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Abstract

Background—We investigated the independent effects of Alzheimer’s disease (AD) and 

cerebrovascular disease (CVD) pathologies on brain structural changes and cognition.

Methods—Amyloid burden (Pittsburgh compound B [PiB] retention ratio), CVD markers 

(volume of white matter hyperintensities [WMH] and number of lacunae), and structural changes 
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(cortical thickness and hippocampal shape) were measured in 251 cognitively impaired patients. 

Path analyses were utilized to assess the effects of these markers on cognition.

Results—PiB retention ratio was associated with hippocampal atrophy, which was associated 

with memory impairment. WMH were associated with frontal thinning, which was associated with 

executive and memory dysfunctions. PiB retention ratio and lacunae were also associated with 

memory and executive dysfunction without the mediation of hippocampal or frontal atrophy.

Conclusions—Our results suggest that the impacts of AD and CVD pathologies on cognition 

are mediated by specific brain regions.
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1. Introduction

Alzheimer’s disease (AD) and subcortical vascular dementia (SVaD) are common types of 

dementia in the elderly [1,2]. AD results from an imbalance in amyloid beta (Aβ) production 

and clearance, which lead to amyloid plaque accumulation. SVaD is characterized by 

extensive cerebrovascular disease (CVD) magnetic resonance imaging (MRI) markers, 

including white matter hyperintensities (WMH) and lacunae [3]. Postmortem studies have 

shown that AD and SVaD pathologies frequently co-occur [4,5]. There is also increasing 

evidence that AD and CVD pathologies contribute independently to the impairment of 

specific cognitive domains [6,7]. Pathological and Pittsburgh compound B (PiB) positron 

emission tomography (PET) studies have shown that AD pathology is associated with 

memory dysfunction, whereas CVD pathology affects multiple cognitive domains, including 

memory and executive function [7–9]. However, controversy still remains regarding these 

conclusions [10].

Previous studies of AD patients have shown that amyloid burden is associated with medial 

temporal cortical atrophy, including that of the hippocampus [11]. Also, recent studies have 

shown that WMH might affect brain atrophy, although those WMH were located in 

subcortical regions [12,13]. However, these studies did not evaluate the independent effects 

of amyloid burden and CVD on brain atrophy. Furthermore, no studies have evaluated the 

relationship among amyloid, CVD, brain atrophy, and cognitive impairments. Brain atrophy 

associated with amyloid burden [14] or WMH [12,13,15] was reported to correlate strongly 

with cognitive impairment [11,12,15]. Some researchers have also proposed that cognitive 

impairment may be more highly correlated with cortical atrophy than with amyloid burden 

[11] or WMH [16], implying that cortical atrophy may be the final common pathway of AD 

and SVaD. Therefore, it is possible that amyloid burden and CVD markers might drive 

cognitive impairment via the mediation of cortical or hippocampal atrophy. Alternatively, 

amyloid burden and CVD markers might affect cognitive impairment without the mediation 

of cortical or hippocampal atrophy. Actually, some studies have shown that the significant 

relationship between amyloid burden or CVD markers and cognitive impairment remains 

after controlling for cortical or hippocampal atrophy [17,18].
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In this study, we investigated a large sample of patients with cognitive impairments who 

underwent PiB-PET, MRI, and detailed neuropsychological testing. The first goal was to 

evaluate the independent effects of amyloid burden evaluated through PiB-PET, and CVD, 

measured by the volume of WMH and number of lacunae, on the topography of brain 

atrophy, including hippocampal deformities or cortical thinning. The following hypotheses 

concerning the relationships among amyloid burden, CVD, brain atrophy, and cognitive 

impairment using path analyses were also tested. First, amyloid burden or CVD may drive 

memory dysfunction via hippocampal atrophy or frontal thinning. Second, amyloid burden 

or CVD might drive executive dysfunction via frontal thinning.

2. Methods

2.1. Participants

We prospectively recruited 251 patients with cognitive impairment who had undergone PiB-

PET and structural brain MRI during the period from July 2007 to July 2011. We included 

45 patients with amnestic mild cognitive impairment (aMCI), 69 with probable AD 

dementia, 67 with subcortical vascular MCI (svMCI), and 70 with SVaD who had all been 

clinically diagnosed at Samsung Medical Center. Probable AD dementia patients met the 

criteria proposed by the National Institute of Neurological and Communicative Disorders 

and Stroke and the Alzheimer’s Disease and Related Disorders Association [19]. Patients 

with SVaD met the diagnostic criteria for vascular dementia as determined by the Diagnostic 
and Statistical Manual of Mental Disorders, Fourth Edition, and also fulfilled the imaging 

criteria for SVaD as proposed by Erkinjuntti et al. [20]. The aMCI and svMCI patients met 

Petersen’s criteria for MCI with modifications, as previously described [21]. All svMCI and 

SVaD patients had severe WMH defined as a cap or band (periventrivular WMH or PWMH) 

≥ 10 mm and deep white-matter lesions (deep WMH or DWMH) ≥ 25 mm, as modified 

from Fazekas’ MRI ischemia criteria [22]. All aMCI and AD were classified as having 

minimal (PWMH <5 mm and DWMH <10 mm) or moderate (between minimal and severe 

grades) WMH. Detailed criteria for aMCI and svMCI are described in online data 

Supplement 1. Patients with aMCI or AD were considered to have AD-related cognitive 

impairment (ADCI), whereas those with svMCI or SVaD were considered to have 

subcortical vascular cognitive impairment (SVCI). Patients with territorial infarctions and 

those with WMH due to radiation injury, multiple sclerosis, vasculitis, or leukodystrophy 

were excluded.

Each patient underwent a clinical interview; neurological examinations; a battery of 

neuropsychological tests; laboratory tests including a complete blood count, blood 

chemistry, vitamin B12/folate measurement, syphilis serology, thyroid function, 

apolipoprotein E (APOE) genotyping, and PiB-PET scan.

Written informed consent was obtained from every patient. The institutional review board of 

Samsung Medical Center approved the study protocol. Participant characteristics are 

summarized in Table 1.

Ye et al. Page 3

Alzheimers Dement. Author manuscript; available in PMC 2018 March 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2. PiB-PET acquisition

[11C] PiB-PET scanning was performed at Samsung Medical Center or Asan Medical Center 

using a Discovery STe PET/CT (computed tomography) scanner (GE Medical Systems, 

Milwaukee, WI) in three-dimensional (3D) scanning mode with 35 slices at 4.25-mm 

thickness spanning the entire brain. [11C] PiB was injected into the antecubital vein as a 

bolus at a mean dose of 420 MBq (i.e., range 259–550 MBq). A CT scan was performed for 

attenuation correction at 60 min after injection. A 30-min emission static PET scan was 

initiated. The specific radioactivity of [11C]-PiB at the time of administration was greater 

than 1500 Ci/mmol for patients, and the radiochemical yield was greater than 35%. The 

radiochemical purity of the tracer was greater than 95% in all PET studies.

2.3. PiB-PET data analysis

PiB-PET images were co-registered to individual MRIs, normalized to a T1-weighted MRI 

template. The quantitative regional values of PiB retention on the spatially normalized PiB 

images were obtained using an automated volume of interest (VOI) analysis drawn from the 

automated anatomical labeling atlas. Data processing was performed using SPM version 5 

under Matlab 6.5 (Mathworks, Natick, MA).

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

(UR). The global PiB retention ratio was calculated from the volume-weighted average UR 

of 28 bilateral cerebral cortical VOIs. Detailed methods for the calculation of global PiB 

retention ratio are described in online data Supplement 2. We defined the PiB retention ratio 

as a continuous variable indexing amyloid burden.

2.4. MRI Acquisition

MRI was performed with a 3.0 Tesla MRI scanner (Achieva; Philips Medical Systems, Best, 

The Netherlands) at Samsung Medical Center. 3D T1 turbo field echo and 3D fluid-

attenuated inversion recovery (FLAIR) were performed for all 251 subjects. Detailed 

imaging parameters are described in online data Supplement 3.

2.5. Measurement of WMH volume

We quantified WMH volume on FLAIR images using an automated method, as previously 

described [23]. Due to WMH segmentation errors, WMH volumes could not be calculated 

for six patients.

2.6. Lacunae on MRI

Lacunae were defined as small lesions (≥3 mm and ≤ 15 mm in diameter) with low signal on 

T1-weighted images, high signal on T2-weighted images, and perilesional halo on FLAIR 

images. Two experienced neurologists blinded to the clinical information reviewed the 

number and location of lacunae on FLAIR images. The rate of agreement between the two 

neurologists was 83.0%. Consensus was reached in all cases of discrepancy.
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2.7. Cortical thickness data analysis

T1-weighted images were processed using the standard Montreal Neurological Institute 

anatomic pipeline. Further image processing for cortical thickness is described in online data 

Supplement 4. The individual cortical surface of each subject was registered to the 

precategorized template and divided into frontal, temporal, parietal, and occipital lobes via 

automated processes. The averaged values of the thickness of the whole vertices in each 

hemisphere and lobar region were used for the global analysis. In this way, we obtained 

mean thickness of the frontal lobe (mean frontal thickness). Intracranial volume (ICV) was 

defined as the sum of gray matter, white matter, and cerebrospinal fluid (CSF) volume. We 

included ICVas a covariate to control for the effect of brain size. Nine of 251 patients (one 

aMCI, two svMCI, and six SVaD) were excluded from the cortical thickness analysis due to 

registration errors during preprocessing. As a result, data from 242 patients were 

successfully measured.

2.8. Hippocampal shape and volume measurement

Hippocampal shape and volume were measured with a surface-based method, described in 

online data Supplement 5. Vertex-wise hippocampal deformation data and hippocampal 

volume were measured successfully in 238 patients. Due to extraction error, data for 13 

patients (two aMCI, two AD, five svMCI, and four SVaD) could not be obtained.

2.9. Neuropsychological tests

All patients underwent a standardized neuropsychological battery called the Seoul 

Neuropsychological Screening Battery [24]. The battery contains tests evaluating attention, 

language, praxis, four elements of Gerstmann syndrome, visuospatial processing, verbal and 

visual memory, and executive function. Based on these results, we calculated memory and 

executive subdomain scores as described in a previous study [25] and online data 

Supplement 6. The memory scores ranged from 0 to 150. The executive scores ranged from 

0 to 55.

2.10. Statistical analysis

To investigate independent effects of global PiB retention ratio, WMH volume, and the 

number of lacunae on mean cortical thickness and hippocampal volume, we entered them as 

predictors in general linear models controlling for age, gender, education, ICV, and clinical 

group (ADCI vs. SVCI).

To investigate the topography of cortical thinning and hippocampal deformity associated 

with global PiB retention ratio, WMH volume, and number of lacunae, we entered the three 

markers simultaneously in a general linear model as predictors for regional cortical thickness 

and hippocampal deformity on a vertex-by-vertex basis. Covariates included age, gender, 

education, ICV, and clinical group. The resulting statistical maps were thresholded after 

pooling the P-values from the regression analyses using the false discovery rate theory at a Q 

value of 0.05. Among the 245 patients with successful WMH volume measurement, eight 

patients with cortical thickness registration errors and 11 patients with hippocampal 

extraction errors were further excluded from cortical thickness and hippocampal shape 
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analyses. As a result, data from 237 patients were used for cortical thickness analysis, and 

data from 234 patients were used for hippocampal shape analysis.

To evaluate the relative effects of amyloid burden and CVD markers on cognition with or 

without the mediation of brain atrophy, path analysis was performed after controlling for 

age, gender, education, ICV, and clinical group. Path analysis was used to simultaneously 

consider the direct, indirect, and total effects of predictors on outcomes through mediators. 

Path analyses using memory score and executive score as the outcome variables were 

performed using hippocampal volume and mean frontal thickness as mediators because the 

hippocampus is known to be associated with memory function, while the frontal cortex is 

associated with executive function. PiB retention ratio and WMH are also predominantly 

associated with hippocampal shape deformities and frontal cortical thinning, respectively. 

We also entered mean frontal thickness as a mediator for memory scores because frontal 

impairment is associated with memory dysfunction [26]. Path analysis for memory score 

was performed using data from 216 patients after excluding 35 patients (6 with WMH 

segmentation errors, 8 with registration errors for cortical thickness, 11 with hippocampal 

extraction errors, and 10 with missing memory score data). Path analysis for executive score 

was performed using data from 214 patients after excluding 37 patients (6 with WMH 

segmentation errors, 8 with registration errors for cortical thickness, and 23 with missing 

executive score data). These models showed good fit to the memory score (χ2 = 13.68, df = 

16, P =.855, CFI > 0.999, root mean square error of approximation [RMSEA] <0.001) and 

executive score (χ2 = 14.96, df = 16, P = .52, CFI >0.999, RMSEA <0.001) data.

Amos Version 18.0 software (SPSS, Chicago, IL) was used for all path analyses using 

maximum likelihood estimation.

3. Results

3.1. Effects of PiB retention ratio, WMH volume, and the number of lacunae on cortical 
thickness

Global PiB retention ratio was not associated with mean cortical thickness (β = −0.05, SE = 

0.03, P = .067). Higher WMH volume was associated with lower mean cortical thickness (β 
= −0.002, SE = 0.001, P =.033), whereas the number of lacunae was not (β = −0.001, SE = 

0.001, P = .331).

Global PiB retention ratio was associated with cortical thinning in bilateral medial and 

lateral temporal, lateral parietal, and precuneus regions (Fig. 1). Higher WMH volume was 

associated with cortical thinning in bilateral medial and lateral frontal, lateral temporal, 

insula, cingulate, and lingual regions. The number of lacunae was not associated with 

regional cortical thinning.

3.2. Effects of PiB retention ratio, WMH volume, and the number of lacunae on 
hippocampal shape

Global PiB retention ratio was associated with hippocampal volume (β = −0.21, SE = 0.06, 

P < .001). WMH volume (β = −0.004, SE = 0.002, P =.085) and the number of lacunae (β = 

0.001, SE = 0.003, P =.838) were not associated with hippocampal volume.
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PiB retention ratio was associated with shape deformities in the superior-lateral heads, 

bilaterally in the medial and lateral bodies of the hippocampus, in the inferior body of the 

right hippocampus, and the inferior-medial head of the left side of the hippocampus. WMH 

volume was associated with shape deformities in the bilateral inferior bodies of the 

hippocampus and the lateral head and body of the right side of the hippocampus. The 

number of lacunae was associated with deformity in the lateral body and tail of the right side 

of the hippocampus (Fig. 2).

3.3. Relationships among PiB retention ratio, CVD markers, brain atrophy, and memory 
scores

In the path analysis for memory score (Table 2), global PiB retention ratio was associated 

with mean hippocampal volume (P =.010), which was further associated with memory 

function score (P =.010). Global PiB retention ratio was associated with memory score 

without mediation of hippocampus volume or mean frontal thickness (P = .010). WMH were 

associated with mean frontal thickness (P = .010), which was further associated with 

memory function score (P = .010). Lacunae were associated with memory score without the 

mediation of hippocampus volume or mean frontal thickness (P = .029) (Fig. 3).

Table 3 shows the total effects of PiB retention ratio, lacunae, and WMH on memory score; 

PiB retention ratio and lacunae account for 0.42 and 0.22 of the memory score, respectively. 

The total effect of WMH on memory score was 0.17, but it was not statistically significant 

(P = .091).

Because amyloid burden was associated with brain atrophy in the temporal-parietal region in 

the cortical thickness analysis, we performed further path analysis on memory score using 

mean temporal-parietal thickness as a mediator variable (Supplementary Table 1 and 

Supplementary Fig. 1). PiB retention ratio was associated with memory score with and 

without the mediation of mean temporal-parietal thickness.

3.4. Relationships among PiB retention ratio, CVD markers, brain atrophy, and executive 
scores

In the path analysis for executive score (Table 2), global PiB retention ratio was associated 

with executive score without the mediation of mean frontal thickness (P = .010). WMH were 

associated with mean frontal thickness (P =.022), which was further associated with 

executive score (P =.010). The number of lacunae was associated with executive score 

without the mediation of mean frontal thickness (P = .010) (Fig. 3).

Table 3 shows the total effects of PiB retention ratio, lacunae, and WMH on executive score; 

PiB retention ratio, lacunae, and WMH account for 0.20, 0.26, and 0.21 of the executive 

score, respectively.

4. Discussion

This study reports new data for potential mechanisms underlying the relationships among 

amyloid burden, CVD, brain atrophy, and cognitive impairment in a large cohort of carefully 

phenotyped, cognitively impaired patients using noninvasive amyloid imaging and structural 
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MRI for markers of CVD, cortical thickness, and hippocampal atrophy. The major findings 

of this study are as follows. First, amyloid burden was found to be associated with the 

hippocampal atrophy or temporal-parietal thinning, which was further associated with 

memory impairment. Second, WMH were associated with frontal thinning, which was 

further associated with executive and memory dysfunctions. Finally, amyloid burden and 

lacunae were also associated with memory and executive dysfunction without the mediation 

of hippocampal or frontal atrophy. Taken together, these findings suggest that brain atrophy 

is the common pathway between amyloid burden or CVD and cognitive impairments. 

Further, these findings indicate that amyloid burden and CVD affect cognitive impairment 

without the mediation of brain atrophy.

We found that amyloid burden and CVD independently affect region-specific brain atrophy. 

That is, PiB retention ratio was associated with cortical thinning in the medial and lateral 

temporal, lateral parietal, and precuneus regions. Furthermore, the PiB retention ratio was 

associated with hippocampal atrophy, especially in the superior-lateral and inferior-medial 

portions of the head and body, which corresponded to the cornu ammonis (CA) 1 and 

subiculum [27]. The topography of hippocampal shape deformities and cortical thinning are 

consistent with previous studies of AD patients [28–30].

WMH were associated with cortical thinning in the frontal, perisylvian, and lingual regions. 

Previous studies showed that WMH were associated with brain atrophy [13,15], and a more 

recent study evaluated the topography of cortical thinning related to WMH volume [12]. 

However, unlike previous studies, our findings suggest that WMH are responsible for 

cortical thinning in these regions regardless of the effects of amyloid burden and lacunae. In 

this study, there was no association between lacunae and cortical atrophy. Previous studies 

have shown inconsistent results on the relationship between the number of lacunae and 

cortical atrophy [31,32]. One study on patients with cerebral autosomal-dominant 

arteriopathy with subcortical infarcts and leukoencephalo pathy (CADASIL) showed that 

lacuna burden was associated with cortical changes [31]. However, these findings are 

inconsistent with a previous study of cognitively impaired patients with varying degrees of 

CVD, which is similar to the subjects in this study, suggesting that WMH had a significant 

effect on cortical gray matter volume, but lacunae did not [13]. We also found that WMH 

and lacunae were associated with shape deformities in the superior-lateral head and body 

(CA1) and inferior body (CA 1 and subiculum) and superior-lateral body (CA1) of the 

hippocampus, respectively. These subregions are known to be susceptible to ischemia [33].

Our first conclusion that brain atrophy is the common pathway between amyloid or CVD 

and cognitive impairments is supported by the following observations: (1) amyloid burden 

was associated with the temporal-parietal thinning including hippocampal atrophy, which 

was further associated with memory impairment; (2) WMH was associated with frontal 

thinning, which was further associated with executive and memory dysfunctions. Although 

several studies have shown that amyloid burden and CVD were independently associated 

with cognitive impairment [11,18], most studies did not evaluate the mediative effects of 

brain atrophy on the relationships between amyloid burden or CVD and cognitive 

impairments. A recent study showed that amyloid burden affected hippocampal atrophy, 

which in turn led to memory dysfunction [11]. One previous study from our group revealed 
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that WMH were associated with frontal thinning, which is further associated with executive 

dysfunction [12]. Therefore, our findings suggest that amyloid burden and CVD might affect 

memory and executive dysfunction through hippocampal and frontal atrophy, respectively.

We found that WMH affected memory dysfunction with the mediation of frontal thinning. 

WMH are known to involve frontal-subcortical circuits responsible for not only executive 

but also memory dysfunction [34]. Indeed, previous studies have revealed that WMH [35] 

and frontal lesions [36] were associated with memory dysfunction.

Our study provides new evidence that amyloid burden is also associated with memory and 

executive dysfunction without the mediation of hippocampal or frontal atrophy. There have 

been only a few studies evaluating the relationships among amyloid burden, the 

hippocampus, and memory function [11]. Unlike the present findings, these previous studies 

suggested that amyloid burden affected memory dysfunction through the mediation of 

hippocampal atrophy. This discrepancy might be due to differences in study population 

(MCI or dementia patients with varying degrees of ischemia in our sample compared with 

nondemented subjects with mild degrees of ischemia in the previous study).

Amyloid burden had a significant effect on cognition without the mediation of hippocampal 

atrophy or frontal thinning (Fig. 3). Also, amyloid burden had significant effect on memory 

function without the mediation of temporal-parietal thinning. The direct effects of amyloid 

burden on cognition without the mediation of brain atrophy may be due to the fact that 

amyloid burden affects cortical synaptic/network dysfunction. Indeed, previous studies have 

shown that amyloid burden affects the default mode network [37,38], which is associated 

with memory dysfunction [37]. Additionally, amyloid burden may affect functional 

networks involving the frontal lobes because amyloid burden is distributed predominantly in 

the frontal regions [37]. Our suggestion seems to be supported by previous studies that have 

found that the PiB retention ratio is associated with executive dysfunction and memory 

dysfunction in nondemented subjects [39]. Also, previous studies have shown that synaptic/

network dysfunction precedes cortical thinning [40]. Therefore, it is possible that amyloid 

burden might affect synaptic/network dysfunction without brain atrophy. Future studies are 

needed to investigate this hypothesis. Alternatively, amyloid burden might have affected 

memory or executive function through atrophy in brain regions that were not considered in 

the current path analyses.

We also found that lacunae, like WMH, affected executive and memory dysfunctions. 

However, in contrast to WMH, the effects of lacunae on cognition occurred without the 

mediation of frontal thinning. Furthermore, the relative effects of lacunae on cognition were 

greater than those of WMH. For example, the relative effect of lacunae on executive 

dysfunctions was 0.26, whereas that of WMH was 0.21. The reason that the effects of WMH 

on cortical thinning were greater than those of lacunae, whereas the effects of lacunae on 

cognition were greater than those of WMH remains unknown. However, this might be 

related to differences in the topography and the severity of involvement between WMH and 

lacuna. Specifically, WMH usually involves widespread white matter regions that contain 

long association fasciculi that connect various cortical regions. However, most lacunae occur 

focally in subcortical gray matter [13] that does not traverse via a long association fasciculus 
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but that are major structures in frontal-subcortical circuits, associated with cognitive 

impairments [34]. Also, lacunae reflect a complete infarction, whereas WMH reflect 

incomplete ischemic injury [3]. Therefore, WMH affect long association fasciculi, which in 

turn leads to the secondary degeneration of cortical thinning, whereas lacunae cause a 

complete obstruction in major structures in frontal subcortical circuits, which leads to 

cognitive impairment.

When the relative amount of amyloid influence and CVD markers on cognition were 

compared after controlling for each other, amyloid burden (0.42) had a greater impact on 

memory dysfunction than CVD (lacunae, 0.22). In contrast, the total effect of CVD (0.47) 

on executive dysfunction (lacunae, 0.26 and WMH, 0.21) was greater than that of amyloid 

burden (0.20). Although these findings are consistent with general concepts, interestingly, 

the effects of amyloid burden on executive dysfunction and the effects of CVD on memory 

dysfunction were greater than expected. This finding might be explained by the fact that AD 

and SVaD patients were included as subjects. In AD patients, executive dysfunction is the 

domain generally affected subsequent to the memory domain [9]. SVaD patients also 

commonly show memory dysfunction [3]. These findings, however, support previous studies 

showing that AD and CVD pathologies independently affected cognitive decline and the risk 

of dementia [6,8,41,42].

This study had several limitations. First, the patients in this study all had cognitive 

impairment, which may limit the generalizability of these results to other populations. 

Second, it would be more relevant for predicting the clinical impact of CVD to use the 

location and volume of lacunae and voxel symptom lesion mapping of WMH rather than just 

volume or number alone [43]. Third, other pathologies such as tau, cortical microinfarct, or 

hippocampal sclerosis were not taken into consideration because a pathological study was 

not performed. Fourth, there is a possibility that the effects of WMH volume and lacunae 

were not completely disentangled. Although the effects of WMH volume and lacunae were 

adjusted for each other, the independent effects of WMH volume and lacunae should be 

cautiously interpreted. Fifth, neuropsychological composite scores used in this study might 

not purely reflect memory or executive functions because the assessment of 

neuropsychological performance usually requires the integration of multiple cognitive 

domains [44,45]. Finally, we cannot exclude the possibility that confounding factors could 

have been introduced by the criteria used to define the clinical groups. These patients, 

however, were diagnosed using clinical criteria and not PiB status. Also, after including 

clinical criteria as covariates, these findings were unchanged. Therefore, we believe these 

findings were unlikely to be affected by the criteria used to define each clinical group. 

Despite these limitations, results indicate that amyloid burden and CVD have independent 

effects on cognitive dysfunction with or without the mediation of specific regional brain 

atrophy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature using traditional (e.g., 

PubMed) sources and meeting abstracts and presentations. There have been 

several articles investigating the effect of Alzheimer’s disease (AD) or 

subcortical cerebrovascular disease (CVD) pathology on brain atrophy and 

cognition. Relevant citations are appropriately cited. However, independent 

effects of AD and CVD pathologies on cognition, with or without the 

mediation of brain atrophy, have not been fully elucidated.

2. Interpretation: Our findings provided an integrated mechanism of AD and 

CVD pathologies influencing cognition with or without the mediation of brain 

atrophy in cognitively impaired patients. This mechanism is consistent with 

previous clinical findings currently in the public domain.

3. Future directions: The manuscript proposes new hypotheses about the 

relationships among amyloid, CVD, brain atrophy, and cognition. These 

issues might extend to incorporating the information about functional or 

structural connectivity.
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Fig. 1. 
Region of cortical thinning associated with Pittsburgh compound B (PiB) (A) and white 

matter hyperintensities (WMH) volume (B). Global PiB retention ratio, WMH volume, and 

number of lacunae were entered in a general linear model. Age, gender, education, clinical 

group, and intracranial volume were entered as covariates. Global PiB retention ratio was 

associated with cortical thinning in bilateral medial, lateral temporal, lateral parietal, and 

precuneus regions. Higher WMH volume was associated with cortical thinning in bilateral 

medial and lateral frontal, lateral temporal, insula, cingulate, and lingual regions. The 

number of lacunae was not associated with regional cortical thinning.
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Fig. 2. 
Region of hippocampal deformity associated with global Pittsburgh compound B (PiB) 

retention ratio (A), white matter hyperintensities (WMH) volume (B), and the number of 

lacunae (C). Global PiB retention ratio was related to deformity in the superior-lateral heads, 

bilaterally in the medial and lateral bodies of the hippocampus, in the inferior body of the 

right side of the hippocampus, and the inferior-medial head of the left side of the 

hippocampus. WMH volume was associated with deformity in the bilateral inferior bodies 

of the hippocampus and lateral head and body of the right side of the hippocampus. The 

number of lacunae was associated with deformity in the lateral body and tail of the right side 

of the hippocampus. Global PiB retention ratio, WMH volume, and the number of lacunae 

were entered in a general linear model. Age, gender, education, clinical group, and 

intracranial volume were entered as covariates.
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Fig. 3. 
Schematic diagram of the path analyses. Path analysis for memory function score (A) and 

executive function score (B). Mean hippocampal volume and mean frontal thickness were 

entered as mediator variables for memory function score. Mean frontal thickness was 

entered as a mediator variable for executive function score. Amyloid burden, white matter 

hyper-intensities (WMH), and the number of lacunae were entered as predictors. Age, 

gender, education, clinical group, and intracranial volume were entered as covariates. The 

numbers on the paths are standardized coefficients. Direct paths that were statistically 

significant were reported.
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Table 3

Total effects of imaging markers on cognition

Domain Predictors

Total effect

Standardized β SE P value

Memory score Global PiB retention ratio −0.42 0.06 .010

WMH volume −0.17 0.10 .091

Lacunae −0.22 0.08 .026

Executive score Global PiB retention ratio −0.20 0.07 .010

WMH volume −0.21 0.10 .039

Lacunae −0.26 0.07 .010

Abbreviations: PiB, Pittsburgh compound B; SE, standard error; WMH, white matter hyperintensities.

NOTE. Values shown are the results of path analyses for memory score (path analysis 1) and executive score (path analysis 2).
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