40/42 ratio levels in the diagnosis of the SIVD and cognitive impairment. (A) ROC analyses of
serum Aβ40, Aβ42, and Aβ40/42 levels for SIVD patients versus HC. (B) ROC analyses of serum Aβ40, Aβ42, and Aβ40/42 levels for SIVD-NCI
versus SIVD-MCI. ROC, receiver operating characteristic; HC, healthy control; SIVD, subcortical ischemic vascular disease; NCI, no cognitive
impairment; MCI, mild cognitive impairment; vs., versus.

TABLE 2 The results of the binary logistic regression analysis of clinical risk factors for cognitive impairment in SIVD-MCI patients.

B SE Walds P OR (95%CI)

Age 0.048 0.062 0.598 0.439 1.049 (0.929–1.184)

Education –0.014 0.108 0.017 0.897 0.986 (0.798–1.218)

LDL-C 0.439 0.265 2.745 0.098 1.551 (0.923–2.605)

Hcy 0.142 0.070 4.048 0.044 1.152 (1.004–1.323)

Aβ40/Aβ42 0.805 0.270 8.921 0.003 2.237 (1.319–3.795)

WMHV 0.073 0.028 6.621 0.010 1.075 (1.017–1.137)

Lacunes 0.065 0.180 0.129 0.719 1.067 (0.750–1.517)

LDL-C, low density lipoprotein-cholesterol; Hcy, homocysteine; WMHV, white matter hyperintensity volume; B, regression coefficient; SE, standard error; Walds, wald test; OR, odds
ratio; CI, confidence interval. Significant differences are indicated in bold.
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negative correlations between Aβ40/42 ratio and CBF in the
whole brain (pr = –0.470, P = 0.004) (Figure 3A) and GM
(pr = –0.412, P = 0.013) (Figure 3B). However, there was no
significant correlation between Aβ40/42 ratio and CBF in WM
(pr = –0.240, P = 0.159) (Figure 3C). In addition, WMHV was
significantly negatively correlated with CBF in the whole brain
(pr = –0.357, P = 0.041) (Figure 3E) and GM (pr = –0.337,
P = 0.045) (Figure 3F), respectively. But there was no significant
correlation between WMHV and CBF in WM (pr = –0.270,
P = 0.112) (Figure 3G).

Similarly, we found that there were significant negative
correlations between Aβ40/42 ratio and CBF in the whole brain
(pr = –0.336, P = 0.039) (Figure 3A) in patients with SIVD-NCI,
but the correlation between GM and WM was not significant
(Figures 3B,C). At the same time, WMHV was significantly
negatively correlated with CBF in the whole brain (pr = –0.344,
P = 0.043) (Figure 3E), but the correlation with GM and WM
was not significant (Figures 3F,G). As illustrated in Figure 3D,
the Aβ40/42 ratio and WMHV were not significantly correlated
in both SIVD-MCI and SIVD-NCI groups.

Correlations between Aβ40/42 ratio, WMHV, and CBF
across the whole SIVD patients were shown in Supplementary
Materials. As shown in Supplementary Figure 1, there
were significant negative correlations between Aβ40/42
ratio and CBF in the whole brain (pr = –0.396, P < 0.001)
(Supplementary Figure 1A) and GM (pr = –0.348, P = 0.003)
(Supplementary Figure 1B). In addition, WMHV was
significantly negatively correlated with CBF in the whole brain
(pr = –0.349, P = 0.003) (Supplementary Figure 1E) and
GM (pr = –0.290, P = 0.014) (Supplementary Figure 1F),
respectively. Notably, the Aβ40/42 ratio was significantly
positively correlated with WMHV (pr = 0.354, P = 0.002)
(Supplementary Figure 1D).

Group comparison of the cerebral
blood flow

Analysis based on CBF data, Brain regions with significantly
altered CBF controlled for age, gender, and education (P < 0.05,
cluster-level FDR corrected, the cluster-forming threshold at
voxel-level P < 0.001) were found in the right postcentral
gyrus (PoCG.R), left superior parietal gyrus (SPG.L), right
putamen (PUT.R), and left putamen (PUT.L) (Figure 4 and
Table 3). Table 3 illustrated the post hoc results of the
altered CBF between each pair of the groups. The CBF
in the PoCG.R and SPG.L were significantly lower in the
SIVD-NCI and SIVD-MCI groups than those of the HCs.
Notably, the CBF values of PUT.R and PUT.L in the
SIVD-NCI and SIVD-MCI groups were significantly higher
than those of the HCs. However, there was no significant
difference in CBF values between the SIVD-NCI and SIVD-
MCI groups. We defined these regions with differing perfusion

as the regions of interest (ROIs) for further correlation
analyses.

Association between cerebral blood
flow, white matter hyperintensities
volume and neuropsychological tests

Figure 5 illustrated the associations between CBF values in
the whole brain, GM, ROIs, WMHV, and neuropsychological
tests in patients with SIVD-MCI and SIVD-NCI. In the
SIVD-MCI group, the CBF of the whole brain (pr = 0.494,
P = 0.002) (Figure 5A) and GM (pr = 0.425, P = 0.010)
(Figure 5B) was positively correlated with global cognitive
function. The CBF of SPG.L was positively correlated with
executive function (pr = 0.490, P = 0.002) (Figure 5C).
Moreover, CBF of PoCG.R was positively correlated with
attention function (pr = 0.436, P = 0.008) (Figure 5D).
Interestingly, CBF of PUT.L (pr = –0.459, P = 0.005) and
PUT.R (pr = –0.513, P = 0.001) were negatively correlated
with information processing speed (Figures 5E,F). It is worth
noting that WMHV was significantly negatively correlated
with global cognitive function (pr = –0.408, P = 0.013)
(Figure 5G), information processing speed (pr = –0.365,
P = 0.037) (Figure 5H) and executive function (pr = –0.473,
P = 0.005) (Figure 5I).

Similarly, we found that there were significant positive
correlations between global cognitive function and CBF in the
whole brain (pr = 0.450, P = 0.005) (Figure 5A) and GM
(pr = 0.393, P = 0.015) (Figure 5B) in patients with SIVD-
NCI. The CBF of SPG.L was positively correlated with executive
function (pr = 0.366, P = 0.024) (Figure 5C). Moreover, CBF of
PoCG.R was also positively correlated with attention function
(pr = 0.384, P = 0.017) (Figure 5D). Unfortunately, there was
no significant correlation between the CBF value of the bilateral
PUT and information processing speed (Figures 5E,F). WMHV
was significantly negatively correlated with global cognition
(pr = 0.354, P = 0.029) (Figure 5G), but not with information
processing speed and executive function (Figures 5H,I).

Correlations between CBF, WMHV, CBF, and
neuropsychological tests in the whole SIVD patients
were shown in Supplementary Materials. As shown in
Supplementary Figure 2, the CBF of the whole brain
(pr = 0.485, P < 0.001) (Supplementary Figure 2A) and
GM (pr = 0.462, P < 0.001) (Supplementary Figure 2B)
was positively correlated with global cognition. The
CBF of SPG.L and PoCG.R were positively correlated
with executive function (pr = 0.360, P = 0.002)
(Supplementary Figure 2C) and attention function
(pr = 0.340, P = 0.004) (Supplementary Figure 2D),
respectively. Moreover, CBF of PUT.L (pr = –0.408,
P < 0.001) and PUT.R (pr = –0.259, P = 0.029) were
negatively correlated with information processing speed
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FIGURE 3

Scatter plots of correlation between serum Aβ40/42 ratio, WMHV, and CBF (including whole brain, GM, and WM) in patients with SIVD-MCI and
SIVD-NCI. The blue dots represented the SIVD-MCI group, and the orange-yellow triangle represented the SIVD-NCI group. (A) Negative
correlations between serum Aβ40/42 ratio and CBF in the whole brain. (B) Negative correlations between serum Aβ40/42 ratio and CBF in the
GM. (C) Negative correlations between serum Aβ40/42 ratio and CBF in the WM. (D) Positive correlations between serum Aβ40/42 ratio and
WMHV. (E) Negative correlations between CBF in the whole brain and WMHV. (F) Negative correlations between CBF in the GM and WMHV. (G)
Negative correlations between CBF in the WM and WMHV. pr, partial correlation coefficient; GM, gray matter; WM, white matter; CBF, cerebral
blood flow; WMHV, white matter hyperintensity volume. ∗P < 0.05, ∗∗P < 0.01, respectively. (controlling for age, gender, education, vascular risk
factors).

FIGURE 4

Brain regions of group differences in CBF values controlling for age gender and education (clusterlevel P < 0.05, FDR corrected, cluster-forming
threshold at voxel-level P < 0.001); x, y, z, coordinates of primary peak locations in MNI space; the color bar represents the F values. PoCG,
postcentral gyrus; SPG, superior parietal gyrus; PUT, putamen; L, left; R, right.

(Supplementary Figure 2E,F). In addition, WMHV was
significantly negatively correlated with global cognition (pr = –
0.459, P < 0.001) (Supplementary Figure 2G), information
processing speed (pr = –0.342, P = 0.003) (Supplementary
Figure 2H) and executive function (pr = –0.358, P = 0.002)
(Supplementary Figure 2I).

Mediation analysis

To examine the relationship between the CBF (whole brain
and GM), Aβ40/42 ratio, and cognitive function, we performed
a mediation analysis to identify whether alterations in serum
Aβ40/42 ratio could cause CBF changes that affect cognitive
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TABLE 3 Brain regions with significant differences in CBF between patients with HCs, SIVD-NCI, and SIVD-MCI.

Brain regions (AAL) Cluster size (voxels) MNI coordinates F value Peak T value

x y z SIVD-NCI
vs. HCs

SIVD-MCI
vs. HCs

SIVD-MCI
vs.

SIVD-NCI

Decreased regions

PoCG.R 262 20 –36 56 19.31 5.48*** 6.01*** 0.39

SPG.L 144 –16 –64 42 10.82 3.56*** 4.32*** 0.33

Increased regions

PUT.R 670 14 16 –4 17.08 –4.06*** –5.86*** –0.33

PUT.L 348 –18 4 14 11.55 –3.35** –4.80*** –0.67

MNI, Montreal Neurological Institute; x, y, z, coordinates of primary peak locations in MNI space. CBF, cerebral blood flow; HCs, healthy controls, SIVD, subcortical ischemic vascular
disease; NCI, no cognitive impairment; MCI, mild cognitive impairment; PoCG, postcentral gyrus; SPG, superior parietal gyrus; PUT, putamen; L, left; R, right. P < 0.05, cluster-level
FDR corrected, cluster-forming threshold at voxel-level P < 0.001. **P < 0.01; ***P < 0.001.

FIGURE 5

Scatter plots of correlation between CBF, WMHV, and neuropsychological tests in patients with SIVD-MCI and SIVD-MCI. The blue dots
represented the SIVD-MCI group, and the orange-yellow triangle represented the SIVD-NCI group. (A) Positive correlations between CBF in the
whole brain and z-scores in global. (B) Positive correlations between CBF in the GM and z-scores in global. (C) Positive correlations between
CBF in SPG.L and z-scores in exective function. (D) Positive correlations between CBF in PoCG.R and z-scores in attention function. (E)
Negative correlations between CBF in PUT.L and z-scores in information processing function. (F) Negative correlations between CBF in PUT.R
and z-scores in information processing function. (G) Negative correlations between WMHV and z-scores in global cognition. (H) Negative
correlations between WMHV and z-scores in information processing function. (I) Negative correlations between WMHV and z-scores in
executive function. pr, partial correlation coefficient; CBF, cerebral blood flow; GM, gray matter; PoCG, postcentral gyrus; SPG, superior parietal
gyrus; PUT, putamen; WMHV, white matter hyperintensity volume; L, left; R, right. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. (Controlling for age,
gender, education, vascular risk factors).

dysfunction. As shown in Figure 6, the relationship between
Aβ40/42 ratio and global z-scores was significantly mediated by
the CBF of the whole brain (indirect effect = –0.211, 95%CI

[–0.4483, –0.0481]) in patients with SIVD-MCI (Figure 6B).
We also found that the CBF of the GM significantly mediated
the relationship between Aβ40/42 ratio and global z-scores
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FIGURE 6

Conceptual diagram of mediation analysis between Aβ40/42 ratio, CBF, and global cognition in patients with SIVD-MCI. (A) Conceptual diagram
of a mediation analysis model with one mediator. Total effect of X on Y (c) = indirect effect of X on Y through M (a × b) + direct effect of X on Y
(c’). (B) Serum Aβ40/42 ratio (X), CBF in the whole brain (M), z-score of global (Y). (C) Serum Aβ40/42 ratio (X), CBF in the GM (M), z-score of
global (Y). Path coefficients with P-values. GM, gray matter; CBF, cerebral blood flow; CI, confidence interval.

(indirect effect = –0.098, 95%CI [–0.2721, –0.0049]) in SIVD-
MCI patients (Figure 6C). Regrettably, we did not find a similar
mediating effect in SIVD-NCI patients. At the same time, we
performed a mediation analysis on all whole SIVD patients. As
shown in Supplementary Figure 3, the relationship between
Aβ40/42 ratio and global z-scores was significantly mediated
by the CBF of the whole brain (indirect effect = –0.092, 95%CI
[–0.2206, –0.0124]) (Supplementary Figure 3A). Similarly, the
CBF of the GM significantly mediated the relationship between
Aβ40/42 ratio and global z-scores (indirect effect = –0.137,
95%CI [–0.2528, –0.0610]) (Supplementary Figure 3B).

Stratified analysis

The age range of the subjects in our study was 50–80 years,
and the larger age range inevitably had an impact on cognition
and other age-related findings. Therefore, we performed a
stratified analysis according to age to test the robustness of our
results. Due to the small sample size of our case group, we
did not further stratify the two subgroups of SIVD patients by
age, finally, we divided the HC and SIVD groups into 50–65
and 66–80-years old groups by age. We performed matched
comparisons between the two groups and presented the results
in the supplementary material (Supplementary Table 1 and
Supplementary Figure 4–7). We found that the results stratified

by age were consistent with our previous results, which also
verified the stability of our results.

Discussion

We aimed to investigate the altered serum Aβ and cerebral
perfusion and their associations with cognitive function in
patients with SIVD. Consistent with our hypothesis, the serum
Aβ40 and Aβ40/42 ratio levels of SIVD-MCI were significantly
higher than those of the SIVD-NCI and HCs, and serum Aβ42
levels of SIVD-MCI were lower than those of the HCs. Serum
Aβ40/42 ratio could not only effectively identify SIVD and
its related cognitive impairment, but also was an independent
risk factor for cognitive impairment. Patients with SIVD-MCI
showed decreased global cerebral perfusion (including whole
brain and GM), which was negatively associated with a higher
Aβ40/42 ratio, and positively correlated with global z-scores.
Similarly, CBF in the whole brain was negatively associated
with a higher Aβ40/42 ratio in SIVD-NCI patients. SIVD-
NCI and SIVD-MCI patients manifested with reduced regional
cerebral perfusion in PoCG.R and SPG.L, and compensatory
elevation of regional cerebral perfusion in bilateral putamen.
The decreased CBF values of PoCG.R and SPG.L were positively
correlated with executive and attention function, respectively.
In contrast, the increased CBF value of bilateral putamen was
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negatively correlated with the speed of information processing
in patients with SIVD-MCI. In addition, WMHV was positively
correlated with Aβ40/42 ratio and negatively correlated with
CBF in the whole brain and GM. Mediation analysis suggested
that the relationship between the Aβ40/42 ratio and cognitive
impairment was partially mediated by the altered CBF.

A growing body of evidence showed that abnormal blood
Aβ levels appear in the early stages of cognitive impairment
(Devanand et al., 2011; Chen et al., 2021). Aβ deposition in
brain tissue is one of the main causes of cognitive impairment
(Ross and Poirier, 2004), and most Aβ produced in the brain
is degraded by the ubiquitin-proteasome system and autophagy
system (Tarasoff-Conway et al., 2015; Xin et al., 2018), or cleared
by proteases secreted by astrocytes and microglia (McDonald
et al., 2016). While the remaining Aβ can enter the peripheral
blood circulation through the blood-cerebrospinal fluid barrier,
blood-brain barrier, perivascular drainage, arachnoid villi,
lymphatic drainage, etc. (Xin et al., 2018), which may be the
reason for the increase of Aβ levels in peripheral blood, thus the
changes in peripheral blood Aβ levels also reflect the progress of
the disease.

Our results were consistent with previous findings by
Kim et al., who also found that an increased Aβ40/Aβ42
ratio is more valuable in distinguishing AD from controls
(Kim et al., 2015). Similarly, in this study, we also took the
Aβ40/Aβ42 ratio for further study and believed that it better
reflects the changes in Aβ than Aβ40 or Aβ42 alone, in
addition, Aβ40/Aβ42 ratio was an independent risk factor for
cognitive impairment in SIVD patients. However, there are
also some studies showing that in MCI patients, plasma Aβ42
concentrations are only modestly reduced, while Aβ40 levels
remain unchanged (Janelidze et al., 2016). Previous studies have
shown that when suffering cerebral hypoperfusion or reduced
cerebral blood flow, the overproduction and secretion of Aβ into
the circulation increases peripheral levels (Bennett et al., 2000).
Compared with shorter Aβ40, Aβ42 is more likely to accumulate
in brain amyloid plaques and not be cleared easily (Hardy and
Selkoe, 2002), which may be the reason for the increase of serum
Aβ40 and the relatively low level of Aβ42.

Based on cerebral blood flow values acquired by ASL,
firstly, at the level of whole-brain perfusion, we found that
CBF values in the whole brain and GM were decreased
in SIVD-NCI and SIVD-MCI patients and correlated with
overall cognitive decline. This indicates that the decline of
global cerebral perfusion is an important influencing factor of
cognitive impairment in SIVD patients, which is consistent with
the results of most previous studies (Mokhber et al., 2021).
Furthermore, in specific regions, we found that SIVD-NCI and
SIVD-MCI patients exhibited reduced CBF in the SPG.L and
PoCG.R regions relative to HCs, which is consistent with the
findings of some previous studies (Liu et al., 2021), but others
showed different results (Sun et al., 2016). Notably, our results
showed the presence of both hypoperfused and hyperperfused

regions, showing hyperperfusion in the bilateral putamen. This
may be attributed to compensatory mechanisms in the early
pathological process of the disease to maintain normal cognitive
function (van der Thiel et al., 2019).

Stable CBF is fundamental to maintaining brain cognitive
function, we performed voxel analysis to explore the
relationship between regional CBF changes and cognitive
deficits. Decreased CBF in the SPG.L and PoCG.R regions
was associated with worse executive and attentional function,
respectively. Previous studies have shown that the parietal
cortex is a key region of the executive control network and
is closely related to inhibitory control, attention, working
memory, planning, and response (Uddin et al., 2011). The
attentional network, also known as the fronto-parietal or
executive attention network, is mainly composed of the
dorsolateral prefrontal, posterior parietal, and lateral temporal
lobes (Markett et al., 2014). Thus, hypoperfusion in the
parietal lobe, including the SPG.L and PoCG.R regions, may
lead to disruption of subcortical circuits in the parietal lobe,
and disruption of interactions with the frontal lobe leading
to impaired executive or attentional function. In addition,
we found that in SIVD-MCI and the whole SIVD patients,
increased bilateral putamen perfusion was negatively associated
with information processing speed. The basal ganglia area,
including the putamen, is a key component of the cortical-basal
ganglia-thalamic circuit (Haber and Calzavara, 2009). While the
normal completion of information processing depends on the
structural and functional integrity of the cortex, basal ganglia,
and thalamus (Leisman and Melillo, 2013), the increased
perfusion in the subcortical putamen may be a compensation
for the damage to the cortical-basal ganglia-thalamic circuit
to maintain normal operation of information processing
functions.

A mass of research has been done on the relationship
between Aβ and CBF, but the exact causal relationship between
them has not yet been clarified. However, in recent years,
studies have found that amyloid-β load is associated with
reduced cerebral blood flow in the control group, while brain
atrophy is predominant in late mild cognitive impairment and
dementia, indicating that the mechanism of CBF reduction
occurs in the early stage of the disease, which may be an
initiating factor that activates the amyloid cascade (Mattsson
et al., 2014; Wierenga et al., 2014). There are also some
studies from the biological point of view of Aβ itself and
found that Aβ can activate microglia and astrocytes to produce
inflammatory factors such as interleukin-1β (Kamphuis et al.,
2015), and these inflammatory cytokines have been confirmed
to decrease CBF by releasing endothelin (Murray et al., 2014).
In addition, Aβ-induced reactive oxygen species directly act
on cerebral arteries to promote vasoconstriction and reduce
CBF (Niwa et al., 2001). Our results show that the serum
Aβ40/40 ratio is negatively correlated with the CBF of the
whole brain, and we use the serum Aβ level to reflect the
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level of Aβ in the brain tissue, which suggests that Aβ may
increase with the decrease of perfusion, but from another point
of view, it can also be considered that the CBF gradually
decreases with an increase of Aβ level. Therefore, in our
cross-sectional study, the causal relationship between the CBF
and Aβ cannot be obtained yet, and a large number of
longitudinal follow-up studies are needed to confirm in the
future.

Exploring the mechanism of cerebral perfusion in disease
will help us to further identify potential therapeutic options
to delay or treat cognitive impairment closely related to
cerebrovascular, including vascular dementia or AD. Applying
mediation analysis, we examined the correlation between serum
Aβ levels, CBF, and cognitive function in SIVD patients.
Our results suggest that the relationship between serum Aβ

levels and cognitive deficits in SIVD-MCI patients is mediated
by changes in CBF, suggesting that altered CBF in SIVD
patients is a key factor in cognitive impairment. However,
regarding the relationship between serum Aβ levels and
cognitive impairment, it may not be directly caused by changes
in CBF. Recently, more and more studies have found that
blood Aβ levels are closely related to markers of cerebral
small vessel disease, especially white matter hyperintensity
(WMH) and lacunes. Low circulating levels of Aβ40 and
Aβ42 were associated with increased WMH progression in
a follow-up study in a community-based population without
dementia (Kaffashian et al., 2014). In another longitudinal
study of RUN DMC up to 9 years, it was found that
cross-sectionally, plasma Aβ40 levels were elevated in the
severe WMH and lacunes groups, and longitudinally, plasma
Aβ40 levels were significantly elevated in participants with
lacunes and WMH progression groups (van Leijsen et al.,
2018). In our study, we accurately calculated WMHV by T2
flair imaging, whereby we further explored the relationship
between Aβ40/42 ratio and WMHV. Although no significant
correlation was found between the SIVD-NCI and SIVD-
MCI subgroups, which may be due to the small sample
size. However, Aβ40/42 ratio was found to be positively
correlated with WMHV in the whole SIVD patients. Recent
studies found that Aβ0 and Aβ2 levels in cerebrospinal
fluid were associated with WMHV (Osborn et al., 2018;
Guo et al., 2021), suggesting that Aβ40 and Aβ42 levels
may be associated with white matter damage in SIVD
patients. At the same time, we also found that WMHV was
negatively correlated with CBF in the whole brain and GM,
overall cognition, information processing speed, and executive
function, while Jann et al. (2021) also found that WMHV was
associated with whole-brain perfusion and executive function
in cerebral small vessel disease patients, which was similar
to our findings. Therefore, we had reasons to speculate
that Aβ may further cause cognitive decline by reducing
CBF leading to WMH. In the future, more research is
needed to explore this pathway to understand the possible

mechanism of Aβ-induced cognitive impairment in SIVD
patients.

There are still several limitations with our study that need
to be addressed. First, our findings are limited to a small
sample, which may affect the results of serum Aβ assays,
thereby affecting the comprehensive interpretation of serum
Aβ levels, CBF alteration, and cognitive impairment in SIVD
patients. Secondly, the sample we tested is serum, it may affect
by many peripheral factors. Future research needs to collect
cerebrospinal fluid samples to exclude interfering factors as
much as possible. Third, we did not exclude the effect of
drugs on cognitive assessment, such as antihypertensive drugs,
hypoglycemic drugs, etc., which may affect cognitive function.
Fourth, we did not focus on the effects of other cerebral small
vessel disease markers such as enlarged perivascular spaces and
microbleeds on cognitive function. Lastly, we only performed
a cross-sectional study of SIVD patients, subsequent studies
should focus on follow-up studies of SIVD patients and observe
the relationship between serum Aβ levels and dynamic changes
in CBF, as well as the underlying mechanisms of cognitive
impairment in SIVD patients.

Conclusion

Altered serum Aβ levels in SIVD patients are associated
with cognitive impairment, which may be mediated through
alteration in CBF. In addition, serum Aβ levels were closely
related to alterations in cerebral perfusion, and regional changes
in cerebral perfusion were associated with cognitive deficits
in specific domains. The serum Aβ40/42 ratio may be a
potential biomarker that can complement current methods
for the prediction and diagnosis of cognitive impairment in
SIVD patients. In addition, serum Aβ may play a role in
cognitive function by regulating CBF, which provides new
insights into the intervention, treatment, and prevention of
cognitive impairment in SIVD.
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