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IMPORTANCE Cerebrovascular disease (CVD) and Alzheimer disease are significant causes of
cognitive impairment in the elderly. However, few studies have evaluated the relationship
between CVD and β-amyloid burden in living humans or their synergistic effects on cognition.
Thus, there is a need for better understanding of mild cognitive impairment (MCI) before
clinical deterioration begins.

OBJECTIVE To determine the synergistic effects of β-amyloid burden and CVD on cognition in
patients with subcortical vascular MCI (svMCI).

DESIGN, SETTING, AND PARTICIPANTS A cross-sectional study was conducted using a
hospital-based sample at a tertiary referral center. We prospectively recruited 95 patients
with svMCI; 67 of these individuals participated in the study. Forty-five patients with
amnestic MCI (aMCI) were group matched with those with svMCI by the Clinical Dementia
Rating Scale Sum of Boxes.

MAIN OUTCOMES AND MEASURES We measured β-amyloid burden using positron emission
tomography with carbon 11–labeled Pittsburgh Compound B (PiB). Cerebrovascular disease
was quantified as white matter hyperintensity volume detected by magnetic resonance
imaging fluid-attenuated inversion recovery. Detailed neuropsychological tests were
performed to determine the level of patients’ cognitive impairment.

RESULTS On evaluation, 22 of the svMCI group (33%) and 28 of the aMCI group (62%) were
found to be PiB positive. The mean PiB retention ratio was lower in patients with svMCI than
in those with aMCI. In svMCI, the PiB retention ratio was associated with cognitive
impairments in multiple domains, including language, visuospatial, memory, and frontal
executive functions, but was associated only with memory dysfunction in aMCI. A significant
interaction between PiB retention ratio and white matter hyperintensity volume was found to
affect visuospatial function in patients with svMCI.

CONCLUSIONS AND RELEVANCE Most patients with svMCI do not exhibit substantial amyloid
burden, and CVD does not increase β-amyloid burden as measured by amyloid imaging.
However, in patients with svMCI, amyloid burden and white matter hyperintensity act
synergistically to impair visuospatial function. Therefore, our findings highlight the need for
accurate biomarkers, including neuroimaging tools, for early diagnosis and the need to relate
these biomarkers to cognitive measurements for effective use in the clinical setting.
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A lzheimer disease (AD) and subcortical vascular demen-
tia are considered to be the most common types of de-
mentia. Most studies on mild cognitive impairment

(MCI) have focused on the amnestic MCI (aMCI) form, which
is a prodromal stage of AD. In contrast, few studies have in-
volved patients in the prodromal stages of subcortical vascu-
lar dementia.1-3 Results from prior studies4,5 from our group
suggest that the prodromal stage of subcortical vascular de-
mentia, referred to as subcortical vascular MCI (svMCI), is dis-
tinctive from aMCI in terms of neuropsychological and neu-
robehavioral findings as well as the topography of glucose
metabolism.

Evidence suggests that vascular risk factors or atheroscle-
rosis and AD dementia have a strong association,6-8 suggest-
ing that ischemia might be related to AD β-amyloid (Aβ) bur-
den. Therefore, it is also possible that patients with svMCI
harbor more Aβ burden than do those with aMCI. However, an
alternative hypothesis is that cerebrovascular disease (CVD)
itself might cause cognitive impairment, suggesting that pa-
tients with svMCI could have less Aβ than patients with aMCI
without significant CVD. As a result of developments in
molecular imaging, premortem detection of Aβ (a patho-
logic hallmark of AD) is now possible through positron
emission tomography (PET ) imaging using c arbon
11–labeled Pittsburgh Compound B ([11C]PiB).9 The fre-
quency of PiB positivity (PiB+) is reported10-15 to be approxi-
mately 90% in patients with AD and 52% to 75% in those with
aMCI. Although 2 studies16,17 have evaluated the relationship
between CVD (including white matter hyperintensity [WMH]
or lacunes) and brain Aβ burden in individuals with normal or
mildly impaired cognition, to our knowledge, an investiga-
tion of brain Aβ burden using PET amyloid imaging in pa-
tients with svMCI has not been conducted.

Most aMCI research10,13 has demonstrated that Aβ bur-
den is selectively associated with memory dysfunction. Cere-
brovascular disease is associated with impairment of execu-
tive function.1,2,16,18 Both brain Aβ and CVD affect cognition,
and animal studies19,20 suggest that there might be interac-
tive effects of ischemia and Aβ on cognition. Therefore, it is
possible that in patients with CVD progressing to svMCI, Aβ
burden and CVD could synergistically affect cognition. Alter-
natively, Aβ burden in svMCI might not affect cognitive im-
pairment; previous studies16 have shown that Aβ burden was
not associated with cognitive impairment.

In the present study, we investigated patients with svMCI
who underwent PiB PET imaging and structural magnetic reso-
nance imaging (MRI) for markers of CVD, quantified as WMH.
The goals were to (1) determine the extent of PiB retention and
frequency of PiB+ in patients with svMCI and (2) evaluate the
relationship between Aβ burden, CVD (measured as WMH), and
cognition in patients with svMCI.

Methods
Participants
We prospectively recruited 95 patients with svMCI, with di-
agnosis and follow-up conducted at Samsung Medical Center

from October 7, 2009, to May 11, 2011. Patients with svMCI were
evaluated using the criteria of Petersen et al,21 with the fol-
lowing modifications that have been previously described4 in
detail: (1) a subjective report of cognitive difficulty by the pa-
tient or caregiver; (2) normal activities of daily living (ADL),
with the score determined clinically and by the Seoul-
Instrumental Activities of Daily Living scale22; (3) an objec-
tive cognitive decline below the 16th percentile on the Seoul
Neuropsychological Screening Battery23; (4) no dementia;
(5) a subcortical vascular feature defined as a focal neurologic
symptom or sign including corticobulbar signs, pyramidal
signs, or parkinsonism24; and (6) significant ischemia shown
on MRI. Significant ischemia was defined as WMH on fluid-
attenuated inversion recovery (FLAIR) images that satisfied the
following criteria: (1) WMH of 10 mm or more in the periven-
tricular white matter (caps or rim) and (2) WMH of 25 mm or
more (maximum diameter) in the deep white matter, consis-
tent with an extensive white matter lesion or diffusely con-
fluent lesion. The MRI findings of patients with svMCI are
shown in Author Figure 1 (http://lrc.skkumed.ac.kr/dataroom
/AuthorContents.pdf).

A total of 45 patients with aMCI who were matched to
svMCI patients with the Clinical Dementia Rating Scale Sum
of Boxes were recruited at Samsung Medical Center during the
same period. They met the Petersen et al21 clinical criteria for
MCI with the following modifications: (1) subjective memory
problems reported by the patient or caregiver, (2) normal gen-
eral cognitive function above the 16th percentile on the Mini-
Mental State Examination,25 (3) normal ADL as judged by an
interview with a clinician and the standardized ADL scale,22

(4) objective memory decline below the 16th percentile deter-
mined with neuropsychological tests, and (5) no dementia. In
addition, we determined that the patients had mild or no WMH
on MRI (periventricular WMH <10 mm and deep WMH <10 mm
in maximum diameter). Demographics and clinical character-
istics of the patients are listed in the Supplement (eTable 1).

Patients were evaluated by clinical interview and neuro-
logic and neuropsychological examinations as previously
described.26 Brain MRI confirmed the absence of structural le-
sions, including territorial cerebral infarction.

Among the 95 patients with svMCI, 28 individuals de-
clined participation in the study, with a final cohort of 67 pa-
tients. Characteristics of included vs excluded patients are de-
scribed in the Supplement (eTable 1).

We also recruited 75 participants with normal cognition and
no history of neurologic or psychiatric illnesses, as well as with
normal neurologic examination results. They were required to
undergo the same neuropsychological testing and MRI scan-
ning as the svMCI group.

After a complete description of the study, written in-
formed consent was obtained from each patient. The partici-
pants did not receive compensation. The institutional review
board of the Samsung Medical Center approved the study
protocol.

Neuropsychological Tests
All patients underwent neuropsychological testing using the
Seoul Neuropsychological Screening Battery.23 Quantita-
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tively scorable tests, including digit span (forward and back-
ward), the Boston Naming Test (BNT),27 the Rey-Osterrieth
Complex Figure Test (RCFT),28 the Seoul Verbal Learning Test
(SVLT),27 a phonemic and semantic Controlled Oral Word As-
sociation Test,29 and a Stroop Test (color reading),30 were used
in the analysis.

[11C]PiB PET Imaging
All patients with MCI completed the [11C]PiB PET scan at
Samsung Medical Center or Asan Medical Center and under-
went PET scanning with identical settings (Discovery STe
PET/CT scanner; GE Healthcare).18 Detailed methods are
described in the Supplement (eMethods 1). Data processing
was performed using Statistical Parametric Mapping, ver-
sion 5 (SPM5) under MATLAB, version 6.5 (MathWorks, http:
//www.mathworks.com/products/matlab/). To measure PiB
retention, we used the cerebral-cortical region to cerebel-
lum uptake ratio. The cerebellum was used as a reference
region because it did not show group differences. Regional
cerebral-cortical uptake ratios were calculated by dividing
each cortical volume of interest uptake ratio by mean
uptake of cerebellar cortex (cerebellum crus 1 and crus 2).
Global PiB retention ratios were calculated from the
volume-weighted average uptake ratio of bilateral 28 cere-
bral cortical volumes of interest from bilateral frontal, tem-
poral, parietal, and occipital lobes using the Annotated Ana-
tomical Labeling atlas.31 Patients were considered PiB+ if

their global PiB retention ratio was more than 2 SDs (PiB
retention ratio >1.5) from the mean of the healthy
controls.18 We also defined PiB retention ratio as a continu-
ous variable.

MRI Acquisition
The transverse relaxation time (T2), longitudinal relaxation
time (T1), FLAIR, and T2*-weighted gradient–recalled echo
MRIs were acquired from all participants at Samsung Medical
Center using the same 3.0-T MRI scanner (Achieva 3.0T; Phil-
ips). Detailed MRI factors are described in the Supplement
(eMethods 2).

Measurement of Regional WMH Volume
We quantified WMH volumes (in milliliters) on FLAIR images
using an automated method as previously described.32 De-
tailed WMH measurement methods are described in the
Supplement (eMethods 3).

Assessment of Lacunes and Microbleeds on MRI
Lacunes were defined as lesions (≥3 mm and ≤15 mm in
diameter) with low signal on T1-weighted images, high sig-
nal on T2-weighted images, and a perilesional halo on 80
axial sections of FLAIR images. Microbleeds were defined as
10 mm or less in diameter, using criteria proposed by Green-
berg et al,33 on 20 axial sections of time constant for T2*-
weighted gradient–recalled echo sequence MRIs. Detailed

Figure 1. Statistical Parametric Mapping Analysis of Pittsburgh Compound B (PiB) Retention in the PiB-positive (PiB+) Amnestic Mild Cognitive
Impairment (aMCI) and PiB+ Subcortical Vascular Mild Cognitive Impairment (svMCI) Groups
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The PiB+ aMCI patients exhibited greater PiB retention in the lateral temporal,
posterior cingulate, and medial temporal and frontal cortices than did the PiB+
svMCI patients. The color bar intensity represents the value of the T statistic.

The numbers represent the stereotactic z coordinate corresponding to each
axial section. Statistical significance was set as a false discovery rate–corrected
P < .05 at a cluster extent threshold of 150 voxels.
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measurement methods for lacunes and microbleeds are
described in the Supplement (eMethods 4). Two experi-
enced neurologists (J.H.P. and an independent practitioner)
who were blinded to other patient data reviewed the num-
ber and location of the lacunes and microbleeds. The κ
value for the agreement between the 2 neurologists was
0.78 for lacunes and 0.92 for microbleeds, and consensus
was reached in all cases of discrepancy.

Median time intervals from PiB PET to neuropsychologi-
cal tests and from MRI to PiB PET were not significantly
different between the groups. Although differences in
time from neuropsychological tests to MRI occurred,
their median differences were negligible (Supplement
[eMethods 5]).

Statistical Analysis
Descriptive statistics were determined, and the χ2 test and
unpaired, 2-tailed t test were conducted for comparisons
between groups. Neuropsychological test results were com-
pared between groups with adjustment for age and years of
education using an analysis of covariance test. Because of
the skew distribution, WMH volume, PiB retention ratios,
and results of each neuropsychological test were log trans-
formed before analysis. We added the value 1 to all the neu-
ropsychological test results to enable us to log transform the
data. Absence vs presence of lacunes or microbleeds was
also used as a categorical variable instead of the number of
lacunes or microbleeds. To examine the relationship
between PiB and cognition, we performed multiple linear
regression analyses using dependent variables for neuropsy-
chological test scores (log transformed). The forward step-
wise approach was used to select all possible predictors to
explain cognitive deficits. The selection criteria involved
entering variables below P < .05 and exit variables greater
than P > .10. Considered as important clinical predictors,
the total PiB retention ratio (log transformed) and WMH (log
transformed) were entered into the final model to prevent
them from being missed. Other possible predictors included
were age; sex; years of education; vascular risk factors,
including history of hypertension, diabetes mellitus, dyslip-
idemia, cardiac disease, and stroke; apolipoprotein E4 geno-
type; and presence of lacunes and microbleeds. To evaluate
interactions between WMH volume and PiB retention ratio,
interaction terms (log WMH × log PiB retention ratio) were
added in the aforementioned multiple regression model
(enter method) and other covariates listed above were also
corrected (stepwise method). The false discovery rate (FDR)
was used to correct for multiple testing. We defined statisti-
cal significance as an FDR-corrected value of P < .05. Statis-
tical analyses were conducted using SAS, version 9.1 (SAS
Institute Inc).

To compare the distribution of PiB retention between PiB+
svMCI and PiB+ aMCI patients (Figure 1), an analysis of cova-
riance on a voxel-by-voxel basis after controlling for age was
performed using SPM5 and MATLAB 6.5 for Windows. An SPM5
regression analysis was performed without global normaliza-
tion, since the [11C]PiB PET images had already been normal-
ized to cerebellar region of interest PiB binding. The detailed

methods of analysis are described in the Supplement
(eMethods 6). We defined statistical significance as an FDR-
corrected value of P < .05 at a cluster extent threshold of 150
voxels.

Results
Comparisons of PiB Retention and
Neuropsychological Results
The mean (SD) PiB retention ratio was greater in aMCI pa-
tients than in svMCI patients (1.87 [0.51] vs 1.50 [0.40]; P < .001).
Twenty-eight of 45 aMCI patients (62%) were PiB+, and 22 of
67 svMCI patients (33%) were PiB+ (P = .002) (Figure 2 and
Table 1). Compared with PiB+ svMCI patients, PiB+ aMCI pa-
tients had higher PiB retention in global and lobar PiB reten-
tion ratios except in the parietal region (global PiB, 2.20 [0.33]
vs 1.98 [0.35]; P = .02; frontal PiB, 2.19 [0.34] vs 1.98 [0.38];
P = .048; temporal PiB, 2.18 [0.34] vs 1.93 [0.33]; P = .02; pa-
rietal PiB, 2.11 [0.40] vs 1.90 [0.38]; P = .07).

Comparisons of neuropsychological results between the
svMCI group and the aMCI or normal cognition groups are de-
scribed in Table 2. The PiB+ svMCI patients showed lower per-
formances in BNT, RCFT delayed recall, and Stroop color read-
ing tests compared with PiB− svMCI patients (Table 2). Relative
to individuals with normal cognition, PiB− svMCI patients had
lower performances in all cognitive domains, including the digit
span (backward); BNT; RCFT copy; SVLT immediate recall, de-
layed recall, and recognition; RCFT immediate and delayed re-
call; Controlled Oral Word Association Test; and Stroop color
reading tests (Table 2).

Figure 2. Pittsburgh Compound B (PiB) Retention Ratio in the Amnestic
Mild Cognitive Impairment (aMCI) and Subcortical Vascular Mild
Cognitive Impairment (svMCI) Groups
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The bold horizontal line indicates the cutoff value. PiB retention ratios were
compared between aMCI and svMCI by applying analysis of covariance adjusted
for age. Significant differences were noted between aMCI and svMCI patients
(mean [SD], 1.87 [0.51] vs 1.50 [0.40], P < .001). Circles indicate patients; bars
within the boxes, median values; boxes, interquartile range; bars outside the
boxes, extreme values; and black square, outlier.
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There was no positive correlation between regional PiB re-
tention ratios and regional WMH volumes, lacunes, or micro-
bleeds in any region (Supplement [eTable 2A-D]). Rather, a
negative correlation was found between the number of lacu-
nes and PiB retention ratios (Supplement [eTable 2A and B]).

Voxelwise Relationship
The SPM analysis revealed that, when compared with pa-
tients with PiB+ svMCI, patients with PiB+ aMCI showed greater
levels of PiB retention in the medial and lateral frontal and tem-
poral, posterior cingulate, precuneus, and inferior parietal re-

gions, as well as in the basal ganglia (Figure 1 and Author Table
1). There were no regions where patients with PiB+ svMCI had
more PiB retention than did those with PiB+ aMCI. The topog-
raphy of PiB retention in svMCI patients was similar to that seen
in aMCI patients (Author Figure 2).

Correlation Between PiB Retention Ratio and
Neuropsychological Results
In aMCI patients, the log total PiB retention ratio was associ-
ated with lower performances in verbal memory (log SVLT de-
layed recall) and visual memory (log RCFT recognition)

Table 1. Characteristics of aMCI Patients, svMCI Patients, and Individuals With NC

Characteristic

aMCI svMCI
P

Valueb
NC

(n = 75)
P

Valuec
Total

(n = 45)
PiB−

(n = 17)
PiB+

(n = 28)
P

Valuea
Total

(n = 67)
PiB−

(n = 45)
PiB+

(n = 22)
P

Valuea

Age, mean (SD), y 70.0 (8.0) 70.6 (7.8) 69.7 (8.3) .70 73.7 (6.7) 72.1 (6.6) 76.9 (5.9) .006 .01 63.6 (8.2) <.001

Female sex, No. (%) 20 (44) 9 (53) 11 (39) .37 41 (61) 29 (64) 12 (54) .44 .08 57 (76) .17

Educational level,
mean (SD), y

12.5 (4.6) 11.4 (5.9) 13.1 (3.5) .29 9.4 (5.4) 9.0 (5.2) 10.2 (5.8) .38 .001 12.0 (4.8) .002

Vascular risk factors,
No. (%)

Hypertension 17 (38) 10 (59) 7 (25) .02 50 (75) 38 (84) 12 (54) .008 <.001 14 (19) <.001

Diabetes mellitus 5 (11) 4 (24) 1 (4) .06 17 (25) 12 (27) 5 (23) .73 .06 31 (41) .11

Hyperlipidemia 10 (22) 3 (18) 7 (25) .72 20 (30) 14 (31) 6 (27) .75 .37 18 (24) .40

Cardiac disease 7 (16) 3 (18) 4 (14) >.99 17 (25) 12 (27) 5 (23) .73 .21 14 (19) .30

Stroke 2 (4) 2 (12) 0 .14 13 (19) 9 (20) 4 (18) >.99 .02 3 (4) .009

APOE genotyping, No. (%)d

APOE4 allele 17 (44) 0 17 (71) <.001 15 (22) 5 (11) 10 (46) .004 .02 NA

APOE2 allele 3 (8) 3 (20) 0 .05 10 (15) 6 (13) 4 (18) .72 .27 NA

PiB retention ratio,
mean (SD)

Total 1.87 (0.51) 1.31 (0.12) 2.20 (0.33) 1.50 (0.40) 1.27 (0.10) 1.98 (0.35) <.001

Frontal 1.84 (0.52) 1.27 (0.12) 2.19 (0.34) 1.48 (0.42) 1.23 (0.10) 1.98 (0.38) <.001

Parietal 1.78 (0.53) 1.24 (0.17) 2.11 (0.40) 1.40 (0.42) 1.16 (0.12) 1.90 (0.38) <.001

Temporal 1.86 (0.50) 1.33 (0.14) 2.18 (0.34) 1.49 (0.38) 1.27 (0.12) 1.93 (0.33) <.001

MRI markers of ischemia,
mean (SD)

Total WMH, mL 3.1 (3.2) 3.5 (3.1) 2.9 (3.2) .65 34.9 (17.8) 33.8 (17.6) 36.8 (18.4) .44 <.001 1.3 (1.6) <.001

Frontal 20.0 (9.4) 19.7 (9.8) 20.6 (8.9) .74

Parietal 8.9 (5.7) 8.7 (5.5) 9.3 (6.1) .68

Temporal 3.5 (1.9) 3.3 (1.8) 3.8 (2.1) .30

Total supratentorial
lacunes, No.

0.5 (2.2) 1.3 (3.4) 0.1 (0.4) .07 7.2 (8.1) 8.0 (8.2) 5.5 (7.8) .40 <.001 0.5 (1.1) <.001

Frontal 6.0 (6.6) 7.0 (7.3) 4.1 (4.4) .05

Parietal 1.0 (3.3) 0.9 (2.1) 1.4 (4.9) .58

Temporal 0.2 (0.9) 0.3 (1.1) 0 .10

Total supratentorial
MBs, No.

0.8 (3.5) 1.2 (4.6) 0.6 (2.7) .66 5.3 (11.2) 4.8 (9.5) 6.1 (14) .44 .01 0.7 (1.1) .003

Frontal 2.7 (5.6) 3.3 (6.8) 2.4 (5.1) .58

Parietal 0.5 (1.7) 0.3 (0.7) 1.0 (2.8) .29

Temporal 1.2 (3.1) 1.0 (2.1) 1.7 (4.9) .50

Abbreviations: aMCI, amnestic mild cognitive impairment;
APOE, apolipoprotein E; MBs, microbleeds; MRI, magnetic resonance imaging;
NA, not applicable; NC, normal cognition; NCF, normal cognitive function;
PiB, Pittsburgh Compound B; svMCI, subcortical vascular mild cognitive
impairment; WMH, white matter hyperintensity; +, positive; −, negative.
a Comparison of PiB+ vs PiB− participants.

b Comparison of aMCI vs svMCI participants.
c Comparison of NCF vs PiB− svMCI participants.
d Six patients with aMCI (4 PiB+ and 2 PiB−) refused the APOE4 genotype

testing.
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(Table 3). There was no significant negative relationship with
nonmemory cognitive domains.

In contrast, svMCI patients showed a negative associa-
tion between log PiB retention ratio and cognition in lan-
guage (log BNT), visuospatial (log RCFT copy), and frontal
executive (log Stroop color test) functions as well as in
memory (log SVLT delayed recall, log RCFT delayed
memory, and log RCFT recognition) domains (Table 3 and
Figure 3).

In patients with svMCI, each PiB retention ratio in the
frontal, temporal, and parietal regions was separately asso-
ciated with broad aspects of cognition (ie, language, visuo-
spatial, memory, and frontal dysfunction). However, WMH
volume, particularly in the frontal regions, was associated
with visuospatial dysfunction; temporal and parietal WMH
did not show any association with cognitive impairment
(Author Table 2).

Interaction Between WMH and PiB Retention Ratio
When interaction analysis using cognitive domains showed a
significant association with PiB retention ratios, interactive ef-
fects between PiB retention ratio and WMH volume on the
RCFT copy test were detected (β = −0.89, P = .006 for inter-
action after FDR correction). Other cognitive domains did not
demonstrate significant interaction, including BNT, SVLT de-

layed recall, RCFT delayed recall, RCFT recognition, and Stroop
color reading (Author Table 3).

When we analyzed the correlations between regional PiB
retention ratio and neuropsychological results, interactive ef-
fects between frontal PiB retention ratio and frontal WMH were
detected (β = −1.72, P = .04 for interaction after FDR correc-
tion). However, domains in other regions did not demon-
strate significant interactions (Author Table 3).

Discussion
There were 4 major findings of our study. First, svMCI
patients showed significantly less Aβ burden compared with
aMCI patients. The evidence for this was the lower fre-
quency of PiB+ as well as lower PiB retention ratios in the
svMCI patients. Second, the Aβ burden in svMCI patients
was independently and significantly associated with cogni-
tive impairment in multiple domains, including language,
visuospatial, memory, and frontal executive functions.
Third, in contrast to svMCI, Aβ burden in patients with aMCI
was associated only with memory dysfunction. Fourth,
there was an interaction between WMH (presumed to
reflect small-vessel ischemia) and Aβ burden measured by
PiB PET on visuospatial dysfunction in patients with svMCI,

Table 2. Neuropsychological Testsa

Test (Possible Range
of Score)

Mean (SD)

aMCI svMCI
P

Valuec
NC

(n = 75)
P

Valued
Total

(n = 45)
PiB−

(n = 17)
PiB+

(n = 28)
P

Valueb
Total

(n = 67)
PiB−

(n = 45)
PiB+

(n = 22)
P

Valueb

Digit span

Forward (0-9) 5.8 (1.4) 5.5 (1.4) 6.0 (1.5) .71 5.2 (1.3) 5.1 (1.3) 5.5 (1.2) .16 .83 6.4 (1.4) .07

Backward (0-8) 4.0 (1.4) 3.4 (1.1) 4.4 (1.5) .08 3.2 (1.1) 3.2 (1.1) 3.3 (1.2) .55 .28 4.4 (1.4) .04

BNT (0-60) 41.4 (9.6) 38.2 (9.1) 43.4 (9.5) .19 39.1 (10.4) 41.2 (9.2) 34.9 (11.7) .006 .49 50.5 (5.7) <.001

RCFT (0-36) 30.9 (4.5) 31.4 (3.8) 30.6 (5.6) .30 27.5 (7.6) 28.2 (6.9) 26.1 (8.8) .22 .34 33.5 (2.1) <.001

SVLT

Immediate recall (0-36) 15.0 (4.2) 15.4 (4.0) 14.8 (4.3) .37 16.5 (5.4) 16.9 (5.4) 15.7 (5.3) .91 .09 22.5 (4.4) <.001

Delayed recall (0-12) 2.4 (2.4) 3.5 (2.0) 1.7 (2.3) .01 4.3 (2.9) 4.8 (2.8) 3.2 (2.9) .25 .001 7.6 (2.0) <.001

Recognition (0-24) 18.5 (2.9) 19.9 (2.2) 17.7 (3.0) .007 19.3 (2.9) 19.9 (2.1) 18.1 (3.8) .11 .43 21.6 (1.7) .001

RCFT

Immediate recall (0-36) 8.4 (5.7) 10.5 (4.5) 7.2 (6.0) .06 10.6 (6.2) 11.4 (6.0) 8.8 (6.5) .06 .03 18.4 (5.0) <.001

Delayed recall (0-36) 7.0 (5.4) 9.1 (4.2) 5.8 (5.8) .049 10.2 (5.8) 11.4 (5.3) 7.6 (6.0) .008 <.001 17.7 (4.8) <.001

Recognition (0-24) 18.0 (2.1) 19.3 (2.0) 17.3 (1.9) .001 19.2 (2.2) 19.6 (1.9) 18.4 (2.4) .05 .001 20.2 (1.5) .45

COWAT

Animal 13.4 (4.3) 11.9 (3.4) 14.4 (4.6) .09 11.7 (3.6) 12.2 (3.5) 10.6 (3.8) .10 .17 17.3 (4.9) <.001

Supermarket 13.2 (5.4) 12.8 (4.2) 13.5 (6.0) .83 13.1 (4.9) 13.3 (5.2) 12.5 (4.2) .42 .39 18.6 (5.6) <.001

Phonemic 23.6 (11.6) 19.6 (7.5) 26.0 (13.1) .15 16.4 (8.9) 15.9 (9.1) 17.5 (8.5) .63 .07 28.7 (11.6) <.001

Stroop test: color (0-112) 67.7 (24.3) 63.3 (21.9) 70.4 (25.6) .64 59.4 (26.5) 64.3 (24.7) 49.5 (27.8) .048 .85 93.5 (18.3) <.001

MMSE (0-30) 25.5 (4.6) 26.9 (2.0) 24.6 (5.6) .07 26.2 (3.0) 26.6 (2.4) 25.4 (3.9) .17 .04 28.8 (1.5) <.001

CDR-SOB (0-30) 1.7 (1.1) 1.4 (0.9) 1.9 (1.1) .14 1.4 (1.1) 1.3 (1.0) 1.5 (1.1) .58 .09 0.5 (0.4) <.001

Abbreviations: aMCI, amnestic mild cognitive impairment; BNT, Boston
Naming Test; CDR-SOB, Clinical Dementia Rating Scale Sum of Boxes;
COWAT, Controlled Oral Word Association Test; MMSE, Mini-Mental State
Examination; NC, normal cognition; PiB, Pittsburgh Compound B;
RCFT, Rey-Osterrieth Complex Figure Test; SVLT, Seoul Verbal Learning Test;
svMCI, subcortical vascular mild cognitive impairment; +, positive; −, negative.

a P values were adjusted for age and years of education.
b Comparison of PiB+ vs PiB− participants.
c Comparison of aMCI vs svMCI participants.
d Comparison of NC vs PiB− svMCI participants.
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with no interactive effects of Aβ burden and CVD in lan-
guage, memory, and frontal executive dysfunction. Taken
together, our findings suggest that most patients with
svMCI do not have coexistent AD Aβ burden and that CVD
and AD synergistically impair visuospatial function in
patients with svMCI.

Brain Aβ Burden
Our first major finding was that svMCI patients had less Aβ
burden than aMCI patients. The frequency (62%) of PiB+ in
aMCI patients was similar to data from previous studies10-14

showing that 52% to 75% of aMCI patients were PiB+. In
contrast, the frequency (33%) of PiB+ in svMCI patients was
comparable to that in previous reports11,13,15 of PiB+ in cog-
nitively normal individuals, ranging from 22% to 30%.

These results were also consistent with previous reports18

from our group regarding the proportion (31%) of PiB+ in
patients with subcortical vascular dementia. Considering
our other finding of PiB+ aMCI patients having greater PiB
retention ratios than PiB+ svMCI patients (Figure 1), our
results suggest that CVD is not associated with an increased
frequency of Aβ positivity or with the quantity of Aβ in indi-
vidual participants. Our suggestion may be supported by
our other findings that CVD burden (WMH volume or the
number of lacunes and microbleeds) was not positively cor-
related with Aβ burden (PiB retention ratio) (Supplement
[eTable 2]). Our findings are consistent with previous PiB
PET studies16,17 showing no direct correlation between CVD
and Aβ burden in individuals with normal or mildly
impaired cognition. Furthermore, a recent study34 has

Table 3. Multiple Linear Regression Analysis of PiB Retention Ratios and Neuropsychological Assessments in Patients With aMCI and svMCI

Dependent Variable:
Neuropsychological Assessments
(Possible Range of Score)

Independent Variable: Total PiB Retention Ratio (Log Transformed)

aMCI svMCI

β (SE)
P Value

(FDR-Corrected)a
Covariates
Included β (SE)

P Value
(FDR-Corrected)a

Covariates
Included

Attention

Digit span

Forward (0-9) −0.01 (0.06) .94 (.99) WMH, educational
level

0.09 (0.07) .20 (.29) WMH, educational
level

Backward (0-8) 0.35 (0.11) .002 (.01) WMH, educational
level, APOE4

0.07 (0.12) .58 (.63) WMH, educational
level

Language and related disorders

BNT (0-60) 0.06 (0.10) .53 (.74) WMH −0.35 (0.09) <.001 (.002) WMH, educational
level, sex, MB

Visuospatial function

RCFT (0-36) −0.07 (0.10) .49 (.74) WMH −0.34 (0.14) .01 (.04) WMH, educational
level

Memory

SVLT

Immediate recall (0-36) −0.12 (0.09) .19 (.38) WMH, sex, educational
level

−0.10 (0.15) .50 (.58) WMH, hypertension

Delayed recall (0-12) −0.77 (0.25) .004 (.02) WMH, sex,
hyperlipidemia

−0.88 (0.24) .001 (.005) WMH, MB

Recognition (0-24) −0.13 (0.06) .03 (.10) WMH, sex −0.12 (0.06) .05 (.09) WMH, age

RCFT

Immediate recall (0-36) −0.52 (0.27) .06 (.15) WMH, hyperlipidemia −0.54 (0.25) .04 (.07) WMH, sex, diabetes
mellitus

Delayed recall (0-36) −0.67 (0.33) .05 (.14) WMH −0.70 (0.26) .008 (.03) WMH, sex

Recognition (0-24) −0.15 (0.04) .001 (.01) WMH −0.11 (0.04) .01 (.04) WMH

Frontal/executive function

COWAT

Animal 0.04 (0.09) .71 (.90) WMH −0.17 (0.11) .15 (.24) WMH

Supermarket −0.16 (0.14) .27 (.47) WMH, age, lacune 0.10 (0.14) .47 (.58) WMH, cardiac disease

Phonemic 0.05 (0.18) .78 (.91) WMH 0.07 (0.29) .81 (.81) WMH, educational
level, lacune

Stroop test: color (0-112) <0.001 (0.10) >.99 (>.99) WMH, sex, educational
level, stroke

−1.02 (0.27) <.001 (.002) WMH, educational
level

Abbreviations: aMCI, amnestic mild cognitive impairment;
APOE4, apolipoprotein ε4 allele; BNT, Boston Naming Test; COWAT, Controlled
Oral Word Association Test; FDR, false discovery rate; MB, microbleed;
PiB, Pittsburgh Compound B; RCFT, Rey-Osterrieth Complex Figure Test;
SVLT, Seoul Verbal Learning Test; svMCI, subcortical vascular mild cognitive
impairment; WMH, white matter hyperintensity.
a P values were adjusted for age, sex, educational level, vascular risk factors

(including history of hypertension, diabetes mellitus, dyslipidemia, cardiac
disease, and stroke), APOE4 genotype, WMH volume (log transformed), the
presence of supratentorial lacune, and the presence of supratentorial MB.
Log-transformed WMH volumes and log-transformed PiB retention ratios
were entered into the regression model, and other covariates were included
using a stepwise method.
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shown that people without severe CVD had no correlation
between WMH and cerebrospinal fluid Aβ, either cross-
sectionally or longitudinally. When considered together
with previous results, our present findings could be
explained by the index event bias.35 That is, because both
CVD and Aβ burden cause cognitive impairment, patients
with svMCI plus severe CVD have less Aβ burden than do
aMCI patients with mild CVD.

Pattern of Brain Aβ Deposition
In this study, compared with PiB+ aMCI patients, those with
PiB+ svMCI showed less PiB retention in the frontal, tempo-
ral, and parietal regions. β-Amyloid burden in these areas,
according to pathologic studies,36 increases as AD pro-
gresses, although amyloid PET studies37,38 have shown
inconsistent results. Therefore, the Aβ burden of svMCI in
our results may reflect the similar levels of Aβ burden seen

Figure 3. Partial Regression Plots of Total Pittsburgh Compound B (PiB) Retention Ratios and Neuropsychological Results in Subcortical Vascular
Mild Cognitive Impairment (svMCI) Patients
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in preclinical AD (ie, the prodromal stage of aMCI). How-
ever, the topography of PiB retention in svMCI patients
seems different from that in patients with cerebral
amyloid angiopathy (Author Figure 2). Patients with cere-
bral amyloid angiopathy have been reported39 to have
more PiB retention in occipital regions than those with AD.
Furthermore, a direct comparison between patients
with PiB+ svMCI and those with PiB+ aMCI showed no
regions where patients with PiB+ svMCI had greater PiB
retention.

Relationship of Aβ Burden to Cognition
We found differences in the effects of Aβ burden on cogni-
tion between svMCI patients and aMCI patients. That is, Aβ
burden in aMCI was selectively related to memory function,
a finding generally consistent with previous studies.10-14,40

In contrast, the Aβ burden in svMCI was associated with
cognitive impairment in multiple domains, including lan-
guage, visuospatial, frontal executive, and memory func-
tion. We also found that, compared with individuals with
normal cognition, patients with PiB− svMCI had cognitive
impairment in multiple domains, including language, visuo-
spatial, memory, and frontal functions, although WMH was
associated only with visuospatial dysfunction (Table 1).
Therefore, these results suggest that the cognitive domain
associated with CVD may overlap with domains related to
Aβ burden.

The second major finding was that there was a positive in-
teraction between CVD (measured as WMH) and Aβ burden on
visuospatial function, with no interactive effects of Aβ bur-
den and CVD in language, memory, and frontal executive dys-
function. In other words, the combined effects of WMH and
Aβ burden on visuospatial function were greater than the sum
of the 2 individual effects. These results are consistent with
those of previous epidemiologic studies6-8 showing that pa-
tients with vascular risk factors or atherosclerosis had a greater
extent of AD dementia. Our finding is also consistent with pre-
clinical studies19,20 showing direct interactive effects of ische-
mia and Aβ on cognition. However, our detection of no inter-
action in other cognitive domains suggested that Aβ burden
and CVD additively affect language, memory, and frontal
dysfunction. Recent PiB PET studies16,17,41,42 revealed that
the effects of CVD and PiB retention do not interact with
regard to cognition. However, those studies did not evaluate
the synergistic effects of Aβ burden and CVD on visuospatial
function.

There are several possible interpretations regarding the
synergistic interaction of WMH and Aβ burden, particularly
those in the frontal region, on visuospatial function, espe-
cially the visual constructional function, which is associated
with frontal dysfunction.43 First, WMH might accelerate an
increase in neurofibrillary tangles that develop after the
formation of the amyloid plaques. It has been shown44

that hypoxia promotes phosphorylation of tau through acti-
vation of mitogen-activated protein kinase. Alternatively,
WMH and Aβ burden could be synergistically affecting
common pathways, such as neuroinflammation, micro-
structural changes, or cortical atrophy. Finally, it is possible

that CVD, by interruption of critical brain networks, sub-
stantially reduces cognitive reserve. In this case, the addi-
tional brain insult associated with AD Aβ accumulation
might be associated with a greater effect on cognition than
would occur in the presence of nonreduced cognitive
reserve alone.

The strengths of our study are its prospective design
and the standardized PiB PET imaging and MRI protocols.
However, we acknowledge some limitations. First, because
we did not perform postmortem studies, we could not mea-
sure different abnormalities, including other AD (soluble
amyloid and neurofibrillary tangles), CVD (microinfarct), or
possible combined degenerative dementia (dementia with
Lewy bodies or frontotemporal dementia), which are also
associated with cognitive impairment. Second, although no
patients met the clinical criteria for cerebral amyloid
angiopathy,45 we were not able to exclude the possibility of
inclusion of such patients, because 5 participants with
svMCI exhibited strictly lobar microbleeds and 3 of these
were PiB+ (Author Table 4). Third, the patients all had cog-
nitive impairment and severe CVD, which may limit the gen-
eralizability of the results to other populations. Fourth, we
did not include lacunes or microbleeds in the criteria for
svMCI. However, a previous study46 has shown that our
visual assessment of WMH used in the criteria for svMCI
reflects the grade of ischemia, such as for the presence of
vascular risk factors, and the extent of CVD, including lacu-
nes and microbleeds. Fifth, we had no cognitively normal
control group with which to directly compare the frequency
of PiB+ svMCI. Sixth, PiB PET was performed 60 minutes
after injection of the tracer, which could lower the signal
to noise ratio, hampering the ability for reliable voxel-by-
voxel analysis using SPM5. However, to overcome low signal
to noise ratio, we used a higher injection dose (561 MBq)
than that in a previous PiB PET study (370 MBq)47 and con-
ducted imaging for 30 minutes. Seventh, because of
the cross-sectional design of our study, we can suggest only
the possibility of an interactive relationship for Aβ burden
and subcortical CVD on cognition. Further follow-up investi-
gations with repeated-measure data are necessary to reveal
possible longitudinal relationships among the variables. Fi-
nally, we cannot exclude some selection bias. However, we con-
secutively recruited patients with svMCI, and PIB testing was
not used in the classification of the patients as aMCI or svMCI.
Therefore, we believe that the diagnostic selection process was
unlikely to be affected by selection bias.

Conclusions
Patients with svMCI showed less Aβ burden than did
those with aMCI. However, in svMCI patients, Aβ burden
and WMH act synergistically or additively to impair
cognition. Therefore, our findings highlight the need for
accurate biomarkers, including neuroimaging tools, for
early diagnosis and the need to relate these biomarkers to
cognitive measurements for effective use in the clinical
setting.
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