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Cerebral small vessel disease (cSVD) affects arterioles, capillaries, and venules and
can lead to cognitive impairments and clinical symptomatology of vascular cognitive
impairment and dementia (VCID). VCID symptoms are similar to Alzheimer’s disease
(AD) but the neurophysiologic alterations are less well studied, resulting in no established
biomarkers. The purpose of this study was to evaluate cerebral blood flow (CBF)
measured by 3D pseudo-continuous arterial spin labeling (pCASL) as a potential
biomarker of VCID in a cohort of elderly Latinx subjects at risk of cSVD. Forty-five
elderly Latinx subjects (12 males, 69 ± 7 years) underwent repeated MRI scans
∼6 weeks apart. CBF was measured using 3D pCASL in the whole brain, white
matter and 4 main vascular territories (leptomeningeal anterior, middle, and posterior
cerebral artery (leptoACA, leptoMCA, leptoPCA), as well as MCA perforator). The
test-retest repeatability of CBF was assessed by intra-class correlation coefficient
(ICC) and within-subject coefficient of variation (wsCV). Absolute and relative CBF
was correlated with gross cognitive measures and domain specific assessment of
executive and memory function, vascular risks, and Fazekas scores and volumes of
white matter hyperintensity (WMH). Neurocognitive evaluations were performed using
Montreal Cognitive Assessment (MoCA) and neuropsychological test battery in the
Uniform Data Set v3 (UDS3). Good to excellent test-retest repeatability was achieved
(ICC = 0.77–0.85, wsCV 3–9%) for CBF measurements in the whole brain, white matter,
and 4 vascular territories. Relative CBF normalized by global mean CBF in the leptoMCA
territory was positively correlated with the executive function composite score, while
relative CBF in the leptoMCA and MCA perforator territory was positively correlated with
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MoCA scores, controlling for age, gender, years of education, and testing language.
Relative CBF in WM was negatively correlated with WMH volume and MoCA scores,
while relative leptoMCA CBF was positively correlated with WMH volume. Reliable 3D
pCASL CBF measurements were achieved in the cohort of elderly Latinx subjects.
Relative CBF in the leptomeningeal and perforator MCA territories were the most likely
candidate biomarker of VCID. These findings need to be replicated in larger cohorts with
greater variability of stages of cSVD.

Keywords: arterial spin labeling, item response theory, white matter hyperintensity, cerebral small vessel disease,
cerebral blood flow, vascular cognitive impairment and dementia

INTRODUCTION

While Alzheimer’s disease (AD) is the most common cause
of dementia, the contribution of vascular factors to cognitive
impairment and dementia is becoming increasingly recognized
(Gorelick et al., 2011). AD and cerebrovascular diseases share
common risk factors such as hypertension, obesity, diabetes, and
these conditions coexist in 40–50% of clinically diagnosed AD,
making mixed AD-vascular dementia the most common cause of
cognitive impairment in the aged (Iadecola, 2016). The clinical
differentiation of AD from vascular cognitive impairment and
dementia (VCID) is blurred (Schneider et al., 2007). Cerebral
small vessel disease (cSVD) is the most common vascular cause
of dementia, a major contributor to mixed dementia, and the
cause of about one fifth of all strokes worldwide (Norrving,
2008; Pantoni, 2010). The aging population worldwide and the
increase in vascular disease with age have led to projections of
major growth in VCID over the next 30 years (Gorelick et al.,
2011). However, the underlying mechanisms of cSVD remain
poorly understood, resulting in no specific guidelines for its
prevention and treatment.

The large knowledge gap in cSVD is partly because cerebral
small vessels, including arterioles, capillaries, and venules,
are inaccessible to existing imaging technologies. Clinical
diagnosis of SVD relies on conventional MRI findings including
lacunar infarcts, white matter hyperintensities (WMH), cerebral
microbleeds, prominent perivascular spaces, and atrophy
(Wardlaw et al., 2009). Large epidemiological studies have shown
that silent cerebral infarction and WMHs are associated with
both non-memory-related cognitive deficits (e.g., executive
function and perceptual speed) (Mayda and Decarli, 2009;
Rosenberg et al., 2015), and memory impairment (Breteler et al.,
1994; DeCarli et al., 1995; Debette et al., 2010). Composite
scores of MRI features of cSVD have also been proposed
(Staals et al., 2015). However, these parenchymal lesions are the
consequences of cSVD rather than the surrogate markers of
microvascular changes and cannot guide early interventions to
change the course of VCID. It is of paramount importance to
identify and develop imaging markers of early microvascular
changes related to cSVD for the design of future clinical trials to
prevent and treat VCID.

Chronic hypoperfusion is thought to be a key mechanism
of SVD and cause of WMHs on MRI. Although the etiology is
not completely understood, chronic hypoperfusion may result

from the narrowing of the arteriolar lumina secondary to
lipohyalinosis and arteriolosclerosis (Yata et al., 2014). A recent
systematic review and meta-analysis including 24 cross-sectional
studies (n = 1161) showed that cerebral blood flow (CBF) is
lower in subjects with more WMHs, globally and in most gray
and white matter regions (Shi et al., 2016). Arterial spin labeling
(ASL) perfusion MRI provides non-invasive quantitative CBF
measurement with good test-retest repeatability and has been
validated by PET (Kilroy et al., 2014). ASL can be standardized
across major MRI platforms with 3D pseudo-continuous ASL
(pCASL) (Alsop et al., 2015), which has started to be used in
multi-site clinical trials. Therefore, ASL CBF may be applied as
a marker of VCID caused by cSVD.

In this study we applied 3D pCASL perfusion MRI to assess
the test-retest repeatability of regional CBF for an interval
of ∼6 weeks as well as CBF alterations in association with
cognitive impairment in a cohort of aged Latinx subjects with
varying risks of vascular diseases. Latinx population is the fastest
growing segment of the US population who are traditionally
underrepresented in clinical research (US Census Bureau, 2016).
Latinx population however are at a higher risk for AD and
other dementias (Association, 2016), and cerebrovascular disease
represents the fourth leading cause of death among Latinx
(Heron, 2016). A prominent behavioral phenotype of cSVD is
early executive dysfunction manifested by impaired capacity to
use complex information, to formulate strategies, and to exercise
self-control, with less pronounced episodic memory deficits
compared to AD patients (Wallin et al., 2018). Therefore, ASL
CBF measurements were correlated with a composite score of
executive function developed using Item Response Theory (IRT)
(Staffaroni et al., 2020a) and global cognitive measures as well as
memory function, vascular risks, and WMHs.

MATERIALS AND METHODS

Human Subjects
Forty-five elderly Latinx subjects (12 males, 69 ± 7 years)
participated in the present study as part of the MarkVCID study
at the University of Southern California1. The inclusion criteria
were: (1) Fluency in Spanish and/or English; (2) Age > 60
years; (3) Have capacity for and sign consents indicating so, or

1www.markvcid.org
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give assent and have an appropriate surrogate (as determined
by California law) to sign consent; (4) For demented subjects,
have an appropriate informant who is also willing and able to
accompany the subject. Non-demented subjects must also have
an informant willing to participate by phone. The exclusion
criteria included history of prior clinical stroke, head trauma,
contraindications to MRI, abnormal renal function, pregnancy,
other concurrent neurologic or psychiatric illnesses, or abnormal
structural MRI (e.g., mass lesions, cystic infarction, etc.). All
subjects were required to refrain from caffeine intake and
nicotine use 3 h before and during study visits. The demographic
and clinical information of the subjects is listed in Table 1.

MRI Experiments
MRI scans were performed on a Siemens 3T Prisma system
(Erlangen, Germany) using a 20-channel head coil after subjects
provided written informed consent according to a protocol
approved by the Institutional Review Board (IRB) of the
University of Southern California. Each subject underwent
repeated MRI scans ∼6 weeks apart (6.7 ± 4.6 weeks).
The MRI protocol included a 3D T1-weighted magnetization-
prepared rapid gradient-echo (MPRAGE) scan (1 mm3 isotropic
resolution, TR/TI/TE = 2,530/1,100/1.69 ms), a 3D T2-weighted
Fluid-Attenuated Inversion Recovery (FLAIR) scan (1 mm3

TABLE 1 | Demographic characteristics of 45 subjects recruited in this study.

Count Column N%

Sex Male 12 26.7%

Female 33 73.3%

Age range (years) 60–92

Mean ± SD 69 ± 7

Education (years) 7 ± 4

Vascular risk factor Diabetes 17 (of 45) 37.8%

Hypertension 28 (of 45) 62.2%

Hypercholesterolemia 33 (of 45) 73.3%

Global CDR scale 0 (Normal) 27 62.8%

0.5 (Very mild dementia) 16 37.2%

Fazekas scale 0 (No WMH) 6 13.3%

Periventricular WM

1 (Mild WMH) 32 71.1%

Periventricular WM

2 (Severe WMH) 7 15.6%

Periventricular WM

0 (No WMH) 5 11.1%

Deep WM

1 (Mild WMH) 32 71.1%

Deep WM

2 (Severe WMH) 8 17.8%

Deep WM

Vascular risk factors (presence of diabetes, hypertension, or hypercholesterolemia)
was defined by a past diagnosis and/or current treatment for these conditions
from 45 subjects. Neurocognitive performance was evaluated by global Clinical
Dementia Rating (CDR) scale for 43 subjects. Severity of white matter lesions were
quantified by the Fazekas scale, which is rated from 0 (absent) to 3 (large confluent
areas) in periventricular white matter and deep white matter, respectively.

isotropic resolution, TR/TI/TE = 5,000/1,800/388 ms), and a 3D
gradient and spin-echo (GRASE) pCASL scan with background
suppression (2.5 mm3 isotropic resolution, 48 slices, 4 segments,
TR/TE = 4,300 ms/36.8 ms, label duration = 1,500 ms, post-
labeling delay = 2,000 ms, 7 label/control image pairs and one
M0 image with the same imaging parameters but no background
suppression were acquired in 4 min 35 s).

Clinical and Cognitive Assessments
Clinical evaluation of the participants was performed by a
board-certified neurologist (JMR) using the Clinical Dementia
Rating (CDR) scores. The CDR is a structured interview of
the subject and informant based on which subjects were rated
as: 0 (asymptomatic), 0.5 (equivocal impairment), 1 (mild), 2
(moderate), or 3 (severe dementia). All participants were rated
CDR 0 or 0.5 (Table 1). The Clinical Dementia Rating Sum of
Boxes (CDR-SOB) scores were used for correlation analyses with
CBF due to the wider score range of 0–18 (O’Bryant et al., 2008).
The Montreal Cognitive Assessment (MoCA) was performed
on 39 participants by a licensed neuropsychologist (LD) with
scores ranging from 0 to 30 (Nasreddine et al., 2005). Testing
was administered in English (5, 13%) or Spanish (34, 87%),
determined by the comfort level of the subjects. Neurocognitive
evaluations were performed using standard neuropsychological
test battery in the Uniform Data Set v3 (UDS3). Domain specific
assessment of executive function was performed using scores of
Trail Making B—A and a composite score of executive function
developed using IRT (Staffaroni et al., 2020a). Composite scores
of executive function offer advantages such as better reliability,
fewer statistical comparisons, and improved power to detect
longitudinal change with smaller sample sizes (Gibbons et al.,
2012; Staffaroni et al., 2020b). Memory scores were derived from
the Spanish English Verbal Learning Test (SEVLT) which has
been shown to be appropriate and have adequate normative data
for use with older Latinx persons of Mexican descent (González
et al., 2002). The memory scores included Total Learned (over the
learning trials), Benefit of Cues (difference between delayed free
recall and delayed cued recall), and percentage retained (Delayed
Free Recall / Trial 5). Overall, 43 subjects had complete behavioral
and clinical assessments.

Furthermore, presence or absence of hypertension, diabetes,
and hypercholesterolemia (0 or 1) was defined by a past diagnosis
and/or current treatment for these conditions. Vascular risk
factor (0–3) was calculated as the combination of presences of
hypertension, diabetes, or hypercholesterolemia, which was used
for correlation analysis with CBF.

Data Analysis
ASL data were preprocessed and quantified using SPM12 and
in-house Matlab scripts. Following motion correction, pair-wise
subtraction of label and control images was performed and
averaged across the time series to generate mean perfusion
images. Quality control metrics were generated by the program
and included framewise displacement for head motion and
temporal SNR. Quantitative CBF maps were generated using
the standard one-compartment perfusion model (Alsop et al.,
2015) using voxel-wise calibration with the M0 image. Results
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were visually checked for any artifacts. Only one CBF dataset
was found to have artifacts with abnormally low CBF, and this
subject (66 years, F) was excluded for further analyses. CBF
maps from the 1st and 2nd visit of the remaining 44 subjects
were coregistered to individual T1w MRI and normalized to the
Montreal Neurological Institute (MNI) template space. CBF was
measured in the whole brain (WB), white matter (WM) and 4
main vascular territories [leptomeningeal anterior cerebral artery
(ACA), middle cerebral artery (MCA) and posterior cerebral
artery (PCA), as well as MCA perforator] using a template (Tatu
et al., 1998; Wang et al., 2012). WM mask was created from tissue
probability maps thresholded at 99%.

White matter hyperintensity (WMH) was segmented from T2-
weighted FLAIR images using ITK-SNAP2 (Yushkevich et al.,
2006) and its semi-automatic segmentation tool for supervised
classification based on random forests. Three tissue classes
(WMH, non-hyperintense tissue, and CSF) were identified as
training examples for the classifier, and seeds were then placed
in the observed WMH. The active contour algorithm was used to
iteratively expand the seeds into the WMH segmentation, which
was then carefully inspected by clinical fellows and manually
adjusted if necessary. The final segmentation was used to quantify
the total WMH volume which was normalized by the intracranial
volume (ICV) segmented and measured using SPM12 (FIL, UCL,
London, United Kingdom) in each subject. Severity of white
matter lesions were quantified by the Fazekas scale (Fazekas
et al., 1987), which is rated from 0 (absent) to 3 (large confluent
areas) in periventricular white matter and deep white matter,
respectively. Since Fazekas scores of periventricular and deep
WM were highly correlated, we used total Fazekas scores for
correlation analysis with CBF.

The test-retest repeatability of CBF was assessed by intra-
class correlation coefficient (ICC) and within-subject coefficient
of variation (wsCV). Absolute and relative CBF (vs. global mean
CBF) were correlated with global cognitive measures, CDR-
SOB scores and domain specific assessment of executive and
memory function, with age, gender, years of education and testing
language as covariates. Absolute and relative CBF (normalized by
global mean CBF) were also correlated with vascular risk factor,
Fazekas scores, and volumes of WMH, with covariates of age
and gender. Data distribution was examined using histogram
and Shapiro–Wilk test which has relatively strong statistical
power to be suitable for small sample size, compared to other
normality tests. Logarithm transformation was applied to skewed
data when necessary. For unadjusted correlation, either Pearson
or Spearman correlation was used depending on normality. To
examine the adjusted correlation, data were first rescaled to z
scores then fit with generalized linear multivariate regression
model (GLM) with covariates. The beta coefficient from the
regression model using z score can approximate the correlation
coefficient and be comparable between variables of interest.
For Fazekas scores, since they are categorical measurements
(k levels), GLM with k-1 degree of freedom ANOVA test
was used as the global association test. Residual plots were

2www.itksnap.org

used to assess the model integrity and Cook’s d was used to
detect outliers with extreme influence. Multivariate Adaptive
Regression Spline (MARS) (Friedman, 1991) was used to explore
the potential non-linear association. Scatter plots were used to
illustrate the correlation with outliers highlighted. If a spline
detected by MARS, the spline regression slope instead of linear
regression slope was used to illustrate the potential non-linear
association. Based on our hypothesis and literature evidence, we
focused on CBF measurements in 3 regions for correlation with
behavioral and imaging biomarkers of cSVD: leptomeningeal
MCA (leptoMCA) and MCA perforator (MCAperf) territories,
and WM. As an exploratory analysis, an α level of 0.05 (2-
sided) was used for statistical significance without correction for
multiple comparisons. SAS9.4 was used for statistical analysis.

RESULTS

Test-Retest Repeatability of CBF
Figure 1 shows CBF maps normalized to the MNI canonical
space of three representative participants acquired on two
visits. The three participants had above average, average and
below average reproducibility of repeated CBF measurements,
respectively. Mean CBF maps for visit1 and visit2 as well as
the voxel-wise ICC and wsCW maps of test-retest results for
all the 44 subjects are shown in Figure 2. Good to excellent
test-retest repeatability was achieved (ICC = 0.77–0.85, wsCV
3–9%, Figure 3) for absolute CBF measurements in the WB
[ICC(C-k) = 0.84], WM [ICC(C-k) = 0.77], and 4 vascular
territories: leptomeningeal ACA (leptoACA, ICCabs = 0.77,
wsCVabs = 0.09 ± 0.07); leptomeningeal MCA (leptoMCA,
ICCabs = 0.85, wsCVabs = 0.08 ± 0.05); leptomeningeal
PCA (leptoPCA, ICCabs = 0.83, wsCVabs = 0.08 ± 0.06);,
and MCA perforator territory (MCAperf, ICCabs = 0.77,
wsCVabs = 0.08 ± 0.07). For relative CBF, wsCV was calculated
for test-retest repeatability since the inter-subject variation
was very small due to normalization by global CBF. The
wsCV of relative CBF ranged from 3 to 6% in the 4
vascular territories between repeated scans ∼6 weeks apart
(Figure 3): leptoACA (wsCVrel = 0.05 ± 0.04); leptoMCA
(wsCVrel = 0.03 ± 0.03); leptoPCA (wsCVrel = 0.06 ± 0.05);, and
MCAperf (wsCVrel = 0.05 ± 0.04).

Correlations Between CBF and Cognitive
Scores
Global mean CBF was not significantly correlated with any
cognitive scores. Relative CBF normalized by global mean CBF
in the leptoMCA territory was positively correlated with the
executive function composite score [Figure 4A, beta = 0.33, 95%
CI (0.08, 0.59), P = 0.02]. Relative CBF in the MCAperf territory
[Figure 4B, beta = 0.29, 95% CI (0.04, 0.54), P = 0.03] and
leptoMCA territory [Figure 4C, beta = 0.36, 95% CI (0.10, 0.63),
P = 0.01] was positively correlated with MoCA scores, controlling
for age, gender, years of education and testing language. However,
relative CBF in WM was negatively correlated with MoCA
scores [Figure 4D, beta = −0.36, 95% CI (−0.66, −0.07),
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FIGURE 1 | CBF maps normalized to the MNI canonical space and displayed in coronal, sagittal, and axial views of three representative participants acquired on two
visits. The three participants had above average, average and below average reproducibility of repeated CBF measurements.

P = 0.02], controlling for age, gender, years of education and
testing language.

For association with memory function, no CBF measurements
in leptoMCA or MCAperf territories were found to be correlated
with any of the three SEVLT scores. However, relative CBF of
WM was positively correlated with the Benefit of Cues score
of SEVLT [beta = 0.5, 95% CI (0.09, 0.9), P = 0.022]. No
CBF measurements were significantly correlated with CDR-
SOB scores.

Correlations Between CBF, Vascular
Risks and WMH
No CBF measurements were found to be correlated with vascular
risk factor—the combination of presences of hypertension,
diabetes, or hypercholesterolemia (0–3).

The WMH was found to be generally mild (WMH
volume < 20 ml) in the study cohort except two subjects with
WMH volume greater than 60 ml (top two dots in Figure 5A).
We found a significant negative correlation between relative WM
CBF and the log transformation of normalized WMH volume
[Figure 5A, beta = −0.37, 95% CI (−0.64, −0.10), P = 0.01],

controlling for age and gender. There was also a negative
correlation between relative WM CBF and total Fazekas scores
of WMH (Figure 5B, p = 0.03). However, relative leptoMCA
CBF was positively correlated with the log transformation of
normalized WMH volume [Figure 5C, beta = 0.37, 95% CI
(0.10, 0.64), P = 0.01] and total Fazekas scores of WMH
(Figure 5D, p = 0.02).

DISCUSSION

In this study, we evaluated CBF measurement by 3D pCASL as a
potential biomarker of VCID in a cohort of elderly Latinx subjects
at risk of cSVD. Good to excellent test-retest repeatability was
achieved (ICC = 0.77–0.85, wsCV 3–9%) for CBF measurements
in the whole brain, WM, and 4 vascular territories. Relative CBF
normalized by global mean CBF in the leptoMCA territory was
positively correlated with an IRT-derived composite score of
executive function, while relative CBF in the MCA perforator
and leptoMCA territory was positively correlated with MoCA
scores of global cognitive function. Relative CBF in WM was
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FIGURE 2 | (A) Mean CBF maps for visit1 and visit2 as well as (B) the voxel-wise ICC and wsCW maps of test-retest results for all the 44 subjects.

FIGURE 3 | Scatter plots of absolute and relative CBF values acquired on two visits measured in the whole brain (global CBF), white matter (WM) and 4 vascular
territories. ICC and wsCV (mean and SD) of each ROI are listed for absolute CBF while wsCV values are listed for relative CBF.
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FIGURE 4 | Scatter plots showing (A) positive correlations between relative CBF in the leptoMCA and executive function composite score [adjusted beta = 0.33,
95% CI (0.08, 0.59), P = 0.02]; (B) positive correlation between relative CBF in the leptoMCA territory and MoCA score [β = 0.29, 95% CI (0.04, 0.54), P = 0.03]; (C)
positive correlation between relative CBF in the MCAperf territory and MoCA score [β = 0.36, 95% CI (0.10, 0.63), P = 0.01]; (D) negative correlation between relative
CBF in WM and MoCA scores [β = –0.36, 95% CI (–0.66, –0.07), P = 0.02). Final associations were controlled for age, gender, years of education and testing
language, and used standardized z scores for both independent and dependent variables.

negatively correlated with WMH volume and MoCA scores,
while relative leptoMCA CBF was positively correlated with
WMH volume.

Test-Retest Repeatability of CBF
The test-retest repeatability of ASL CBF measurements has been
evaluated using different ASL techniques in different populations.
Chen et al. (2011) compared three common ASL strategies with
2D EPI readout: pCASL, pulsed (PASL) and continuous ASL
(CASL) in 12 young healthy subjects at 3T, with scan intervals
up to 1 week. The authors reported a wsCV on the order of 10%
for GM CBF for PASL (9.2 ± 0.12%) and pCASL (8.5 ± 0.14%),
with higher variability for longer scan intervals. Kilroy et al.
(2014) evaluated repeatability (∼4 weeks apart) and accuracy
(by comparing to 15O-PET) of pCASL with 2D EPI and 3D
GRASE readout in 13 elderly subjects including six MCI and one

mild AD. GRASE pCASL demonstrated a higher repeatability for
regional perfusion measurements (ICC = 0.707, wsCV = 10.9%)
compared to EPI pCASL (ICC = 0.362, wsCV = 15.3%).
Hodkinson et al. (2013) evaluated 3D pCASL in 16 healthy
male volunteers (age range: 18–50 years) in a clinical model of
post-surgical pain. The inter- and intra-session reliability of the
post-surgical pCASL CBF measurements were good-to-excellent
(ICC > 0.6), while the repeatability of 1CBF between pre-
and post-surgical states was moderate (ICC > 0.4). Between-
subjects, the pCASL CBF measurements in the post-surgical
pain state and 1CBF were both characterized as moderately
reliable (ICC > 0.4) across nine ROIs. Lin et al. (2020)
compared test-retest repeatability of 3D pCASL with standard
(1,500 ms) and long (3,500 ms) labeling duration in 20 adult
volunteers (age 56.6 ± 17.2 years) with a 1 h interval. The
ICCs were generally high (> 0.85) and wsCV < 10% across
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FIGURE 5 | shows (A) negative correlations between relative WM CBF and log transformation of normalized WMH volume [β = –0.37, 95% CI (–0.64, –0.10),
P = 0.01 adjusted for age and gender]; (B) linear decreasing trend of relative WM CBF by increasing in total Fazekas scores of WMH [β = –0.02, 95% CI (–0.0004,
–0.04) P: 0.02]; (C) positive correlations between relative leptoMCA CBF with the log transformation of normalized WMH volume [β = 0.37, 95% CI (0.10, 0.64),
P = 0.01 adjusted for age and gender]; (D) linear increasing trend of relative leptoMCA CBF by increasing in total Fazekas scores of WMH [β = 0.03, 95% CI (0.01,
0.05) P: < 0.01].

lobar ROIs with the long labeling duration pCASL showing
higher repeatability.

Overall our results of test-retest repeatability of 3D pCASL
CBF measurements in the cohort of elderly Latinx subjects
are consistent with those reported in literature. To the best
of our knowledge, this is the first pCASL study in Latinx
population with a moderate sample size (N = 45 recruited
from communities) that is larger than those in previous
studies. The scan interval of ∼6 weeks is also longer than
those in previous studies, adding challenges for achieving a
high repeatability. Nevertheless, the test-retest repeatability of
3D pCASL CBF measurements in our study was comparable
and even higher than those reported in literature. Our data

strongly support that 3D pCASL CBF measurement can
be applied as an imaging biomarker in community based
clinical studies/trials.

Correlation of CBF With Neurocognitive
Function
In this study, relative CBF in the leptoMCA territory was
correlated with executive dysfunction (Staffaroni et al., 2020b)
which is considered a prominent behavioral phenotype of cSVD.
In contrast, episodic memory deficits are more pronounced
in patients with AD (Wallin et al., 2018). The leptoMCA
territory includes a large area of cerebral cortex including the
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frontal, parietal and temporal lobes. These regions comprise
the default mode, dorsal attention and frontoparietal networks
associated with attention and executive functions (22). A recent
study also found positive associations between the executive
function composite score and CBF in dorsolateral prefrontal
cortex (Staffaroni et al., 2019). Therefore, it is not surprising
that relative CBF in leptoMCA territory was correlated
with the executive function composite score. In addition,
leptoMCA relative CBF was correlated with MoCA scores
of gross cognition. This finding is not surprising given
the involvement of leptoMCA territory in a wide range
of cognitive functions. A previous study in a cohort of
Chinese patients with subcortical vascular cognitive impairment
found diffuse global reductions in CBF and correlation of
regional CBF with gross cognition in temporal, orbitofrontal
and insular cortices (Sun et al., 2016). These areas partially
overlap with the areas of the leptoMCA territory. A main
difference is that the previous study did not account for
the widespread global hypoperfusion, a factor that will be
discussed below.

We also observed that relative CBF in the MCA perforator
territory was positively correlated with MoCA scores of global
cognitive function. The MCA perforator territory primarily
consists of lenticulostriate arteries (LSAs) that supply important
subcortical areas including the caudate nucleus, globus pallidus,
putamen, and part of the posterior limb of the internal capsule
(Ma et al., 2019). LSAs take origin directly from the high flow
MCA with small diameters on the order of a few hundred
microns (Marinković et al., 2001), therefore are particularly
susceptible to damage (e.g., by hypertension) (Dichgans and
Leys, 2017). Indeed, subcortical ischemic infarcts (e.g., lacunes)
are a prominent hallmark of cSVD (Wardlaw et al., 2009). In
addition, CBF in leptoMCA or MCA perforator territories were
not associated with any of the 3 memory scores derived from the
SEVLT. Relative MCAperf CBF was also correlated with retinal
capillary density measured by optical coherence tomography
angiography (OCTA) in the same cohort of Latinx subjects
(Ashimatey et al., 2020). Our findings, in conjunction with
existing evidence, prompt relative CBF in the leptomeningeal
and perforator MCA territories as candidate biomarkers of
VCID. However, the area of MCA perforator territory is
much smaller than that of leptoMCA which may affect the
reliability of CBF measurements (as indicated by lower ICC
values in the former).

Previous studies have shown the advantages of using
psychometrically robust composite scores over a single or
multiple cognitive test scores to quantify cognitive performance
(Crane et al., 2012; Gibbons et al., 2012; Staffaroni et al.,
2020b). The IRT-based score used in the present study is
sensitive to impairments in MCI, AD, and frontotemporal
dementia (Staffaroni et al., 2020b). Furthermore, it was
associated with gray matter volume of frontal, parietal, and
temporal lobes, the same regions that make up the leptoMCA
territory. A different IRT-based composite score of executive
function derived from the NIH-EXAMINER has been shown
to detect longitudinal declines in asymptomatic carriers of
mutations that cause frontotemporal dementia and is sensitive

to premanifest Huntington’s disease (You et al., 2014), two
conditions that present with executive dysfunction. This suggests
these composite scores may be sensitive to the earliest
changes in executive abilities. In the present study, we did
not observe associations between CBF and another common
metric of executive function (Trail Making B—A), providing
additional evidence that an IRT-based composite score may
provide a more robust measure of executive function than its
component tests.

We found relative CBF in WM was negatively correlated
with MoCA scores, which contradicts the positive association
between MCA CBF and MoCA scores. The reason for this
observation is not known. It is possible that normalization with
global mean CBF may play a role in different trends of relative
CBF between GM and WM regions. However, absolute CBF
was not associated with behavioral measures or WMH in our
study, suggesting the importance of controlling variations in
global CBF with normalization for regional CBF values. This
notion is in line with previous reports that inter-individual
differences in global CBF are higher than within-subject CBF
variations (Henriksen et al., 2012), and thus, detection of small
inter-subject regional CBF variations associated with cognitive
or clinical assessments requires global CBF bias correction or
normalization. It also has been demonstrated that relative CBF
is more sensitive in detecting regional differences across subjects
compared to absolute CBF (Aslan and Lu, 2010).

Correlation of CBF With WMH
WMH is the most prominent imaging feature of cSVD (Wardlaw
et al., 2009). WMHs are associated with increased risk of
cognitive impairment and dementia (Alber et al., 2019), and
are presumed to be caused by chronic hypoperfusion, blood-
brain barrier (BBB) breakdown, dysfunction of oligodendrocyte
precursor cells, and venous collagenosis (Kim et al., 2020).
A recent systematic review and meta-analysis with a large
pooled sample (n = 1,161) showed that CBF is lower
in subjects with more WMHs (Shi et al., 2016). Several
studies also investigated perfusion changes in the WMH
penumbra, which is the normal appearing WM around
the hyperintensities (Promjunyakul et al., 2015, 2016; Rane
et al., 2018). These studies found that hypoperfusion in the
WMH penumbra are associated with cognition and future
WMH growth. In the present study, we found a significant
negative correlation between relative WM CBF and the log
transformation of normalized WMH volume, as well as
total Fazekas scores of WMH. This finding is consistent
with the hypothesis of chronic hypoperfusion as a main
etiology of WMH in literature. However, this trend was
reversed for relative CBF in leptoMCA which is positively
correlated with the log transformation of normalized WMH
volume and total Fazekas scores of WMH. The WMH
was generally mild (WMH volume < 20 ml) in the study
cohort except two subjects with WMH volume greater than
60 ml (top two dots in Figure 5A). Excluding these two
subjects with large WMH volume, none of the reported
associations between CBF and WMH were significant (P > 0.05).
Therefore, the reported findings need to be interpreted with
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caution and should be verified in larger cohorts with greater
variability of WMH.

Limitations and Future Directions
There are several limitations of this study: (1) The sample size is
moderate and the study cohort is all aged Latinx subjects. This is
both a strength and weakness since our study is the first of its kind
in a Latinx population; nevertheless, the relatively uniform cohort
may not have large enough variability in the stages of cSVD
(e.g., WMH); (2) Our study was performed on a single 3T MRI
scanner. It would be ideal to evaluate the test-retest repeatability
of ASL CBF across MRI scanners by different manufacturers, as
shown by Mutsaerts et al. (2015). This has become feasible with
the recommended implementation of pCASL with background
suppressed 3D acquisitions across major MRI platforms (Alsop
et al., 2015); (3) We did not perform correction for multiple
comparisons for exploratory analyses. The sample size was only
powered for reliability test, but was underpowered for testing the
association with clinical outcomes. Such an exploratory analysis
can provide us the insight for directing further confirmative
studies with larger sample sizes.

CONCLUSION

Reliable 3D pCASL CBF measurements were achieved in
the cohort of elderly Latinx subjects. Relative CBF in the
leptomeningeal and perforator MCA territories were the most
likely candidate biomarker of VCID. These findings need
to be replicated in larger cohorts with greater variability
of stages of cSVD.
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