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Abstract.
Background: Alzheimer’s disease (AD) and subcortical ischemic vascular disease (SIVD) have both been associated with
white matter hyperintensities (WMHs) and altered cerebral blood flow (CBF) although the etiology of AD is still unclear.
Objective: To test the hypothesis that CBF and WMHs have differential effects on cognition and that the relationship between
CBF and WMHs changes with the subtypes and stages of dementia.
Methods: Forty-two patients with SIVD, 50 patients with clinically-diagnosed AD, and 30 cognitively-normal subjects were
included. Based on the Clinical Dementia Rating (CDR), the patients were dichotomized into early-stage (CDR = 0.5) and
late-stage (CDR = 1 or 2) groups. CBF and WMH metrics were derived from magnetic resonance imaging and correlated
with cognition.
Results: Hierarchical linear regression revealed that CBF metrics had distinct contribution to global cognition, memory,
and attention, whereas WMH metrics had distinct contribution to executive function (all p < 0.05). In SIVD, the WMHs in
frontotemporal areas correlated with the CBF in bilateral thalami at the early stage; the correlation then became between
the WMHs in basal ganglia and the CBF in frontotemporal areas at the late stage. A similar corticosubcortical coupling was
observed in AD but involved fewer areas.
Conclusion: A stage-dependent coupling between CBF and WMHs was identified in AD and SIVD, where the extent of
cortical WMHs correlated with subcortical CBF for CDR = 0.5, whereas the extent of subcortical WMHs correlated with
cortical CBF for CDR = 1–2.

Keywords: Alzheimer’s disease, cerebral blood flow, magnetic resonance imaging, vascular dementia

∗Correspondence to: Wen-Chau Wu, PhD, Institute of Medical
Device and Imaging, National Taiwan University, Taipei, Taiwan.
E-mail: wenchau@ntu.edu.tw.

INTRODUCTION

Cerebral blood flow (CBF) plays a critical role
in maintaining brain function. Perturbed CBF has
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been associated with various neurological disorders
such as stroke and dementia. While an acute drop of
CBF commonly leads to a stroke event, a chronic
reduction of CBF could result in cerebral atrophy
[1] and leukoaraiosis [2] that are commonly asso-
ciated with dementia formation [3, 4]. Also known
as white matter hyperintensities (WMHs) due to
their bright appearance in fluid-attenuated inversion
recovery magnetic resonance imaging, leukoaraiosis
refers to the morphological changes in white mat-
ter with the major etiopathogenesis being vascular
and related to endothelial dysfunction in penetrating
arterioles. However, leukoaraiosis may not always
be cognitively-nocuous as its existence is prevalent
among middle-aged subjects with normal cognition
[5, 6], and the exact threshold of leukoaraiosis to
trigger cognitive impairment remains undetermined
[7, 8].

Vascular dementia is the second most common
cause of dementia after Alzheimer’s disease (AD)
[9]. Subcortical ischemic vascular disease (SIVD)
is a subtype of vascular dementia characterized by
lacunes and extensive leukoaraiosis in subcortical
regions. Pathological examinations of SIVD showed
lipohyalinosis and segmental arterial disorganization,
suggesting the pathogenic role of incomplete infarct
[10]. Therefore, CBF change may occur along the
course of leukoaraiosis formation and may serve as a
potential biomarker for early detection of SIVD. On
the other hand, leukoaraiosis has also been reported in
a considerable portion of patients with AD [7]. While
current investigation of AD pathogenesis is mainly
focused on the cascaded interactions with amyloid
plaque and neurofibrillary tangles [11], a growing
body of evidence also supports the complemen-
tary vascular hypothesis where compromised CBF
may impede cognitive function through vascular-
derived insults [12] or disrupted clearance pathway of
beta-amyloid to synergistically cause neurotoxicity
[13].

Despite the vascular pathogenesis of leukoaraio-
sis, the interplay of CBF alteration and leukoaraiosis
has yet to be elucidated in different types of demen-
tia. Differential imaging diagnostics of dementia have
clinical relevance in that they may improve cognitive
prognosis via early initiation of disease-modifying
treatment. Therefore, the purpose of this study was to
investigate the differential effect of CBF and WMHs
on cognition, and to test the hypothesis that the
relationship between CBF and WMHs is dependent
on the stages as well as the subtypes of dementia (AD
and SIVD).

MATERIALS AND METHODS

Participants

Forty-two patients with SIVD, 50 patients with
clinically-diagnosed AD, and 30 subjects with
normal cognition (NC) were consecutively and
prospectively enrolled. The inclusion and exclusion
criteria were similar to previously published [14].
In brief, participants with cognitive complaints and
Mini-Mental State Examination (MMSE) score ≤ 26
[15] were considered eligible for the patient group;
participants with MMSE > 26 and without cogni-
tive complaints were included in the NC group. The
patient group was further divided into SIVD and AD
groups according to the Research Criteria for SIVD
[16] and the diagnostic guidelines of AD issued by the
National Institute on Aging-Alzheimer’s Association
[17]. The Hachinski Ischemic Scale [10] was ≤ 4 for
the SIVD group and ≥ 7 for the AD group in this
study. Patients with mixed dementia or other demen-
tia subtypes were excluded. Subjects whose magnetic
resonance angiography showed significant intracra-
nial artery stenosis or occlusion were excluded. This
study was approved by the Institutional Review Board
at Taichung Tzu Chi Hospital. Informed consents
were obtained from all participants. All participants
were right-handed.

Cognitive evaluation

To evaluate global cognition, the MMSE [15]
and Cognitive Abilities Screening Instrument (CASI)
[18] were administered, with higher scores indicating
better performance. A certified clinical neuropsy-
chologist performed the Clinical Dementia Rating
(CDR) to evaluate the stage of dementia. Through
a structured interview with a reliable informant, six
domains of cognitive and functional performance
were probed to yield an overall score: 0 for the
absence of cognitive impairment; 0.5, 1, 2, and 3
for very-mild, mild, moderate, and severe demen-
tia, respectively. All participants completed CASI,
MMSE, and CDR evaluations.

Aside from global cognition, three cognitive do-
mains were evaluated separately. The Chinese Ver-
sion Verbal Learning Test (CVVLT) was used for the
memory domain. The total score of the Taiwanese
Frontal Assessment Battery [19] and digit span [20],
and the time on completion of the Color Trial
Test 1 and 2 were used for the executive func-
tion. The correct and error numbers of the Symbol
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Digit Modality Test [21], and the mean reaction time
and error rate of the Attention Network Test [22]
were used for the attention domain. These scores
were transformed to composite z scores according to
the mean and standard deviation for all participants
included in this study. Composite z score transfor-
mation was adopted for its greater reliability than
using a single test to determine the target cognitive
construct [23]. For each domain, a higher z score
indicated better cognitive performance. The num-
ber of participants (SIVD/AD/NC) who completed
domain-specific evaluation was 41/48/30 in mem-
ory, 38/41/30 in executive function, and 38/44/30 in
attention.

Magnetic resonance imaging protocol

All participants were requested to refrain from
food containing caffeine [24] on the day of receiv-
ing brain imaging on a 3-Tesla magnetic resonance
scanner (Discovery MR750, GE Medical Systems).
The imaging protocol included three-dimensional
T1-weighted imaging (3D-T1), T2-weighted fluid-
attenuated inversion recovery imaging (T2-FLAIR),
magnetic resonance angiography, and pseudo-
continuous arterial spin-labeling (PCASL) imaging.
For 3D-T1, fast-spoiled gradient echo was used
with repetition time (TR) of 7.904 ms, echo time
(TE) of 3.06 ms, inversion time (TI) of 450 ms, flip
angle of 12◦, and matrix size of 240 × 240 × 160
with isotropic voxel size of 1 mm3. For T2-
FLAIR, TR = 12000 ms, TE = 120 ms, TI = 2200 ms,
matrix size = 384 × 224, slice thickness = 5 mm, and
21 slices. For PCASL imaging, TR = 4500 ms,
TE = 10 ms, post-labeling delay = 1525 ms, matrix
size = 128 × 128, and slice thickness = 5 mm. Maps
of quantitative CBF (ml/100 g/min) were generated
on the GE workstation (version 9.4).

Assessment of WMHs and CBF

A licensed clinical neurologist assessed WMHs
and CBF on the GE workstation. On T2-FLAIR
images, four anatomical areas including the frontal
lobe, parieto-occipital lobe, temporal lobe, and basal
ganglia (BG) were rated on a scale of 0 to 3 based on
the degree of confluence and/or the size/number of
WMHs [25]. Two hemispheres were rated separately
and then averaged for each area. The infratento-
rial area was excluded due to its relatively limited
impact on cognition. On CBF maps, the rater manu-
ally placed 16 equal-sized square regions of interest

(ROIs) for the following areas and in both hemi-
spheres (total area = 1408 mm2 for each subject): the
superior frontal gyrus (SFG), middle frontal gyrus
(MFG), inferior frontal gyrus (IFG), superior tem-
poral gyrus (STG), middle temporal gyrus (MTG),
inferior temporal gyrus (ITG), lentiform nucleus
(LN), and thalamus (Fig. 1). Regions containing sig-
nals from large arteries were avoided. Mean CBF
was calculated for the frontal, temporal, and BG
areas by averaging the ROIs within the correspond-
ing areas. The above measurements were repeated
after two weeks to test the reliability of the obtained
metrics.

Statistical analysis

The chi-square test and one-way analysis of vari-
ance were used to compare demographics. The
intra-class correlation coefficient (ICC) was used
to examine the test-retest reliability of WMHs and
CBF measurement, with ICC between 0.5 and 0.75,
between 0.75 and 0.9, and greater than 0.90, indi-
cating moderate, good, and excellent reliability,
respectively. The analysis of covariance was used
to examine between-group differences by control-
ling for age, education level, and symptom duration
as covariates. The main effect was examined by
the Bonferroni method, and the effect size estimate
(partial eta-squared, η2

p) was provided along with

Fig. 1. Example regions of interest in the left hemisphere. Cere-
bral blood flow maps (left column) and corresponding T1-weighted
images (right column) are shown for two axial slices. SFG, supe-
rior frontal gyrus; MFG, middle frontal gyrus; IFG, inferior frontal
gyrus; STG, superior temporal gyrus; MTG, middle temporal
gyrus; ITG, inferior temporal gyrus; LN, lentiform nucleus; tha,
thalamus. The regions of interest are of equal size.
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p-value, with 0.01≤η2
p < 0.06 denoting a small effect,

0.06≤η2
p < 0.14 denoting an intermediate effect, and

0.14≤η2
p denoting a large effect. The Pearson’s cor-

relation was used to assess the relationship between
imaging metrics. Hierarchical linear regression was
used to examine the association of CBF and WMHs
with cognitive functions. The area under curve (AUC)
of the receiver operating characteristic curve was
calculated to assess the diagnostic ability of CBF met-
rics. All statistical tests were performed using SPSS
software version 19 (IBM, Armonk, New York). A
p-value < 0.05 was considered to be statistically sig-
nificant.

RESULTS

Demographics (Table 1)

The one-way analysis of variance revealed group
differences in age, education level, and symptom
duration (all p < 0.001). Post-hoc tests further showed
AD > SIVD > NC in age and AD > SIVD in symp-

tom duration; education level was higher in the NC
group than patient groups, but there was no differ-
ence between the two patient groups. The effects
of age, education level, and symptom duration were
controlled in the following group comparisons.

Cognitive construct of participants (Table 2)

The analysis of covariance revealed a significant
group effect on both global and domain-specific cog-
nitive scores (all p < 0.001). In global cognition, the
SIVD and AD groups performed comparably but both
did worse than the NC group. In domain-specific
tests, the SIVD and AD groups performed worse than
the NC group in all the domains investigated. As com-
pared with the AD group, the SIVD group performed
comparably in memory, but worse in executive func-
tion and attention.

Intra-rater reliability of WMHs and CBF metrics

The ICC was 0.61–0.96 for WMHs assessment
(mean = 0.83, 0.90, and 0.91 in SIVD, AD, and NC,

Table 1
Demographics of participants

SIVD AD NC p Post Hoc
N = 42 N = 50 N = 30

Age (y) 73 ± 8.7 77 ± 5.0 70 ± 6.1 < 0.001 AD > SIVD > NC
Education (y) 6 ± 4.4 5 ± 4.6 9 ± 4.1 < 0.001 NC > SIVD/AD
Duration (y) 1.5 ± 1.56 2.5 ± 2.22 0 ± 0.00 < 0.001 AD > SIVD > NC
Gender (Male/Female) 19/23 16/34 15/15 0.224

Data are presented as mean ± standard deviation. Groups are compared using the analysis of variance and chi-square test where appropriate.
p values < 0.05 are marked in bold. The Tukey test is used for post-hoc analysis. SIVD, subcortical ischemic vascular disease; AD, Alzheimer’s
disease; NC, normal cognition.

Table 2
Group comparison of cognitive performance

SIVD AD NC ANCOVA Post Hoc

N = 42 N = 50 N = 30 p η2
p

Global Cognition Status
Clinical Dementia Rating sum of box 4.6 ± 3.71 5.0 ± 2.89 0 ± 0.0 < 0.001 0.13 SIVD/AD > NC
Mini-Mental State Exam 19 ± 5.0 19 ± 5.4 28 ± 1.0 < 0.001 0.24 SIVD/AD < NC
Cognitive Abilities Screening Instrument 63 ± 14.5 59 ± 18.2 89 ± 4.6 < 0.001 0.24 SIVD/AD < NC

Domain-specific Evaluation
Memory –0.8 ± 3.63 –2.3 ± 3.48 4.9 ± 2.89 < 0.001 0.28 SIVD/AD < NC
Executive Function –1.4 ± 2.55 –0.6 ± 2.57 3.7 ± 1.43 < 0.001 0.32 SIVD < AD < NC
Attention –1.3 ± 2.30 –0.5 ± 2.61 2.7 ± 1.79 < 0.001 0.21 SIVD < AD < NC

Data are presented as mean ± standard deviation. Groups are compared using the one-way analysis of covariance (ANCOVA), controlling
for age, education, and symptom duration. p values < 0.05 are marked in bold. Domain-specific evaluation is based on composite z scores:
Memory = summation of (i) total immediate recall, (ii) best immediate recall, (iii) trial 4 (the last trial of recall), (iv) recall after 30 s, and (v)
recall after 10 min of the Chinese Version Verbal Learning Test; Executive function = summation of (i) total score of the Taiwanese Frontal
Assessment Battery, (ii) total score of the Digit Span Task, (iii) time on completion of the Color Trial Test 1, and (iv) time on completion of
the Color Trial Test 2; Attention = summation of (i) number of correct answers and (ii) errors in the Symbol Digit Modality Test, and (iii)
hit reaction time and (iv) number of errors in the Attention Network Test. SIVD, subcortical ischemic vascular disease; AD, Alzheimer’s
disease; NC, normal cognition.
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respectively) and 0.75–0.97 for CBF measurement
(mean = 0.84, 0.89, and 0.92 in SIVD, AD, and NC,
respectively).

Group comparison of WMHs and CBF (Table 3)

The SIVD group had more severe WMHs than
the other two groups in all the areas investigated (all
p < 0.001; η2

p = 0.50–0.62). No hemispherical differ-
ence in WMHs was found. As compared with the
NC group, the SIVD group had lower CBF in bilat-
eral frontal and temporal areas (p = <0.001–0.024),
but showed no CBF difference in BG. The SIVD
group had lower CBF than AD in the right tempo-
ral area (p = 0.036). Hemispherical difference in CBF
was found in the SIVD group (frontal area: right
< left (p = 0.002)) and the AD group (frontal area:
right < left (p < 0.001), BG: right < left (p = 0.001)),
but not in the NC group (p = 0.087–0.762).

Effect of CBF and WMHs on cognition

Hierarchical linear regression revealed that both
CBF metrics (i.e., CBF in frontal area, temporal area,
and BG) and WMH metrics (i.e., WMHs in frontal
area, temporal area, parieto-occipital area, and BG)
had significant effects on global cognition, execu-
tive function, and attention, and that CBF metrics,
but not WMH metrics, had an effect on memory,
accounting for additional 7.3%–15.3% variation (all
p < 0.05) above and beyond demographical variables
(i.e., age, education level, and symptom duration).
By adjusting the entry order of CBF and WMH met-
rics in the model, we found that CBF metrics had
additional contribution to global cognition, memory,
and attention, whereas WMH metrics had additional
contribution to executive function. At last, when
both CBF and WMH metrics were included, the
CBF in frontal area was found to positively cor-
relate with global cognition (� = 0.304, p = 0.004)
and memory (� = 0.351, p = 0.003); the CBF in BG
was found to negatively correlate with global cog-
nition (� = –0.228, p = 0.008), memory (� = –0.298,
p = 0.003), and attention (� = –0.261, p = 0.010).

ROI-based group comparison of CBF (Fig. 2)

Similar to the trend in Table 3, the SIVD
group showed lower CBF than the NC group in
most of the ROIs in frontal and temporal areas
(p = < 0.001–0.036, uncorrected) but not in the ROIs
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in deep nuclei (Fig. 2A). The difference remained
significant in right SFG, right IFG, right STG, and
left MFG after false discovery rate (FDR) correction
for multiple comparisons (all p < 0.01).

To investigate the change of CBF and WMHs
along disease progression, the patient groups were
respectively divided into two subgroups based
on CDR-rated severity: CDR = 0.5 (case number
SIVD/AD = 25/22) and CDR = 1 or 2 (case num-
ber SIVD/AD = 17/28). No patients were rated CDR
3. Similar to Fig. 1A, the SIVD subgroups had
lower CBF than the NC group in frontal and tem-
poral areas, except that more ROIs belonged to
frontal area for CDR = 0.5 (Fig. 2B) and more ROIs
belonged to temporal area for CDR = 1 or 2 (Fig. 2C)
(p = <0.001–0.033, uncorrected). As compared with
the NC group and found in multiple ROIs, the
AD subgroup with CDR = 0.5 had comparable CBF
whereas the subgroup with CDR = 1 or 2 had lower
CBF (p = 0.004–0.041, uncorrected). However, the
significance remained only for SIVD < NC in right
SFG (CDR = 0.5) and right STG (CDR = 1 or 2)

after FDR correction for multiple comparisons (both
p = 0.01).

Comparison of CBF and WMHs by dementia
stage (Fig. 3)

In the AD group, patients with CDR = 1 or 2 had
lower CBF than those with CDR = 0.5 in frontal
and temporal areas, including right SFG, bilateral
MFG, right STG, and left IFG (p = 0.002–0.044,
uncorrected for multiple comparisons) (Fig. 3A).
Patients with CDR = 1 or 2 had more WMHs than
those with CDR = 0.5 in bilateral frontal area and
right BG (p = 0.008–0.040, uncorrected for multiple
comparisons) (Fig. 3B). By contrast, no significant
change in CBF and WMHs was found between
SIVD subgroups. A two-way analysis of covariance
revealed a statistically significant interaction between
the effects of dementia subtype and dementia stage
for the CBF in right SFG, right MFG, and left IFG
(p = 0.005–0.046), and the WMHs in left frontal area
(p = 0.017).

Fig. 2. Group comparison of cerebral blood flow by dementia stages. Groups are compared using the analysis of covariance controlling for
age, education, and symptom duration. ∗/∗∗/∗∗∗: p-values < 0.05/0.01/0.001. SFG, superior frontal gyrus; MFG, middle frontal gyrus; IFG,
inferior frontal gyrus; STG, superior temporal gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; LN, lentiform nucleus; tha,
thalamus; SIVD, subcortical ischemic vascular disease; AD, Alzheimer’s disease; NC, normal cognition; CDR, Clinical Dementia Rating.
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Fig. 3. Dependence of cerebral blood flow (CBF) and white matter hyperintensities (WMH) on dementia stage. CBF (A) and WMH (B)
are compared between dementia stages and subtypes using two-way analysis of covariance, controlling for age, education, and symptom
duration. Vertical axes are the marginal means. Error bars indicate group standard deviations. SFG, superior frontal gyrus; MFG, middle
frontal gyrus; IFG, inferior frontal gyrus; STG, superior temporal gyrus; BG, basal ganglia; CDR, Clinical Dementia Rating; AD, Alzheimer’s
disease; SIVD, subcortical ischemic vascular disease. AD and SIVD are shown in red and blue colors, respectively.

Correlation of CBF and WMHs by dementia
stage (Fig. 4)

In the subgroup of SIVD with CDR = 0.5, WMHs
in frontal and temporal areas negatively corre-
lated with CBF in thalamus (r = –0.398 – –0.487,
p = 0.013–0.049). In the subgroup of SIVD with
CDR = 1 or 2, WMHs in BG negatively correlated
with CBF in right STG, right MTG, bilateral ITG,
and left IFG (r = –0.547 – –0.667, p = 0.003–0.023).

In the subgroup of AD with CDR = 0.5, WMHs
in frontal and temporal areas positively correlated
with CBF in left LN (r = 0.496 and 0.490, p = 0.019
and 0.021, respectively). In the subgroup of AD with
CDR = 1 or 2, WMHs in BG negatively correlated
with CBF in left IFG (r = –0.382, p = 0.045).

CBF-based group separation (Fig. 5)

The four areas (right SFG, right IFG, right STG,
left MFG) that passed FDR-corrected tests in Fig. 2A
were all able to differentiate the SIVD group from
the NC group (AUC = 0.712–0.756, all p < = 0.002).
Among them, only right STG was able to differentiate
the SIVD group from the AD group (AUC = 0.644,
p = 0.019).

DISCUSSION

The present study demonstrated that CBF and
WMHs were associated with different cognitive
domains in SIVD and AD (please see Effect of
CBF and WMHs on Cognition in RESULTS). While
SIVD and AD both exhibited hypoperfusion in the
right hemisphere (Table 3), SIVD presented right
hypofrontality at an earlier stage and in more exten-
sive areas (Fig. 2). Additionally, a corticosubcortical
coupling between CBF and WMHs was found in both
SIVD and AD (Fig. 4), although more noticeable in
SIVD, particularly at the later stage.

Global hypoperfusion has been known to associate
with the development of cognitive deficits in SIVD
[26] and post-stroke dementia [27]. Also by using
ASL imaging, several studies reported decreased
CBF in AD [28–32] when compared with cogni-
tively normal elderly. Our results reasonably agreed
with previous studies and further identified the most
affected areas, including right SFG/IFG/STG and left
MFG (Fig. 2). While the right SFG was postulated to
relate with impulse control of human [33], the right
IFG was considered to be a critical hub for execu-
tive function, attention, and motor control [34]. STG
was suggested to govern sensory (e.g., auditory and
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Fig. 4. Correlation between cerebral blood flow (CBF) and white matter hyperintensities (WMH). Subplots (A) and (B) show subcortical
ischemic vascular disease (SIVD) and Alzheimer’s disease (AD), respectively. Each circle is a patient. The Pearson’s correlation coefficient
(r) and linear regression line are shown. Rt, right; Lt, left; tha, thalamus; BG, basal ganglia; LN, lentiform nucleus; STG, superior temporal
gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; IFG, inferior frontal gyrus; CDR, Clinical Dementia Rating.

visual) processing [35, 36]. MFG was regarded as
a neural correlate for literacy and numeracy [37].
Our data showed decreased CBF in the right hemi-
sphere in both SIVD and AD (Fig. 2). One plausible
explanation for the laterality could be the retroge-
nesis hypothesis that posits late myelination region
(e.g., right frontal and temporal areas) to be most
vulnerable to degenerative process [38, 39].

Our data revealed a spatial coupling between CBF
and WMHs that varied with dementia types and
stages (Fig. 4). In SIVD, the coupling was reciprocal
between subcortical and cortical areas. Specifically,
the WMHs in frontotemporal areas correlated with
the CBF in bilateral thalami at the early stage. The
correlation then became between the WMHs in basal
ganglia and the CBF in frontotemporal areas at the
later stage. This finding echoes the study by Huynh
et al. [40] where the CBF in subcortical white mat-
ter was found to correlate with global WMHs in
patients with transient ischemic attack. This could
be explained by the centrifugal elements in the deep

intracerebral blood supply [41]. Most leptomeningeal
arteries are centripetal, whereas some branches of
striate arteries appear to be centrifugal. Follow-
ing the notion that leptomeningeal anastomosis [42]
may give subcortical and cortical regions different
tolerance to hypoperfusion, the watershed of the cen-
tripetal/centrifugal supplies may be more susceptible
to vascular/hypoxic insults. A similar coupling was
also observed in our AD patients but involved fewer
areas. Further, it is worth noting that in SIVD all the
CBF-WMHs correlations were negative, whereas in
AD the correlation was positive at the early stage and
then became negative at the later stage. Given that our
data showed delayed CBF decrease in AD patients
(Fig. 3A) in comparison with SIVD patients, the pos-
itive correlation at the early stage could suggest a
compensatory response.

As mentioned, the WMHs in BG appeared to
undermine the integrity of corticosubcortical circuits
in both SIVD and AD. The effect, however, was
noticeably smaller in AD (Fig. 4B). The WMHs in
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Fig. 5. Receiver operating characteristic curve of cerebral blood flow in distinguishing subcortical ischemic vascular disease (SIVD) from
normal cognition (NC) and Alzheimer’s disease (AD). RSFG, right superior frontal gyrus; RIFG, right inferior frontal gyrus; RSTG, right
superior temporal gyrus; LMFG, left middle frontal gyrus; AUC, area under the curve; CI, confidence interval; Sens., sensitivity; Spec.,
specificity. Cut-off value, sentivity, and specificity are reported when AUC is significant.

BG was shown to correlate with age and total WMHs
[43], but its prevalence was disproportionately lower
than in frontal regions among patients with acute
lacunar infarct [44]. Taken together, WMHs might
have to exceed a threshold before its clinical sig-
nificance occurs. As far as AD is concerned, other
pathogeneses such as amyloidogenesis and tauopathy
need to be considered. Nonetheless, the CBF-WMHs
coupling could serve as a composite biomarker for
differentiating SIVD from AD, or possibly, assessing
the stage of dementia.

Our data suggested that CBF could be a useful
biomarker in predicting cognitive construct (please
see Effect of CBF and WMHs on Cognition in
RESULTS). While the CBF in frontal areas posi-
tively correlated with global cognition and memory,
the CBF in BG negatively correlated with global cog-
nition, memory, and attention, which might be the
consequence of diaschisis process [45] in response to
frontal CBF changes, or vice versa. On the other hand,
WMHs provided predictive information of executive
function beyond CBF and demographics, suggest-
ing a dissociable relationship with CBF despite the
vascular pathogenesis of leukoaraiosis.

A few limitations of this study need to be men-
tioned. First, the AD patients were included accord-
ing to clinical diagnosis rather than laboratory data
or molecular imaging (e.g., amyloid [46] or tau [47]
scans). We used standard neuropsychological battery
tests, previously reported guidelines, and radiolog-
ical features. Some recent imaging features may
warrant inclusion to further explore the pathogenic
processes, such as diffusion kurtosis coefficient (a
surrogate marker of white matter integrity [48])
and enlarged perivascular space (associated with
amyloid-� pathology in AD [49]). Second, man-
ual ROI placement was employed, which might be
subject to rater bias. Although automatic segmenta-
tion and template-based measurement could be an
alternative, nonlinear spatial transformation might
not be able to fully account for brain atrophy. High
ASL signal intensities from large arteries might be
miscalculated as parenchymal perfusion. The test-
retest results showed reasonable reproducibility in
our measurements. Third, partial volume correction
was not conducted in CBF calculation. As an alterna-
tive, we used small ROIs to avoid noticeable atrophy.
Nonetheless, there could be residual partial volume
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effect in our CBF data as even within gray mat-
ter, non-atrophic changes might occur during disease
progression. Fourth, CBF was reported only in gray
matter because our data could not afford reliable flow
measurement in white matter [50]. As white matter is
the preferential area for SIVD-caused damage, white
matter related flow changes might have been missed
in our study.

In conclusion, CBF had distinct contribution to
global cognition, memory, and attention, whereas
WMHs had distinct contribution to executive func-
tion. A stage-dependent corticosubcortical coupling
between CBF and WMHs was identified in both
SIVD and AD. The coupling was more spatially
extensive in SIVD and suggested an early-stage CBF
compensation in AD.
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