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Abstract 

Background & Objective: Cerebral microbleeds (CMBs) are considered key markers of small vessel 
pathology linking mechanisms relating to ischemic and amyloid related vascular damage in Alzheimer 
disease (AD). We aim to investigate the differences of hemodynamic markers between patients with and 
without CMBs who presented with cognitive decline using transcranial Doppler (TCD) ultrasonography. 
Methods: We consecutively enrolled patients who were diagnosed with mild cognitive impairment 
(MCI) and probable AD dementia from May 2011 to December 2012. Using TCD ultrasonography, 
cerebrovascular reactivity (CVR) was evaluated with hyperventilation (HV) and breath-holding (BH) 
tests in addition to mean flow velocity (MFV) and pulsatility index (PI) of the middle cerebral artery. 
The number and location of CMBs were visually analyzed by two independent neurologists. Results: 
A total of 134 patients (probable AD, n=81; MCI, n=53) were enrolled in this study. Among them, 
28 (20.9%) patients had CMBs; 18 (64.3%) lobar CMBs, 7 (25.0%) non-lobar CMBs. Patients with 
CMBs showed reduced MFV, higher resistance index value, and lower CVR compared with patients 
without CMBs after adjusting for age, vascular risk factors, and white matter hyperintensity. Multiple 
regression models showed that PI was dependent on age and presence of CMBs in frontal and parietal 
areas. CVR was closely associated with WMH severity and presence of CMBs in temporal.
Conclusions: Our study showed that patients with CMBs had higher microvascular resistance and 
decreased cerebrovascular autoregulation compared to those without. 
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INTRODUCTION

Increasing evidence suggests that amyloids are 
necessary but insufficient elements in the broader 
cascade responsible for the clinical features of 
Alzheimer’s disease (AD).1,2 Additional factors 
might contribute to clinical onset and progression 
of AD independently and/or simultaneously with 
Aβ and tau pathologies.3 Neuropathological 
studies showed that up to 84% of subjects 
clinically diagnosed with AD dementia have 
cerebrovascular pathology in addition to AD 
pathology.4,5 Systematic reviews and meta-
analyses have also highlighted the important 
role of cerebrovascular disease, especially 
cerebral small vessel disease, in AD onset and 
progression.4,6-8 
 Cerebral microbleeds (CMBs) are defined 

as small, round, hypointense lesions detected 
using gradient-echo (GRE) T2*-weighted or 
susceptibility-weighted imaging (SWI) of 
magnetic resonance imaging (MRI) sequences.9 
CMBs are classified into two types of pathological 
changes based on location. Deep and infratentorial 
CMBs supposedly result from underlying 
hypertensive vasculopathy, while lobar CMBs 
are thought to reflect underlying cerebral 
amyloid angiopathy (CAA).10,11 This makes 
CMBs especially relevant in the context of 
AD, in which diseases both amyloid pathology 
(including amyloid deposition in parenchyma and 
in vessels) and ischemic vascular pathology play 
a role.12 CMBs are known to be associated with 
worse cognitive function and the patients with 
CMBs have higher incidence of dementia.13,14 
Mechanisms by which CMBs influence cognitive 
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function remain controversial. We assumed 
that the presence of CMBs could exacerbate 
neurovascular dysfunction and further adversely 
affect clinical deterioration via hemodynamic 
changes. However, there are few studies on how 
CMB affects hemodynamic changes in patients 
with cognitive impairment. 
 Transcranial Doppler (TCD) ultrasonography is 
a non-invasive imaging technique widely used for 
investigation of cerebrovascular hemodynamics 
in the major cerebral arteries. Previously, we 
confirmed the usefulness of TCD ultrasonography 
to view early hemodynamic changes in subjects 
with cognitive impairment15 and showed that these 
hemodynamic changes were closely associated 
with cognitive decline.16

 In this context, we aim to investigate the 
differences of hemodynamic markers between 
patients with and without CMBs who have 
cognitive impairment using TCD ultrasonography. 
Furthermore, we investigated whether the 
topographical location of CMBs could have 
different effects on hemodynamic factors. 

METHODS

We consecutively enrolled subjects who visited the 
Department of Neurology at Bucheon St.Mary’s 
hospital with memory complaints and were 
diagnosed with mild cognitive impairment(MCI) 
or probable AD dementia between May 2011 
and December 2012. All participants received 
a medical history interview, physical and 
neurological examinations, screening laboratory 
tests including of vitamin B12, folate levels, 
and syphilis serology, and thyroid function 
tests. Baseline neuropsychological assessment 
was assessed using the Korean version of the 
Mini-Mental State Examination (K-MMSE)17 
and functional performance was assessed with 
Clinical Dementia Rating (CDR) and CDR Sum 
of Boxes (CDR-SOB) scores. We used Petersen’s 
criteria to diagnose MCI: patients with objective 
cognitive impairment less than 1.5 SD of the norm 
in at least 1 memory test, but normal activities 
of daily living (ADL) performance.18 Probable 
AD dementia patients were those who fulfilled 
criteria proposed by the National Institute of 
Neurological and Communicative Disorders 
and Stroke and the AD and Related Disorders 
Association (NINCDS-ADRDA).19 
 Subjects also underwent 3-T brain MRI (Intera; 
Philips Medical Systems, Best, The Netherlands), 
including SWI, as well as conventional T1-
weighted, T2-weighted, and fluid-attenuated 

inversion recovery (FLAIR) sequences. The 
following parameters were used for the T2* SWI 
images: axial slice thickness, 5.0 mm; inter-slice 
thickness, 2.7 mm; repetition time (TR), 25 ms; 
echo time (TE) 7.5 ms; flip angle, 6°; matrix size, 
384 × 150 pixels. Magnetic resonance angiography 
(MRA) was performed to exclude the presence 
of intracranial artery stenosis that might interfere 
with hemodynamic status. Participants were 
excluded if they showed large territorial infarcts 
or multiple lacunae on MRI or with carotid artery 
stenosis > 50% reduction in lumen diameter were 
excluded. 

Image analysis

All MRI images were analyzed by two neurologists 
blinded to clinical information. CMBs were 
defined as small hypointense lesions within the 
brain parenchyma that measured < 10 mm on 
SWI images. CMB mimics such as calcification, 
cerebral venules, blood vessels, and cavernous 
malformation were not considered CMB. The 
locations of microbleeds were subdivided into the 
following categories: deep, if located in the basal 
ganglia, thalami, brain stem, or cerebellum; lobar, 
if located in one of the four cerebral lobes: frontal, 
parietal, occipital, and temporal; mixed, in the case 
of CMBs distributed in both lobar and non-lobar 
locations.20 The total number of CMBs in each 
location was recorded. WMHs were visually rated 
on axial FLAIR images using the Fazekas scale.21 
Lacunar infarcts were defined as lesions < 15 mm 
in diameter, with a low signal on T1-, a high signal 
on T2-weighted images, and a perilesional halo 
on FLAIR.22 The number of lacunar infarcts was 
also counted. Inter-rater agreement was excellent 
(weighted k and intraclass correlation coefficient 
>0.90) for all markers.

TCD measurement

All participants underwent evaluation using 
TCD ultrasonography. TCD examination was 
performed using a 2-MHz Doppler probe (Viasys 
Healthcare, Model Sonara) through the temporal 
bone window by a sonographer who was blinded 
to clinical diagnosis. The participants were placed 
in the supine position, and the TCD probe was 
fixed on the temporal window. The proximal 
segments of the MCA at 55–65 mm depths were 
examined bilaterally, and the mean flow velocity 
(MFV) was evaluated. The changes in MCA have 
been shown to reliably correlate with changes in 
cerebral blood flow.16 In addition, pulsatility index 
(PI) and resistance index (RI) were calculated. PI 
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was calculated by subtracting the end-diastolic 
velocity from the peak systolic velocity and then 
dividing by the MFV. Thus, the PI is analogous 
to pulse pressure and recognized as a measure of 
distal flow resistance and vascular wall rigidity. 
The RI is a measure of peripheral flow resistance 
and was calculated by subtracting the end-diastolic 
velocity from the peak systolic velocity and then 
dividing by the peak systolic velocity. 
 After baseline assessments, cerebrovascular 
reactivity (CVR) was evaluated using 
hyperventilation (HV) and breath-holding (BH) 
tests. In the first step, mean cerebral blood flow 
velocity was measured through bilateral temporal 
windows during normal breathing with the patient 
lying in the supine position. Next, participants 
were requested to begin HV with room air for 
approximately 2 minutes to reach a maximal 
decrease in flow velocity, and the MFV during 
the HV task (HV condition) was recorded. After 
confirming normal cerebral blood flow velocity, 
participants were requested to hold their breath for 
at least 30 seconds to achieve a maximal increase 
in flow velocity, and the MFV during the BH 
task (hypercapnic condition) was recorded. CVR 
was calculated as a percentage of baseline MFV 
and absolute changes by subtracting the baseline 
values from the maximum MFV during the BH 
task or the minimum MFV during the HV task 
as follows: 

CVRBH=[(MFVBH-MFVrest)/ MFVrest]x100
CVRHV=[(MFVrest-MFVHV)/ MFVrest]x100

where MFVBH is the maximum MFV during the 
BH task, MFVHV is the minimum during the HV 
task, and MFVrest is the resting (baseline) MFV 
in the middle cerebral artery. 

Statistical analysis

To compare the baseline demographic 
characteristics between subjects with and without 
CMBs, t-tests tests were used for normally 
distributed data. For non-normal distribution 
of data, the Mann-Whitney test was used for 
continuous variables and Fisher’s exact test for 
categorical variables. Analysis of covariance 
(ANCOVA) was used to compare baseline TCD 
parameters including MFV, PI, RI, and CVRBH or HV
values between the subjects with and without 
CMBs, adjusted for age and WMH. In addition, 
we divided subjects with CMBs into two groups 
according to their location: lobar CMBs (with or 
without deep CMBs) and non-lobar CMBs, and 

compared TCD parameters between these two 
groups. The distribution of the dependent variables 
with a baseline RI and CVRBH was skewed, thus, 
a log-transformation (natural log) was used to 
normalize the distribution. 
 The associations of hemodynamic factors 
and topographical CMBs were further evaluated 
using stepwise multiple linear regression 
analysis. Hemodynamic factors (MFV, PI, RI, 
and CVRBH and HV) were the dependent variables, 
and topographical CMBs were the independent 
variables of interest; adjustments for age and 
WMH were included in all models regardless of 
P-value, and remaining variables were removed 
at P =0.10. 
 All statistical analyses were performed using 
SPSS version 18 (SPSS, Chicago, IL, USA), and 
p < 0.05 was considered statistically significant.

RESULTS

A total of 134 patients were enrolled in this study: 
53 patients (39.6%) with MCI and 81 (60.4%) with 
probable AD dementia. The mean age was 73.04 
± 6.99 years, and female sex was predominant 
(72.2%). Among participants, 28 (20.9%) had 
CMBs; 11 (39.2%) strictly lobar CMBs, 7 (25.0%) 
strictly deep CMBs and 10 (35.7%) mixed CMBs. 
The topographic distribution of CMBs was 7 
patients (33.3%) with at least 1 CMB in the 
frontal lobe, 12 (57.1%) in the temporal lobe, 10 
(47.6%) in the parietal lobe, 12 (57.14%) in the 
occipital lobe, and 7 (33.3%) in infratentorial and 
deep hemispheric regions.
 Demographic characteristics based on the 
presence of CMBs are presented in Table 1. The 
patients with CMBs were older than the patients 
without (75.46 ± 5.4 and 72.40 ± 7.2, P = 0.038). 
Stroke history was more prevalent in patients with 
CMBs (25.0% vs. 6.6%, P = 0.005). Statistically 
significant differences were not observed for sex, 
education years, and vascular risk factors. Baseline 
Mini-Mental State Examination (MMSE) score 
and dementia severity were also similar between 
the two groups. Regarding neuroimaging markers, 
the patients with CMBs showed higher burdens 
of WMH than patients without CMBs (1.93 ± 
0.77 vs. 1.22 ± 0.68, P < 0.001). The number 
of lacunes were also higher in the patients with 
than without CMBs (1.07 ± 1.56 vs. 0.27 ± 0.62, 
P < 0.001).
 The means of the baseline TCD parameters 
stratified based on CMB presence are shown in 
Table 2. The patients with CMBs showed reduced 
MFV (44.95 ± 17.2 vs. 47.70 ± 12.3, P = 0.029), 
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Table 1: Baseline demographics based on presence of CMBs

Characteristics Total (n = 134) CMB-negative 
 (n = 106)

CMB-positive  
(n = 28) P-value1

Age, yrs 73.04 ± 6.99 72.40 ± 7.24 75.46 ± 5.41 0.038*
No. (%) female 96 (72.2) 78 (73.6) 19 (67.9) 0.547
Education, yrs 6.26 ± 4.89 6.28 ± 4.89 6.21 ± 5.01 0.975

MMSE 19.08 ± 5.91 19.23 ± 5.84 18.54 ± 6.26 0.582
CDR 0.88 ± 0.72 0.82 ± 0.67 1.09 ± 0.89 0.217

CDR-SOB 4.74 ± 4.27 6.05 ± 5.65 6.05 ± 3.77 0.523
GDepS 16.40 ± 7.75 16.54 ± 7.88 15.85 ± 7.32 0.683

APOE ε2 carriers, No. (%) 7/116 (5.7) 6/99 (6.1) 1/25 (4.0) 0.690
APOE ε4 carriers, No. (%) 39/116 (31.7) 35/99 (35.4) 4/25 (16.0) 0.063

Vascular risk factor
HTN, No. (%) 74 (55.2) 59 (55.7) 15 (53.6) 0.843
DM, No. (%) 32(23.8) 28 (26.7) 4 (14.3) 0.173

Dyslipidemia, No. (%) 18(13.43) 14 (13.2) 4 (14.3) 0.882
IHD, No. (%) 11(8.2) 6 (5.7) 3 (10.7) 0.342

Stroke Hx., No. (%) 14(10.44) 7 (6.6) 7 (25.0) 0.005*
Smoking, No. (%) 10(7.4) 6 (5.7) 4 (14.3) 0.122
WMH_Fazekas 1.37±0.75 1.22 ± 0.68 1.93 ± 0.77 < 0.001*

Number of lacunas 0.44 ± 0.96 0.27 ± 0.62 1.07 ± 1.56 < 0.001*
Abbreviations: MMSE, Mini-Mental State Examination; CDR, Clinical Dementia Rating; SOB, Sum of Boxes; GDepS,
Geriatric Depression Scale; HTN, Hypertension; DM, Diabetes Mellitus; IHD, Ischemic Heart Disease; WMH, White
Matter Hyperintensity  
Values are presented as the mean ± standard deviation (range) or number (percentage). 
P-value1, CMBs negative vs CMBs positive

higher RI (0.70 ± 0.09 vs. 0.72 ± 0.08, P = 0.012), 
and lower CVR (0.31 ± 0.98 vs. 0.37 ± 0.15, P = 
0.014) compared with the patients without CMBs 
after adjusting for age, vascular risk factors, and 
WMH. In addition, we analyzed again divided 
subjects with CMBs into two groups: lobar (with 
or without deep CMBs) and non-lobar CMBs. 
Subjects with lobar CMBs showed lower MFV 
(42.58±13.5 vs 52.06±25.2, p=0.024), higher RI 
(0.72±0.08 vs 0.72±0.09, p=0.009) and lower 
CVRHV (0.31±0.11 vs 0.31±0.06, p=0.018) than 
the subjects with non-lobar CMBs.
 We also evaluated the associations of 
hemodynamic markers with topographical CMBs 
evaluated using multiple regression models 
(Table 3). PI was dependent on presence of 
CMBs in frontal (ß : -0.390, P = 0.016) and 
parietal areas (0.380, P = 0.019). CVRHV was 
closely associated with WMH severity (-0.264, 
P = 0.004) and presence of CMBs in temporal 
(0.396, P = 0.024) and, to some degree, occipital 
areas (-0.326, P = 0.061). 

DISCUSSION

In the present study, we found that the presence 
of CMBs was related to reduced cerebral blood 
flow, higher cerebral resistance, and decreased 
cerebrovascular reactivity in patients with 
cognitive impairment. 
 AD subjects with multiple CMBs have more 
severe cognitive impairment independently of 
disease duration23 and the presence of at least 
one CMB yielded a more than two folds increase 
risk of AD dementia in MCI patients.24 However, 
it remains unclear by which mechanisms of the 
pathological association between CMBs and 
cognitive function. Previous studies showed 
that reduced cerebral blood flow could affect the 
accumulation of amyloids and worsen the clinical 
features in the early stage of AD.25,26 Increased PI 
and impaired cerebral vasoreactivity also could 
contribute to the pathobiology of AD through 
resulting an insufficient blood supply to the 
brain.27,28 In this overall perspective, we assumed 
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Table 2: Baseline TCD parameters stratified based on presence of CMBs

CMBs 
Negative
(n=106)

CMBs Positive
(n=28)

P-value1 P-value2

Lobar CMBs a

(n=21)
Non Lobar 
CMBs (n=7)

Mean MFV
(cm/s)

47.70±12.28 44.95±17.17 0.029*

42.58±13.54 52.06±25.23 0.024†

Mean PI
1.47±0.54 1.57±0.66 0.098

1.62±0.70 1.42±0.56 0.367

Mean RI
0.70±0.09 0.72±0.08 0.012*

0.72±0.08 0.72±0.09 0.009†

Mean CVRBH

0.49±0.14 0.50±0.14 0.239

0.51±0.03 0.55±0.15 0.487

Mean CVRHV

0.37±0.15 0.31±0.98 0.014*

0.31±0.11 0.31±0.06 0.018†

Abbreviations: MFV, mean flow velocity; PI, pulsatility index; RI, resistance index; CVR, cerebrovascular reactivity; 
BH, breathing holding index; HV, hyperventilation index
Values are presented as the mean ± standard deviation.
TCD parameters(baseline RI, CVRBH) were subject to logarithmic transformation before proceeding to ANOVA with 
adjustments made for the covariates of age and WMH.
a with mixed CMBs
P-value1

, CMBs negative vs CMBs positive
P-value2

,
 Lobar/Mixed CMBs vs deep CMBs

Table 3: Associations between the location of CMBs and hemodynamic markers

Dependent Independent variable ß P-value Partial R2

PI 0.040 0.040

Age 0.206 0.022

CMBs_Frontal -0.390 0.016

CMBs_Parietal 0.380 0.019

Mean CVRHV 0.009 0.073

WMH -0.264 0.004

CMBs_Temporal 0.396 0.024

CMBs_Occipital -0.326 0.061
Abbreviations: PI, pulsatility index; CVR, cerebrovascular reactivity; HV, hyperventilation index; CMBs, cerebral 
microbleeds; WMH, white matter hyperintensity
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that CMBs could affect deterioration of cerebral 
hemodynamics and aggravate accumulation of 
amyloid pathology and clinical deterioration in 
patients with AD.
 CMBs are representative neuroimaging 
markers of small vessel disease (SVD) in the brain. 
Accumulating evidence supported the important 
role of small vessel disease related vascular 
dysfunction in the initiation and progression of 
Alzheimer disease.29,30 Possibly, amyloid β (Aβ) 
deposition is mainly caused by a deficiency in 
the Aβ clearance system rather than by an Aβ 
overproduction31, and Aβ clearance is associated 
with the vascular system’s integrity.30

 SVD-related brain damage might be not 
confined to the visible lesion. The Rotterdam 
Scan Study revealed that people with CMBs, who 
have seemingly normal white matter of the brain, 
showed reduced white matter integrity within its 
microstructure.32 In this scenario, a higher load of 
CMBs may indicate more extensive and severe 
subclinical microvascular damage, and their 
presence may influence cognition indirectly.33 
Our results that showed hemodynamic changes in 
patients with CMBs supported these hypothesis.
 We also found that these hemodynamic 
changes were prominent in the patients with lobar 
predominant CMBs than the patients with non-
lobar CMBs. Lobar CMBs are thought to reflect 
underlying cerebral amyloid angiopathy (CAA) 
that is characterized by the deposition of Aβ 
peptides in the small leptomeningeal and cortical 
vessels.10 Aβ accumulation in vessel wall could 
lead to activation of vascular injury pathways 
(neurovascular dysfunction, BBB disruption, 
inflammation) that exacerbates neurodegenerative 
process and inflammatory response.34 Our results 
that the patients with lobar predominant CMBs 
showed hemodynamic deterioration than the 
patients with non-lobar CMBs are in line with 
previous pathological hypothesis that CMBs 
in AD could affect clinical prognosis via an 
independent pathway mediated by CAA-related 
vascular dysfunction, rather than a general 
vascular dysfunction pathway.16 
 In addition, we revealed that topographic 
distribution of CMBs had different effects on 
hemodynamic change; CMBs in frontal and 
parietal lobes mainly affected the change of PI, 
and CMBs in temporal and, to some degree, 
occipital lobes, were closely associated with 
cerebral vasoreactivity. Topographical distribution 
of CMBs and their effects on hemodynamic 
markers in subjects with cognitive impairment 
has only scarcely been studied.

 CAA was known to favor posterior brain 
structures, especially the temporal and occipital 
lobe.35 Aβ deposition in the vessel wall could lead 
to obstruction of the vessel luminae and to the 
loss of vascular smooth muscle cells, resulting 
in impaired cerebral autoregulation.36 Our results 
supported the idea that CAA favor posterior 
brain structures, and especially the temporal and 
occipital lobe.
 One study using transgenic mice to examine 
the effects of CAA showed different features of 
vascular dysfunction based on age. Cerebrovascular 
dysfunction could be rescued in the early phase 
of disease, but the beneficial effects were less 
evident in older mice when vascular damage has 
been established.37 Therefore, the presence of 
CMBs should be investigated when examining 
patients with cognitive impairment, and more 
active treatments to prevent and treat vascular 
disease and interventions to modify vascular 
dysfunction should be considered earlier in 
subjects with cognitive impairment. Furthermore, 
future therapeutic pharmacotherapies that would 
improve cerebral perfusion and increase cerebral 
vasoreactivity should be considered.38

 The present study had several limitations. 
First, the sample size for CMBs in various groups 
were relatively small, of which mixed CMBs 
accounted for a large proportion. So we included 
mixed CMBs as lobar CMBs in addition to strictly 
lobar CMBs. It is well known that CMBs have 
different underlying pathology depending on 
their location, and we wanted to investigate the 
hemodynamic markers according the location 
of CMBs. However, when we compared strictly 
lobar and deep CMBs excluding mixed CMBs, 
there was no significant value. The role of mixed-
location CMBs in cognitive impairment remain 
controversial. Recent study showed that mixed-
location CMBs was associated with a more severe 
burden of SVD, but not be driven by vascular risk 
factors alone. They suggested that the patients 
with mixed CMBs have both cerebral amyloid 
angiopathy and hypertensive angiopathy.39 Our 
results that showed pronounced hemodynamic 
changes in patients with lobar CMBs might be 
due to patients with mixed CMBs. A larger study 
including population with strictly divided into 
three groups of lobar, mixed and deep CMBs is 
needed to verify and extend the results of this 
population study. Second, the number of patients 
with CMBs and the differences of values of 
hemodynamic markers was so small, so it might 
be limitation to the clinical significance. However, 
it is meaningful that our study suggested one 
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hypothesis that how CMBs affect pathologic 
changes in patients with cognitive impairment. 
Third, two methods (CVRHV, CVRBH) were used 
to analyze cerebral vasoreactivity. CVRHV showed 
a significant value; however, CVRBH, which is 
more widely used to evaluate CVR, did not.40 We 
assumed that BH might be difficult for elderly 
patients, especially for patients with dementia, 
and HV-impaired vasoconstriction might be an 
earlier change than vasodilation. Fourth, the 
voluntary breathing and HV techniques have merit 
because they can be easily performed; however, 
the degree of irritation may not be constant. For 
more objective CVR measurements, additional 
imaging studies such as functional MRI (fMRI) 
and brain single-photon emission computed 
tomography would be helpful. However, in a 
previous study, a close correlation was observed 
between TCD measurement and fMRI.41 Although 
imaging analysis may be more accurate than TCD 
measurement to detect cerebral vasoreactivity, 
TCD sonography could be more widely used in 
patients with dementia due to easier access. 
 Despite these limitations, our findings indicate 
that CMBs play important roles in hemodynamic 
changes in patients with cognitive decline. 
In particular, lobar CMBs in posterior brain 
structures could play more detrimental roles in 
cerebral hemodynamics. A prospective study 
with larger sample sizes would be required to 
strengthen our results.
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