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ABSTRACT 

 

Introduction: Previous studies demonstrated that patients who had been 

clinically diagnosed as subcortical vascular cognitive impairment (SVCI) 

proved to have co-associated Alzheimer's disease (AD) pathologies. In 

this study, our interest are white matter hyperintensities (WMH), a marker 

of CVD, and amyloid burden, measured by 
11

C-Pittsburgh compound B 

(PiB) PET in PiB(+) SVCI, that is, the dementia with both vascular and 

amyloid pathologies. We aimed 1) to evaluate the effects of ApoE4 

genotype on the relationship between WMH and amyloid burden; 2) to 

explore the distribution of amyloid burden; 3) to evaluate the effects of 

amyloid burden on the cortical atrophy or cognitive impairment.  

Methods: We prospectively recruited 253 subjects who were clinically 

diagnosed with AD, SVaD, aMCI, or svMCI who underwent 
11

C-PiB 

positron emission tomography (PET) scan and 3.0-Tesla MRI at Samsung 

Medical Center between September 2008 and May 2011. Among them, 

we included only PiB(+) patients as study subjects. 1) To evaluate the 

relationship between the volume of WMH and PiB retention, we used 

multiple linear regression and voxel-based analysis to identify regions 

with a correlation between volume of WMH and PiB retention. 2) To 

identify the patterns of amyloid retention, we used voxel-based analysis 

with SPM. 3) We used multiple linear regression analysis to evaluate the 

effects of amyloid burden on cortical thickness measured by surface based 
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morphometry analysis.  

Results: 1) In the ApoE4 non-carriers, a significant positive correlation 

was shown between the volume of WMH and PiB retention, especially in 

the bilateral medial occipitotemporal gyrus, cuneus, and superior 

cerebellum. 2) Distribution of amyloid retention in PiB(+) SVCI had 

characteristic pattern: increased left-right asymmetry, increased anterior-

posterior asymmetry, increased retention in occipital area, decreased 

retention in striatum compared to ADCI. 3) In PiB(+) SVCI, amyloid 

burden had tendency to be related to cortical atrophy in medial temporal 

and anterior cingulated cortices. In addition, memory, language, global 

cognitive functions were associated with amyloid retention in these 

patients.  

Conclusions: Our results suggested WMH are correlated with amyloid 

burden especially in the posterior brain regions in ApoE4 non-carriers. 

However, this correlation was not observed in ApoE4 carriers, perhaps 

because in these subjects the influence of ApoE4, which causes earlier 

development of AD, overrides the effect of CVD. Distinct patterns of 

amyloid distribution and effects of amyloid burden on cortical atrophy or 

cognitive impairment suggested the pathomechanism of amyloid retention 

in PiB(+) SVCI, which explained severe WMH may lead to amyloid 

retention in the patients with SVCI.  

 

------------------------------------- 

Keywords: Alzheimer’s disease, Subcortical vascular cognitive 
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hyperintensities, 
11

C-PiB PET 
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GENERAL INTRODUCTION 

Subcortical vascular cognitive impairment (SVCI) refers to cognitive 

impairments due to cerebrovascular disease (CVD), which consists of 

subcortical vascular dementia (SVaD) and subcortical vascular mild 

cognitive impairment (svMCI) (Seo, Ahn et al. 2010). Pathological studies 

demonstrated that patients who had been clinically diagnosed with SVaD 

often proved to have comorbid Alzheimer's disease (AD) pathologies 

(Chui, Zarow et al. 2006; Schneider, Arvanitakis et al. 2007; Jagust, 

Zheng et al. 2008). In addition, SVaD and AD have common risk factors 

such as age, hypertension and diabetes, dyslipidemia, etc (Petrovitch, 

White et al. 2000; Pappolla, Bryant-Thomas et al. 2003; de la Monte and 

Wands 2008). Therefore, previous studies have suggested that AD and 

SVaD may lie on opposite ends of a single disease spectrum (Kalaria and 

Ballard 1999). So, the interaction between cerebrovascular disease and 

amyloid burden is a matter of concern.  

11
C-Pittsburgh compound B [PiB] is a derivative of thioflavin-T 

and has been developed as a ligand for imaging cerebral fibrillar β-

amyloid (Aβ) (Klunk, Engler et al. 2004). Using PiB PET, in vivo 

amyloid burden can be measured without pathological studies.  

We focused on the effects of brain amyloid, which was measured 

by PiB PET imaging in the patients with PiB (+) SVCI. We aimed 1) to 
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evaluate the effects of ApoE4 genotype on the relationship between WMH 

and amyloid burden; 2) to explore the distribution of amyloid burden in 

PiB (+) SVCI compared to Alzheimer’s type cognitive impairment 

(ADCI); 3) to evaluate the effects of amyloid retention on the cortical 

atrophy or cognitive impairment in PiB (+) SVCI compared to ADCI.  

. 
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INTRODUCTION 

Subcortical vascular cognitive impairment (SVCI) refers to cognitive 

impairments due to cerebrovascular disease (CVD), which consists of 

subcortical vascular dementia (SVaD) and subcortical vascular mild 

cognitive impairment (svMCI) (Seo, Ahn et al. 2010). Pathological studies, 

however, demonstrated that patients who had been clinically diagnosed 

with SVaD often proved to have comorbid Alzheimer's disease (AD) 

pathologies (Chui, Zarow et al. 2006; Schneider, Arvanitakis et al. 2007; 

Jagust, Zheng et al. 2008). A study by our group using Pittsburgh 

compound-B (PiB) PET, a sensitive method to detect amyloid plaque 

burden during life (Klunk, Engler et al. 2004), also showed that over 30% 

of SVaD patients turned out to be PiB-positive (Lee, Kim et al. 2011).  

In epidemiologic studies, there are increasing evidences that 

CVD and AD dementia are strongly associated (Hofman, Ott et al. 1997; 

Schmidt, Ropele et al. 2005; Roher, Tyas et al. 2011; Shah, Vidal et al. 

2012). Some preclinical studies also suggest that CVD may directly 

induce amyloid burden (Garcia-Alloza, Gregory et al. 2011). Therefore, it 

has been suggested that CVD may accelerate the development of AD 

(Petrovitch, White et al. 2000).
 
There are two possible mechanisms that 

could explain the growing evidence linking CVD and AD dementia. The 

first is that CVD accelerates the deposition of brain amyloid, which leads 

to AD dementia. The second possible interpretation is that CVD produces 

brain damage, which would reduce cognitive reserve and thus make the 
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subjects more susceptible to the effects of AD pathology. One recent 

study of human subjects was unable to demonstrate any direct correlation 

between CVD and amyloid burden (Marchant, Reed et al. 2012). This 

result would be most consistent with the second mechanism (described 

above) that CVD lowers cognitive reserve without having a direct effect 

on development of brain amyloid pathology. However, this previous study 

did not consider the effect of the apolipoprotein E ε4 (ApoE4) genotype 

on the relationship between CVD and brain amyloid. The ApoE4 genotype 

is considered a major risk factor for AD and is thought to lower the age of 

onset for the development of AD and accelerate the aggregation of 

amyloid plaques (Castellano, Kim et al. 2011). Thus, it is possible that the 

ApoE4 genotype might modulate the relationship between CVD and 

amyloid burden.  

The current study aimed to examine the effects of ApoE4 on the 

relationship between CVD, which was quantified as WMH, and brain 

amyloid, which was measured by PiB PET imaging. We evaluated the 

relationship between CVD and amyloid burden in ApoE4 carriers and 

non-carriers, respectively. We hypothesized that there may be a correlation 

between the two pathologies modulated by the ApoE4 genotype status. 

Since our aim was to investigate the relationship between the two 

pathologies, we considered that subjects that have only one of the two 

pathologies may be inappropriate for our study goal. Therefore, we only 

included, from our SVCI cohort, the SVCI patients with PiB-positive scan.  
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MATERIALS AND METHODS 

Participants 

A total of 136 SVCI patients were consecutively recruited at Samsung 

Medical Center from September 2008 to August 2011. Patients with SVaD 

met the diagnostic criteria for vascular dementia as determined by the 

Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition 

(DSM-IV). DSM-IV criteria include the presence of focal signs suggestive 

of CVD, we defined the presence of focal signs as at least 2 focal 

neurologic signs out of corticobular, corticospinal, extrapyramidal signs 

and gait abnormalities. All SVaD patients had a signficant ischemia on 

their MRI scans, which was defined as a volume of WMH ≥15cm
3
. This 

cutoff value of 15 cm
3
 was the smallest volume of WMH in patients who 

met grade 3 modifed Fazekas ischemia criteria. A prior study suggested 

that WMH volume measurement might be more sensitive than visual 

scores (van Straaten, Fazekas et al. 2006). Patients with svMCI were 

diagnosed using the Petersen criteria (Petersen 2004) with the following 

modifications: 1) there was subjective cognitive complaint by the patient 

or his/her caregiver; 2) normal Activity of Daily Living (ADL) score by 

clinically and ADL scale (Seoul Instrumental ADL score below seven, 

which is a modified version of Lawton’s 1969 Instrumental ADL) 

(Lawton and Brody 1969; Ku, Kim et al. 2004); 3) the patient showed an 

objective memory decline below the 16th percentile on 

neuropsychological tests (Seo, Ahn et al. 2010; Chin, Seo et al. 2012; Seo, 



7 

 

Lee et al. 2012), 4) not having dementia; and 5) presence of a subcortical 

vascular feature defined as both focal neurological symptom or sign and 

the significant ischemia on MRI, as in the SVaD. We excluded
 
patients 

with other structural lesions on brain MRI such as territorial infarction, 

intracranial hemorrhage, traumatic brain injury, hydrocephalus, or WMH 

associated with radiation, multiple sclerosis, or vasculitis. The number of 

patients with svMCI and SVaD were 59 (43.4%) and 77 (56.6%), 

respectively.  

Patients with SVCI were classified as PiB-positive (PiB+) or 

PiB-negative (PiB-) if they had a global PiB retention ratio greater than or 

less than 1.5, respectively (Lee, Kim et al. 2011). Among the 136 patients 

with SVCI, 53 (39.0%) were positive for PiB retention, while 83 (61.0%) 

were negative. Among the 53 patients who were PiB+, 58.5% were ApoE4 

non-carriers (n=31: ε2/ε3, n=6; ε3/ε3, n=25), and 41.5% were ApoE4 

carriers (n=22: ε3/ε4, n=18; ε4/ε4, n=4).  

All patients completed a clinical interview and neurological 

examination, blood tests and ApoE genotype. All patients also completed 

a three-step diagnostic process. First, patients completed a medical 

interview conducted by an experienced neurologist, who obtained a 

medical history, a history of cognitive, behavioral, and functional 

impairments, and performed neurological examinations, including the 

Mini-Mental Status Exam (MMSE), Clinical Dementia Rating Sum of 

Boxes (CDR-SOB) and Geriatric Depression Scale (GDS). The interview 

also included items to assess patients’ abilities to engage in activities of 
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daily living. Second, the neuropsychology team performed a number of 

neuropsychological tests and conducted a clinical interview for cognitive, 

behavioral and functional impairments using semi-structured 

questionnaires. The scales for Neuropsychiatric Inventory, and Activities 

of Daily Living (ADL) scales were completed. The ADL scale used in this 

study was Seoul Instrumental ADL score, which is a modified version of 

Lawton’s Instrumental ADL (Lawton and Brody 1969; Ku, Kim et al. 

2004). Third, patients were diagnosed based on the results of all the 

diagnostic tests (neuropsychological reports, blood tests, and MRIs). 

Blood tests included a complete blood count, blood chemistry test, 

vitamin B12/folate measure, syphilis serology, thyroid functioning tests, 

and ApoE genotyping. We obtained a written consent from each patient 

and 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 (SNSB) (Ahn, Chin et al. 2010; 

Ahn, Seo et al. 2011) . This battery contains assessments of attention, 

language abilities, praxis, four elements of Gerstmann syndrome, 

visuospatial functioning, verbal and visual memory, and frontal/executive 

functioning. Among these subtests, the quantitatively scorable tests, 

including digit span (forward and backward), the Korean version of the 

Boston Naming Test (K-BNT) (Kim and Na 1999), the Rey-Osterrieth 
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Complex Figure Test (RCFT; copying, immediate and 20-min delayed 

recall, and recognition), Seoul Verbal Learning Test (SVLT; three 

learning-free recall trials of 12 words, a 20-minute delayed recall trial for 

these 12 items, and a recognition test), phonemic and semantic Controlled 

Oral Word Association Test (COWAT), and a Stroop Test (word and color 

reading of 112 items during a 2-min period) were used in current study. 

 

MR Imaging and Analysis 

Standardized T2, T1, fluid attenuated inversion recovery (FLAIR), and 

T2* GRE-MRIs were acquired from all subjects at Samsung Medical 

Center using the same 3.0T MRI scanner (Achieva; Philips Medical 

Systems, Best, the Netherlands). In all subjects, these images were 

obtained in 1 session, and all MRIs were obtained in the same orientation 

and slice positions. T2* GRE-MRIs were obtained using the following 

parameters: axial slice thickness=5.0mm, interslice thickness=2mm, 

repetition time=669 milliseconds, echo time=16 milliseconds, flip 

angle=18
o
, and matrix size=560 × 560 pixels. 

 

Measurement of Regional WMH Volume  

We quantified WMH volume (in cm
3
) on FLAIR images using an 

automated method as follows.
 
First, we extracted the white matter (WM) 

and gray matter (GM) regions on FLAIR images using a T1-weighted 

MRI classification method. Second, in order to extract WMH, a threshold 
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method was applied to the masked FLAIR MRI (the regions of WM and 

GM in FLAIR images). Even though the threshold value was selected 

considering the range of image intensities, segmented results could 

contain false positive or false negative regions depending on the extent of 

WMH. Therefore, if the results contained an error, the threshold value was 

reselected through visual inspection by 2 raters. 

 

[
11

C] PiB-PET Imaging  

All patients completed a standardized [
11

C] PiB-PET scan spanning the 

entire brain at Samsung Medical Center or Asan Medical Center using a 

Discovery STe PET/CT scanner (GE Medical Systems, Milwaukee, WI) 

in 3-dimensional scanning mode that examined 35 slices, each 4.25-mm 

thick. First, the 
11

C-PiB was injected into an antecubital vein as a bolus 

with a mean dose of 420 MBq (range 259–550 MBq). Sixty minutes after 

the injection, a CT scan was performed for attenuation correction. 

Afterwards, the 30-minute emission static PET scan was then initiated.
 
 

 

Data Analysis of [
11

C] PiB-PET Images 

PiB PET images were co-registered to each individual’s MRIs, which 

were normalized to a T1-weighted MRI template. Using these parameters, 

MRI co-registered PiB PET images were normalized to the MRI template. 

The quantitative regional values of PiB retention on the spatially 

normalized PiB images were obtained by an automated volume of interst 

(VOI) analysis tool using the automated anatomical labeling (AAL) atlas. 
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Data processing was performed using SPM version 5 (SPM5) through 

Matlab 6.5 (Mathworks, Natick, MA, USA).  

To measure PiB retention, we used the cerebral cortical region to 

cerebellum uptake ratio which is identical to the standardized uptake value 

ratios (SUVRs). The cerebellum was used as a reference region as it did 

not show group differences. We selected 28 cortical VOIs from left as well 

as right hemispheres using the AAL atlas. The cerebral cortical VOIs 

which were chosen for this study consisted of the following areas: 

bilateral frontal (superior and middle frontal gyri, medial part of superior 

frontal gyrus, opercular part of inferior frontal gyrus, triangular part of 

inferior frontal gyrus, supplementary motor area, orbital part of superior, 

middle, and inferior orbital frontal gyri, rectus and olfactory cortex), 

posterior cingulate gyri, parietal (superior and inferior parietal, 

supramarginal and angular gyri, and precuneus), lateral temporal (superior, 

middle and inferior temporal gyri, and heschl gyri), and occipital (superior, 

middle, and inferior occipital gyri, cuneus, calcarine fissure, and lingual 

and fusiform gyri). Regional cerebral cortical SUVRs were calculated by 

dividing each cortical VOI’s SUV by the mean SUV of the cerebellar 

cortex [cerebellum crus1 and crus2]. The global PiB retention ratio was 

calculated from the volume-weighted averages of the SUVRs of the 

bilateral cerebral cortical VOIs. We defined the PiB retention ratio as a 

continuous variable.  

 

Statistical Analysis 
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Comparisons of demographic and clinical data between ApoE4 non-

carriers and carriers were conducted using Student’s t test for normally 

distributed variables, and the Mann-Whitney U test for non-normally 

distributed variables. Categorical variables were evaluated using a χ
2
 test. 

In order to examine the relationship between WMH and PiB retention 

ratio, multiple linear regression analyses were performed using WMH as 

an independent factor and the global PiB retention ratio as a dependent 

variable with adjustment for age and gender. Assumptions of residual 

about normality, homoscedasticity, and independence were confirmed. 

Statistical significance was set at p < 0.05. Statistical analyses were 

conducted using PASW Statistics 18 (SPSS Inc, Chicago, IL, USA) 

software. 

In order to examine the relationship between WMH and PiB 

retention and to determine the regions where this relationship was 

significant, a voxel-based statistical analysis of the PiB images was 

performed using the Statistical Parametric Mapping program, version 2 

(SPM5), and Matlab 6.5 for Windows (Math Works, Natick, MA, USA). 

An SPM regression analysis was performed without global normalization, 

since the 
11

C-PiB PET images had been normalized to the cerebellar ROI 

PiB binding. Multivariate regression analysis was performed using WMH 

as a predictor and the PiB retention ratio at each voxel as a dependent 

variable after adjusting for age and gender. Colored area showed the 

statistically significant region with increased global PiB retention as the 

volume of WMH increased with adjustment for age and gender. We 
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defined statistical significance as p < 0.001, uncorrected.  

 

 

RESULTS 

Baseline Characteristics of the Subjects 

Demographic characteristics and imaging findings of the 53 patients are 

presented in Table 1-1. There were no differences in demographics or 

severity of cognitive impairment between ApoE4 non-carriers and carriers. 

There were also no differences in the median volume of WMH or mean 

global PiB SUVR between the two ApoE groups.  
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Table 1-1 Demographic characteristics and imaging findings in study 

population 

 Total ApoE4 (-) ApoE4 (+) p value
||
 

Number  53 31 22  

MCI
*
 19 (35.8%) 11 (35.5%) 8 (36.4%) > 0.999 

Age
†
 77.57±5.47 78.39±5.14 76.41±5.83 0.197 

Male, N (%)
*
 19 (35.8%) 13 (41.9%) 6 (27.3%) 0.420 

Education
†
 9.75±5.74 9.65±6.21 9.91±5.15 0.871 

K-MMSE
†
 21.58±5.77 20.87±5.78 22.59±5.70 0.288 

CDR SOB
‡
 

3.50 (1.50-

6.25) 

3.50 (1.50-

7.00) 

3.50 (1.50-

6.00) 
0.950 

HTN
*
 35 (66.0%) 17 (54.8%) 18 (81.8%) 0.080 

DM
*
 13 (24.5%) 7 (22.6%) 6 (27.3%) 0.946 

Dyslipidemia
*
 13 (24.5%) 6 (19.4%) 7 (31.8%) 0.475 

CAD
§
 8 (15.1%) 5 (16.1%) 3 (13.6%) > 0.999 

Stroke Hx
§
 8 (15.1%) 5 (16.1%) 3 (13.6%) > 0.999 

WMH volume 

(cm
3
)

‡
 

34.33(23.14-

46.79) 

36.02(24.34-

49.93) 

33.77 (21.94-

45.94) 
0.626 

MB 1.0 (0-4.0) 1.0 (0-4.0) 0.5 (0-4.0) 0.812 

Global PiB 

retention ratio
†
  

2.08±0.38  2.07±0.38  2.10±0.38 0.760 

 
Data are presented as mean ± standard deviation for normally distributed and 

median (25
th

-75
th

 percentile, interquartile range) for non-normally distributed 

variables. 
*
χ

2 
test with Yates’ continuity correction was used. 

†
Student’s t test was used. 

‡
Mann-Whitney U test was used.  

§
Fischer exact test was used.  

|| 
P-value for the comparison of the ApoE4 (-) group and ApoE4 (+) group. 
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MCI, mild cognitive impairment; K-MMSE, Korean version of the Mini-Mental 

State Examination; CDR SOB, Clinical Dementia Rating Sum of Box; HTN, 

hypertension; DM, diabetes mellitus; CAD, coronary artery disease ; Stroke Hx, 

stroke history; WMH, White Matter Hyperintensities; MB, microbleeds. 

 

Correlations between WMH and Global PiB Retention Ratio in 

Patients with ApoE4 Non-Carriers and Carriers 

In the whole PiB+ cohort, there was no correlation between WMH volume 

and cortical PiB retention (unstandardized coefficient β = 4.0×10
-3

, SE(β) 

= 3.0×10
-3

, p = 0.175).  

In the ApoE4 non-carriers, a significant positive correlation was 

shown between the volume of WMH and cortical PiB retention (β = 

7.0×10
-3

, SE(β) = 3.0×10
-3

, p = 0.034). However, no positive correlation 

was found in ApoE4 allele carriers (β = -9.0×10
-3

, SE(β) = 5.0×10
-3

, p = 

0.085) (figure 1-1).  

To evaluate the effect modification of ApoE4 status and WMH 

volume on amyloid burden, multiple linear regressions were performed in 

allApoE4 carriers and non-carriers (n=53 for total ApoE4 carriers and 

non-carriers). We used age, gender, WMH, ApoE4 status, and the 

interaction terms (ApoE4 status*WMH volume) as independent variables, 

and PiB retention ratio as the dependent variable. There tended to be 

interactions between ApoE4 status and WMH volume (p = 0.090).  
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Figure 1-1 Scatter plot graph between the volume of white matter 

hyperintensities (WMH) (cm
3
) and global PiB retention ratio. (A) Positive 

correlation with statistical significance was shown between WMH 

volumes and PiB retention in ApoE4 non-carrier. (B) Significant 

correlation was not shown between PiB retention and WMH volumes in 

ApoE4 carrier. 

 

Regional Correlation between WMH and Cortical PiB 

Retention in Patients with ApoE4 Non-Carriers  

In ApoE4 non-carriers, WMH volume was positively correlated with PiB 

retention in the bilateral medial occipitotemporal gyrus, cuneus, and the 

superior part of the cerebellum such as culmen, declive, anterior 

quadrangular lobule (p < 0.001, uncorrected) (figure 1-2).  
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Figure 1-2 SPM analysis of PiB retention showed the brain areas 

presenting significantly positive correlation between the volume of white 

matter hyperintensities (WMH) and global PiB retention in ApoE4 non-

carriers. In ApoE4 non-carriers, WMH volume was positively correlated 

with PiB retention in the bilateral medial occipitotemporal gyrus, cuneus, 

and superior part of the cerebellum.  

 

DISCUSSION 

Our major findings were as follows. First, ApoE4 status modulated the 

relationship between the volume of WMH and PiB retention. That is, 

ApoE4 non-carriers showed a significant positive correlation between the 

two pathologies, while no significant correlation was observed in ApoE4 

carriers. Second, the brain regions where WMH correlated with PiB 

retention were in the temporal, occipital and superior cerebellar regions. 

Our findings suggest that WMH is associated with amyloid burden, 
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especially in the posterior brain regions of ApoE4 non-carriers with 

PiB(+) SVCI. These findings raise the possibility that ApoE4 interacts 

with the pathogenesis of amyloid deposition in the presence of CVD. 

Possible mechanisms are discussed below.  

Our first major finding of a positive correlation between the 

volume of WMH and PiB retention ratio in ApoE4 non-carriers is 

consistent with many epidemiologic studies demonstrating an association 

between CVD and Alzheimer's disease pathology (Hofman, Ott et al. 

1997; Petrovitch, White et al. 2000; Pappolla, Bryant-Thomas et al. 2003; 

Roher, Tyas et al. 2011; Shah, Vidal et al. 2012). Furthermore, a recent 

preclinical study showed the direct relationship between ischemic lesion 

and amyloid burden (Garcia-Alloza, Gregory et al. 2011). A previous 

study also suggested that patients with stroke had increased PiB retention 

in the peri-infarct region (Ly, Rowe et al. 2012). In contrast, one PiB PET 

study, based on healthy subjects with normal cognition, showed there was 

no correlation between the two pathologies (Marchant, Reed et al. 2012), 

but this study did not factor in the effect of the ApoE4 genotype. Indeed, 

in the present study, we found no correlation between WMH and amyloid 

burden in the carriers and non-carriers combined. Another reason for the 

discrepancy between previous findings and our current findings may be 

the difference in the subject population. Our study included MCI and 

dementia patients with greater amounts of WMH and brain amyloid in 

comparison with the previous asymptomatic community subjects 

(Marchant, Reed et al. 2012) with lower amounts of WMH and brain 
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amyloid. The mechanisms underpinning the positive correlation between 

WMH and PiB retention remain unclear. However, it is possible that these 

two factors interact with each other (interactive hypothesis). One 

hypothesis is that CVD, reflected by WMH can block the clearance of 

amyloid via perivascular lymphatic drainage (Weller, Subash et al. 2008; 

Zlokovic 2011). Alternatively, amyloid deposition in small or medium 

sized arterioles can lead to amyloid angiopathy, which may also result in 

severe WMH (Viswanathan and Greenberg 2011). However, since both 

Alzheimer disease and vascular pathologies usually occur in the elderly 

and share risk factors such as hypertension, diabetes, and hyperlipidemia, 

it is also possible that both pathologies can occur independently by chance 

(Petrovitch, White et al. 2000; Pappolla, Bryant-Thomas et al. 2003; de la 

Monte and Wands 2008). 

Our second major finding was that WMH were associated with 

amyloid burden predominantly in the temporal, occipital and superior 

cerebellar regions which are not typically affected by amyloid burden in 

AD (Joachim, Morris et al. 1989). This finding is similar to a recent report 

that amyloid deposition occurred predominantly in the occipital areas and 

cerebellum in patients with carotid stenosis (Huang, Lin et al. 2012). The 

reason why WMH were correlated with amyloid burden in the posterior 

brain region in ApoE4 non-carriers remains unclear. We suggest that there 

are at least two possibilities to explain the relationship between WMH and 

amyloid: (1) the distribution corresponds to the posterior circulation, 

which is supplied by vertebrobasilar system; (Caplan 2000) or (2) it is 
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related to the topography of cerebral amyloid angiopathy (CAA). The 

posterior circulation may be vulnerable to injury and dysfunction of the 

endothelium leading to blood brain barrier (BBB) disruption (Feske 2011). 

For example, patients with hypertensive encephalopathy have 

vasculopathic changes predominantly in the posterior circulation areas. 

Furthermore, emerging evidence suggests that BBB disruption may 

contribute to the development of AD (Zlokovic, Ghiso et al. 1993; Deane, 

Du Yan et al. 2003; Ujiie, Dickstein et al. 2003; Bell and Zlokovic 2009; 

Zlokovic 2011), possibly through increased blockage of amyloid clearance. 

Therefore, it is possible that CVD may result in preferential BBB 

disruption in the posterior circulation, which may induce increased 

amyloid deposition in these areas. Alternatively, the association between 

WMH and amyloid burden might be related to CAA, which involves 

predominantly the occipital and temporal regions (Weller and Nicoll 

2005; Johnson, Gregas et al. 2007; Viswanathan and Greenberg 2011).  

We found no correlation between WMH and PiB retention in 

ApoE4 carriers, similar to a previous report that did not account for 

ApoE4 (Marchant, Reed et al. 2012). Although animal studies have shown 

that ApoE4 is associated with enhanced β-amyloid aggregation (Holtzman, 

Bales et al. 2000; Bales, Liu et al. 2009) and reduced amyloid clearance 

(Deane, Du Yan et al. 2003; Deane, Sagare et al. 2008; Castellano, Kim et 

al. 2011), resulting in β-amyloid deposition, the mechanism by which 

ApoE4 promotes earlier age of amyloid deposition in humans is not 

known. Amyloid imaging studies have repeatedly shown that age and 
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ApoE4 status are the primary predictors of brain amyloid load. Therefore, 

we suggest that the powerful effects of ApoE4 on brain amyloid override 

the effects of CVD (WMH) on brain amyloid in ApoE4 positive subjects.  

There are some limitations to our study. First, we were unable to 

test the hypothesis of a causal relationship between ischemia and amyloid 

burden because this was a cross-sectional study. Longitudinal studies with 

serial MRI and PiB PET would be able to examine this issue. Second, all 

of the patients in this study had cognitive impairment, which may limit the 

generalizability of the results. However, since both CVD and amyloid 

pathology are related to cognitive impairment, our population is 

representative of an important clinical manifestation of these processes. 

Finally, we were unable to differentiate the parenchymal amyloid from 

vascular amyloid using PiB-PET. However, in this study, there were no 

subjects who met the clinical criteria for CAA (Knudsen, Rosand et al. 

2001) or showed restricted lobar MB.  

Nevertheless, this study is noteworthy because it is the first 

human study demonstrating the correlation of severity of small vessel 

related ischemia and amyloid burden in ApoE4 non-carriers, especially in 

the posterior cortical regions. Further investigation on the interaction of 

CVD and amyloid deposition may provide clues to treatment or 

prevention strategies for dementia.  
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Impairment 
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INTRODUCTION 

Subcortical vascular dementia (SVaD) is considered the most common 

type of vascular dementia and often develops in a slow progressive 

manner, similar to Alzheimer’s disease (AD) (Roman, Erkinjuntti et al. 

2002; Chui, Zarow et al. 2006; Menon and Kelley 2009). Subcortical 

vascular mild cognitive impairment (svMCI) is a more recently defined 

condition, thought to represent a prodromal stage of SVaD (Seo, Cho et al. 

2009; Seo, Ahn et al. 2010). Subcortical vascular cognitive impairment 

(SVCI) refers to cognitive impairments that arise from cerebrovascular 

disease (CVD), and includes both SVaD and svMCI (Seo, Ahn et al. 

2010; Kim, Park et al. 2011) (Park, Seo et al. 2013). Previous pathological 

studies have demonstrated that some patients clinically diagnosed with 

SVaD also have co-associated AD pathologies (Chui, Zarow et al. 2006; 

Schneider, Arvanitakis et al. 2007; Jagust, Zheng et al. 2008). 
11

C-

Pittsburgh compound B [PiB] is a derivative of thioflavin-T and has been 

developed as a ligand for imaging cerebral fibrillar β-amyloid (Aβ) 

(Klunk, Engler et al. 2004). A study from our group using Pittsburgh 

compound-B (PiB) PET have shown that over 30% of SVaD patients can 

be defined as PiB-positive (Lee, Kim et al. 2011). 

The comparison between SVCI with ADCI in terms of the 

distribution of amyloid retention may have implications in identifying the 

underlying pathogenesis how the dual pathology (vascular and Alzheimer 
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pathologies) develops in the brains of SVCI patients. The mechanisms 

underpinning the dual pathology in SVCI patients remains unclear, 

although three hypotheses have been proposed. The first postulates that 

vascular risk factors cause severe WMH, leading to the blockage of 

clearance or increased production of amyloid (Vascular first hypothesis) 

(Weller, Subash et al. 2008; Zlokovic 2011). The second hypothesis 

proposes that since both Alzheimer’s and vascular pathologies usually 

occur in older age groups and share risk factors such as hypertension, 

diabetes, and hyperlipidemia, both pathologies occur simultaneously 

(Concomitant hypothesis) (Petrovitch, White et al. 2000; Pappolla, 

Bryant-Thomas et al. 2003; de la Monte and Wands 2008). The third 

hypothesis postulates that amyloid deposition in small or medium-sized 

arteries can lead to amyloid angiopathy, which together with vascular risk 

factors can result in severe WMH (Amyloid first hypothesis) (Weller and 

Nicoll 2005; Viswanathan and Greenberg 2011). 

To date, however, few studies have compared SVCI with ADCI 

in terms of the distribution of amyloid retention. Only a recent study from 

our team has shown that PiB+ SVaD patients exhibit more amyloid 

retention in bilateral perirolandic areas and the midcerebellar peduncle 

(Lee, Kim et al. 2011). This study, however, did not consider the severity 

of amyloid burden, although the comparison of the groups in different 

stages of amyloid burden would help elucidate the mechanism of the dual 

pathology of SVCI. More specifically, if amyloid first hypothesis works, 
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the two groups would be similar in terms of amyloid distribution 

throughout the stages, whereas if the vascular first hypothesis is true, the 

amyloid distribution pattern would be different according to the stage. 

 In the present study, we aimed to investigate the differential 

distribution of amyloid burden in PiB+ SVCI compared to ADCI. 

Specifically, we sought to test the hypothesis that the distribution of 

amyloid retention in patients with PiB+ SVCI differs according to the 

severity of amyloid burden. We divided the PiB+ SVCI and PiB+ ADCI 

subjects into tertiles according to the global PiB retention ratios, and 

compared each tertile of SVCI and ADCI subgroups in terms of amyloid 

distribution.  

 

MATERIALS AND METHODS 

Participants 

We prospectively recruited 253 subjects who were clinically diagnosed 

with AD (n=70), SVaD (n= 70), aMCI (n= 46) or svMCI (n= 67). All 

subjects underwent 11C-PIB positron emission tomography (PET) 

scanning and 3.0-Tesla MRI at Samsung Medical Center, between 

September 2008 and May 2011. Probable AD dementia was diagnosed by 

fulfillment of the criteria proposed by the National Institute of 

Neurological and Communicative Disorders and Stroke and the AD and 

Related Disorders Association (McKhann, Drachman et al. 1984). 

Diagnosis of SVaD fulfilled the criteria described in the Diagnostic and 
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Statistical Manual of Mental Disorders–Fourth Edition (DSM-IV) and was 

dependent upon the presence of “severe” white matter hyperintensities 

(WMH) on MRI. The severe WMH on MRI was defined as a cap or a 

band ≥ 10mm as well as a deep white matter lesion ≥25 mm, as modified 

from Fazekas ischemia criteria (Fazekas, Chawluk et al. 1987; Seo, Cho 

et al. 2009). The aMCI and svMCI patients met Petersen’s criteria for 

MCI with modifications as previously described (Petersen, Smith et al. 

1999). All svMCI patients had severe WMH on their MRI scans, which 

was defined in the SVaD criteria. All aMCI and AD patients exhibited 

minimal (PWMH <5mm and DWMH <5mm) or moderate WMH 

(between minimal and severe grades). We employed the operational 

definition: aMCI + AD = Alzheimer’s disease related cognitive 

impairment (ADCI); svMCI + SVaD = subcortical vascular cognitive 

impairment (SVCI).  

 Patients were classified as PiB-positive (PiB+) or PiB-negative 

(PiB-) if they exhibited a global PiB retention ratio over 1.5 (>2 standard 

deviations from the mean of the normal controls) (Lee, Kim et al. 2011). 

We included PiB+ patients in the study to clarify the PiB topographical 

differences between ADCI and SVCI. Among the 137 patients with SVCI, 

44 (32.1%) were positive for PiB retention, while 93 (67.9%) were 

negative. Among the 116 patients with ADCI, 91 (78.4%) were positive 

for PiB retention. We included aMCI and AD cases only with minimal 

WMH (PWMH <5mm and DWMH <5mm), and excluded moderate 

WMH to maximize the PiB topographical differences between ADCI and 
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SVCI, which may be related to WMH. In addition, to minimize the age 

effect on PiB retention, patients ≥65 years were enrolled in the study. This 

is because the patterns of amyloid retention in AD patients are known to 

be different according to the age-at-onset. (Choo, Lee et al. 2011; Cho, 

Seo et al. 2013). The final study subjects comprised 44 patients with 

ADCI (aMCI=16, AD=28), who tested positive for PiB retention [PiB+ 

ADCI] and 44 patients with SVCI (svMCI=16, SVaD=28) who tested 

positive for PiB retention [PIB+ SVCI]. Fourteen PiB+ SVaD patients and 

14 AD patients overlapped with a previous study conducted by our group 

(Lee, Kim et al. 2011). All patients completed a clinical interview, and 

underwent neurological examinations, blood tests and ApoE genotyping 

as previously described (Lee, Kim et al. 2011). 

 The normal control participants were 13 cognitively healthy 

volunteers with no history of neurologic or psychiatric illnesses, and no 

abnormalities detected on neurologic examinations. They were family 

members of outpatients recruited at the Memory Disorder Clinics of 

Samsung Medical Center and Asan Medical Center. Their demographic 

profiles are shown in Table 1. 

 We obtained written informed consent from each patient and the 

Institutional Review Boards of Samsung Medical Center and Asan 

Medical Center approved the study protocol. 

 

MR imaging and analysis are same as the description in 

Chapter 1.  
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[
11

C] PiB-PET Imaging  

All patients, as well as four normal control participants at Samsung 

Medical Center and nine normal control participants at Asan Medical 

Center completed the [
11

C] PiB-PET scan. All subjects completed PET 

scans with identical settings using a Discovery STe PET/CT scanner (GE 

Medical Systems, Milwaukee, WI) using the same scanning protocol, in 

order to minimize variance due to scanner differences. The detailed 

radiochemistry profiles and scanning protocol have been described 

elsewhere (Lee, Kim et al. 2011). 

 

Data analysis  

PiB PET images were co-registered to individual MRIs, which were 

normalized to a T1-weighted MRI template. Using these parameters, MRI 

co-registered PiB PET images were normalized to the MRI template. The 

quantitative regional values of PiB retention on the spatially normalized 

PiB images were obtained with an automated volume of interest (VOI) 

analysis using the automated anatomical labeling (AAL) atlas. Data 

processing was performed using SPM Version 5 (SPM5) within the 

Matlab 6.5 software package (Mathworks, Natick, MA). 

To measure PiB retention, we used the standardized uptake value 

ratios (SUVRs), using the cerebellum as a reference region where there 

were minimal group differences. We selected 28 cortical VOIs from left as 
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well as right hemispheres using the AAL atlas. The cerebral cortical VOIs 

chosen for this study consisted of bilateral frontal (superior and middle 

frontal gyri, medial part of superior frontal gyrus, opercular part of 

inferior frontal gyrus, triangular part of inferior frontal gyrus, 

supplementary motor area, orbital part of superior, middle, and inferior 

orbital frontal gyri, rectus and olfactory cortex), posterior cingulate gyri, 

parietal (superior and inferior parietal, supramarginal and angular gyri, 

and precuneus), lateral temporal (superior, middle and inferior temporal 

gyri, and heschl gyri), and occipital (superior, middle, and inferior 

occipital gyri, cuneus, calcarine fissure, and lingual and fusiform gyri) 

regions. Regional cerebral cortical SUVRs were calculated by dividing 

each cortical VOI’s SUV by the mean SUV of the cerebellar cortex 

[cerebellum crus1 and crus2]. Global PiB uptake ratios were calculated 

from the volume-weighted average SUVR of bilateral 28 cerebral cortical 

VOIs.  

Pre-defined regions of interest included (separately for left and 

right hemispheres): the frontal cortex (anterior to precentral gyrus), 

precuneus, posterior cingulate cortex, lateral parietal cortex, lateral 

temporal cortex, occipital cortex, and striatum. As a measure of global 

amyloid burden we calculated a PiB index, representing the subject’s 

mean distribution volume ratio in frontal, parietal, lateral temporal, 

precuneus-posterior cingulate cortices and striatum (Cho, Seo et al. 2013).  

 

Voxel-wise group comparison of PiB PET images 
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To compare the distribution of PiB retention between patients with ADCI 

and normal controls, the distribution between SVCI patients and normal 

controls, and the distribution between patients with ADCI and SVCI , a 

voxel-based statistical analysis was performed using the Statistical 

Parametric Mapping program, Version 5 (SPM5), and Matlab 6.5 for 

Windows (Math Works, Natick, MA). An SPM analysis was performed 

without global count normalization, since the 
11

C-PiB PET images had 

been changed to the uptake ratio (SUVR) parametric image using the 

cerebellar ROI uptake value. Statistical comparisons between groups were 

performed on a voxel-by-voxel basis using t statistics. For comparison 

between ADCI or SVCI and normal controls, we investigated the 

increased PiB retention areas of the brain at a height threshold of FWE 

corrected p value <0.05 and at an extent threshold of 150 voxels with 

adjustments for age, gender and education. Comparisons between ADCI 

and SVCI were investigated at a height threshold of p 

<0.001(uncorrected) with other conditions the same as for patients with 

ADCI or SVCI and normal controls. The MNI coordinates of the local 

maximum of each cluster were converted into Talairach coordinates. 

 

Subgroups classified according to global PiB retention ratios 

We divided the patients with SVCI and ADCI into tertiary groups 

according to the global PiB retention ratio of SVCI, in order to identify 

the topographical differences between the two groups in accordance with 

the severity of amyloid burden.  
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Low PiB group (global PiB retention ratio 1.50-2.01): 

SVCI (n=15), ADCI (n=8) 

Intermediate PiB group (global PiB retention ratio 2.02-2.21): 

SVCI (n=15), ADCI (n=14) 

High PiB group (global PiB retention ratio 2.22-2.86): 

SVCI (n=14), ADCI (n=22) 

 

Quantitative analysis of PiB laterality and symmetry  

The left-right asymmetry index (L-R AI) and the anterior-posterior 

asymmetry index (A-P AI) were calculated using the formula defined 

below (Raji, Becker et al. 2008; Kim, Lee et al. 2012): 

 

L-R AI = [Left ROI SUV – Right ROI SUV]/[Left ROI SUV + Right ROI 

SUV]×100 

A-P AI = [Frontal ROI SUV – PC-PCC ROI SUV]/[Frontal ROI SUV + 

PC-PCC ROI SUV]×100 

 

When comparing AIs between groups, we used absolute values 

in order to compare the degree of asymmetry. When the absolute values of 

LSs of SVCI were greater than those of ADCI, we regarded it as an 

increase in asymmetry, and vice versa.  

PiB SUV in the frontal, parietal, temporal and cingulate cortices 

were used when L-R AI was calculated. PiB in frontal areas and those in 
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PC-PCC areas were used where A-P AI was calculated, as both the frontal 

and PC-PCC areas are known to be locations where amyloid burden is 

frequently abundant in AD (Ossenkoppele, Zwan et al. 2012; Cho, Seo et 

al. 2013). 

 

Statistical analysis 

Comparisons of demographic and clinical data between ADCI and SVCI 

were conducted using student’s t test for normally distributed variables 

and the Mann-Whitney U test for non-normally distributed variables. 

Categorical variables were evaluated using the χ
2
 test. Analysis of global 

mean and each ROIs PiB index was performed using student t-tests for 

normally distributed variables and the Mann-Whitney U test for non-

normally distributed variables. Statistical significance was defined as p < 

0.05. Statistical analyses were conducted with PASW Statistics 18 (SPSS 

Inc, Chicago, IL, USA) software. 

 

RESULTS 

1. PiB+ ADCI vs PiB+ SVCI – All patients 

1.1. Demographic and clinical characteristics  

Demographic characteristics and imaging findings of the 88 patients are 

presented in Table 1. There were significant differences between the two 

groups in terms of age, CVD markers on MRI, such as the volume of 

WMH, total number of lacune, total number of microbleeds, global PiB 
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retention ratios and APOE ε4 carrier status. ADCI patients overall were 

younger than SVCI patients. CVD markers on MRI were higher in SVCI 

than in ADCI patients (figure 2-1). The global PiB retention ratios and the 

frequency of APOE ε4 carrier
 
were higher in ADCI. 

 

 

 

Figure 2-1 Representative Pittsburgh compound B PET images. 

Representative axial distribution volume ratio Pittsburgh compound B 

PET images of a patient with Alzheimer disease (A) and subcortical 

vascular dementia (B)  
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Table 2-1 Demographic and clinical characteristics in study population 

 

 ADCI SVCI P value 
Normal 

controls 

Number 44 44  13 

MCI (%) 16 (36.4%) 16 (36.4%) > 0.999 - 

Age
a
 73.4±4.14 77.5±5.08 < 0.001 66.6±6.93 

Gender 

(male, %)
b
 

23 (52.3%) 15 (34.1%) 0.085       5 (38.5%) 

Education
c
 

12.0 (8.3-

16.0) 

12.0 (4.3-

13.5) 
0.108 

16.0 

(12.0-

16.0) 

K-MMSE
a
 20.7±5.06 21.1±5.87 0.727 29.1±0.86 

CDR SOB
c
 3.5 (2.1-5.5) 3.5 (1.5-6.5) 0.980  

HTN
b
 22 (50.0%) 30 (68.2%) 0.083  

DM
b
 5 (11.4%) 11 (25.0%) 0.097  

Dyslipidemia
b
 12 (27.3%) 11 (25.0%) 0.808  

CAD
b
 4 (9.1%) 7 (15.9%) 0.334  

Stroke Hx
d
 2 (4.5%) 7 (15.9%) 0.157  

ICV
c
 

1.34×10
6
 

(1.27×10
6
– 

1.50×10
6
) 

1.36×10
6
 

(1.29×10
6
– 

1.44×10
6
) 

0.933 

 

WMH volume 

(cm
3
)

c
 

1.37 (0.96-

3.80) 

37.08 (23.99-

52.34) 
< 0.001 

 

Total lacunes 0 (0-0) 4.0 (1.3-9.0) < 0.001  

Total MB 0 (0-0) 1.0 (0-4.8) < 0.001  

Cortical MB 0 (0-0) 0 (0-3.0) < 0.001  

Subcortical 

MB 
0 (0-0) 0 (0-1.0) < 0.001 

 

Global PiB 

retention ratio
a
 

2.24±0.29 2.10±0.33 0.038 
 

APOE ε4 

carrier
b
 

29 (65.9%) 19 (43.2%) 0.032 
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Data are presented as mean ±SD for normally distributed and median (25
th

-75
th

 

percentile, IQR) for non-normally distributed variables. 
a
 Student’s t test was used. 

b
 χ

2 
test was used. 

c
 Mann-Whitney U test was used.  

d
 Fisher’s exact test was used. 

MCI, mild cognitive impairment; K-MMSE, Korean version of the Mini-Mental 

State Examination; CDR SOB, Clinical Dementia Rating Sum of Box; HTN, 

hypertension; DM, diabetes mellitus; CAD, coronary artery disease ; Stroke Hx, 

Stroke History; ICV, intracranial volume; WMH, White Matter Hyperintensities; 

MB, microbleeds; SD, standard deviation; IQR, interquartile range. 

  

 

1.2. PiB PET imaging  

Voxel-wise comparison 

Compared to normal controls, both ADCI and SVCI patients showed 

diffuse, symmetric PiB retention throughout the bilateral hemispheres 

with sparing of the primary sensorimotor and visual cortex and 

hippocampus (p [FEW] <0.05, figures 2-2A, B). SPM analysis using age, 

gender and education year, as well as global PiB retention ratios as 

covariates showed the ADCI patients retained higher levels of PiB 

retention in the left anterior frontal, bilateral basal ganglia, and the right 

supramarginal gyrus than did SVCI patients at a threshold of p <0.001 

(uncorrected) (figure 2-2C). In contrast, the precuneus, cuneus, 

perirolandic areas, and the superior portion of the cerebella showed higher 

levels of amyloid retention in SVCI than in ADCI patients (p <0.001, 

uncorrected; figure 2-2D). 
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Figure 2-2 Statistical parametric mapping analysis of Pittsburgh 

compound B (PiB) retention in whole PiB (+) patients 

A, B: FWE corrected (p<0.05), with age, gender, education adjustment 

C, D: uncorrected p<0.001, with age, gender, education, global PiB 

retention ratio adjustment  

 

ROI comparison 

Relative to global PiB retention, temporal and striatum retention values 

were significantly greater in ADCI than SVCI patients (temporal/global: 

0.99±0.04 vs 0.97±0.06, p=0.046; striatum/global: 1.04±0.09 vs 0.94±0.11, 

p < 0.001). Occipital and precuneus (PC)-posterior cingulate cortex (PCC) 

retention values, relative to global PiB retention values were significantly 
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greater in SVCI and ADCI patients (occipital/global: 0.90±0.09 vs 

0.96±0.09, p=0.001; PC-PCC/global: 1.07±0.07 vs 1.11±0.02, p=0.023) 

(Table 2-2). 

  The left-right asymmetry index (L-R AI) revealed that asymmetry 

in parietal retention was greater in SVCI than in ADCI; L-R AI in PC-

PCC showed the trend to be greater in SVCI than in ADCI. The anterior-

posterior asymmetry index (A-P AI) was also greater in SVCI than in 

ADCI (Table 2-2). The majority of the patients exhibited posterior (PC-

PCC) retention values greater than anterior (frontal) retention in both 

groups (n=33 in ADCI, n=37 in SVCI).  
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Table 2-2 Comparison of distribution of Pittsburgh compound B uptake 

between ADCI group and SVCI group 

 ADCI SVCI P value 

Region to global 

PiB ratio 
   

Frontal/ Global PiB 

Ratio 
0.9985±0.03725 0.9869±0.04222 0.176 

Parietal/Global PiB 

Ratio 
0.9419±0.07891 0.9674±0.09604 0.177 

Temporal/Global 

PiB Ratio 
0.9866±0.03950 0.9651±0.05821 0.046 

Occipital/Global PiB 

Ratio 
0.8970±0.08569 0.9634±0.08691 0.001 

PC-PCC/Global PiB 

Ratio 
1.0684±0.07163 1.1082±0.08875 0.023 

Striatum/Global PiB 

Ratio 
1.0432±0.09192 0.9380±0.10641 <0.001 

Asymmetry Index    

L-R AI    

Frontal 2.13 (0.73-2.87) 2.05 (1.03-4.15) 0.418 

Parietal 2.66 (0.81-5.49) 5.10 (2.40-8.23) 0.001 

Temporal 2.19 (1.17-3.77) 3.07 (1.65-4.79) 0.166 

Occipital 3.06 (1.48-5.12) 3.26 (1.29-6.40) 0.634 

PC-PCC 1.25 (0.59-2.58) 1.77 (1.01-3.43) 0.070 

Striatum 1.99 (1.12-3.35) 2.17 (0.83-3.84) 0.554 

A-P AI 3.89 (2.00-6.80) 6.02 (3.03-9.08) 0.012 

 
Data are presented as mean ±SD for normally distributed and median (25

th
-75

th
 

percentile, IQR) for non-normally distributed variables. 

PiB, Pittsburgh compound B; PC-PCC, precuneus + posterior cingulated gyrus; 

L-R AI, Left-Right Asymmetry Index; A-P AI, Anterior-Posteior Asymmetry 

Index. 
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2. Comparison of SVCI and ADCI in each tertile according to 

global PiB retention 

2.1. Demographic and clinical characteristics  

Comparisons of demographic and clinical characteristics between ADCI 

and SVCI patients in each subgroup are showed in Table 2-3. Only the 

intermediate PiB group revealed significant differences between ADCI 

and SVCI in terms of age, gender and education. 
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Table 2-3 Demographic and clinical characteristics in study population 

 Low PiB group  Intermediate PiB group  High PiB group      

 
ADCI  

(n=8) 

SVCI 

(n=15) 

P 

value 

 ADCI 

(n=14) 

SVCI 

(n=15) 

P 

value 

 ADCI  

(n= 22) 

SVCI 

(n=14) 

P 

value 

Age 
74.0  

(69.5-76.8) 

77.0  

(73.0-83.0) 
0.128 

 73.5  

(70.8-75.3) 

79.0  

(76.0-82.0) 
<0.001 

 73.0  

(69.0-78.3) 

76.5  

(73.5-81.0) 
0.129 

Gender 

(Male, %) 
5 (62.5%) 5 (33.3%) 0.221 

 
8 (57.1%) 3 (20.0%) 0.039 

 
10 (45.5%) 7 (50.0%) 0.790 

Education 
13.0  

(9.5-15.8) 

12.0  

(3.0-16.0) 
0.671 

 13.5  

(8.3-16.0) 

6.0  

(3.0-12.0) 
0.007 

 12.0  

(6.0-16.0) 

12.0  

(8.3-16.0) 
0.729 

ICV (×10
6
) 

1.32  

(1.27-1.52) 

1.36  

(1.29-1.43) 
0.949 

 1.36  

(1.30-1.47) 

1.35  

(1.29-1.42) 
0.407 

 1.33  

(1.26-1.45) 

1.37  

(1.29-1.46) 
0.436 

Global 

Cognition 
   

 
   

 
   

K-MMSE 
23.5  

(17.8-26.5) 

22.0  

(19.0-26.0) 
0.948 

 21.5  

(19.8-24.3) 

23.0  

(16.0-25.0) 
0.701 

 19.0  

(15.0-25.0) 

18.0  

(15.8-25.3) 
0.909 

CDR-SOB 
3.0  

(1.8-4.9) 

3.5  

(1.0-7.0) 
<0.999 

 3.5  

(2.8-5.9) 

2.5 

 (1.5-5.5) 
0.417 

 2.0  

(3.5-5.5) 

4.8  

(2.5-10.0) 
0.298 

Vascular 

Risk factors 
   

 
   

 
   

HTN 4 (50.0%) 12 (80.0%) 0.182  8 (57.1%) 9 (60.0%) 0.876  10 (45.5%) 9 (64.3%) 0.270 

DM 1 (12.5%) 5 (33.3%) 0.369  2 (14.3%) 2 (13.3%) >0.999  2 (9.1%) 4 (28.6%) 0.181 

Dyslipidemia 2 (25.0%) 5 (33.3%) >0.999  5 (35.7%) 3 (20.0%) 0.427  5 (22.7%) 3 (21.4%) >0.999 
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CAD 1 (12.5%) 2 (13.3%) >0.999  2 (14.3%) 4 (26.7%) 0.651  1 (4.5%) 1 (7.1%) >0.999 

Stroke Hx 1 (12.5%) 3 (20.0%) >0.999  0 3 (20.0%) 0.224  1 (4.5%) 1 (7.1%) >0.999 

MRI 

markers on 

ischemia 

   

 

   

 

   

WMHV 
1.20  

(0.95-3.71) 

42.92 

(26.24-

49.93) 

<0.001 

 
2.22  

(1.06-3.87) 

37.13 

(21.06-

53.14) 

<0.001 

 
1.34  

(0.64-4.92) 

32.01 

(19.45-

66.25) 

<0.001 

Total lacune 0 (0-0) 
5.0  

(2.0-6.0) 
0.001 

 
0 (0-0) 

6.0  

(2.0-10.0) 
<0.001 

 
0 (0-0) 

2.0  

(0.75-8.0) 
<0.001 

Total MB 0 (0-0) 2.0 (0-6.0) 0.004  0 (0-0) 1.0 (0-2.0) 0.074  0 (0-0) 0.5 (0-13.0) 0.004 

PiB PET            

Global PIB 

retention 

ratio 

1.85  

(1.66-1.95) 

1.76  

(1.59-1.90) 
0.401 

 
2.16  

(2.10-2.21) 

2.13  

(2.07-2.18) 
0.176 

 
2.44  

(2.30-2.56) 

2.39  

(2.28-2.67) 
0.897 

APOE 

genotype 
   

 
   

 
   

APOE ε4 

carrier 
4 (50.0%) 7 (46.7%) >0.999 

 
10 (71.4%) 7 (46.7%) 0.264 

 
15 (68.2%) 5 (35.7%) 0.056 

 

Data are presented as median (25
th

-75
th

 percentile, IQR). 

MCI, mild cognitive impairment; K-MMSE, Korean version of the Mini-Mental State Examination; CDR SOB, Clinical 

Dementia Rating Sum of Box; HTN, hypertension; DM, diabetes mellitus; CAD, coronary artery disease ; Stroke Hx, Stroke 

History; ICV, intracranial volume; WMH, White Matter Hyperintensities; MB, microbleeds; IQR, interquartile range. 
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Table 2-4 Distribution of Pittsburgh compound B uptake  

 Low PiB group  Intermediate PiB group  High PiB group 

 ADCI SVCI P 

value 

 ADCI SVCI P 

value 

 ADCI SVCI P 

value 

Region to 

Global PiB 

ratio 

           

Frontal to 

Global PiB 

Ratio 

0.9933 

(0.9432-

1.0230) 

0.9798  

(0.9628-

1.0051) 

0.949  0.9872 

(0.9795-

1.0028) 

0.9769 

(0.9588-

0.9961) 

0.432  1.0165 

(0.9859-

1.0266) 

0.9834 

(0.9546-

1.0061) 

0.021 

Parietal to 

Global PiB 

Ratio 

0.9477 

(0.9071-

1.0426) 

0.9316 

(0.8771-

1.0356) 

0.747  0.9335 

(0.8920-

0.9908) 

0.9241 

(0.8969-

1.0072) 

0.965  0.9325 

(0.8685-

1.0026) 

1.0097 

(0.9631-

1.0471) 

0.007 

Temporal to 

Global PiB 

Ratio 

0.9812 

(0.9428-

1.0338) 

0.9612 

(0.9123-

0.9882) 

0.197  0.9954 

(0.9700-

1.0094) 

0.9793 

(0.9191-

1.0208) 

0.485  0.9863 

(0.9496-

1.0103) 

0.9624 

(0.9269-

0.9858) 

0.048 

Occipital to 

Global PiB 

Ratio 

0.9717 

(0.8441-

1.0505) 

0.9277 

(0.8823-

1.0315) 

0.747  0.8701 

(0.8210-

0.9393) 

0.9996 

(0.9477-

1.0424) 

0.003  0.8772 

(0.8269-

0.9626) 

0.9355 

(0.9036-

0.9869) 

0.074 

PC-PCC to 

Global PiB 

Ratio 

1.1094 

(1.0524-

1.1729) 

1.1201 

(1.0405-

1.2087) 

0.949  1.0555 

(1.0337-

1.1142) 

1.0737 

(1.0384-

1.1431) 

0.631  1.0543 

(1.0050-

1.0804) 

1.1041 

(1.0653-

1.1318) 

0.005 

Striatum to 0.8542 0.7605 0.138  0.8735 0.7558 <0.001  0.8750 0.7135 0.021 
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Global PiB 

Ratio 

(0.7901-

0.9247) 

(0.6951-

0.8293) 

(0.8232-

0.9281) 

(0.6945-

0.8146) 

(0.7911-

0.9188) 

(0.6797-

0.7904) 

Asymmetry 

Index 

           

L-R AI            

Frontal 
1.78 

(0.43-2.84) 

2.00 

(0.54-4.68) 

0.519  2.67 

(1.52-3.36) 

2.12  

(1.11-4.41) 

0.760  1.79  

(0.65-2.83) 

1.91  

(0.37-3.30) 

0.846 

Parietal 
2.05 

(0.54-5.00) 

5.34 

(2.36-11.58) 

0.039  3.17 

(2.09-6.45) 

5.08 

(2.66-8.80) 

0.222  2.79  

(0.62-4.93) 

4.28 

(2.00-8.14) 

0.056 

Temporal 
2.72 

(1.73-4.67) 

3.63 

(1.54-5.33) 

0.747  3.05 

(1.67-5.46) 

3.22 

(2.38-4.80) 

0.827  1.64  

(0.86-3.60) 

2.52 

(0.70-4.74) 

0.417 

Occipital 
2.39 

(1.34-4.34) 

2.81 

(1.02-5.41) 

0.846  5.07 

(2.64-6.82) 

3.78 

(1.60-8.17) 

0.793  2.19  

(1.15-4.08) 

3.17 

(1.70-6.79) 

0.496 

PC-PCC 
2.39 

(1.70-3.69) 

1.85 

(0.77-3.87) 

0.439  1.13 

(0.56-1.91) 

1.79 

(1.11-3.48) 

0.061  1.16  

(0.50-2.66) 

1.50 

(0.92-2.80) 

0.218 

Striatum 
2.07 

(1.35-4.32) 

2.98 

(1.65-3.98) 

0.606  2.81 

(1.73-4.16) 

2.64 

(1.43-5.04) 

0.861  1.26  

(0.83-2.09) 

0.99 

(0.45-3.15) 

0.559 

A-P AI 
6.93 

(1.83-11.67) 

6.84 

(3.50-9.41) 

0.796  3.90 

(2.47-6.23) 

5.13 

(2.91-8.20) 

0.337  3.16 

(1.65-4.56) 

6.01 

(2.57-9.41) 

0.035 

 

Data are presented as median (25
th

-75
th

 percentile, IQR). 

PiB, Pittsburgh compound B; PC-PCC, precuneus + posterior cingulated gyrus; L-R AI, Left-Right Asymmetry Index; A-P AI, 

Anterior-Posteior Asymmetry Index. 
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2.2. PiB PET imaging  

2.2.1. Low PiB group (global PiB retention ratio 1.50-2.01) 

Voxel-wise comparison 

The lobar anatomic distribution of PiB retention in ADCI patients 

compared to normal controls included bilateral frontal, parietal, lateral 

temporal, precuneus and posterior cingulate cortices (p [FEW] < 0.05, 

figure 2-3A). The topographical pattern of PiB retention in SVCI patients 

compared to normal controls appeared to be more asymmetric and patch-

like, especially in the parietal regions (p [FEW] < 0.05, figure 2-3B). 

Compared to SVCI, ADCI patients exhibited greater PiB retention in the 

right inferior parietal area and the smaller portion of the right superior 

temporal area at a threshold of p < 0.001 (figure 2-3C).  

 

ROI comparison 

Table 2-4 shows that L-R AI in the parietal area was also greater in SVCI 

than in ADCI patients (p=0.039).  
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Figure 2-3 Statistical parametric mapping analysis of Pittsburgh 

compound B (PiB) retention in Low PiB group 

A, B: FWE corrected (p<0.05), with age, gender, education adjustment 

C: uncorrected p<0.001, with age, gender, education adjustment  
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2.2.2. Intermediate PiB group (global PiB retention ratio 2.02-

2.21) 

Voxel-wise comparison 

SPM analysis revealed that SVCI patients exhibited greater levels of PiB 

retention in the frontal, parietal, temporal and posterior cingulate cortices 

than did normal controls, which was similar to those with ADCI (p [FEW] 

< 0.05; figures 2-4A, B). Compared with ADCI, however, SVCI patients 

exhibited less PiB retention in the bilateral striatum and more PiB 

retention in the cuneus at a threshold of p < 0.001 (uncorrected) (figures 

2-4C, D).  

 

ROI comparison 

Regional ROI analysis confirmed the findings described above. The 

striatum/global ratio was significantly greater in ADCI than in SVCI 

patients. However, the occipital/global ratio was significantly higher in 

SVCI than in ADCI patients (Table 2-4).   
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Figure 2-4 Statistical parametric mapping analysis of Pittsburgh 

compound B (PiB) retention in Intermediate PiB group 

A, B: FWE corrected (p<0.05), with age, gender, education adjustment 

C, D: uncorrected p<0.001, with age, gender, education adjustment  

 

2.2.3. High PiB group (global PiB retention ratio 2.22-2.86) 

Voxel-wise comparison 

Greater PiB accumulation in ADCI patients compared to normal controls 

was most prominent in cortical association areas and lower in white 

matter areas. This pattern was similar to the PiB retention patterns seen in 

SVCI. The frontal cortex was broadly affected in the two groups. Intense 

PiB retention was also observed in the temporal and parietal cortices, a 

portion of the occipital cortex, and in the striatum (p [FEW] < 0.05, 
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figures 2-5A, B). A comparison between the two groups, however, 

revealed significant differences in the areas affected. Bilateral prefrontal 

(right side > left side) and bilateral basal ganglia showed higher PiB 

retention in ADCI than in SVCI patients (p < 0.001 uncorrected). SVCI 

patients exhibited more PiB retention in the perirolandic areas (p <0.001, 

uncorrected; figures 2-5C, D).  

 

ROI comparison 

Regional ROI analysis revealed that the lobar to global PiB retention 

ratios of the frontal, temporal, and striatum were significantly greater in 

ADCI than in SVCI patients. In contrast, the parietal/global and PC-

PCC/global ratios were higher for PiB retention in SVCI patients. L-R AI 

in the parietal region was greater in SVCI patients with marginal 

significance. A-P AI was significantly greater in SVCI than in ADCI 

(Table 2-4).  
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Figure 2-5 Statistical parametric mapping analysis of Pittsburgh 

compound B (PiB) retention in High PiB group 

A, B: FWE corrected (p<0.05), with age, gender, education adjustment 

C, D: uncorrected p<0.001, with age, gender, education adjustment  

 

 

DISCUSSION 

We analyzed the patterns of PiB retention in SVCI patients and compared 

them with those found in ADCI patients. Our major findings with regards 

to the characteristics of PiB+ SVCI compared to ADCI patients were: 1) 

increased left-right asymmetry in the parietal cortex, 2) increased anterior-

posterior asymmetry, 3) increased PiB retention in the occipital cortex, 4) 
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increased PiB retention in PC-PCC, 5) decreased retention in the striatum, 

and 6) decreased PiB retention in the temporal cortex. 

The divergent patterns between SVCI and ADCI cases also 

differed according to the severity of amyloid burden. Data from patients in 

the low PiB group revealed that left-right asymmetry in the parietal areas 

was larger in SVCI than in ADCI. The intermediate PiB group exhibited 

increased occipital retention and decreased striatum retention in SVCI 

compared to ADCI. The high PiB group of SVCI exhibited increased 

retention in the perirolandic area and PC-PCC areas, increased left-right 

asymmetry in parietal areas, increased anterior-posterior asymmetry and 

decreased retention in the frontal, temporal and striatum compared to that 

seen in ADCI patients.  

 The SVCI patients in the low PiB group exhibited higher 

asymmetry in the parietotemporal association cortices. Amyloid deposits 

are predominantly symmetrical in AD patients (Arnold, Hyman et al. 

1991; Klunk, Engler et al. 2004), except in cases of primary progressive 

aphasia. (Gefen, Gasho et al. 2012). We suspected the mechanism behind 

amyloid retention in the SVCI group may be different to ADCI. The 

asymmetry may be related to WMH distribution, which is often 

asymmetric in some SVCI patients. Previous studies have suggested that 

WMH can lead to the blockage of clearance, or increased production of 

amyloid (Weller, Subash et al. 2008). Middle cerebral artery occlusion in a 

preclinical study was found to cause a rapid increase in amyloid burden in 

the region surrounding the infarction (Garcia-Alloza, Gregory et al. 2011). 
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Another recent clinical study involving sub-acute stroke patients showed 

that PiB retention was higher in the peri-infarct region (Ly, Rowe et al. 

2012). The asymmetric and patch-like features of amyloid distribution in 

SVCI patients in the low PiB group may suggest that the pathomechanism 

of amyloid retention in SVCI could be secondary to CVD. 

The SVCI patients in the intermediate and high PiB groups also 

showed higher amyloid retention in posterior areas such as the occipital 

and PC-PCC. In addition, anterior-posterior asymmetry showing 

differences in PiB retention between frontal and PC-PCC areas was 

greater in the SVCI patients, indicating that PiB retention in PC-PCC is 

greater than in the frontal area of SVCI patients. Previous studies have 

demonstrated relatively lower uptake of PiB in the occipital areas in AD 

patients and relative sparing of this region from amyloid deposition in 

postmortem (Braak and Braak 1991; Ly, Rowe et al. 2012). However, the 

PC-PCC is known to be a region with the earliest deposition of amyloid, 

as well as the frontal cortex in AD patients (Mintun, Larossa et al. 2006). 

The PiB retention in AD patients was more symmetrical between the 

frontal lobe and PC-PCC, unlike the SVCI patients. We postulate that an 

interaction between amyloid burden and CVD may explain this finding. 

The occipital cortex, precuneus and posterior cingulate cortex are supplied 

by the posterior cerebral artery or its branches, although the PCC is also 

supplied by the pericallosal artery, a terminal branch of the anterior 

cerebral artery. The reason why PiB+ SVCI patients exhibited higher 

amyloid burden in posterior areas than in ADCI patients remains to be 
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elucidated. However, it may be related to the characteristics of posterior 

circulation. That is, posterior circulation could be more vulnerable to 

blood-brain barrier (BBB) disruption related to vascular causes than 

anterior circulation, which leads to increased amyloid deposition in these 

areas. Previous studies have shown that patients with hypertensive 

encephalopathy exhibit vasculopathic changes predominantly in the 

posterior circulation areas, suggesting that posterior circulation may be 

susceptible to injury and dysfunction of the endothelial layer, leading to 

BBB disruption (Feske 2011). A recent study also suggested that the BBB 

is one of the most important contributors to the development of AD 

through increased blockage of amyloid clearance (Bell and Zlokovic 

2009).
 
Moreover, cerebral amyloid angiopathy is known to predominantly 

involve the occipital region, which is supplied by posterior circulation 

(Johnson, Gregas et al. 2007). Our hypothesis is also supported by a 

recent study showing that amyloid deposition occurs predominantly in 

occipital areas and the cerebellum in patients with carotid stenosis (Huang, 

Lin et al. 2012). On the other hand, the patients in the low PiB group did 

not exhibit this finding, when compared to ADCI patients. We presume 

that the amyloidogenic predisposition related to CVD, especially in the 

posterior brain regions, might be found in patients with PiB retention of a 

sufficiently high level.  

We also observed that the SVCI patients in high PiB group 

exhibited higher amyloid retention in the perirolandic areas. Recent 

research from our team comparing PiB PET topography between patients 
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with SVaD and patients with AD has shown similar results (Lee, Kim et al. 

2011). Because this area is a region that amyloid is rarely deposited in, we 

also speculate an interaction between CVD and amyloid. 

Finally, the SVCI patients in the intermediate and high PiB 

groups exhibited lower PiB retention in the striatum when compared to 

ADCI patients. Striatum may be a more specific region for amyloid 

deposition in AD. Extensive amyloid depositions have been found in the 

striatum of virtually all AD patients in a previous PiB PET study, as well 

as in pathologic studies (Braak and Braak 1990; Suenaga, Hirano et al. 

1990; Brilliant, Elble et al. 1997; Klunk, Engler et al. 2004). Although the 

reason for the striatum predominance of AD is unknown, we suspect that 

the explanation is related to the nature of the sequence of amyloid 

deposition (Braak and Braak 1991; Thal, Rub et al. 2002). A previous 

study has proposed a descending progression of amyloid deposition that 

occurs in five stages: Stage 1 or isocortex; Stage 2 with additional 

allocortical deposits (entorhinal cortex, hippocampal formation, amygdala, 

insular, and cingulate cortices); Stage 3 with additional involvement of 

subcortical structures including the striatum, thalamus, hypothalamus and 

white matter; Stage 4 with additional involvement of brainstem structure; 

and Stage 5 with additional amyloid deposits in the pons and the 

molecular layer of the cerebellum (Thal, Rub et al. 2002). We suspect that 

in the patients with ADCI, the amyloid may have been deposited earlier 

than for SVCI patients, allowing amyloid in ADCI to reach the striatum.  
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We note several limitations to our study. We could not 

differentiate parenchymal amyloid from vascular amyloid using PiB-PET 

techniques. However, in this study, there were no subjects who met the 

clinical criteria for CAA (Knudsen, Rosand et al. 2001) or who exhibited 

restricted lobar MB. Second, as we aimed to maximize the differences 

between ADCI and SVCI, we excluded patients with moderate ischemia. 

This may limit the wider general inferences of our results. Lastly, we did 

not discern different features according to the severity of amyloid burden, 

the differential pathogenesis among the groups or serial changes with 

increases in severity. To better address these issues, a further study with a 

longitudinal design is needed. 

To our best knowledge, however, this is the first study to describe 

the differential characteristics of PiB distribution in PiB+ SVCI and ADCI. 

These differences may be a result of different mechanisms of pathogenesis 

of amyloid burden in SVCI. Overall, this may be relevant for the 

prevention of cognitive deterioration, and may warrant differential 

treatment strategies for SVCI and AD. 
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INTRODUCTION 

The amyloid plaques in the brain is thought to be one of the major factors 

that lead to degradation of neurons and ultimately to the development of 

Alzheimer’s disease (AD) (Braak and Braak 1991). Amyloid-β, together 

with neurofibrillary tangles are also hallmarks of a definite diagnosis of 

AD at autopsy (Braak and Braak 1991). The development of radioligands, 

such as the 
11

C-labelled Pittsburgh compound B [PiB], which binds to 

amyloid-β plaques, has made it possible to study plaque accumulation in 

vivo using PiB PET (Klunk, Engler et al. 2004; Price, Klunk et al. 2005). 

Several PiB PET studies have demonstrated increased brain amyloid-β 

deposition in patients with Alzheimer’s disease (Price, Klunk et al. 2005; 

Edison, Archer et al. 2007; Frisoni, Lorenzi et al. 2009; Devanand, 

Mikhno et al. 2010).  

Over the past few years, there have been controversies the 

association between amyloid-β burden and regional brain atrophy (Jack, 

Lowe et al. 2009; Chetelat, Villemagne et al. 2010; Driscoll, Zhou et al. 

2011). Currently available evidence, however, strongly supports the 

position that the initiating event in AD is related to abnormal processing 

of β-amyloid peptide, ultimately leading to formation of Aβ plaques in the 

brain. This process occurs while individuals are still cognitively normal. 

After a lag period, neuronal dysfunction and neurodegeneration become 

the dominant pathological processes. Neurodegeneration is accompanied 

by synaptic dysfunction. Jack et al. proposed a model that relates disease 
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stage to AD biomarkers in which Aβ biomarkers become abnormal first, 

before neurodegenerative biomarkers and cognitive symptoms, and 

neurodegenerative biomarkers become abnormal later, and correlate with 

clinical symptom severity (Jack, Knopman et al. 2010). According to this 

model, we expect no association between PiB retention and cortical 

atrophy or association between PiB retention and cognitive impairment in 

AD patients.  

However, there has been no such a study identifying those 

correlations in SVCI patients. Elucidation of the correlation may be a clue 

of pathomechanism of amyloid retention in SVCI patients. In this study, 

we explored the correlation between global PiB retention ratio and cortical 

atrophy using surface based morphometry analysis and examined the 

correlation between global PiB retention ratio and neuropsychological 

scores in the patients with PiB(+) SVCI and those with PiB(+) ADCI, 

respectively.  

 

MATERIALS AND METHODS 

Participants were identical with the description in Chapter 2.  

Neuropsychological tests, MR imaging and analysis, [11C] PiB-

PET imaging and analysis were same as the description in 

Chapter 1.  

 

Image processing for cortical thickness measurements 
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All T1-weighted images were submitted to the automated anatomical 

pipeline developed in the laboratory of Alan C. Evans [Montreal 

Neurological Institute (MNI)] for measuring cortical thickness. We 

registered the native MR images into the ICBM152 template space using 

an affine linear transformation (Collins, Neelin et al. 1994). Intensity non-

uniformity artifacts were corrected and the images were classified into 

white matter, gray matter, cerebrospinal fluid, or background categories 

using an artificial neural net classifier (Sled, Zijdenbos et al. 1998). The 

cortical surfaces of the inner and outer cortices were automatically 

reconstructed using the Constrained Laplacian-based Automated 

Segmentation with Proximities (CLASP) algorithm with 40,962 vertex 

points for each hemisphere (Kim, Singh et al. 2005). Cortical thickness 

was calculated using the t-link method, which measures the Euclidean 

distance between the linked vertices of inner and outer surfaces after 

transforming back into each subject’s native space (Kim, Singh et al. 

2005; Im, Lee et al. 2006). Cortical thickness was subsequently smoothed 

using surface-based diffusion kernel with a 20 mm full width at half 

maximum (Chung, Worsley et al. 2003). To compare the thicknesses of 

corresponding regions among the participants, we employed a surface 

registration algorithm and an unbiased iterative group template to show 

enhanced anatomic details (Lyttelton, Boucher et al. 2007). Each 

automated pipeline result was carefully verified by two neurologists to 

minimize technical variance. Minor manual corrections were performed if 

there was an error in image processing.  
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Statistical analysis 

Comparisons of demographic and clinical data between ADCI and SVCI 

were conducted using student’s t test for normally distributed variables 

and Mann-Whitney U test for non-normally distributed variables. 

Categorical variables were evaluated using χ
2
 test. Statistical significance 

was set at p < 0.05. Statistical analyses were conducted with PASW 

Statistics 18 (SPSS Inc, Chicago, IL, USA) software. 

Diffusion smoothing with a full-width half-maximum of 20mm 

was used to blur each map of the cortical thickness, which increased both 

the signal-to-noise ratio and the statistical power (Im, Lee et al. 2006) 

(Lerch and Evans 2005). In order to analyze the localized statistical map 

of cortical thickness on the surface model related to amyloid burden, we 

entered global PiB retention ratio as predictor and cortical thickness on a 

vertex-by-vertex and performed a multiple linear regression analysis, after 

controlling for age, gender, education, and ICV. We defined statistical 

significance as p < 0.05.  
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RESULTS 

1. Effects of amyloid burden on cortical thinning  

In the patients with PiB(+) SVCI, global PiB retention ratio showed trend 

being associated with cortical thinning in medial temporal, anterior 

cingulated cortex, inferior parietal and inferior temporal areas (Figure 3-1). 

In the other hand, in the patients with ADCI, there was no cortical area 

related to global PiB retention ratio (Figure 3-2). 

 

 

Figure 3-1 Statistical maps for cortical thinning related to amyloid burden 

in PiB(+) SVCI, after controlling age, gender, education, and ICV.  
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Figure 3-2 Statistical maps for cortical thinning related to amyloid burden 

in PiB(+) ADCI, after controlling age, gender, education, and ICV.  

 
 

2. Effects of amyloid burden on neuropsychological tests 

The Korean version of the Boston Naming Test (K-BNT), Seoul Verbal 

Learning Test (SVLT) immediate recall, SVLT delayed recall, Rey-

Osterrieth Complex Figure Test (RCFT) recognition and Controlled Oral 

Word Association Test (COWAT) phonemic test were related with global 

PiB retention ratio in SVCI. Global cognitive function such as Korean 

version of Mini-Mental Status Exam (K-MMSE) and Clinical Dementia 

Rating Sum of Boxes (CDR SOB) were also related with global PiB 
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retention ratio in this group. On the contrary, only SVLT recognition was 

related to global PiB retention ratio in the patients with ADCI (Table 3-1). 

 Digit forward, K-BNT, RCFT and COWAT phonemic test were 

decreased as volume of WMH increased in SVCI. Stroop color reading, 

K-MMSE and CDR SOB had tendency to deteriorate according to 

increment of WMH volume in this group (Table 3-2).  
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Table 3-1 Relationship between global PiB retention ratio and 

neuropsychological tests 

 ADCI SVCI 

 β (SE) P value β (SE) P value 

Attention     

Digit span forward 
-0.173 

(0.640) 
0.789 

-0.445 

(0.489) 
0.369 

Digit span backward 
-0.137 

(0.527) 
0.797 

-0.225 

(0.516) 
0.666 

Language     

K-BNT 
-7.087 

(6.952) 
0.314 

-11.675 

(5.365) 
0.036 

Calculation 
-1.37 

(1.225) 
0.270 

-0.119 

(1.078) 
0.913 

Visuospatial function     

RCFT copy 
-5.893 

(4.538) 
0.202 

-7.128 

(4.393) 
0.113 

Memory     

SVLT immediate recall 
-3.813 

(2.082) 
0.075 

-5.977 

(2.702) 
0.033 

SVLT delayed recall 
-0.851 

(0.949) 
0.375 

-2.548 

(1.020) 
0.017 

SVLT recognition 
-3.029 

(1.473) 
0.047 

-3.024 

(1.698) 
0.083 

RCFT immediate recall 
-0.523 

(2.047) 
0.8 

-2.835 

(2.616) 
0.285 

RCFT delayed recall 
0.394 

(1.873) 
0.834 

-3.706 

(2.384) 
0.128 

RCFT recognition 
-0.276 

(1.279) 
0.830 

-2.946 

(1.282) 
0.027 

Frontal/Executive 

function 
    

COWAT phonemic 
-5.610 

(6.286) 
0.378 

-8.324 

(3.588) 
0.026 

Stroop Color reading 
-13.040 

(15.362) 
0.401 

-17.814 

(12.706) 
0.169 

Global cognition     

K-MMSE 
-4.903 

(2.538) 
0.061 

-5.564 

(2.475) 
0.030 

CDR SOB 
0.550 

(1.397) 
0.696 

3.618 

(1.733) 
0.043 
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Abbreviation: K-BNT, Korean version of the Boston Naming Test; RCFT, Rey-

Osterrieth Complex Figure Test; SVLT, Seoul Verbal Learning Test; COWAT, 

Controlled Oral Word Association Test; K-MMSE, Korean version of Mini-

Mental Status Exam; CDR SOB, Clinical Dementia Rating Sum of Boxes. 

 

Table 3-2 Relationship between white matter hyperintensities and 

neuropsychological tests 

 ADCI SVCI 

 β (SE) P value β (SE) P value 

Attention     

Digit span forward 
-0.038 

(0.076) 
0.617 

-0.015 

(0.008) 
0.057 

Digit span backward 
0.024 

(0.057) 
0.705 

-0.004 

(0.008) 
0.611 

Language     

K-BNT 
0.044 

(0.009) 
0.959 

-0.186 

(0.088) 
0.040 

Calculation 
0.048 

(0.148) 
0.745 

-0.027 

(0.017) 
0.128 

Visuospatial function     

RCFT copy 
0.362 

(0.549) 
0.513 

-0.197 

(0.067) 
0.006 

Memory     

SVLT immediate recall 
-0.070 

(0.258) 
0.787 

-0.067 

(0.046) 
0.147 

SVLT delayed recall 
0.049 

(0.114) 
0.672 

-0.010 

(0.018) 
0.590 

SVLT recognition 
0.138 

(0.184) 
0.456 

-0.015 

(0.029) 
0.607 

RCFT immediate recall 
0.358 

(0.237) 
0.140 

-0.040 

(0.043) 
0.359 

RCFT delayed recall 
0.172 

(0.221) 
0.441 

-0.055 

(0.039) 
0.166 

RCFT recognition 
0.211 

(0.149) 
0.163 

-0.007 

(0.022) 
0.744 

Frontal/Executive function     

COWAT phonemic 
0.403 

(0.754) 
0.596 

-0.167 

(0.056) 
0.005 

Stroop Color reading 
2.335 

(1.808) 
0.204 

-0.398 

(0.203) 
0.057 

Global cognition     
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K-MMSE 
-0.203 

(0.288) 
0.485 

-0.075 

(0.041) 
0.078 

CDR SOB 
0.114 

(0.152) 
0.457 

0.050 

(0.029) 
0.091 

 

Abbreviation: K-BNT, Korean version of the Boston Naming Test; RCFT, Rey-

Osterrieth Complex Figure Test; SVLT, Seoul Verbal Learning Test; COWAT, 

Controlled Oral Word Association Test; K-MMSE, Korean version of Mini-

Mental Status Exam; CDR SOB, Clinical Dementia Rating Sum of Boxes. 

 

 

DISCUSSION 

Our first major finding was amyloid burden may affect the cortical 

thinning in PiB(+) SVCI, especially in medial temporal areas. Second 

major finding was memory, language function and global cognition may 

be deteriorated with relation to amyloid burden in PiB(+) SVCI. Even in 

those with SVCI, medial temporal atrophy and memory dysfunction 

resembling AD can occur, as amyloid burden increases. Resulted areas of 

cortical thinning and affected cognitive function seemed to correspond to 

the previous studies with the participants with subjective memory 

impairment or early stage of mild cognitive impairment (MCI) (Tosun, 

Schuff et al. 2011; Perrotin, Mormino et al. 2012). Any of those findings 

were not seen in the patients with ADCI. The small portion of MCI in our 

study may be explained the discrepancy from the previous study (Tosun, 

Schuff et al. 2011). Our results in the patients with ADCI were supported 

by the previous studies that the formations of amyloid-β were occurred 

previously before the structural changes of the brain or symptom onset 
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(Jack, Knopman et al. 2010; Tosun, Schuff et al. 2011). That is, the 

amyloid burden may be saturated before the cerebral atrophy or cognitive 

impairment in ADCI. In the patients with PiB(+) SVCI, however, the 

correlation between the amyloid retention and cortical atrophy or 

cognitive impairment suggested the additive effects of amyloid burden in 

those patients.  

 A study from our team presented white matter hyperintensities 

(WMH) were associate with cortical thinning in the dorsolateral prefrontal 

gyrus, orbitofrontal gyrus, medial frontal gyrus, insular, lingual gyrus and 

cuneus in the patients with SVCI (Kim, Park et al. 2011). Our data 

showed that frontal-executive function, attention, visuospatial function, 

and language function were associated with WMH in the patients with 

PiB(+) SVCI. Therefore, we presumed amyloid burden may aggravate the 

neurodegeneration in addition to those by CVD in PiB(+) SVCI. Although 

the pathomechanisms of amyloid retention remained unclear, our findings 

may suggest severe WMH could lead to the blockage of clearance or 

increased production of amyloid (Vascular first hypothesis) (Weller, 

Subash et al. 2008; Zlokovic 2011), rather than the hypothesis that both 

amyloid retention and WMH can occur simultaneously (Concomitant 

hypothesis) (Petrovitch, White et al. 2000; Pappolla, Bryant-Thomas et al. 

2003; de la Monte and Wands 2008).  

 Our study had some limitations. As we included the patient with 

PiB(+) cognitive impairment, it may limit the generalizability. Second, we 

just showed a trend in the cortical atrophy pattern due to small sample size. 
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The statistical map using SBM needed multiple comparisons to attain the 

statistical significance. Further studies with large number of sample size 

including cognitively normal subjects are needed.  

 This study, however, is the first study to present the correlation 

between amyloid retention and cortical atrophy or cognitive impairment. 

Constant efforts should be given to elucidate the pathomechanism of 

amyloid retention in SVCI, to prevent and slow down the deterioration of 

the neurodegeneration in those patients.  
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국문 초록 

서론: 피질하 혈관성 인지 장애란 소혈관 허혈성 뇌병변에 의한 

인지 기능 저하로서, 피질하 혈관성 치매와 피질하 혈관성 경도 

인지 장애를 통칭하여 이른다. 이전 연구에서는 이러한 피질하 

혈관성 인지 기능 저하에서도 알츠하이머 병리가 같이 

존재한다는 것이 밝혀져 왔다. 본 연구에서는 11C-Pittsburgh 

compound B [PiB] PET 으로 알츠하이머 병리를 확인한 피질하 

혈관성 인지 기능 저하 환자에서 아밀로이드 침착에 의한 

영향에 대하여 다각적으로 분석하고자 한다.  

방법: 삼성의료원 신경과 기억장애 클리닉에서 모집한 

알츠하이머 치매, 알츠하이머형 경도인지장애, 피질하 혈관성 

치매, 피질하 혈관성 경도 인지 장애 환자를 대상으로 3T MRI, 

PiB PET, 자세한 신경심리검사를 시행하였다.  

결과: 1) ApoE4 유전자가 없는 환자들에서는 백질변성의 부피와 

아밀로이드의 양 사이에 유의미한 양의 상관 관계가 관찰되었고, 

특히 후두엽, 관자엽, 소뇌 윗쪽과 같은 뇌의 뒤쪽 혈관 

영역에서 백질변성이 증가할수록 아밀로이드 양이 증가하는 

것으로 밝혀졌다. 2) PiB(+) 피질하 혈관성 인지 장애 환자의 

아밀로이드 침착의 패턴은 알츠하이머형 인지 장애 환자에 

비하여 다음과 같은 다른 점을 갖는다. 두정엽의 좌우 비대칭이 

크고, 뇌의 전후 비대칭이 크며, 후두엽에서 아밀로이드 양이 더 

많다. 반면에 선조체와 관자엽에서는 아밀로이드 양이 더 적게 

관찰되었다. 3) 아밀로이드의 양이 인지 기능이나 뇌 피질 
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위축에 유의미한 영향을 미치지 않는 알츠하이머형 인지 

장애에서와 달리, PiB(+) 피질하 혈관성 인지 장애 환자에서는 

아밀로이드 양이 증가할수록 내측 관자엽과 전대상회전에서 

피질이 위축되었고, 신경심리검사상 기억, 언어, 전반적 인지 

기능이 저하되었다.  

해석: PiB(+) 피질하 혈관성 인지 장애 환자에서 허혈성 

뇌변화와 아밀로이드 침착은 양적 관계를 가지고 있는 것으로 

보인다. 단 ApoE4 유전자를 가진 환자에서는 ApoE4 가 

아밀로이드 침착에 지대한 영향을 미치므로 상기 관계를 

관찰하기 어려운 것으로 사료된다. PiB(+) 피질하 혈관성 인지 

장애 환자에서는 알츠하이머형 인지 장애 환자에서와 다른 

아밀로이드 침착의 패턴을 보이고, 아밀로이드 양이 인지 기능과 

뇌 피질 위축에 영향을 미친다. 이에 근거하여, 피질하 혈관성 

인지 장애 환자에서 아밀로이드 병리의 생성 기전은 

알츠하이머형 인지 장애 환자에서와는 달리 혈관성 변화에 

이차적으로 발생한 것일 가능성이 높을 것으로 추측된다.  
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