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ABSTRACT

BACKGROUND AND PURPOSE: Cerebral small-vessel disease may alter cerebral blood flow (CBF) leading to brain changes and,
hence, cognitive impairment and dementia. CBF and the spatial coefficient of variation can be measured quantitatively by arterial spin-
labeling. We aimed to investigate the associations of demographics, vascular risk factors, location, and severity of cerebral small-vessel
disease as well as the etiologic subtypes of cognitive impairment and dementia with CBF and the spatial coefficient of variation.

MATERIALS AND METHODS: Three hundred ninety patients with a diagnosis of no cognitive impairment, cognitive impairment no de-
mentia, vascular cognitive impairment no dementia, Alzheimer disease, and vascular dementia were recruited from the memory clinic.
Cerebral microbleeds and lacunes were categorized into strictly lobar, strictly deep, and mixed-location and enlarged perivascular spaces
into the centrum semiovale and basal ganglia. Total and region-specific white matter hyperintensity volumes were segmented using
FreeSurfer. CBF (n = 333) and the spatial coefficient of variation (n = 390) were analyzed with ExploreASL from 2D-EPI pseudocontinu-
ous arterial spin-labeling images in white matter (WM) and gray matter (GM). To analyze the effect of demographic and vascular risk
factors as well as the location and severity of cerebral small-vessel disease markers on arterial spin-labeling parameters, we constructed
linear regression models, whereas logistic regression models were used to determine the association between arterial spin-labeling pa-
rameters and cognitive impairment no dementia, vascular cognitive impairment no dementia, Alzheimer disease, and vascular dementia.

RESULTS: Increasing age, male sex, hypertension, hyperlipidemia, history of heart disease, and smoking were associated with lower CBF and
a higher spatial coefficient of variation. Higher numbers of lacunes and cerebral microbleeds were associated with lower CBF and a higher
spatial coefficient of variation. Location-specific analysis showed mixed-location lacunes and cerebral microbleeds were associated with
lower CBF. Higher total, anterior, and posterior white matter hyperintensity volumes were associated with a higher spatial coefficient of var-
iation. No association was observed between enlarged perivascular spaces and arterial spin-labeling parameters. A higher spatial coefficient
of variation was associated with the diagnosis of vascular cognitive impairment no dementia, Alzheimer's disease, and vascular dementia.

CONCLUSIONS: Reduced CBF and an increased spatial coefficient of variation were associated with cerebral small-vessel disease,
and more specifically lacunes, whereas cerebral microbleeds and white matter hyperintensities were associated with WM-CBF and
GM spatial coefficient of variation. The spatial coefficient of variation was associated with cognitive impairment and dementia, sug-
gesting that hypoperfusion might be the key underlying mechanism for vascular brain damage.

ABBREVIATIONS: AD = Alzheimer’s disease; ASL = arterial spin-labeling; ATT = arterial transit time; CIND = cogpnitive impairment no dementia; CMB = cer-
ebral microbleed; NCI = no cognitive impairment; ePVS = enlarged perivascular spaces; PLD = post-labeling delay; sCoV = spatial coefficient of variation; SVD
= cerebral small-vessel disease; VaD = vascular dementia; VCIND = vascular CIND; WMH = white matter hyperintensities

arterial spin-labeling (ASL)." Reduced CBF has been linked with
normal aging’ and systemic vascular risk factors such as

BF ensures a constant delivery of oxygen and nutrients to
brain tissue. Recently, the assessment of CBF has become a

common clinical investigation to evaluate vascular brain dam-
2 . . . . .
age,” owing to the noninvasive and quantitative measurement by
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hypertension, hyperlipidemia, and diabetes* and may manifest as
cerebral small-vessel disease (SVD).?

SVD such as lacunes, white matter hyperintensities (WMH),
cerebral microbleeds (CMBs), and enlarged perivascular spaces
(ePVS) have been attributed to cerebral ischemia and hypoperfu-
sion.®” Previous studies used ASL to demonstrate the association
between reduced CBF with the presence and severity of WMH,® an

219 and lacunar infarcts.'"'> However,

increased number of CMBs,
the most important risk factors of hypoperfusion and how it con-
tributes to SVD and cognitive impairment remain inconclusive. No
studies have yet examined the association of ePVS with CBF pa-
rameters. Furthermore, the relationship between the location and
severity of SVD with CBF in gray matter (GM) and white matter
(WM) as measured by ASL has not yet been elucidated.

Reduced CBF due to vascular disease might be related to
Alzheimer’s disease (AD) as well as its preclinical stages, ie, mild
cognitive impairment or cognitive impairment no dementia
(CIND).">™ Previous ASL studies have focused on mild cognitive
impairment and AD, showing marked CBF reduction in the corti-
cal area,'* with very limited studies on vascular CIND (VCIND)
and vascular dementia (VaD).'*'® This limitation is mainly attrib-
uted to vascular artifacts commonly encountered in the elderly,
making it difficult to quantify CBF with the commonly used single
post-labeling delay (PLD) ASL.'® The spatial coefficient of variation
(sCoV) of ASL images has been recently proposed to quantify the
presence of vascular artifacts to overcome this issue.'® While abnor-
mality in the sCoV cannot be interpreted as abnormal CBF, a
higher sCoV was shown to correlate with arterial transit time
(ATT), age, and sex,'® making it a potential proxy marker of vessel
insufficiency. The sCoV can thus be used to quantify perfusion-
related changes in combination with CBF and allow studying the
ASL data in populations in which CBF alone is not conclusive.
Previous research has mostly focused on the white American and
European populations, with limited research on Southeast Asians,
who have a higher prevalence of vascular risk factors, SVD, cogni-
tive impairment, and dementia.'”

We first aimed to determine the association between demo-
graphic and vascular risk factors as well as the location and sever-
ity of SVD with ASL perfusion parameters (GM-CBF, WM-CBF,
GM-sCoV, and WM-sCoV). Second, we aimed to analyze the
association of ASL parameters with etiologic subtypes of cognitive
impairment and dementia: CIND, VCIND, AD, and VaD in a
memory clinic population.

MATERIALS AND METHODS
Study Population
This study drew patients from a memory clinic of National
University Hospital, Singapore, with the following diagnostic cate-
gories: no cognitive impairment (NCI), CIND, and dementia. The
diagnosis of cognitive impairment was based on the clinical presen-
tation as well as detailed neuropsychological assessments following
the recommendation of the National Institute of Neurologic
Disorders and Stroke and the Canadian Stroke Network (Online
Supplemental Data).

From August 2010 to November 2017, a total of 579 partici-
pants were recruited who underwent clinical, physical, and neu-
ropsychological assessments along with a 3T brain MR imaging
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at the National University of Singapore. Of 579 participants, 12
did not undergo MR imaging, and 52 had no ASL sequence, leav-
ing 515 patients for ASL analysis.

Ethics approval was obtained from the National Healthcare
Group Domain Specific Review Board. Written informed consent
was obtained from all patients before their participation in this
study.

Demographics and Vascular Risk Factors

A detailed questionnaire was administered to all participants to
document age, sex, race, and education. Any history of hyperten-
sion, hyperlipidemia, and type 2 diabetes mellitus was noted and
verified by medical records. A history of stroke was ascertained by
a questionnaire and confirmed from medical records. A history of
heart disease was defined as a previous diagnosis of myocardial
infarction, congestive heart failure, atrial fibrillation, or interven-
tion procedures such as angioplasty or stent placement. Smoking
was categorized as “ever” versus “never.”

Neuroimaging

MR imaging was performed at the National University of Singapore
Clinical Imaging Research Center using a 3T Magnetom Trio, a
Tim system (Siemens) with a 32-channel head coil. The standar-
dized neuroimaging protocol in this study included 3D TI-
weighted, T2-weighted, FLAIR, and SWI sequences.

MR imaging markers of SVD (CMBs, lacunes, ePVS) were
defined on the basis of the Standards for Reporting Vascular
Changes on Neuroimaging (STRIVE) criteria.'"® Quantitative
MR imaging analyses for WMH volume were performed using
FreeSurfer, Version 5.1.0 (http://surfer.nmr.mgh.harvard.edu)
on T1-weighted images (Online Supplemental Data).

ASL Parameters. Pseudocontinuous ASL was acquired with a 2D
gradient-echo echo-planar imaging readout with the following pa-
rameters: voxel size = 3 X 3 X 5mm°, 24 slices, labeling duration =
1656 ms, initial PLD = 1500 ms, section readout time = 49.94 ms
leading to a PLD range of 1500-2649 ms across all slices or a mean
PLD of 2074 ms, TR/TE = 4000/9 ms, and generalized autocalibrat-
ing partially parallel acquisitions factor = 3. Two ASL volumes of
23 control-label pairs were acquired with a 1-hour interval and were
concatenated into 1 ASL time-series to decrease physiologic fluctua-
tions. ASL image-processing was performed with ExploreASL soft-
ware (https://github.com/ExploreASL/ExploreASL) (default settings
without hematocrit correction) based on SPM (http://www.filion.
ucl.ac.uk/spm/software/spm12) and Matlab (MathWorks)." From
the CBF map, we acquired 4 ASL parameters: GM-CBF, WM-CBF,
GM-sCoV, and WM-sCoV. CBF reflects perfusion in milliliters of
blood/100-g tissue/min and was calculated in total GM and WM
regions of interest (ROIs). sCoV, which was shown to serve as a
proxy for ATT, was defined as the SD of ASL signal/mean ASL sig-
nal within an ROIL We performed quality assessment of the ASL
scans blinded to the clinical diagnosis. On the basis of visual assess-
ment, 515 scans were classified into 1 of the 4 categories:

e Unusable scans that were incomplete, had labeling errors, or
severe motion artifacts (n = 125)

e Angiography scans with dominant vascular artifacts and no
or minimal tissue perfusion contrast (n = 57)


http://surfer.nmr.mgh.harvard.edu
https://github.com/ExploreASL/ExploreASL
http://www.fil.ion.ucl.ac.uk/spm/software/spm12
http://www.fil.ion.ucl.ac.uk/spm/software/spm12

e Acceptable scans with minor (vascular) artifacts and reasonable
tissue perfusion contrast (n = 166)
¢ Good artifact-free scans with tissue perfusion contrast (n = 167).

For the sCoV analysis, we used a total of 390 patients, including
scans with angiography and acceptable and good scans. For the
CBF analysis, the 57 patients who had an angiography-like ASL
scan were excluded, resulting in 333 patients for the CBF analysis.

Statistical Analysis

In this study, CMBs, lacunes, WMH volume, and ePVS were
treated as counts and categoric variables. For categoric data, we
classified CMBs as 0, 1, 2-4, >4; lacunes as 0, 1, =2 and by their
location (strictly lobar, strictly deep, and mixed-location); and
ePVS as =10, 11-20, >20 and by location (centrum semiovale
and basal ganglia). WMH volumes were logarithmically (log)
transformed due to skewed distribution and were divided into
tertiles (the first tertile was used as a reference) and by location
(anterior and posterior).

For linear regression analysis, the log transformation of ASL
parameter data (GM-CBF, WM-CBF, GM-sCoV, and WM-sCoV)
was performed to ensure a normal distribution. Log-transformed
ASL data were then standardized by dividing each variable by its
SD. ASL data were used as continuous data (CBF: 1 SD unit
decrease in 10 log; and sCoV: 1 SD unit increase in 10 log). Post-
logarithmic transformation normality tests revealed normal distri-
bution for most of the variables. To analyze the relationship
between CBF (log GM-CBF) and sCoV (log GM-sCoV), we per-
formed a Pearson correlation analysis. Finally, to analyze the effect
of demographic and vascular risk factors on ASL parameters, we
constructed linear regression models with the mean difference (3)
and 95% CI. All models were first adjusted for age and sex and
subsequently for hypertension, hyperlipidemia, diabetes, history of
heart disease, history of stroke, and smoking. The same regression
models were then conducted to analyze the association between
location and severity of SVD markers with ASL parameters. In
regression analyses, SVD markers were treated as determinants,
and ASL parameters, as outcomes. We repeated these analyses for
the 3 diagnostic groups: ie, NCI, CIND, and dementia.

Logistic regression models with ORs and 95% Cls were used
to determine the association between ASL parameters and CIND,
VCIND, AD, and VaD (NCI was used as the reference group).
Models were adjusted for age, sex, education, and vascular risk
factors. Results were considered significant at P <.05.

RESULTS

Baseline Characteristics

The characteristics of the study participants in CBF (n = 333) and
sCoV (n = 390) analyses are shown in the Online Supplemental
Data. There was a high prevalence of vascular risk factors and SVD
in participants. In this study, we excluded 189 participants with
ASL labeling errors or severe motion artifacts or no MR images.
Excluded participants were significantly older, less educated, had a
higher burden of vascular risk factors, and had dementia (Online
Supplemental Data). Furthermore, those participants in whom CBF
could not be measured (n = 570) were older (75 years versus 73
years), a significant number of participants were men (8.7% versus

42.0%), had a history of heart disease (31.6% versus 11.4%) and
higher burden of cardiovascular risk factors, and more had demen-
tia (47.4% versus 24.0%) compared with those in whom CMB could
be measured (n = 333) (data not shown). We analyzed the correla-
tion between GM-sCOV and GM-CBF in 333 subjects (with both
CBF and sCoV data), and there was a negative correlation between
log GM-CBF and log GM-sCOV (r = —0.767, R> = 0.588,
P <.001) (data not shown).

WM-sCoV

The results for the association between WM-sCoV and demo-
graphics, vascular factors, SVD, and etiologic subtypes of cognitive
impairment and dementia are shown in the Online Supplemental
Data. However, WM-sCoV was associated with age, sex, vascular
risk factors, and SVD in this study, and we did not further discuss
these findings because the results were similar to the GM-sCoV
results and did not add further insight into our findings.
Furthermore, ASL measurements have a higher SNR and higher
accuracy in GM compared with WM because CBF is higher and
ATT is shorter in GM than in WM;'®* hence, our findings with
respect to WM-sCoV may not be accurate.

Determinants of ASL Parameters

Among demographic and vascular risk factors, older age and male
sex were associated with significant changes in all 3 ASL parame-
ters (lower GM-CBF and WM-CBF, and higher GM-sCoV),
whereas hyperlipidemia was associated with reduced GM-CBF;
smoking, with a lower mean WM-CBF; and hypertension and a
history of heart disease, with higher GM-sCoV. Moreover, there
was borderline significance with smoking and higher GM-sCoV
(Online Supplemental Data).

Location and Severity of SVD and ASL Parameters

An increased severity of lacunes was associated with changes in all
3 ASL parameters: lower GM-CBF, a comparable decrease in WM-
CBF, and higher mean GM-sCoV. Similarly, the presence of =2
lacunes was associated with higher mean GM-sCoV. The increased
severity of CMBs as well as the presence of >4 CMBs were associ-
ated with lower mean WM-CBF and higher mean GM-sCoV,
but lower mean GM-CBF did not reach statistical significance.
Similarly, total WMH volume and second and third tertiles of
WMH volumes were associated with higher mean GM-sCoV. In
addition, WMH volume in the third tertile was also associated
with lower mean WM-CBF. However, the severity of ePVS was
not associated with ASL parameters. Stratifying ePVS into =10
ePVS, 11-20 ePVS, and >20 ePVS also did not show any signifi-
cant association (Online Supplemental Data).

An increased number of mixed-location lacunes were associated
with lower GM- and WM-CBF and higher GM-sCoV. Similarly, an
increased number of mixed-location CMBs were associated with
lower WM-CBF and higher GM-sCoV, but not with GM-CBF.
Higher volumes of anterior and posterior WMHs were associated
with lower WM-CBF and higher GM-sCoV. WMH volumes in the
anterior and posterior regions were not associated with lower GM-
CBF. In contrast, ePVS in the centrum semiovale and basal ganglia
were not associated with any of the 3 ASL parameters (Online
Supplemental Data).
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Stratified analysis among participants with NCI, CIND, and de-
mentia also showed similar associations (Online Supplemental Data).

ASL Parameters with Etiologic Subtypes of Cognitive
Impairment and Dementia

Lower GM-CBF was associated with AD, whereas lower WM-
CBF was associated with CIND. There was borderline signifi-
cance of lower WM-CBF with AD. Lower GM- and WM-CBF
were not associated with the diagnosis of VCIND and VaD. By
contrast, higher GM-sCoV was associated with VCIND, AD, and
VaD, but not CIND (Online Supplemental Data).

DISCUSSION

In this study, we found that increasing age, male sex, hyperlipid-
emia, and smoking were associated with lower CBF, whereas
increasing age, male sex, hypertension, and a history of heart dis-
ease were associated with higher GM-sCoV. With respect to SVD,
increased severity of lacunes and mixed-location lacunes were
associated with reduced CBF. Similarly, an increased severity of
CMBs, specifically mixed-location CMBs, and total WMH volume
including anterior and posterior regions were associated with
lower WM-CBF and higher GM-sCoV. Higher GM-sCoV was
associated with etiologic subtypes of cognitive impairment and
dementia.

The association of increasing age with hypoperfusion is in line
with findings in previous studies. Age was previously associated
with endothelial dysfunction and vascular remodeling, leading to
chronic hypoperfusion®’ and impaired cerebral autoregulation,
causing several hemodynamic changes in the brain.** The tortuos-
ity of cerebral microvascular vessels was found to be increased in
the elderly compared with young adults and was associated with
reduced CBE.>* Most of the tortuous arteries are found in the WM
of the brain,** which may explain the lower WM-CBF in this
study. Similarly, we found that men had more cerebral hypoperfu-
sion compared to women, suggesting differences in brain structure,
chemistry, and function.** Estrogen is found to be protective
against ischemia.”® Moreover, women tend to have smaller brain
volume, higher cerebral metabolic rate, higher resting CBF, and
lower vascular risk factors compared with men.*

Hypoperfusion due to hypertension can result from increased
vessel stiffness due to atherosclerosis, disturbed hemodynamic
flow patterns, and increased vascular resistance.”” Hypertension
can damage brain endothelial cells, which produce the vasodilator
nitric oxide, contributing to cerebral hypoperfusion and hence
higher GM-sCoV in our study.”® Similarly, hyperlipidemia has
been considered an important risk factor for decreased cerebral
perfusion.”” High levels of blood cholesterol and triglycerides
lead to the accumulation of fatty deposits in the walls of arteries,
resulting in narrowing of the lumen and reducing the supply of
blood to the brain.*® Smoking, on the other hand, increases the
formation of plaque in blood vessels, which narrows the lumen of
the blood vessels.”" Furthermore, nicotine causes blood vessels to
constrict and also stimulates the release of catecholamines and
other free radicals, which injure arterial endothelium, promote
atherogenesis, and eventually reduce CBF.** It has been shown
that heart diseases such as myocardial infarction, congestive heart
failure, and atrial fibrillation decrease cardiac output and reduce
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cerebral perfusion.”® A previous study has shown that patients
with heart disease are at increased risk of atrial thrombogenicity
and cardioembolism, leading to ischemic brain disease.*

We found that SVD such as lacunes and CMBs was associated
with lower WM-CBF and higher GM-sCoV, whereas total WMH
volume was only associated with higher GM-sCoV. This finding
could be because SVD markers are the consequence of cerebral
amyloid angiopathy (CAA) and hypertensive arteriopathy. Lower
CBF and higher sCoV due to SVD in this study may be due to
amyloid deposition in the blood vessels and arteriosclerosis,
which contributes to narrowing of the vessel lumen, leading to
hypoperfusion.® Such reduced cerebral perfusion may lead to tis-
sue damage, infarction, and additionally CMBs. >

We found that mixed-location lacunes and CMBs and WMH
located in the anterior and posterior regions were associated with a
lower CBF and higher sCoV. This finding can be because mixed
lacunes and mixed CMBs represent mixed pathology, so patients
with both CAA and hypertensive arteriopathy are more susceptible
to cerebral ischemia and may exhibit mixed-location SVD on MR
imaging.® By contrast, the location and severity of ePVS were not
associated with ASL parameters. As ePVS are considered an early

MR imaging marker of SVD,***

we speculate that our study pop-
ulation might be already in the more advanced stage of the disease,
which may explain the lack of association between the location and
severity of ePVS with ASL parameters. Furthermore, it has been
shown that perivascular spaces are present in abundance through-
out the healthy brain®® and may, thus, represent a nonpathologic
process of aging with no contribution to hypoperfusion. As peri-
vascular spaces are the fluid-filled spaces surrounding the penetrat-
ing vessels, responsible for regulating the immune response and
drainage of interstitial fluids,”® they are unlikely to affect cerebral
perfusion.

We found that increased GM-sCoV was associated with the
diagnoses of VCIND, AD, and VaD. These results indicate involve-
ment of increased ATT and might reflect a reduction in the blood
supply due to SVD, reduced neuronal activity, and cerebral atro-
phy.* It is further shown that hypoperfusion induces neurovascu-
lar dysfunction, triggering amyloid aggregation in the brain
leading to cognitive impairment and dementia.** Accumulation of
amyloid- B in the brain parenchyma and in the cerebral blood ves-
sels starts decades before the onset of clinical symptoms of AD,
implying that an early ischemic insult might initiate the disease
process.*' This possibility might explain the increased sCoV in our
patients with VCIND and reduced CBF in patients with CIND,
causing speculation that GM- and WM-CBF alone may not be reli-
able indicators of disease at the later stage. These results suggest
that chronic vascular hypoperfusion could contribute to neuronal
damage, cognitive impairment, and dementia; hence, the sCoV of
ASL could be a marker of disease severity.

Moreover, higher sCoV was linked with increased ATT.'® At
the same time, WM-CBF is known to be difficult to measure, and
ASL measurements are known to underestimate WM-CBF for a
longer ATT, especially in deep WM.?* However, we have observed
that an increase in the sCoV was not necessarily connected with a
decrease in WM-CBEF or at least not a larger decrease than in GM-
CBF." It has been shown that measuring significant WM signal is
possible, though this might be difficult with standard PLD and



acquisition duration in deep WM, and delayed ATT can manifest
itself as lower CBF on ASL measurements, even though the perfu-
sion might be intact** A similar observation was made using
healthy volunteers and very long breath-holds. A hypercapnic state
leads to reduction of ATT, making the ATT/PLD combination
much more favorable for measuring CBF than in normal settings
that lead to a higher increase in WM-CBF than in GM-CBF, show-
ing the important role of a short ATT in CBF measurement in
WM with ASL.* Similarly, a decrease in WM-CBF was not always
explained by an increase in the sCoV."® This finding leads us to an
assumption that despite needing to be interpreted with care, real
WM-CBF differences can be observed in our data. Similarly, cer-
tain redistributions between the macro- and microvascular com-
partments can be detected with the sCoV changes without being
really reflected by changes in GM- or WM-CBF. Taken together,
despite the WM-CBF measurement with ASL being difficult and
absolute CBF values not being fully reliable, WM-CBF can still
yield interesting information.

In our current study, there was negative correlation between
CBF and sCOV in 333 subjects (with both CBF and sCoV data).
This is partially correct because those 333 scans were labeled as
good and acceptable. However, in this study, there are also another
57 scans labeled as angiography with scans with dominant vascular
artifacts, and no-or-minimal tissue perfusion contrast when calcu-
lated CBF cannot be reliable. Analyzing the sCoV allows us to
include more data in this study, especially when the study popula-
tion is older adults with a higher burden of cerebrovascular disease.
Thus, we believe that the sCoV is a good proxy parameter of global
cerebrovascular health when CBF cannot be used interchangeably
with sCoV.

The limitations of this study are, first, that ASL image quality
can be affected by older age and dementia because these patients
often find it difficult to stay still inside the scanner. To minimize
this bias, we excluded those scans labeled as angiography and
unusable. Furthermore, individuals who were more ill were
excluded from the study, possibly affecting both the group analysis
and individual clinical findings. Second, because this is a cross-
sectional study, we cannot prove that SVD and a decrease in CBF
or an increase in the sCoV across time caused hypoperfusion or
vice versa. Future longitudinal studies are needed to understand
the cause-effect relation between hypoperfusion and SVD. Third,
in this study, not all participants underwent a brain PET scan to
confirm the presence of amyloid or tau pathology; hence, the par-
ticipants with AD could be considered as having probable AD.
Finally, WM-CBF is difficult to measure with ASL, especially for
longer ATTs.?® However, we observed that an increase in the
sCoV, associated with increased ATT,'® was not necessarily con-
nected with a decrease in WM-CBE."” We, therefore, assume that
some true WM-CBF differences might be observed in our data.

CONCLUSIONS

In this study, we found that a higher sCoV of ASL images was
associated with cognitive impairment and dementia, as well as
with lacunes, WMH, and CMB, but not with ePVS. Our findings
suggest that SVD may induce brain changes via vascular insuffi-
ciency, implying that chronic hypoperfusion may increase the

risk for neuronal injury and neurodegeneration. Hence, sCoV of
ASL images may be a useful indicator of vascular brain damage.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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