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ARTICLE INFO ABSTRACT

Keywords: Background: The role of small vessel disease in the development of dementia is not yet completely understood.
Disease mechanisms Functional brain connectivity has been shown to differ between individuals with and without cerebral small
Microvessels

vessel disease. However, a comprehensive measure of small vessel disease quantifying the overall damage on the
brain is not consistently used and studies using such measure in mild cognitive impairment individuals are
missing.

Method: Functional brain connectivity differences were analyzed between mild cognitive impairment individuals
with absent or low (n = 34) and high (n = 34) small vessel disease burden using data from the Parelsnoer
Institute, a Dutch multicenter study. Small vessel disease was characterized using an ordinal scale considering:
lacunes, microbleeds, perivascular spaces in the basal ganglia, and white matter hyperintensities. Resting state
functional MRI data using 3 Tesla scanners was analyzed with group-independent component analysis using the
CONN toolbox.

Results: Functional connectivity between areas of the cerebellum and between the cerebellum and the thalamus
and caudate nucleus was higher in the absent or low small vessel disease group compared to the high small vessel
disease group.

Conclusion: These findings might suggest that functional connectivity of mild cognitive impairment individuals
with low or absent small vessel disease burden is more intact than in mild cognitive impairment individuals with
high small vessel disease. These brain areas are mainly responsible for motor, attentional and executive func-
tions, domains which in previous studies were found to be mostly associated with small vessel disease markers.
Our results support findings on the involvement of the cerebellum in cognitive functioning.

Neurovascular coupling
Alzheimer’s disease
Risk factors
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1. Introduction

The term cerebral small vessel disease (SVD) is used to describe a
syndrome of clinical, cognitive, neuroimaging, and neuropathological
findings, that is found in up to 45 % of dementia cases [1,2]. The neu-
roimaging lesions characteristic of SVD include small subcortical in-
farcts, white matter hyperintensities and lacunes of presumed vascular
origin, perivascular spaces, cerebral microbleeds, superficial siderosis,
and brain atrophy [2]. These lesions are thought to lead to clinical
features such as cognitive impairment and abnormal behavior through
functional and structural brain network changes and brain atrophy [3].

Brain functional network integrity can be assessed in-vivo using
resting state functional MRI (rs-fMRI), which measures brain activation
during rest by using blood-oxygenated-level-dependent imaging
(BOLD). Brain functional connectivity, as derived from rs-fMRI, is a
measure of temporal correlation between BOLD signals from different
brain areas [4]. Individuals from the Alzheimer’s Disease spectrum with
cortical infarcts, two or more lacunes, and confluent white matter le-
sions were shown to have different functional connectivity phenotypes,
measured with rs-fMRI, compared to those without lesions [5]. Also,
white matter hyperintensities seemed to disrupt the integrity of brain
functional networks of healthy individuals and individuals with mild
cognitive impairment (MCI) [6]. Evidence of brain functional connec-
tivity changes in the presence of SVD has been recently summarized and
highlights disturbed connectivity in the default mode network, fronto-
parietal control network, and salience network [7].

The presence of SVD has been recognized as a risk factor for de-
mentia and Alzheimer’s disease in the general population [8]. Addi-
tionally, small vessel neuropathology, namely arteriosclerosis, was
associated with higher odds of Alzheimer’s disease dementia and worse
cognition in a postmortem study [9]. While this relationship is estab-
lished, the role of SVD in the development of dementia is still not
completely understood. Individuals with mild cognitive impairment are
a relevant group to further investigate the role of SVD since vascular
mechanisms could be in play before and as early as mild cognitive
changes begin [10]. As recently reviewed, [7], most studies examining
functional connectivity differences in the presence of SVD compare in-
dividuals with MCI and SVD to cognitively unimpaired individuals
rather than to MCI individuals with different SVD burdens. Additionally,
only one or two markers of vascular lesions have been used in these
studies to characterize SVD. Previous studies, however, have claimed
that considering all SVD markers allows quantifying the overall brain
damage resulting from SVD on the brain, so more comprehensively than
by using the individual features separately [11,12].

In this study, we hypothesize that the presence of SVD might lead to
alterations in neuronal networks in individuals with MCI. We examine
brain activity and functional connectivity differences between MCI in-
dividuals with absent or low SVD burden and those with high SVD
burden. By confirming our hypothesis, deeper insights will be gained
into the role of SVD in cognitive impairment and the brain regions
affected by SVD at the MCI stage.

2. Materials and methods

Results are reported according to the Standards for Reporting
Vascular Changes on Neuroimaging (STRIVE) for reporting studies in
cerebral SVD [13].

2.1. Sample

Participants were included between November 2009 and May 2016
from the Health-RI Parelsnoer Neurodegenerative Diseases Biobank
(PND; https://www.health-ri.nl/initiatives/parelsnoer), a collaboration
between eight Dutch University Medical Centers. For the data needed in
the current study, only three centers had available information. PND
aims to investigate the role of imaging-derived parameters and
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biomarkers in early neurodegenerative disease diagnosis and disease
monitoring. This multi-center cohort study focuses on data obtained
from individuals who visited one of the medical centers with memory
complaints. Eligible participants completed a clinical evaluation by a
neurologist, were administered neuropsychological tests and behavioral
questionnaires by trained staff members, and biobank data were ac-
quired (i.e., MRI, blood, DNA, and CSF).

The general inclusion and exclusion criteria of the study are
described in detail in the study protocol [14]. In summary, individuals
referred to a memory clinic for the assessment of cognitive problems,
with a clinical dementia rating scale (CDR) score of 0, 0.5, or 1, and a
Mini Mental State Examination score of 20 or higher, were included.
Exclusion criteria comprised conditions like Normal Pressure Hydro-
cephalus; Morbus Huntington; Transient Ischemic Attack or Cerebro-
vascular Accident within the past two years followed by cognitive
decline within three months; a history of schizophrenia; bipolar disor-
der, or unspecified psychotic symptoms, or prior treatment for these
conditions; current major depressive disorder; cognitive issues attrib-
uted to alcohol abuse; brain tumor; epilepsy; encephalitis; mental in-
capacity to make a participation decision; absence of a reliable
informant; or the anticipation that a follow-up assessment after one year
would not be feasible. Additional inclusion criteria for the current study
were: availability of a resting state functional MRI sequence, a T1- or T2-
weighted sequence, as well as a T2-weighted fluid-attenuated inversion
recovery (FLAIR) turbo/fast spin-echo sequence; a Hachinski ischemic
score < four; availability of the clinical dementia rating scale score and
MCI diagnosis. For the diagnosis of MCI, while in the original protocol
the McKhann et al. [15] criteria were used, we updated this classifica-
tion based on the criteria of Petersen [16] and used the CDR score,
considering individuals as having mild cognitive impairment if having a
CDR score of 0.5. More information on the neuropsychological, behav-
ioral, CSF, and brain volume data collection is reported in Supplemen-
tary Material.

Fig. 1 summarizes the participants’ selection process in detail. The
local eight Dutch Medical Ethics Committees approved the Parelsnoer
study, and the current study protocol was approved in April 2018 by the
Parelsnoer Institute review board. The study was performed abiding by
the Declaration of Helsinki, patient anonymity was ensured, and all
patients provided written informed consent.

2.2. Imaging

2.2.1. Functional MRI acquisition

MR image acquisition was performed with 3.0 Tesla scanners (i.e.,
Siemens MAGNETOM Trio 3T, A Tim System; General Electric Signa
HDxt 3.0T MR system; Philips Achieva 3.0T X-Series MRI system). The
same head coils were used throughout the study at each site for each
individual scanner [14]. High-resolution volumetric T1-weighted im-
aging was acquired using a 3D ultra-fast gradient echo sequence (i.e.,
MP-RAGE for Siemens systems, FSPGR for GE systems, and T1-TFE for
Philips systems), with whole-brain coverage and 1 x 1 x 1 mm voxel
resolution, slab thickness 180 mm, and 180 partitions. A T2-weighted
FLAIR was acquired using a 2D turbo/fast spin-echo sequence. The
rs-fMRI images were acquired using a single shot T2*-weighted EPI
sequence. The scan time for rs-fMRI was 7-10 min and participants kept
their eyes open and fixated on a point displayed on a screen for the entire
scanning period. Further details on the protocol of the sequences used
can be found in Table 1.

MRI data were acquired in three centers: 34 participants from
Maastricht University Medical Center (site number 208), 15 from Rad-
boud Medical Center (site number 608), and 19 from VUmc Amsterdam
(site number 808). In the low or absent SVD group, 11 participants came
from site 208, 9 from site 608, and 14 from site 808. In the high SVD
group, 23 subjects came from site 208, 6 from site 608, and 5 from site
808. From its start, the consortium aimed at using harmonized protocols
for the data from different sites to be analyzed together. This has been
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1026 participants recruited from 8 Dutch academic
hospitals

Excluded: 895 participants without

rs-fMRI

131 participants with rs-fMRI

Excluded:

Two participants with imaging artifacts,
six with missing T1,T2, or FLAIR
sequence for co-registration and SVD
determination

123 participants with structural MRI and
rs-fMRI

Excluded: 49 subjects with subjective
cognitive decline (n = 24) or dementia
(n=25)

74 with MCI diagnosis

Excluded: six with excessive head

movement

68 MCI

34 MCI
SVD+

34 MCI
SVD-

Fig. 1. Participants selection flow diagram. (A) Flow diagram displaying the
selection process of individuals with mild cognitive impairment (MCI) with
high small vessel disease (SVD+) and absent or low small vessel disease burden
(SVD-).

additionally checked during a denoising step (through carpet plots,
motion control) where we found that no differences were shown among
the three sites. It was therefore possible to use data from all three sites
and additionally, scanner ID was used as a covariate in the models.

2.2.2. Resting state functional MRI image pre-processing, processing, and
analyses

The rs-fMRI image pre-processing was performed using the SPM 12
software package (Wellcome Trust Centre for Neuroimaging, University
College London, United Kingdom, http://www.fil.ion.ucl.ac.uk/spm
/software) implemented in MatLab 2018b [17]. All preprocessing
steps were performed using the CONN toolbox (RRID: SCR_009550,
release 21a, McGovern Institute for Brain Research, Massachusetts
Institute of Technology, http://www.nitrc.org/projects/conn) following
the default preprocessing pipeline for volume-based analyses [18]. The
preprocessing steps consisted of (1) realignment and unwarping, (2)
slice-timing correction, (3) structural segmentation and normalization,
(4) functional normalization, (5) outlier identification and denoising,
and (6) functional smoothing. This rs-fMRI pre-processing pipeline has
been previously described by our group [19]. Quality assessment was
performed as part of the denoising step using the automated quality
assessment graphs provided by CONN and verified visually through
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Table 1
MRI protocol.

Sagittal 3D T1-weighted gradient-echo sequence (6-9 min).

Correction for non-linear gradients (if applicable)
TE and TR according to local settings- giving good grey matter — white matter
contrast
Slab thickness 180 mm, 180 partitions, 1.0 mm effective slice thickness
In-plane resolution 1.0 mm

2D T2-weighted turbo/fast spin-echo sequence (3-5 min)

TR 2,000 - 4,000 ms, TE 80-120 ms
Slice thickness 3 mm, no gap
Number of slices 48
In-plane resolution 0.5 —1.0 mm

2D T2-weighted FLAIR turbo/fast spin-echo sequence (3-5 min)

TR 8,000 - 12,000 ms, TE 100-150 ms, TI 2,200 — 2,800 ms
Slice thickness 3 mm, no gap
Number of slices 48
In-plane resolution 0.5 — 1.0 mm

2D Resting state functional-MRI (optional) (7-10 min)

3.0 Tesla scanner:
TR 1,800-2,200 ms, TE 30-40 ms, Flip Angle 80 °
Slice thickness 2.0 — 2.5 mm, gap 10 %
Number of slices 38-54
In-plane resolution 2.0 — 2.3 mm
Number of volumes 200 (excluding run-in scans)

All scans have full brain coverage except resting state functional-MRI that had
coverage of at least 105 mm. All scans were in the transverse orientation except
the 3D T1w gradient echo sequence, which was in the sagittal orientation.

carpet plots.

Following preprocessing, rs-fMRI data were processed using the
CONN toolbox. Firstly, a group-independent component analysis (ICA)
was used to determine functional connectivity networks in a data-driven
manner. Calhoun et al., [20] have described how ICA can be used to
identify independent spatiotemporal sources organizing brain regions
with similar time course of activity into spatially independent patterns
of BOLD signal represented as independent components. Thus, ICA maps
represent different networks with a measure of within-network con-
nectivity at each voxel, per CONN toolbox definition of fastiICA methods.
Twenty independent components were chosen a priori and later adjusted
setting the threshold at Z = 3.3 according to the Dice similarity co-
efficients (Supplementary Fig. 3) to find a one-to-one correspondence
between independent components and the resting-state brain networks
as described by Yeo et al., [21]. For the group-ICA, groups were
compared using two sample t-tests on mean regional activation maps;
the statistical significance was set at p < 0.05 false discovery rate (FDR)
corrected for voxel-level and cluster size. The localization and size of the
activation clusters, FDR corrected p-value, and overall effect sizes will
be reported in the results.

Secondly, to assess between-group connectivity differences, a region
of interest to region of interest (ROI-to-ROI) functional connectivity
analysis was run. The ROI-to-ROI analysis (referred to in the manuscript
as seeds-to-targets) was performed using the regions of the brain that
displayed differences in the group-ICA analysis (seeds). The selected
seeds were the 17 cerebellar and two thalamus and caudate nucleus
Oxford-Harvard atlas-defined regions. The targets of interest were the
default mode network (i.e., four subregions: right and left lateral pari-
etal, posterior cingulate cortex, medial prefrontal cortex), the sensori-
motor network (i.e., three subregions: superior, right, and left lateral
motor cortex), the visual network (i.e., four subregions: medial, occip-
ital, right and left lateral visual cortex), the salience network (i.e., seven
subregions: anterior cingulate cortex, bilateral insular cortex, bilateral
rostral prefrontal cortex, and bilateral supramarginal gyrus) the dorsal
attention network (i.e., four subregions: bilateral frontal eye fields and
bilateral intraparietal sulcus), the frontoparietal network (i.e., four
subregions: bilateral lateral-prefrontal cortex and bilateral posterior
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parietal cortex), the language network (i.e., four subregions: bilateral
inferior frontal gyrus and bilateral posterior superior temporal gyrus),
and the cerebellar network (i.e., two subregions: anterior and posterior
cerebellum). Functional connectivity was assessed with a weighted
generalized linear model using a bivariate correlation for each seed and
target region. We corrected for sex, age, educational level, CSF t-tau, CSF
p-tau, and CSF amyloid levels by including subject-level regressors in the
design matrix (i.e., one-way ANCOVA covariate control analysis in
CONN); results remained the same when correcting only for sex and age.
Cluster inferences were determined using a threshold-free cluster
enhancement (TFCE) method, which is a non-parametric statistical
technique used to correct for Type I error inflation from multiple com-
parisons [22]. Connection thresholds were considered significant at
Pp-FDR corrected < 0.05. For a more detailed (pre-) processing protocol
we refer the reader to the Supplementary Material section. In summary,
we first detected brain regions that differed between groups in a
data-driven manner. After that, we used these regions as seeds. The
rationale for that was that, as reported in the CONN manual ([23]; page
93), to reduce the false positive rate, it is advised to focus on connections
sharing similar results.

A brain tissue and white matter hyperintensity segmentation method
developed by Quantib B.V., based on de Boer et al., [24], is applied to
the T1-weighted and fluid attenuation inversion recovery (FLAIR) scans
to obtain total grey and white matter volume, white matter hyper-
intensity volume, and intracranial volume (ICV).

2.2.3. Small vessel disease burden score

The SVD burden was calculated using a previously described scoring
system [25]. The SVD burden score ranged from O to 4 on an ordinal
scale where one point was given for each of the following: (1) the
presence of one or more lacunes in any location; (2) the presence of one
or more microbleeds in any location; (3) moderate/severe presence of
perivascular spaces in the basal ganglia (score 2-4), and; (4) Fazekas
score 3 in periventricular white matter and/or Fazekas score 2-3 in deep
white matter. Two independent neuroradiologists assessed the
T2-weighted and T2-weighted FLAIR sequences to identify these fea-
tures. The inter-rater reliability ratio was 0.92; when two scores
differed, a third neuroradiologist was consulted to reach a consensus.
For this study, after the SVD burden score was calculated for each
participant, two groups were identified: (1) absent or low SVD burden
group (i.e., SVD burden score 0 and 1); and (2) high SVD burden group
(i.e., SVD burden score 2-4). Dichotomization was necessary to main-
tain power and have sufficient individuals in each SVD group.

The SVD burden score was previously found to be related to
behavioral and psychological symptoms in MCI and mild dementia pa-
tients [26], to worse cognitive functioning in cognitively unimpaired
individuals [27], and to gait disturbance in community-dwelling elderly
individuals [28]. Additionally, individuals with higher SVD burden were
found to have faster decline in cognitive functioning, grey matter den-
sity and white matter integrity [29].

2.3. Statistical analyses

Statistical analyses were performed using the Statistical Package for
Social Sciences (SPSS) Version 28 [30]. Sample characteristics (age,
education, sex, ethnicity, marital status, and APOE genotype) were
analyzed using independent t-tests for continuous normally distributed
variables (means and standard deviations displayed), Mann-Whitney U
test for continuous non-normally distributed variables (median and
interquartile range displayed), chi-square tests for categorical variables
(percentages displayed).

2.4. Data availability

The data that support the findings of this study have been obtained
from the Parlesnoer consortium (BBMRI-NL Catalogue). Upon request
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and evaluation from the consortium’s board, this data can be made
available.

3. Results

A total of 68 MCI individuals fulfilled the inclusion criteria, the se-
lection process can be seen in detail in Fig. 1. Of these, 34 participants
were classified as having an absent or low SVD burden (i.e., SVD burden
score 0 and 1) and 34 participants were classified as having a high SVD
burden (i.e., SVD burden score 2-4; details on each participant’s score
composition are provided in Supplementary Table 1). Sample charac-
teristics are displayed in Table 2. Groups did not differ in age, education,
sex, ethnicity, marital status, or APOE genotype (p > 0.05). Total grey
matter, white matter, CSF, and ICV volume did not differ between SVD
burden groups (p > 0.05), but white matter hyperintensity volume did
(p < 0.001), with the high SVD burden group having significantly higher
white matter hyperintensity volume compared to the absent or low SVD

Table 2
Sample characteristics.
Absentor  High Total p-
low SVD SVD (N = value
burden burden 68)
(n=34) (n = 34)
Mean + Mean + Mean P
SD SD + SD
Age 66.5 + 70.3 + 68.4+  0.09
8.9 9.1 9.1
Median Median P
(IQR) (IQR)
Education 12 (5) 12 (7) 0.90
% % % P
Sex Female 32.4% 23.5% 279%  0.42
Genotype e2¢e3 3% 0% 1.5% 0.37
APOEe
€2 ¢4 6.1 % 11.8 % 9%
€3 €3 27.3% 44.1 % 35.8%
€3 €4 45.5 % 29.4 % 37.3%
€4 ¢4 18.2% 14.7 % 16.4 %
Ethnicity Caucasian 100 % 100 % 100 %
Marital Unmarried 2.9 % 5.9 % 4.4 % 0.64
Status
Married or 79.4 % 85.3 % 82.4 %
partnership
Widowed 11.8% 8.8 % 10.3 %
Divorced 2.9 % 0% 1.5%
Other 2.9 % 0% 1.5%
SVD One or more
markers  lacunes in any
location
Yes 2.9 % 64.7 %
No 97.1 % 35.3%
One or more
microbleeds in any
location
Yes 5.9 % 47.1 %
No 94.1 % 52.9 %
Moderate/severe
perivascular
spaces in basal
ganglia
Yes 52.9 % 94.1 %
No 47.1 % 5.9 %
Fazekas 3 in
periventricular
white matter and/
or Fazekas 2-3 in
deep white matter
Yes 29 % 73.5 %
No 97.1 % 26.5 %

APOE, Apolipoprotein E Gene; ¢, Allele; IQR, Interquartile Range; SD, Standard
Deviation; SVD, Small Vessel Disease.
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group (p < 0.001), as displayed in Supplementary Table 2. Within the
absent or low SVD group, 15 individuals had a score of 0 and 19 had a
score of 1; within the high SVD group, 21 had a score of 2, 9 individuals
had a score of 3, and 4 had a score of 4. Additional information on the
sample’s neuropsychological, behavioral, CSF, and brain volume data is
displayed in Table 3.

3.1. Independent component analysis

Twenty independent components were identified using the default
voxel-to-voxel one-sample t-tests ICA spatial overlap map with a 3.3 Z-
score threshold. The cerebellar network was identified in components 1
and 9; the visual network in components 2, 5, 11, 13, and 15; the default
mode network in components 3 and 7; the dorsal attention network in
components 4 and 18; the frontoparietal network in components 6, and
8; the language network in components 10 and 14; the salience network
in components 12 and 17; the sensorimotor in components in compo-
nents 16 and 19; and lastly, the CSF in component 20 (Supplementary
Fig. 1 and 2). After a Dice similarity coefficient for the spatial correlation
maps was set at Z = 3.3, suprathreshold areas of components 6,9, 11, 12,
and 14 were no longer observable in the spatial maps; however, after
visual inspection of the independent components after adjusting the
suprathreshold, only component 9 was no longer observable. The spatial
correlation overlap map of independent components to the template is
displayed in Supplementary Fig. 3. Activity differences between MCI
individuals with absent or low SVD burden and MCI with high SVD
burden were seen in three regions of the cerebellum, the thalamus and
the caudate nucleus. The cerebellar region comprised a cluster of 4541
voxels (+20 -74 -38) consisting of the left cerebellum crus II, right
cerebellum crus II, and left cerebellum lobule VIII. MCI patients with
absent or low SVD burden had increased activity in the cerebellum
compared to MCI patients with high SVD burden (p-FDR < 0.001, F
(1,49)). The region of the right thalamus and right caudate nucleus had
an activation cluster of 218 voxels (+22 -28 +20); again, MCI patients
with absent or low SVD burden had increased activity of this region
compared to MCI patients with high SVD burden (p-FDR < 0.001, F
(2,79)). Visual representations of the group-ICA results are depicted in
Fig. 2.
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3.2. Functional connectivity differences

Functional connectivity between-group differences were observed
between MCI individuals with absent or low SVD burden and MCI in-
dividuals with high SVD burden. Overall, 1830 connections were
analyzed among 61 ROIs (seeds and targets). Patients with absent or low
SVD burden generally had greater connectivity than those with a higher
disease burden. These differences were specifically observed in the
connection between two brain seeds and targets. The first seed is the
vermis subdivision VIII, while the second seed comprises the vermis
subdivision IX and bilateral cerebellum subdivision IX. MCI individuals
with absent or low SVD burden had higher functional connectivity than
MCI individuals with high SVD burden between (1) the vermis VIII and
the right cerebellum subdivisions VII and VIII (TFCE = 48.05, p-FDR =
0.044) and (2) the vermis IX and the bilateral cerebellum X and brain
stem (TFCE = 45.36, p-FDR = 0.044), and between bilateral cerebellum
subdivision IX and the bilateral cerebellum X and brain stem (TFCE =
45.36, p-FDR = 0.044). Detailed information on the effect sizes for each
connection is described in Table 4 and the connectome ring functional
connectivity and glass display representation are displayed in Figs. 3 and
4, respectively.

4. Discussion

In this study, differences in brain functional activity and connectivity
were analyzed between MCI individuals with absent or low SVD burden
and MCI individuals with high SVD burden. SVD burden was determined
using a comprehensive score [25]. Using a data-driven approach, we
observed higher activity in the cerebellum, the thalamus, and the
caudate nucleus in the absent or low SVD burden group compared to the
high SVD burden group. Additionally, the absent or low SVD group
showed higher functional connectivity with regions of the cerebellum,
the thalamus and the caudate nucleus compared to the high SVD burden
group. Our findings might suggest that in MCI individuals with absent or
low SVD burden, functional connectivity is more intact than when SVD
burden is high.

Activity differed between the two groups in a large cluster in the
cerebellum; its involvement in cognitive decline has been previously
documented [31], and this is thought to exhibit as deficits in the

Table 3
Additional sample information.

Absent or low SVD burden (n = 34) High SVD burden (n = 34) Total p-value
ANCOVA n Mean + SD n Mean + SD n Mean + SD P
WLT (immediate) 34 30.2 £11.9 34 328 +11.4 68 31. £ 11.6 0.37
Digit span (backward + forward) 34 13.2+3.2 34 13.2 +3.3 68 13.2+3.2 0.91
GDS 34 27+1.8 34 3.50 £ 2.85 68 3.09 £ 2.41 0.16
P-tau 22 64.1 £27.4 19 39.31 + 22.99 41 52.56 + 28.10 0.00%**
T-tau 22 540.3 + 251.4 19 350.3 + 241.5 41 452.3 + 262.0 0.02*
CSF volume (ml) 33 279.3 £ 46.6 34 297.3 + 60.6 66 288.3 + 54.4 0.68
Grey matter volume (ml) 33 638.3 + 62.9 33 644.3 + 62.9 66 641.3 + 62.5 0.92
White matter volume (ml) 33 475.5 £+ 64.9 33 478.5 £ 52.5 66 477.0 + 58.6 0.32
Intracranial volume (ml) 33 1396.8 + 131.2 33 1436.0 + 109.1 66 1416.4 + 121.3 0.19
Mann-Whitney n Median (IQR) n Median (IQR) n P
MMSE 34 26(6) 34 28(2) 68 0.13
VAT (short version) 34 11(6) 34 12(0) 68 0.56
DAD total (ratio) 34 .87(0.17) 34 .90(0.15) 68 0.43
NPI (total) 31 14(15) 31 16(17) 62 0.68
Amyloid beta-42 22 542(281) 19 690.5(328) 41 0.30
WMH volume (ml) 33 1.8(3.3) 33 15.9(14.6) 66 0.00%**

ANOVA, Analysis of Variance; CSF, Cerebral Spinal Fluid; DAD, Disability Assessment of Dementia; IQR, Interquartile Range;GDS, Geriatric Depression Scale; MCI,
Mild Cognitive Impairment; MMSE, Mini Mental State Examination; NPI, Neuropsychiatric Inventory; SD, Standard Deviation; SVD, Small Vessel Disease; VAT, Visual

Association Test; WLT, World Learning Test; WMH, White Matter Hyperintensities.

¥*¥p < 0.001; **p < 0.01; *p < 0.05.

¥ Intracranial volume is calculated as the sum of CSF, grey and white matter, and WMH volume.
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Fig. 2. Group independent component analysis: differences between MCI with low or absent SVD burden and MCI with high SVD burden.

Table 4
Functional brain connectivity cluster-based inferences.
ROI-to-ROI connection Statistic p-uncorrected p-FDR p-FWE
Vermis -Right Cerebellum TFCE = 48.05 0.000348%** 0.044137* 0.044000*
Vermis VIII - Right Cerebellum VII T(66) = 3.80 0.000321%**
Vermis VIII - Right Cerebellum VIII T(66) = 3.27 0.001722**
Vermis-Bilateral Cerebellum-Brain stem TFCE = 45.36 0.000444%** 0.044137* 0.048000*
Vermis IX - Right Cerebellum X T(66) = 4.12 0.000108%***
Vermis IX - Left Cerebellum X T(66) = 3.14 0.002514**
Right Cerebellum IX - Right Cerebellum X T(66) = 2.84 0.005972%*
Left Cerebellum IX - Brain stem T(66) = 2.66 0.009681**
Right Cerebellum IX - Left Cerebellum X T(66) = 2.61 0.011136*
Left Cerebellum IX - Left Cerebellum X T(66) = 2.61 0.011177*
Right Cerebellum IX - Brain stem T(66) = 2.58 0.012076*
Left Cerebellum IX - Right Cerebellum X T(66) = 2.43 0.017853*
Vermis IX - Brain stem T(66) = 2.37 0.020620*

***p < 0.001; **p < 0.01; *p < 0.05.
FDR: False Discovery Rate; FWE: Family-Wise.

modulation of cognitive and behavioral functions [32]. The cerebellum
is involved in the control and coordination of movements [33-35], as
well as in cognitive functions, leading to deficits in language, spatial
processing, and working memory when lesioned [36]. A recent study
found impairments in frontal executive functioning, verbal fluency, and
processing speed in cerebellar stroke patients, leading the authors to
support the Cerebellar Cognitive and Affective Syndrome hypothesis
proposed by Schmahmann [37,38]. In a previous study, comparing
cognitively unimpaired individuals with and without SVD, using a
rs-fMRI data-driven whole-brain analysis, the same cerebellar hubs as in
our study, crus II and lobule VIII, were identified as different, namely
with increased connectivity in the patient group [39]. The crus II was
previously found to be activated during language, executive functioning,
and working memory tasks [40] as well as during emotion processing
tasks [41]. Lobule VIII has been described to be active in motor tasks
[41], specifically finger tapping [34]. Although, Schaefer et al., [39]
findings are in the opposite direction compared to ours, since increased
eigenvector centrality was found in the group with SVD compared to the

one without, as well as decreased connectivity in frontal areas. The
authors argue that cerebellar increased connectivity in the presence of
SVD would compensate for frontoparietal decreased connectivity. Since
in our study we include individuals with MCI, this might suggest that in
the presence of a high SVD burden when cognitive impairment also
arises, no decreased frontoparietal connectivity is seen, but decreased
cerebellar connectivity. In our study, we also found that increased
connectivity was present between several cerebellar subdivisions in the
absent or low SVD group compared to the high SVD. This might indicate
that functional connectivity within the cerebellum is more intact in the
group with absent or low SVD burden. Several previous studies have
found anatomical connections between the cerebellum and brain re-
gions supporting higher functions, namely prefrontal, and parietal as-
sociation cortices [36]. Our findings did not show any functional
connectivity differences between the two groups between the cere-
bellum and other canonical networks; suggesting that at the MCI stage,
these connections are not affected. Our results also hint that in the study
of cognitive decline, where overall cerebellum volume is often used as
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reference region, the cerebellum might affect dynamic networks and
should be accounted for rather than normed for. Its role in aging and
Alzheimer’s disease has also been recently reviewed [42]. Furthermore,
findings relating it to cognitive functions such as visuospatial, attention,
execution, working memory, and language have been recently summa-
rized [43]. Additionally, a recent study has also shown how transcranial
magnetic stimulation of Crus II increased cognitive functioning in pa-
tients with Alzheimer’s Disease [44].

Additionally, a region involving the right thalamus and right caudate
showed more activity in the low or absent SVD group. The thalamus and
the caudate are responsible for attentional control and various higher
order neurological functions [45]. Notably, attention and executive
functions domains are also the most assessed domains in cerebral SVD
literature [46] and were found to be the main neuropsychological
feature in SVD profiles [47,48]. A previous meta-analysis including in-
dividuals with MCI found increased functional connectivity in the
thalamus and the caudate compared to healthy controls and suggested
that this could be seen as a compensatory mechanism within the salience
network in MCI [49]. When focusing on individuals with cognitive
impairment and lacunar infarcts, small white matter hyperintensities,
and slight atrophy, lower connectivity in the right caudate was also
found [50]. While both higher [51] and lower [52] connectivity in the
thalamus was found in rs-fMRI studies comparing individuals with SVD,
defined based on lacunes and white matter hyperintensities, and healthy
controls. In our study, increased connectivity between the thalamus and
caudate nucleus and part of the cerebellum was found in the absent or
low SVD group compared to the high SVD group.

Blood to the cerebellum, the thalamus, and caudate nucleus is sup-
plied by the posterior circulation. The anterior and posterior circulation
have been shown to differ, for instance regarding white matter hyper-
intensities showing weaker associations with mean blood pressure in the
posterior compared to the anterior circulation, leading to different he-
modynamic mechanisms [53]. Due to less branching and less dampening
pressure, regions supplied by the posterior circulation are more prone to
lesions. A previous study has found that posterior brain hypoperfusion
during acute increase in arterial pressure is associated with the presence
of SVD [54]. Also, in longitudinal studies on small vessel disease, cere-
bral blood flow decrease was observed more in posterior regions [55].

Although the biomarker data for our sample were not complete, we
observed higher phosphorylated and total tau burden in the group with
low or absent SVD. We might speculate that a different disease process,
more Alzheimer’s pathology-like, characterizes the low or absent SVD
group and that the reduced functional connectivity in the high SVD
group is driven more by SVD than by Alzheimer’s pathology. Previous
research has shown that SVD is related to pathological changes in the
aging brain [56], therefore it remains important to investigate how these
interacting phenomena affect functional connectivity at the early stages
of disease. Anyhow, in our analyses, we corrected for phosphorylated
and total tau, and results remained unchanged, suggesting a main
impact of SVD on cerebellar and caudate nucleus and thalamus brain
network integrity.

Overall, our findings could indicate that the presence of SVD might
affect cortical-subcortical pathways, whose network integrity is needed
for cognitive processes [57]. This is especially true for connectivity
pathways within the cerebellum and to the thalamus and caudate nu-
cleus, suggesting that these brain regions should be a target in future
studies on SVD in cognitively impaired individuals. SVD is thought to
originate from a disease impacting the perforating cerebral venules,
capillaries, and arterioles leading to brain damage in the white and grey
matter [2]. SVD also affects the neurovascular coupling, namely the
alterations in local perfusion in response to changes in neuronal activity
which are fundamental to supplying energy to brain cells [4]. If the
neurovascular coupling is affected, this can influence the BOLD signal,
even if neuronal activity is normal, as recently shown in a study on
cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL), where the BOLD % signal change,
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specifically the hemodynamic response function, was lower in the
CADASIL group compared to controls [58]. Additionally, in early stages
of dementia, microvascular heterogeneity at the capillary level could
contribute to the observed findings and affect flow patterns and related
tissue oxygen delivery, as previously suggested [59,60]. While the
simultaneous occurrence of many markers is apparent (as shown in
Supplementary Table 1), it would have been valuable to explore
whether specific markers exerted a more pronounced influence on the
observed connectivity differences. However, given our sample size, we
lacked the power to detect connectivity differences creating groups
based on the single markers. The same applies if we wanted to stratify
our analysis by SVD score (i.e., SVD = 0-4).

Whether individuals with SVD defined using the Klarenbeek et al.,
[25] scoring system have a higher risk of progression to dementia should
be further studied particularly considering cerebellar, thalamic, and
caudate connectivity. This should be done using direct measurement of
regional perfusion and perfusion heterogeneity with techniques such as
dynamic susceptibility contrast MRI, to image additional parameters at
the microvascular level [59]. The measurement of local and regional
direct microvascular perfusion would help to better understand cau-
sality and increase confidence in the connectivity observation.

Previously, the presence of white matter hyperintensities has been
linked to a moderate decrease in cognitive functioning in MCI patients
and a mild decrease in AD patients; thus, highlighting the role of co-
occurring vascular brain injury in MCI and AD [61]. White matter
hyperintensities have been associated with a risk of progression from
cognitively unimpaired to MCI (i.e., 35 % increased risk), from cogni-
tively unimpaired to AD (i.e., 25-49 % increased risk), and from
cognitively unimpaired to vascular dementia (i.e., 73 % increased risk)
[62,63]. Also, cerebral microbleeds predict an increased risk of stroke,
dementia, and death [64]. Generally, vascular pathologies commonly
coexist with AD in the elderly and increase the risk and severity of
cognitive impairment [65]. Additionally, mixed pathologies (i.e., most
commonly AD and infarctions) have been identified in
community-dwelling individuals and multiple neuropathological sub-
strates are associated with three-fold odds increases of dementia [66].
Gait disturbances have been previously related to SVD cross-sectionally
and longitudinally [67-70], and to subcortical vascular dementia [71].
While motor function was not assessed in our study, our findings found
differences in brain regions responsible for motor functions, making
associations between motor functions and SVD in mild cognitive
impairment interesting for future investigation. The same applies to
cognitive functioning which has not been objective of this study.
Whether MCI individuals with SVD also show more impairments in
cognitive abilities, such as executive functioning as suggested in in-
dividuals with SVD and early cognitive impairment [47], should be
further investigated. The current study did not account for the spatial
distribution of SVD markers; however, this aspect merits exploration in
subsequent research efforts. Future studies incorporating markers’
location analyses could offer valuable insights into the impact of SVD
markers on functional connectivity. Considering that our sample
included only Caucasian individuals, future studies should replicate the
findings in other samples. Additionally, previous studies have shown sex
differences in cerebral SVD [72]. In our study females were underrep-
resented and although analyses were corrected for sex, further subgroup
analyses were not possible due to a small sample size. Lastly, future
studies could further explore the mechanisms of how SVD influences
dementia using techniques such as diffusion-weighted imaging to pro-
vide further insight into subcortical structural brain connectivity alter-
ations secondary to small vessel vascular injury.

Funding

Sofia Marcolini is supported by an institutional research grant from
Siemens Healthineers (PUSH).



S. Marcolini et al.

Declaration of Competing Interest

None.

Supplementary materials

Supplementary material associated with this article can be found, in

the online version, at doi:10.1016/j.cccb.2023.100192.

References

[1]

[2

—

[3]

[4]

[5

fad}

[6

[}

[7

—

[8

—

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

[22]

Gorelick, Philip B et al. “Vascular contributions to cognitive impairment and
dementia: a statement for healthcare professionals from the american heart
association/american stroke association.” Stroke vol. 42,9 (2011): 2672-713. doi:1
0.1161/STR.0b013e3182299496.

Wardlaw, Joanna M et al. “Mechanisms of sporadic cerebral small vessel disease:
insights from neuroimaging.” The Lancet. Neurology vol. 12,5 (2013): 483-97. doi:1
0.1016/51474-4422(13)70060-7.

Kim, Si Eun et al. “Interaction between Alzheimer’s Disease and Cerebral Small
Vessel Disease: A Review Focused on Neuroimaging Markers.” International journal
of molecular sciences vol. 23,18 10490. 10 Sep. 2022, doi:10.3390/1jms231810490.
TM De Silva, FM Faraci. Primer on Cerebrovascular Diseases. Second, Academic
Press, London, 2017.

Vipin, Ashwati et al. “Cerebrovascular disease influences functional and structural
network connectivity in patients with amnestic mild cognitive impairment and
Alzheimer’s disease.” Alzheimer’s research & therapy vol. 10,1 82. 18 Aug. 2018,
doi:10.1186/5s13195-018-0413-8.

Vettore, Martina et al. “White-Matter Hyperintensity Load and Differences in
Resting-State Network Connectivity Based on Mild Cognitive Impairment Subtype.”
Frontiers in aging neuroscience vol. 13 737359. 7 Oct. 2021, doi:10.3389/fnagi.2021
.737359.

Schulz, Maximilian et al. “Functional connectivity changes in cerebral small vessel
disease - a systematic review of the resting-state MRI literature.” BMC medicine vol.
19,1 103. 5 May. 2021, doi:10.1186/512916-021-01962-1.

Bos, Daniel et al. “Cerebral small vessel disease and the risk of dementia: A
systematic review and meta-analysis of population-based evidence.” Alzheimer’s &
dementia : the journal of the Alzheimer’s Association vol. 14,11 (2018): 1482-1492.
doi:10.1016/j.jalz.2018.04.007.

Arvanitakis, Zoe et al. “Relation of cerebral vessel disease to Alzheimer’s disease
dementia and cognitive function in elderly people: a cross-sectional study.” The
Lancet. Neurology vol. 15,9 (2016): 934-943. doi:10.1016/51474-4422(16)30029-1

Wentzel, C et al. “Progression of impairment in patients with vascular cognitive
impairment without dementia.” Neurology vol. 57,4 (2001): 714-6. doi:10.121
2/wnl.57.4.714.

Brenner, David et al. “The renin-angiotensin-aldosterone system in cerebral small
vessel disease.” Journal of neurology vol. 255,7 (2008): 993-1000. doi:10.1007/s00
415-008-0816-8.

Staals, Julie et al. “Stroke subtype, vascular risk factors, and total MRI brain small-
vessel disease burden.” Neurology vol. 83,14 (2014): 1228-34. doi:10.1212/W
NL.0000000000000837.

Wardlaw, Joanna M et al. “Neuroimaging standards for research into small vessel
disease and its contribution to ageing and neurodegeneration.” The Lancet.
Neurology vol. 12,8 (2013): 822-38. doi:10.1016/51474-4422(13)70124-8.
Aalten, Pauline et al. “The Dutch Parelsnoer Institute-Neurodegenerative diseases;
methods, design and baseline results.” BMC neurology vol. 14 254. 31 Dec. 2014,
doi:10.1186/512883-014-0254-4.

McKhann, G et al. “Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-
ADRDA Work Group under the auspices of Department of Health and Human
Services Task Force on Alzheimer’s Disease.” Neurology vol. 34,7 (1984): 939-44.
doi:10.1212/wnl.34.7.939.

Petersen, R C. “Mild cognitive impairment as a diagnostic entity.” Journal of
internal medicine vol. 256,3 (2004): 183-94. doi:10.1111/j.1365-2796.2004.01388.
X.

The MathWorks Inc. (2022). MATLAB version: 9.13.0 (R2022b), Natick,
Massachusetts: The MathWorks Inc. https://www.mathworks.comMathworks,
Natick, MA, 2018. n.d.

Whitfield-Gabrieli, Susan, and Alfonso Nieto-Castanon. “Conn: a functional
connectivity toolbox for correlated and anticorrelated brain networks.” Brain
connectivity vol. 2,3 (2012): 125-41. doi:10.1089/brain.2012.0073.

Mondragon, Jaime D et al. “Functional connectivity differences in Alzheimer’s
disease and amnestic mild cognitive impairment associated with AT(N)
classification and anosognosia.” Neurobiology of aging vol. 101 (2021): 22-39.
doi:10.1016/j.neurobiolaging.2020.12.021.

Calhoun, V D et al. “A method for making group inferences from functional MRI
data using independent component analysis.” Human brain mapping vol. 14,3
(2001): 140-51. doi:10.1002/hbm.1048.

Yeo, B T Thomas et al. “The organization of the human cerebral cortex estimated
by intrinsic functional connectivity.” Journal of neurophysiology vol. 106,3 (2011):
1125-65. doi:10.1152/jn.00338.2011.

Smith, Stephen M, and Thomas E Nichols. “Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and localisation in

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Cerebral Circulation - Cognition and Behavior 6 (2024) 100192

cluster inference.” NeuroImage vol. 44,1 (2009): 83-98. doi:10.1016/j.neuroimage.
2008.03.061.

A. Nieto-Castanon. Handbook of functional connectivity Magnetic Resonance
Imaging methods in CONN, Hilbert Press, New York, 2020.

de Boer, Renske et al. “White matter lesion extension to automatic brain tissue
segmentation on MRIL.” NeuroImage vol. 45,4 (2009): 1151-61. doi:10.1016/j.neu
roimage.2009.01.011.

Klarenbeek, Pim et al. “Ambulatory blood pressure in patients with lacunar stroke:
association with total MRI burden of cerebral small vessel disease.” Stroke vol.
44,11 (2013): 2995-9. doi:10.1161/STROKEAHA.113.002545.

Shinohara, Masaki et al. “Association between behavioral and psychological
symptoms and cerebral small vessel disease MRI findings in memory clinic
patients.” Frontiers in aging neuroscience vol. 15 1143834. 24 Mar. 2023, doi:1
0.3389/fnagi.2023.1143834.

Hosoya, Megumi et al. “Association between total cerebral small vessel disease
score and cognitive function in patients with vascular risk factors.” Hypertension
research : official journal of the Japanese Society of Hypertension vol. 46,5 (2023):
1326-1334. doi:10.1038/541440-023-01244-8.

Li, Peixi et al. “Cerebral small vessel disease is associated with gait disturbance
among community-dwelling elderly individuals: the Taizhou imaging study.” Aging
vol. 12,3 (2020): 2814-2824. doi:10.18632/aging.102779.

Jansen, Michelle G et al. “Association of cerebral small vessel disease burden with
brain structure and cognitive and vascular risk trajectories in mid-to-late life.”
Journal of cerebral blood flow and metabolism : official journal of the International
Society of Cerebral Blood Flow and Metabolism vol. 42,4 (2022): 600-612. doi:1
0.1177/0271678X211048411.

IBM SPSS Statistics for Windows, Version 28.0. Armonk, NY: IBM CorpIBM Corp.
IBM SPSS statistics, Version 28.0. Armonk, NY: IBM Corp, 2021. 2021.

Buckner, Randy L. “The cerebellum and cognitive function: 25 years of insight from
anatomy and neuroimaging.” Neuron vol. 80,3 (2013): 807-15. doi:10.1016/j.
neuron.2013.10.044.

Jacobs, Heidi I L et al. “The cerebellum in Alzheimer’s disease: evaluating its role
in cognitive decline.” Brain : a journal of neurology vol. 141,1 (2018): 37-47. doi:1
0.1093/brain/awx194.

Paulin, M G. “The role of the cerebellum in motor control and perception.” Brain,
behavior and evolution vol. 41,1 (1993): 39-50. doi:10.1159/000113822.

Koziol, Leonard F et al. “Consensus paper: the cerebellum’s role in movement and
cognition.” Cerebellum (London, England) vol. 13,1 (2014): 151-77. doi:10.1007/s1
2311-013-0511-x.

Beeraka, Narasimha M et al. “Recent Investigations on the Functional Role of
Cerebellar Neural Networks in Motor Functions & Nonmotor Functions
-Neurodegeneration.” Current neuropharmacology vol. 20,10 (2022): 1865-1878.
doi:10.2174/1570159X20666220310121441.

Stoodley, Catherine J. “The cerebellum and cognition: evidence from functional
imaging studies.” Cerebellum (London, England) vol. 11,2 (2012): 352-65. doi:10
.1007/512311-011-0260-7.

van der Giessen, Ruben S et al. “The CODECS study: COgnitive DEficits in
Cerebellar Stroke.” Brain and cognition vol. 173 (2023): 106102. doi:10.1016/j.
bandc.2023.106102.

Schmahmann, J D. “An emerging concept. The cerebellar contribution to higher
function.” Archives of neurology vol. 48,11 (1991): 1178-87. doi:10.1001
/archneur.1991.00530230086029.

Schaefer, Alexander et al. “Early small vessel disease affects frontoparietal and
cerebellar hubs in close correlation with clinical symptoms-a resting-state fMRI
study.” Journal of cerebral blood flow and metabolism : official journal of the
International Society of Cerebral Blood Flow and Metabolism vol. 34,7 (2014): 1091-5.
do0i:10.1038/jcbfm.2014.70.

E, Keren-Happuch et al. “A meta-analysis of cerebellar contributions to higher
cognition from PET and fMRI studies.” Human brain mapping vol. 35,2 (2014): 593-
615. doi:10.1002/hbm.22194.

Guell, Xavier, and Jeremy Schmahmann. “Cerebellar Functional Anatomy: a
Didactic Summary Based on Human fMRI Evidence.” Cerebellum (London, England)
vol. 19,1 (2020): 1-5. doi:10.1007/s12311-019-01083-9.

Arleo, Angelo et al. “Consensus Paper: Cerebellum and Ageing.” Cerebellum
(London, England), 10.1007/512311-023-01577-7. 10 Jul. 2023, doi:10.1007/s12
311-023-01577-7.

Zhang, Pingshu et al. “The cerebellum and cognitive neural networks.” Frontiers in
human neuroscience vol. 17 1197459. 28 Jul. 2023, doi:10.3389/fnhum.2023.119
7459.

Yao, Qun et al. “Effect of cerebellum stimulation on cognitive recovery in patients
with Alzheimer disease: A randomized clinical trial.” Brain stimulation vol. 15,4
(2022): 910-920. doi:10.1016/].brs.2022.06.004.

Halassa, Michael M, and Sabine Kastner. “Thalamic functions in distributed
cognitive control.” Nature neuroscience vol. 20,12 (2017): 1669-1679. doi:10.103
8/541593-017-0020-1.

Salvadori, Emilia et al. “Cognitive evaluation in cerebral small vessel disease:
towards an evidence-based identification of the reference standards. Part 1. A
systematic review and qualitative data synthesis.” Journal of neurology vol. 268,12
(2021): 4563-4572. doi:10.1007/s00415-020-10262-2.

Seki, Misa et al. “Neuropsychological Profile of Early Cognitive Impairment in
Cerebral Small Vessel Disease.” Cerebrovascular diseases (Basel, Switzerland) vol.
51,5 (2022): 600-607. doi:10.1159/000522438.

Salvadori, Emilia et al. “The clinical profile of cerebral small vessel disease: Toward
an evidence-based identification of cognitive markers.” Alzheimer’s & dementia : the
journal of the Alzheimer’s Association vol. 19,1 (2023): 244-260. doi:10.1002/alz.1
2650.


https://doi.org/10.1016/j.cccb.2023.100192
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1016/S1474-4422(13)70060-7
https://doi.org/10.1016/S1474-4422(13)70060-7
https://doi.org/10.3390/ijms231810490
http://refhub.elsevier.com/S2666-2450(23)00036-3/optyOZOP1CRo6
http://refhub.elsevier.com/S2666-2450(23)00036-3/optyOZOP1CRo6
https://doi.org/10.1186/s13195-018-0413-8
https://doi.org/10.3389/fnagi.2021.737359
https://doi.org/10.3389/fnagi.2021.737359
https://doi.org/10.1186/s12916-021-01962-1
https://doi.org/10.1016/j.jalz.2018.04.007
https://doi.org/10.1016/S1474-4422(16)30029-1
https://doi.org/10.1212/wnl.57.4.714
https://doi.org/10.1212/wnl.57.4.714
https://doi.org/10.1007/s00415-008-0816-8
https://doi.org/10.1007/s00415-008-0816-8
https://doi.org/10.1212/WNL.0000000000000837
https://doi.org/10.1212/WNL.0000000000000837
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1186/s12883-014-0254-4
https://doi.org/10.1212/wnl.34.7.939
https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://www.mathworks.comMathworks
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1016/j.neurobiolaging.2020.12.021
https://doi.org/10.1002/hbm.1048
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2008.03.061
http://refhub.elsevier.com/S2666-2450(23)00036-3/optJ8HgaSq8Mp
http://refhub.elsevier.com/S2666-2450(23)00036-3/optJ8HgaSq8Mp
https://doi.org/10.1016/j.neuroimage.2009.01.011
https://doi.org/10.1016/j.neuroimage.2009.01.011
https://doi.org/10.1161/STROKEAHA.113.002545
https://doi.org/10.3389/fnagi.2023.1143834
https://doi.org/10.3389/fnagi.2023.1143834
https://doi.org/10.1038/s41440-023-01244-8
https://doi.org/10.18632/aging.102779
https://doi.org/10.1177/0271678X211048411
https://doi.org/10.1177/0271678X211048411
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1093/brain/awx194
https://doi.org/10.1159/000113822
https://doi.org/10.1007/s12311-013-0511-x
https://doi.org/10.1007/s12311-013-0511-x
https://doi.org/10.2174/1570159X20666220310121441
https://doi.org/10.1007/s12311-011-0260-7
https://doi.org/10.1007/s12311-011-0260-7
https://doi.org/10.1016/j.bandc.2023.106102
https://doi.org/10.1016/j.bandc.2023.106102
https://doi.org/10.1001/archneur.1991.00530230086029
https://doi.org/10.1001/archneur.1991.00530230086029
https://doi.org/10.1038/jcbfm.2014.70
https://doi.org/10.1002/hbm.22194
https://doi.org/10.1007/s12311-019-01083-9
https://doi.org/10.1007/s12311-023-01577-7
https://doi.org/10.1007/s12311-023-01577-7
https://doi.org/10.3389/fnhum.2023.1197459
https://doi.org/10.3389/fnhum.2023.1197459
https://doi.org/10.1016/j.brs.2022.06.004
https://doi.org/10.1038/s41593-017-0020-1
https://doi.org/10.1038/s41593-017-0020-1
https://doi.org/10.1007/s00415-020-10262-2
https://doi.org/10.1159/000522438
https://doi.org/10.1002/alz.12650
https://doi.org/10.1002/alz.12650

S. Marcolini et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

Song, Yu et al. “Functional MRI-Specific Alterations in Salience Network in Mild
Cognitive Impairment: An ALE Meta-Analysis.” Frontiers in aging neuroscience vol.
13 695210. 26 Jul. 2021, doi:10.3389/fnagi.2021.695210.

Sun, Ya-wen et al. “Abnormal functional connectivity in patients with vascular
cognitive impairment, no dementia: a resting-state functional magnetic resonance
imaging study.” Behavioural brain research vol. 223,2 (2011): 388-94. doi:10.101
6/j.bbr.2011.05.006.

Yi, Liye et al. “Structural and functional changes in subcortical vascular mild
cognitive impairment: a combined voxel-based morphometry and resting-state
fMRI study.” PloS one vol. 7,9 (2012): e44758. doi:10.1371/journal.pone.0044758.
Qin, Yuanyuan et al. “Functional brain connectome and its relation to mild
cognitive impairment in cerebral small vessel disease patients with thalamus
lacunes: A cross-sectional study.” Medicine vol. 98,40 (2019): €17127. doi:10.10
97/MD.0000000000017127.

Wartolowska, Karolina A, and Alastair Js Webb. “White matter damage due to
pulsatile versus steady blood pressure differs by vascular territory: A cross-
sectional analysis of the UK Biobank cohort study.” Journal of cerebral blood flow
and metabolism : official journal of the International Society of Cerebral Blood Flow and
Metabolism vol. 42,5 (2022): 802-810. doi:10.1177/0271678X211058803.

Liu, Jie et al. “Individual variability of cerebral autoregulation, posterior cerebral
circulation and white matter hyperintensity.” The Journal of physiology vol. 594,11
(2016): 3141-55. doi:10.1113/JP271068.

Shi, Yulu et al. “Cerebral blood flow in small vessel disease: A systematic review
and meta-analysis.” Journal of cerebral blood flow and metabolism : official journal of
the International Society of Cerebral Blood Flow and Metabolism vol. 36,10 (2016):
1653-1667. doi:10.1177/0271678X16662891.

Kapasi, Alifiya et al. “Association of small vessel disease with tau pathology.” Acta
neuropathologica vol. 143,3 (2022): 349-362. doi:10.1007/500401-021-02397-x.
Benjamin, Philip et al. “Strategic lacunes and their relationship to cognitive
impairment in cerebral small vessel disease.” NeuroImage. Clinical vol. 4 828-37. 21
May. 2014, doi:10.1016/j.nicl.2014.05.009.

van den Brink, Hilde et al. “CADASIL Affects Multiple Aspects of Cerebral Small
Vessel Function on 7T-MRI.” Annals of neurology vol. 93,1 (2023): 29-39. doi:10.1
002/ana.26527.

Madsen, Lasse S et al. “Capillary function progressively deteriorates in prodromal
Alzheimer’s disease: A longitudinal MRI perfusion study.” Aging brain vol. 2
100035. 19 Feb. 2022, doi:10.1016/j.nbas.2022.100035.

(@stergaard, Leif et al. “The capillary dysfunction hypothesis of Alzheimer’s
disease.” Neurobiology of aging vol. 34,4 (2013): 1018-31. doi:10.1016/j.neurobi
olaging.2012.09.011.

10

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Cerebral Circulation - Cognition and Behavior 6 (2024) 100192

van den Berg, Esther et al. “White Matter Hyperintensities and Cognition in Mild
Cognitive Impairment and Alzheimer’s Disease: A Domain-Specific Meta-Analysis.”
Journal of Alzheimer’s disease : JAD vol. 63,2 (2018): 515-527. doi:10.3233/JAD-1
70573.

Guo, Wenjuan, and Jing Shi. “White matter hyperintensities volume and cognition:
A meta-analysis.” Frontiers in aging neuroscience vol. 14 949763. 1 Sep. 2022, doi:10
.3389/fnagi.2022.949763.

Hu, He-Ying et al. “White matter hyperintensities and risks of cognitive impairment
and dementia: A systematic review and meta-analysis of 36 prospective studies.”
Neuroscience and biobehavioral reviews vol. 120 (2021): 16-27. doi:10.1016/j.ne
ubiorev.2020.11.007.

Charidimou, Andreas et al. “Total Magnetic Resonance Imaging Burden of Small
Vessel Disease in Cerebral Amyloid Angiopathy: An Imaging-Pathologic Study of
Concept Validation.” JAMA neurology vol. 73,8 (2016): 994-1001. doi:10.1001
/jamaneurol.2016.0832.

Agrawal, Sonal, and Julie A Schneider. “Vascular pathology and pathogenesis of
cognitive impairment and dementia in older adults.” Cerebral circulation - cognition
and behavior vol. 3 100148. 30 Jun. 2022, doi:10.1016/j.cccb.2022.100148.
Schneider, Julie A et al. “Mixed brain pathologies account for most dementia cases
in community-dwelling older persons.” Neurology vol. 69,24 (2007): 2197-204.
doi:10.1212/01.wnl.0000271090.28148.24.

Cannistraro, Rocco J et al. “CNS small vessel disease: A clinical review.” Neurology
vol. 92,24 (2019): 1146-1156. doi:10.1212/WNL.0000000000007654.

van der Holst, H M et al. “White matter changes and gait decline in cerebral small
vessel disease.” NeuroImage. Clinical vol. 17 731-738. 7 Dec. 2017, doi:10.1016/j.
nicl.2017.12.007.

Su, Chen et al. “Association of Cerebral Small Vessel Disease With Gait and Balance
Disorders.” Frontiers in aging neuroscience vol. 14 834496. 8 Jul. 2022, doi:10.338
9/fnagi.2022.834496.

de Laat, Karlijn F et al. “Loss of white matter integrity is associated with gait
disorders in cerebral small vessel disease.” Brain : a journal of neurology vol. 134,Pt
1 (2011): 73-83. doi:10.1093/brain/awq343.

Moretti, Rita et al. “Gait and apathy as relevant symptoms of subcortical vascular
dementia.” American journal of Alzheimer’s disease and other dementias vol. 30,4
(2015): 390-9. doi:10.1177/1533317514550329.

Jiménez-Sanchez, Lorena et al. “Sex Differences in Cerebral Small Vessel Disease: A
Systematic Review and Meta-Analysis.” Frontiers in neurology vol. 12 756887. 28
Oct. 2021, doi:10.3389/fneur.2021.756887.


https://doi.org/10.3389/fnagi.2021.695210
https://doi.org/10.1016/j.bbr.2011.05.006
https://doi.org/10.1016/j.bbr.2011.05.006
https://doi.org/10.1371/journal.pone.0044758
https://doi.org/10.1097/MD.0000000000017127
https://doi.org/10.1097/MD.0000000000017127
https://doi.org/10.1177/0271678X211058803
https://doi.org/10.1113/JP271068
https://doi.org/10.1177/0271678X16662891
https://doi.org/10.1007/s00401-021-02397-x
https://doi.org/10.1016/j.nicl.2014.05.009
https://doi.org/10.1002/ana.26527
https://doi.org/10.1002/ana.26527
https://doi.org/10.1016/j.nbas.2022.100035
https://doi.org/10.1016/j.neurobiolaging.2012.09.011
https://doi.org/10.1016/j.neurobiolaging.2012.09.011
https://doi.org/10.3233/JAD-170573
https://doi.org/10.3233/JAD-170573
https://doi.org/10.3389/fnagi.2022.949763
https://doi.org/10.3389/fnagi.2022.949763
https://doi.org/10.1016/j.neubiorev.2020.11.007
https://doi.org/10.1016/j.neubiorev.2020.11.007
https://doi.org/10.1001/jamaneurol.2016.0832
https://doi.org/10.1001/jamaneurol.2016.0832
https://doi.org/10.1016/j.cccb.2022.100148
https://doi.org/10.1212/01.wnl.0000271090.28148.24
https://doi.org/10.1212/WNL.0000000000007654
https://doi.org/10.1016/j.nicl.2017.12.007
https://doi.org/10.1016/j.nicl.2017.12.007
https://doi.org/10.3389/fnagi.2022.834496
https://doi.org/10.3389/fnagi.2022.834496
https://doi.org/10.1093/brain/awq343
https://doi.org/10.1177/1533317514550329
https://doi.org/10.3389/fneur.2021.756887

	Small vessel disease burden and functional brain connectivity in mild cognitive impairment
	1 Introduction
	2 Materials and methods
	2.1 Sample
	2.2 Imaging
	2.2.1 Functional MRI acquisition
	2.2.2 Resting state functional MRI image pre-processing, processing, and analyses
	2.2.3 Small vessel disease burden score

	2.3 Statistical analyses
	2.4 Data availability

	3 Results
	3.1 Independent component analysis
	3.2 Functional connectivity differences

	4 Discussion
	Funding
	Declaration of Competing Interest
	Supplementary materials
	References


