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Abstract
Objective—To assess the interactions among three types of pathology (ie, cerebrovascular disease,
hippocampal sclerosis [HS], and Alzheimer’s disease [AD]), cognitive status, and apolipoprotein E
genotype.

Methods—We report clinicopathological correlations from 79 autopsy cases derived from a
prospective longitudinal study of subcortical ischemic vascular disease and AD.

Results—Thirty percent of the cases had significant cerebrovascular parenchymal pathology scores
(CVDPS), 54% had significant AD pathology, and 18% had HS. In an ordinal logistic regression
analysis that included interaction terms to assess the effects of each pathological variable when the
other variables are interpolated to zero, each of the three pathology variables contributed
independently to cognitive status: Braak and Braak stage odds ratio (OR) = 2.84 (95% confidence
interval, 1.81–4.45), HS score OR = 2.43 (95% confidence interval, 1.01–5.85), and CVDPS OR =
1.02 (95% confidence interval, 1.00–1.04). Only Braak and Braak stage contributed to a global
neuropsychological measure of cognitive impairment. Apolipoprotein E4 genotype was associated
with Braak and Braak stage (OR, 1.31 [95% confidence interval, 1.03–1.68]), but not CVDPS or HS
scores.

Interpretation—In this convenience sample enriched for subcortical ischemic vascular disease, HS
was a common unsuspected neuropathological finding. Apolipoprotein E4 genotype was associated
with cerebral amyloid angiopathy, but not HS or arteriosclerosis. When Braak and Braak stage was
interpolated to zero, both CVDPS and HS contributed to cognitive impairment. However, advancing
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stages of AD pathology overwhelmed the effects of CVDPS and HS, to become the major determinant
of dementia.

Cerebrovascular disease (CVD) is an important, but heterogeneous, cause of cognitive
impairment and dementia. Several subtypes of ischemic vascular dementia (IVD) have been
proposed, including multiinfarct dementia, strategic infarct dementia, Binswanger’s syndrome,
and subcortical ischemic vascular dementia (SIVD). Recently, SIVD has been defined by the
presence of dementia often with prominent dysexecutive rather than amnestic features,
combined with hyperintensities in subcortical gray and white matter as visualized by proton
density and T2-weighted magnetic resonance imaging (MRI).1,2 (In this article, CVD and
sCVD refer to pathological findings, whereas IVD and SIVD refer to clinical diagnoses.)

Several mechanisms have been postulated whereby subcortical cerebrovascular disease
(sCVD) may cause or contribute to progressive cognitive impairment. According to the lacunar
hypothesis, infarcts that are strategically located in frontal-subcortical loops may lead to abrupt
changes in cognition and behavior.3 In Binswanger’s syndrome, hypoperfusion and
demyelination of the deep white matter are postulated to cause slowly progressive cognitive
impairment, gait disturbance, and urinary incontinence.4 In most cases of slowly progressive
dementia, however, many investigators posit occult Alzheimer’s disease (AD), rather than
lacunes, as the predominant cause of dementia.5 Mixed or combined contributions have also
been proposed, with CVD and AD pathological changes contributing independently to
dementia.6,7 Further elucidation of the cognitive impact of combined AD and CVD pathology
depends on autopsy studies, because histological examination remains the best method for
ascertaining the extent and severity of microscopic AD and CVD pathological alterations
within the brain.

A major goal of the Ischemic Vascular Dementia (IVD) program project (PO1-AG12435) is
to elucidate how CVD leads to cognitive impairment, either alone or in combination with AD.
In this research project, individuals with cognitive impairment attributed to SIVD or AD, as
well as cognitively normal (CN) elderly subjects, are followed longitudinally to autopsy with
repeat neuropsychological testing and structural MRI studies.

Previous analyses from this project have shown that MR-assessed volumes of the hippocampus
and cortical gray matter are stronger predictors of cognitive impairment and cognitive decline
than are MR-assessed volumes of white matter hyperintensities and lacunes.8–10 The spectrum
of pathological changes observed in the first 20 autopsy cases (eg, including frequent cortical
microinfarcts and hippocampal sclerosis [HS])11 and the neuropsychological correlates for the
first 46 autopsy cases12 have been published previously. We now report data from the first 79
consecutive autopsies regarding (1) correlations between clinical diagnosis and pathological
findings, and (2) the relative contributions of CVD, AD pathology, and HS to cognitive
impairment.

Subjects and Methods
Sample

The sample reported here comprises 79 autopsy cases (included in the September 2004
neuropathology database), drawn from a longitudinal study of subjects with SIVD, subjects
with AD, and CN elderly subjects. Among the first 83 subjects coming to autopsy, 2 cases had
dementia with Lewy bodies and 2 cases had frontotemporal lobe dementia; these 4 cases were
excluded from this report. The autopsy cases were drawn from a total sample of 627 subjects,
of whom 128 were deceased (autopsy rate, 64%).

Chui et al. Page 2

Ann Neurol. Author manuscript; available in PMC 2007 April 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Subjects with cognitive impairment and dementia were recruited mainly from university-
affiliated memory clinics, whereas CN subjects were recruited from the community. The
research project was approved by the institutional review boards at the University of Southern
California, University of California Davis, University of California San Francisco, and Rancho
Los Amigos National Rehabilitation Center. Written informed consent was obtained from all
subjects or surrogate decision makers after institutional review board–approved protocols at
each institution.

Initial evaluation included medical history, activities of daily living, physical examination, and
neurological examination. Cognitive function was assessed using the Mini-Mental State
Examination,13 Clinical Dementia Rating Scale (CDR),14 and neuropsychological
examination. Laboratory studies included serum chemistry, blood count, vitamin B12, syphilis
serology, thyroid function tests, and apolipoprotein E (ApoE) genotype. The entire brain was
imaged with a 1.5-Tesla MR system (Siemen’s Vision [Siemens Medical Systems, South Iselin,
NJ] or GE Signa [GE Healthcare, Chalfont St. Giles, United Kingdom,]) using a head coil with
quadrature detection. The brain imaging protocol involved: (1) a sequence yielding proton
density and T2-weighted spin-echo axial images, and (2) a sequence yielding T1-weighted
coronal images with contiguous 1.4mm-thick slices. Lacunes were defined as discrete lesions
larger than 2mm in diameter that were hyperintense relative to cerebrospinal fluid on proton
density images, that is, slightly smaller than but otherwise similar to the lesions identified by
the Cardiovascular Health Study criteria.15

Inclusion criteria included: age > 55 years, English speaking, CN, or cognitively impaired (CI;
CDR ≤ 2) due to either SIVD or AD. Exclusion criteria included: severe dementia (CDR > 2),
history of alcohol or substance abuse, head trauma with loss of consciousness of more than 15
minutes, severe medical illness, neurological or psychiatric disorders, or currently taking
medications likely to affect cognitive function. Subjects were excluded if the initial clinical
MRI showed evidence of cortical infarcts, hemorrhage, or structural brain disease other than
atrophy, lacunes, or white matter lesions. They were retained in the study if cortical infarcts
or hemorrhages developed subsequently.

Cognitive Status
Using clinical information obtained at the clinic visit closest to the time of death, we categorized
subjects using the CDR into three categories: cognitively normal (CN), cognitively impaired
(CI), or demented (D). The CDR was scored after interviewing a collateral informant regarding
the subject’s function; the subject’s own performance on the Mini-Mental State Examination
was also used in scoring the CDR. The CN group was defined as CDR = 0, CI group as CDR
= 0.5, and D group as CDR ≥ 1.

Clinical Diagnosis
Patients with dementia were diagnosed as follows: (1) probable or possible AD, using National
Institute of Neurological and Communication Disorders-Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) criteria,16 and (2) probable or possible SIVD,
using Alzheimer Disease Diagnostic and Treatment Centers criteria17 (except in this study,
cortical infarcts were excluded). There were three clinical diagnostic categories for dementia:
(1) AD, (2) SIVD, and (3) mixed AD/SIVD. Mixed dementia was diagnosed when clinicians
believed that both AD and SIVD contributed significantly to the cognitive loss. If there was a
history of slowly progressive memory loss, a diagnosis of probable AD, possible AD, or mixed
AD/SIVD was made. CI cases were divided into two groups, those with lacunes on MRI (CI-
CVD) and those without (CI-AD).
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Global Cognition Score
Several specific tests were used to derive a measure of global cognitive ability (Global
Cognition)18 that had desirable psychometric properties for evaluation of longitudinal change
in this study. Donor tests were: (1) total recall on trials 1 and 2 on the Word List Learning Test
of the Memory Assessment Scales, (2) Digit Span forward and backward from the Wechsler
Memory Scale–Revised, (3) letter fluency (the letter “A” from the “FAS” test), and (4) animal
category fluency. These tests were selected because they broadly assess cognitive domains
relevant to AD and SIVD, have a broad range of measurement without appreciable floor or
ceiling effects, can be administered quickly, and can be used even for patients with relatively
severe dementia, as reported in previous publications.10,18

Neuropathological Evaluation
After fixation in 10% neutral buffered formalin for at least 2 weeks, each cerebral hemisphere
was sectioned coronally, at 5mm thickness, using a rotary slicer. All macroscopic infarcts were
measured, photographed, blocked for microscopic examination, and summarized as part of the
CVD pathology score (described later). Tissue was obtained from 12 standardized regions in
1 cerebral hemisphere according to the “IVD blocking protocol.” The IVD protocol includes
sections from the anterior and posterior deep white matter, in addition to the combined sections
recommended by the Consortium to Establish a Registry for Alzheimer Disease (CERAD),
19 the National Institute on Aging and Reagan Institute Working Group,20 and the Consensus
Conference on Dementia with Lewy bodies.21

Tissue blocks were dehydrated through graded alcohols, embedded in paraffin, sectioned at
10μm thickness, and stained with hematoxylin and eosin, cresyl violet, Congo red, and
Bielschowsky silver stain. At the pathologist’s discretion, certain cases were also
immunolabeled using antibodies against α-synuclein, ubiquitin, glial fibrillary acidic protein,
phosphorylated tau, and β-amyloid. Each case was reviewed at Consensus Neuropathology
Conference, which included two Board-certified neuropathologists (H.V.V., W.G.E.) who
were blinded to the clinical diagnoses and ApoE genotype. For each case, Braak and Braak
stage,22 CERAD-neuritic plaque score,19 and Lewy body score21 were assigned at the
Consensus Conference. Severity, grade, or extent of cerebral amyloid angiopathy,23
atherosclerosis, and arteriolosclerosis were each rated on a four-point scale (zero to three
points). The atherosclerosis and arteriolosclerosis ratings were combined as an arteriosclerosis
score (zero to six points). The severity of cerebrovascular ischemic brain injury was rated using
a new CVD pathology scoring system developed within this project. Acute infarcts or
hemorrhages near the time of death were noted, but were not included in the CVD pathology
rating score.

The CVD pathology rating sheet (Fig 1) includes measures for (1) HS; (2) numbers and location
of cystic infarcts, lacunar infarcts, microinfarcts in gray and white matter regions; and (3) white
matter demyelination (not used in these analyses). Focal neuronal loss with gliosis in the CA1
sector of hippocampus, without evidence of adjacent neurofibrillary tangles, was called
hippocampal injury and was rated in each available hemisphere on a scale from 0 to 3 (total
possible score = 6). If neuronal loss extended over more than one hippocampal segment (eg,
CA1 and subiculum) or over several coronal levels, it was termed “hippocampal sclerosis” (HS
score ≥ 2). To avoid differential weighting, we created normalized subscores based on infarct
size. Subscores for cystic infarcts, lacunar infarcts, and microinfarcts were created by summing
the individual scores across all brain regions and normalizing to a scale of 0 to 100 (Fig 2).
The three sub-scores were then summed to give a total cerebrovascular parenchymal pathology
scores (CVDPS; 0–300).
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Pathological Diagnosis
For categoric analyses, cutoff scores were selected for Braak and Braak stage and CVDPS
score to operationally define pathological subgroups (see Table 2). We considered a Braak
stage ≥ IV, where AD is considered to be moderately likely by National Institute on Aging-
Reagan criteria,20 to indicate AD. We used a CVDPS score ≥ 20, which divides the sample
approximately into tertiles, as a cutoff score for CVD. (A CVDPS score ≥ 20 corresponds to
a raw CVD pathology score of ≥ 4 [see Fig 1].) Because the maximum score for any single
CVD pathology variable is 3 (see Fig 1), this cut point conceptually requires positive scores
for at least two CVD pathology variables. Because both AD and CVD pathology reflect a
continuous process, cutoff scores are admittedly arbitrary. Therefore, this article does not rely
on categorical analyses for its major conclusions.

Statistical Analyses
Sensitivity, specificity, and positive likelihood ratios were calculated in the subset of 53 cases
with dementia, using the pathological diagnoses described earlier. (Positive likelihood ratios
were calculated as sensitivity divided by 1 minus the specificity.) In the sample as a whole,
associations between the three pathology scores (Braak and Braak stage [0–VI], HS score [0–
6], and CVDPS score [0–300]; independent variables) and global cognitive score (0–100;
dependent variable) were assessed by multiple linear regression analysis. Associations among
the three pathology scores and cognitive status evaluated at the closest time to death (CN, CI,
or D) or ApoE genotype (presence or absence of an e4 allele) were assessed using ordinal and
dichotomous logistic regression analyses, respectively. Models were adjusted for age, sex,
ethnicity, and education for each of the regression analyses. Because the infarct score
distributions show a significant right skew, secondary analyses were performed dividing the
CVDPS into tertiles (eg, no infarct [n = 28], 0 < CVDPS < 20 [n = 27], and CVDPS ≥ 20 [n =
24]). Also, secondary analyses were performed analyzing each type of infarct separately (cystic
infarct, lacune infarct, and microinfarct scores). All statistical testing was performed at a 5%
level of significance using SAS version 8.0 (SAS Institute, Cary, NC).

Results
Demographics

The 79 cases comprised 45 male and 34 female cases (mean age at death, 82.8 years; standard
deviation [SD], 7.0 years) of mixed ethnicity (68 white, 4 black, 5 Asian, and 2 Latino cases)
(Table 1). Clinical syndromes at the time of the final clinic visit were CN (n = 13), CI (n = 13),
and D (n = 53). Among the CI cases, there were 8 with MRI lacunes (CI-CVD) and 5 without
lacunes (CI-AD). Among the dementia cases, the diagnoses at last clinic visit were AD (n =
20: 18 probable AD and 2 possible AD), IVD (n = 11: 10 probable SIVD and 1 possible SIVD),
and mixed AD/SIVD (n = 22). The mean interval between the last clinic visit and death was
10.7 months (SD, 9.4 months). A history of symptomatic stroke was obtained in approximately
half of the CI-CVD or SIVD cases (ie, approximately half of these cases had asymptomatic or
“silent” lacunes on MRI). In comparisons between deceased cases with and without autopsy,
subjects with a clinical diagnosis of SIVD were less likely to be autopsied than those clinically
diagnosed with AD. Similarly, autopsy rates were lower among black compared with white
cases. Autopsy cases were also older than nonautopsied cases. No differences in autopsy rates
were found based on sex or education.

Neuropathological Observations
Neurofibrillary tangles, neuritic plaques, ischemic lesions, and HS were common overlapping
pathological findings. The distribution of Braak and Braak stage, CERAD scores, CVDPS, as
well as the cystic infarct, lacunar infarct, and microinfarct subscores are shown for the entire
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sample in Figure 2. The percentage of subjects with infarcts in various brain regions were as
follows: 11% had brainstem infarcts, 37% had subcortical gray matter infarcts, 24% had white
matter infarcts, and 52% had cortical infarcts (including 44% with microinfarcts and 28% with
cystic infarcts). Using cutoff scores to define “significant” pathology: 54% of subjects had
significant AD pathology (Braak Stage ≥ IV), 30% of cases had CVDPS ≥ 20, and 18% had
HS score ≥ 2. The highest CVDPS scores were found among the subjects with CI-CVD. The
distribution of CVDPS, cystic infarct, lacunar infarct, and microinfarct subscores are shown
by clinical diagnosis in Figure 3, and their median (interquartile range) are summarized by
pathological diagnosis in Table 2. Figure 3 shows that among the three subtypes of infarcts,
microinfarcts are the most likely to be found at autopsy among subjects diagnosed clinically
as AD.

Braak and Braak stage and CERAD scores were significantly correlated with each other
(Spearman’s r = 0.85; p < 0.0001). Therefore, only the analyses using Braak and Braak stage
are reported in this study. Severity of atherosclerosis and arteriolosclerosis correlated with
CVDPS (atherosclerosis: Spearman’s r = 0.62, p < 0.0001; arteriolosclerosis: r = 0.53, p <
0.0001), whereas cerebral amyloid angiopathy correlated with Braak and Braak stage
(Spearman’s r = 0.45, p < 0.0001). Braak and Braak stage and CVDPS were not correlated.
The infarct subscores were intercorrelated: cystic-infarct and microinfarct Spearman’s r = 0.43
( p < 0.0001); cystic- and lacunar-infarct Spearman’s r = 0.40 ( p < 0.0002); microinfarct and
lacunar-infarct Spearman’s r = 0.53 ( p < 0.0001).

Clinicopathological Correlations
We used Braak stage ≥ IV and CVDPS ≥ 20 to define four pathological subgroups: 15 CVD,
34 AD, 9 mixed AD/CVD, and 21 no significant AD or CVD pathology (see Table 3). For the
subset of 53 dementia cases, we calculated sensitivities, specificities, and positive likelihood
ratios. For the clinical diagnosis of AD (n = 20), sensitivity was 58.1%, specificity was 90.9%,
and positive likelihood ratio was 6.4. For a clinical diagnosis of SIVD (n = 11), sensitivity was
57.1%, specificity was 84.7%, and positive likelihood ratio was 3.7. For a clinical diagnosis
of mixed AD/SIVD (n = 22), sensitivity was 77.8%, specificity was 65.9%, and the positive
likelihood ratio was 2.3. Clinical diagnoses for the 14 cases with HS ≥ 2 were: 1 CN, 4 IVD
(2 CI-CVD + 2 SIVD), 3 AD (1 CI-AD + 2 AD), and 6 mixed AD/SIVD. Figure 4 shows that
HS can be found at autopsy among subjects from all clinical diagnostic categories.

Correlations between Pathology Scores and Global Cognition
The mean interval between the last neuropsychological assessment to death was 1.6 (SD, 1.4)
years. In a linear multiple regression analysis, only Braak and Braak stage (not CVDPS or HS)
was a significant correlate of the global cognitive score. This remained the case in secondary
analyses using CVDPS categorized by tertiles and using infarct subtype scores (Table 4).

Correlations between Pathology and Cognitive Status
The mean interval from the last clinic visit to death was 1.1 (SD, ±1.0) years. Ordinal logistic
regression analyses were performed with cognitive syndrome (ie, CN, CI, and D) at the time
of the last clinic visit as the dependent variable. Each of the three pathology scores (Braak and
Braak stage, CVDPS, and HS) were simultaneously modeled as independent variables. In the
main-effects model (Table 5, top), only Braak and Braak stage was significantly associated
with cognitive syndrome (odds ratio [OR], 2.03 [95% confidence interval, 1.51–2.73]), with
higher scores associated with higher likelihood of CI and D.

We then added pathology interaction terms (CVDPS × Braak and Braak stage, HS × Braak
and Braak stage) to the model to test whether associations of CVDPS or HS with cognitive
syndrome varied by Braak and Braak stage. Though not statistically significant, trends were
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noted in the pathology interaction terms (CVDPS score × Braak and Braak stage, p = 0.13; HS
score × Braak and Braak Stage, p = 0.13). Because the sample size was small, we included the
interaction terms in the logistic regression model (see Table 5, bottom). The main effect for
Braak and Braak stage (OR, 2.84 [95% confidence interval, 1.81–4.45] per unit Braak and
Braak stage) is the association between Braak and Braak stage and cognition among subjects
with CVDPS score = 0 and HS score = 0.

In the interaction model, the main-effect term for CVDPS (OR, 1.02 [95% confidence interval,
1.00–1.04] per unit of CVDPS is the OR associated with CVDPS among subjects with Braak
and Braak stage = 0. The estimate for the interaction term was essentially equal to 1 (CVDPS
× Braak and Braak stage OR = 0.99), suggesting that effects of CVDPS and AD pathology are
additive, rather than synergistic. Similarly, the main-effect OR of 2.43 (95% confidence
interval, 1.01–5.85) per unit of the HS score represents the association between HS score and
cognition among subjects with Braak and Braak stage = 0. The interaction between HS score
and Braak and Braak stage was less than 1 (OR = 0.83), indicating that the association between
HS and cognition is reduced as AD pathology increases.

Because the infarct score distributions (see Fig 2) show a significant right skew, secondary
analyses were performed by dividing CVDPS into three categories by approximate tertiles (no
infarcts, <20, and ≥ 20), keeping Braak and Braak stage and HS scores as continuous variables.
In the main-effects model, the highest CVDPS group (CVDPS ≥ 20) was significantly
associated with poorer cognitive status (OR, 5.91 [95% confidence interval, 1.38–25.30]; p <
0.02), as was Braak and Braak stage (OR = 2.13 [95% confidence interval, 1.56–2.90]). In the
interaction model, increasing severity of CVD pathology was again associated with cognitive
impairment in the absence of AD pathology. Secondary analyses were also performed using
the infarct subtype scores. In the main-effects model, none of these subscores contributed
significantly to cognitive status. In the interaction model, the main-effects terms for
microinfarcts and lacunar infarcts, but not cystic infarcts, became significant when Braak and
Braak stage was interpolated to zero (data not shown). Thus, the secondary analyses were
consistent with and strengthened the primary findings.

Apolipoprotein E
ApoE genotype was available for 73 subjects. The e4 allele was more frequent among subjects
with AD than SIVD (see Table 1). Specifically, ApoE e4 was positively associated with Braak
and Braak stage (univariate regression: OR, 1.35 [95% confidence interval, 1.07–1.72]; p =
0.01) and cerebral amyloid angiopathy (univariate regression: OR, 2.3 [95% confidence
interval, 1.4–3.77]; p < 0.001). In multivariate regression analyses (Table 6), ApoE e4 was
associated with only cerebral amyloid angiopathy (OR, 2.16 [95% confidence interval, 1.21–
3.85]; p < 0.01), and no longer with Braak stage. ApoE genotype was not associated with
arteriosclerosis, CVDPS, or HS. Secondary analyses using CVDPS tertiles and infarct
subscores did not change the findings.

Discussion
This clinicopathological study focuses on the relationship among three types of pathology (ie,
AD, CVD, and HS), cognitive impairment, and ApoE genotype. We used a novel CVDPS score
to summarize the severity of CVD-related brain injury. SIVD was clinically defined by the
presence of discrete, but often clinically silent, subcortical hyperintensities on proton density
MRI. In community-based studies, asymptomatic hyperintensities are found in 21 to 28% of
elderly subjects and are established risk factors for stroke.24,25 Despite their common
prevalence, the contribution of MRI-identified hyperintensities to cognitive impairment
remains controversial,4–7 and the presence of confounding AD remains undetermined until
autopsy.
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Using cutoff scores to define “significant” levels of CVD, AD, and HS pathology (see Table
3), we found that 30% of cases had significant CVD pathology (CVDPS ≥ 20), 54% had
significant AD pathology (Braak and Braak stage ≥ IV), and 18% had HS (HS score ≥ 2). There
were 15 cases (19%) with “pure” CVD pathology and another 9 cases (11%) with mixed AD/
CVD pathology. Although we excluded cases with evidence of cortical infarcts on MRI at the
outset, 52% of the cases had cortical infarcts (including 44% with microinfarcts and 28% with
cystic infarcts) at the time of autopsy. Thus, pure sCVD cases were relatively rare, and there
was often an admixture of large- as well as small-vessel disease, cortical as well as subcortical
infarcts, AD, and HS.

Among the subset of 53 dementia cases, sensitivity, specificity, and positive likelihood ratios
were calculated. For the clinical diagnosis of AD by NINCDS-ADRDA criteria,16 sensitivity
was 58.1%, specificity was 90.9%, and positive likelihood ratio was 6.4. For a clinical diagnosis
of SIVD by Alzheimer Disease Diagnostic and Treatment Centers criteria17 (applied after the
exclusion of cases with cortical infarcts), sensitivity was 57.1%, specificity was 84.7%, and
positive likelihood ratio was 3.7. For a clinical diagnosis of mixed AD/SIVD, sensitivity was
77.8%, specificity was 65.9%, and the positive likelihood ratio was 2.3. These values and rank
order are comparable with the positive likelihood ratios between 2 and 5 reported in the
dementia literature,26,27 which may produce small, but sometimes important, changes in
pretest to posttest probability.28 None of the eight cases clinically diagnosed as CI-CVD cases
(not included formally in the sensitivity/specificity analyses) showed significant AD
pathology. Few of the AD dementia cases showed significant CVD pathology. However, many
of the dementia cases clinically diagnosed as SIVD or mixed AD/SIVD showed “pure” AD
pathology. Thus, the dementia but not the CI subsample was relatively “Alzheimerized.”

In AD research centers, where “typical” AD cases tend to be enrolled, the clinical diagnosis
of AD is more sensitive (93%) than specific (55%) (positive likelihood ratio = 2.07).29 In this
study, the opposite was seen; that is, the clinical diagnosis of AD was less sensitive (58.1%)
but more specific (90.9%) (positive likelihood ratio = 6.4). The NINCDS-ADRDA criteria for
probable AD16 do not offer specific guidelines on how to handle MRI findings consistent with
SIVD (eg, silent hyperintensities and confluent white matter changes), which may lead to
differences in the “operational” definitions of AD, CVD, and mixed AD/CVD. Thus,
application of current diagnostic criteria for AD varies and, in the context where the
possibilities of other pathologies are not minimized, may be undersensitive.

Fourteen cases (18%) in this series showed HS at autopsy. None of these cases had been
recognized as having HS premortem. The clinical diagnoses varied, with six cases receiving a
diagnosed as mixed AD/ SIVD. Leverenz and colleagues30 observed HS in 12% of an elderly
community-based dementia autopsy series. It is possible that the high prevalence of 18% noted
in our sample may be related to enrichment of the sample for SIVD. The pathogenesis of HS
is unknown; both ischemic31 and neurodegenerative origins32,33 have been proposed. In this
study, HS was found less frequently in pure AD (11.8%), compared with mixed AD/CVD
(22.2%), CVD (26.7%), or no significant AD or CVD pathology (19.1%), but these differences
were not significant (Fisher’s exact test, p = 0.53). No association was found between ApoE
genotype and HS (see Table 6), suggesting that HS occurs independently of AD. Two cases of
FTD in our autopsy series were excluded; thus, we are unable to comment on possible
associations between HS and FTD. This study emphasizes that regardless of the pathogenic
mechanism, HS is an important, prevalent, and clinically underrecognized cause of memory
impairment in late life.

Given the great overlap in pathological findings, the arbitrariness of using cutoff scores, and
the lack of consensus criteria for a pathological diagnosis of “vascular dementia,” we relied
primarily on continuous regression and ordinal and dichotomous regression analyses to model
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the associations among three types of pathology, cognitive status, or ApoE genotype. In this
study, only Braak and Braak stage correlated significantly with global cognitive score and
cognitive status. However, independent contributions could be observed between CVDPS or
HS and cognitive status in interaction models where Braak and Braak stage is interpolated to
zero. The interaction terms, although not significant, suggest that as AD pathology (ie, Braak
and Braak stage) increases the relatively small effects of CVDPS on cognition are hidden and
the effects of HS diminish.

The Nun Study6 reported that cerebral infarction significantly increases the likelihood of
dementia in cases with AD pathology. In the Honolulu Asia Aging study, AD, HS, Lewy
bodies, and microinfarcts all contributed independently to dementia.34 In the Religious Orders
Study, the likelihood of dementia increased with both AD pathology and the number of
macroscopic infarcts.35 Similar to our findings, there was no evidence of significant
interaction,7 indicating that the effects between AD and infarcts are additive rather than
synergistic.

The association between ApoE4 and AD is robust, whereas its association with vascular
dementia remains controversial. In clinically diagnosed cases, some investigators have
reported increased frequency of ApoE4 in vascular dementia or AD with CVD,36 whereas
others have not.37 Marin and colleagues38 reported elevations of ApoE4 with both vascular
dementia (26%) and AD (22%), but not normal “control subjects” (7%) with atherosclerotic
heart disease, hypertension, or stroke without dementia. In autopsy-diagnosed cases of pure
CVD, Betard and coworkers39 found no increase in ApoE4 compared with mixed cases of
AD/CVD. In a recent autopsy study of 215 subjects enrolled in the Religious Orders Study,
ApoE e4 allele was independently associated with cerebral infarction, cerebral amyloid
angiopathy, and AD pathology,40 although cases of pure CVD were not examined as a separate
group.

In univariate analyses, we found correlations between ApoE e4 carrier status with cerebral
amyloid angiopathy and Braak and Braak stage, but not with CVDPS, HS, or arteriosclerosis
scores. In multiple logistic regression analyses (see Table 6), only the association between
ApoE e4 and cerebral amyloid angiopathy remained. This is consistent with a
neuropathological study of AD,41 where ApoE e4 was associated with amyloid angiopathy
and deep microinfarcts, but not with basal atherosclerosis or macroscopic infarcts. Taken
together, these findings suggest that (1) the apoE4 allele is associated with amyloid angiopathy
but not arteriosclerotic-related ischemic brain injury, and (2) previous associations between
ApoE4 genotype and vascular dementia may reflect the inclusion of cases with mixed AD/
CVD or AD plus cerebral amyloid angiopathy.

This study has several strengths and limitations. All of the cases were followed longitudinally
with common neuropsychological instruments, including a composite score of global cognitive
status, which has desirable linear measurement properties. Similarly, all of the cases were
evaluated under a common neuropathological protocol and reviewed at a consensus
conference, blind to clinical information and ApoE genotype. A novel method (ie, the CVDPS
score) was used to characterize the severity of cerebrovascular brain injury, but it has not been
optimized as a predictor of cognitive impairment. In the sensitivity and specificity analyses,
the threshold for setting levels of “significant pathology” was conservative and did not include
a cutoff for HS. (The no significant AD or CVD pathology group included 10 CN, 5 CI, and
6 D cases, including 4 cases with HS). Recognizing that the choices of pathology cutoffs scores
are arbitrary, we do not rely on them for our primary conclusions.

Our convenience sample drew heavily on memory clinics for subject enrollment, and subjects
with a clinical diagnosis of AD were more likely to come to autopsy. Consequently, referral
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and autopsy bias might have contributed to the relative “Alzheimerization” of the subsample
with dementia. The study focused by design on SIVD, defined by relatively mild MRI findings
(ie, hyperintense lesions > 2mm), rather than symptomatic stroke, and excluded cortical infarcts
at the time of initial enrollment. Therefore, this study is not representative of vascular dementia
in general or of stroke-related dementia, but focuses instead on the milder end of SIVD.

Several important findings emerge from this convenience sample drawn from university-
affiliated memory clinics, enriched for SIVD. HS was a common unexpected pathological
finding. ApoE e4 carrier status was associated with cerebral amyloid angiopathy and AD, but
not HS or arteriosclerosis. In the absence of AD pathology (ie, Braak and Braak stage = 0),
CVDPS and HS contribute to mild cognitive impairment. However, advancing AD pathology
overwhelms the effects of CVDPS and HS and becomes the major determinant of dementia in
patients. The impact of symptomatic or large-vessel stroke, however, may make stronger
contributions to the dementia syndrome, even in the presence of AD pathology, and deserves
further investigation.
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Fig 1.
Cerebrovascular disease pathology scoring system.
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Fig 2.
Distribution of pathology scores among 79 autopsy cases: (A) Braak and Braak stage (0–VI),
(B) Consortium to Establish a Registry for Alzheimer Disease (CERAD) neuritic plaque score
(0–3), (C) cerebrovascular parenchymal pathology scores (CVDPS; 0–300), (D) cystic infarct
score (0–100), (E) lacunar infarct score (0–100), and (F) microinfarct score (0–100).
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Fig 3.
Distribution of cerebrovascular parenchymal pathology scores (CVDPS) and infarct subscores
by last clinical diagnosis: minimum, first quartile q1, median, third quartile q3, maximum. AD
= Alzheimer’s disease; IVD = ischemic vascular dementia.
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Fig 4.
Distribution of hippocampal sclerosis scores by diagnosis at last clinic visit. (Ischemic vascular
dementia [IVD] includes cognitively impaired cerebrovascular disease [CI-CVD] and
subcortical ischemic vascular dementia [SIVD]; Alzheimer’s disease [AD] includes CI-AD
and AD.)

Chui et al. Page 16

Ann Neurol. Author manuscript; available in PMC 2007 April 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chui et al. Page 17
Ta

bl
e 

1
D

em
og

ra
ph

ic
 D

at
a 

by
 C

lin
ic

al
 D

ia
gn

os
is

 C
lo

se
st

 to
 D

ea
th

 (N
 =

 7
9)

C
ha

ra
ct

er
is

tic
s

C
N

 (n
 =

 1
3)

C
I-

C
V

D
 (n

 =
 8

)
C

I-
A

D
 (n

 =
 5

)
SI

V
D

 (n
 =

 1
1)

a
A

D
 (n

 =
 2

0)
b

M
ix

ed
 A

D
/S

IV
D

(n
 =

 2
2)

pc

M
ea

n 
ag

e 
at

 d
ea

th
 (S

D
), 

yr
82

.7
 (5

.6
)

79
.4

 (5
.3

)
83

.7
 (6

.7
)

84
.6

 (8
.6

)
81

.6
 (8

.5
)

84
.2

 (6
.2

)
0.

54
M

ea
n 

ed
uc

at
io

n 
(S

D
), 

yr
13

.7
 (3

.1
)

15
.5

 (2
.7

)
15

.8
 (3

.9
)

13
.3

 (2
.8

)
15

.0
 (3

.6
)

12
.7

 (3
.6

)
0.

14
M

ea
n 

du
ra

tio
n 

of
 il

ln
es

s (
SD

), 
yr

—
4.

1 
(4

.5
)

3.
5 

(1
.3

)
8.

9 
(3

.9
)

9.
2 

(3
.0

)
8.

9 
(5

.2
)

0.
03

To
ta

l l
ac

un
ar

 v
ol

um
e 

(%
IC

V
)

0.
00

8 
(0

.0
13

)
0.

09
9 

(0
.0

83
)

0.
00

9 
(0

.0
19

)
0.

07
6 

(0
.0

92
)

0.
00

5 
(0

.0
14

)
0.

05
9 

(0
.1

30
)

0.
03

W
M

SH
 (%

IC
V

)
1.

1 
(1

.0
)

2.
7 

(1
.8

)
1.

9 
(2

.7
)

3.
4 

(2
.9

)
0.

9 
(0

.9
)

3.
1 

(2
.3

)
0.

00
2

M
ea

n 
tim

e 
fr

om
 la

st
 M

R
I t

o 
de

at
h

(S
D

), 
yr

2.
8 

(1
.8

)
1.

3 
(1

.0
)

1.
0 

(0
.4

)
2.

7 
(2

.2
)

3.
1 

(2
.1

)
2.

0 
(1

.4
)

0.
06

M
ea

n 
gl

ob
al

 c
og

ni
tiv

e 
sc

or
e 

(S
D

)
94

.7
 (1

6.
3)

93
.3

 (1
5.

1)
88

.6
 (2

1.
4)

53
.3

 (2
0.

5)
46

.7
 (1

7.
6)

52
.1

 (1
8.

1)
<0

.0
00

1
M

ea
n 

tim
e 

fr
om

 la
st

ne
ur

op
sy

ch
ol

og
ic

al
 te

st
in

g 
to

 d
ea

th
(S

D
), 

yr

1.
2 

(1
.0

)
0.

8 
(0

.9
)

0.
8 

(0
.4

)
2.

0 
(2

.0
)

2.
1 

(1
.7

)
1.

6 
(0

.9
)

0.
12

M
ea

n 
tim

e 
fr

om
 la

st
 c

lin
ic

 v
is

it 
to

de
at

h 
(S

D
), 

yr
1.

4 
(0

.9
)

0.
7 

(1
.0

)
1.

4 
(2

.5
)

1.
6 

(1
.4

)
1.

0 
(0

.6
)

0.
9 

(0
.6

)
0.

28

Se
x,

 n
 (%

)
0.

81
 

M
al

e
6 

(4
6.

2)
6 

(7
5)

3 
(6

0)
5 

(4
5.

5)
12

 (6
0)

13
 (5

9.
1)

 
Fe

m
al

e
7 

(5
3.

8)
2 

(2
5)

2 
(4

0)
6 

(5
4.

5)
8 

(4
0)

9 
(4

0.
9)

R
ac

e,
 n

 (%
)

0.
40

 
W

hi
te

12
 (9

2.
3)

7 
(8

7.
5)

5 
(1

00
)

8 
(7

2.
7)

20
 (1

00
)

16
 (7

2.
7)

 
H

is
pa

ni
c

0 
(0

)
0 

(0
)

0 
(0

)
0 

(0
)

0 
(0

)
2 

(9
.1

)
 

B
la

ck
0 

(0
)

1 
(1

2.
5)

0 
(0

)
1 

(9
.1

)
0 

(0
)

2 
(9

.1
)

 
A

si
an

1 
(7

.7
)

0 
(0

)
0 

(0
)

2 
(1

8.
2)

0 
(0

)
2 

(9
.1

)
A

po
E 

E4
 a

lle
le

, n
 (%

)
0.

10
 

N
o

10
 (8

3.
3)

4 
(5

0)
3 

(6
0)

6 
(6

6.
7)

5 
(2

9.
4)

13
 (5

9.
1)

 
Y

es
2 

(1
6.

7)
4 

(5
0)

2 
(4

0)
3 

(3
3.

3)
12

 (7
0.

6)
9 

(4
0.

9)
H

is
to

ry
 o

f s
tro

ke
, n

 (%
)

0.
00

1
 

N
o

13
 (1

00
)

4 
(5

0)
4 

(8
0)

5 
(4

5.
5)

19
 (9

5)
15

 (6
8.

2)
 

Y
es

0 
(0

)
4 

(5
0)

1 
(2

0)
6 

(5
4.

5)
1 

(5
)

7 
(3

1.
8)

a SI
V

D
 in

cl
ud

es
 p

ro
ba

bl
e 

(n
 =

 1
0)

 a
nd

 p
os

si
bl

e 
SI

V
D

 (n
 =

 1
).

b A
D

 su
bj

ec
ts

 a
re

 c
om

po
se

d 
of

 p
ro

ba
bl

e 
(n

 =
 1

8)
 a

nd
 p

os
si

bl
e 

A
D

 (n
 =

 2
).

c p 
va

lu
e 

fr
om

 a
na

ly
si

s o
f v

ar
ia

nc
e 

fo
r c

on
tin

uo
us

 v
ar

ia
bl

es
 a

nd
 fr

om
 F

is
he

r’
s e

xa
ct

 te
st

 fo
r c

at
eg

or
ic

al
 v

ar
ia

bl
es

.

C
N

 =
 c

og
ni

tiv
el

y 
no

rm
al

; C
I-

C
V

D
 =

 c
og

ni
tiv

el
y 

im
pa

ire
d 

ca
se

s w
ith

 la
cu

ne
s o

n 
M

R
I; 

C
I-

A
D

 =
 c

og
ni

tiv
el

y 
im

pa
ire

d 
ca

se
s w

ith
ou

t l
ac

un
es

 o
n 

M
R

I; 
SI

V
D

 =
 su

bc
or

tic
al

 is
ch

em
ic

 v
as

cu
la

r d
em

en
tia

;
A

D
 =

 A
lz

he
im

er
’s

 d
is

ea
se

; S
D

 =
 st

an
da

rd
 d

ev
ia

tio
n;

 W
M

SH
 =

 w
hi

te
 m

at
te

r s
ig

na
l h

yp
er

in
te

ns
iti

es
; M

R
I =

 m
ag

ne
tic

 re
so

na
nc

e 
im

ag
in

g;
 A

po
E 

= 
ap

ol
ip

op
ro

te
in

 E
; %

IC
V

 =
 %

 o
f i

nt
ra

cr
an

ia
l v

ol
um

e.

Ann Neurol. Author manuscript; available in PMC 2007 April 12.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chui et al. Page 18

Table 2
Distribution of Cerebrovascular Disease Pathology Scores among 79 Autopsy Cases by Four Pathological
Diagnostic Categories

CVDPS Scores CVD: CVDPS ≥ 20,
B&B < 4

AD: CVDPS <
20, B&B ≥ 4

AD/CVD: CVDPS ≥
20, B&B ≥ 4

NSP: CVDPS <
20, B&B < 4

Median CVDPS (IQR) 75 (41.7–88.9) 4.2 (0–8.3) 41.7 (37.5–44.5) 0 (0–8.3)
Median cystic infarcts (IQR) 16.7 (5.6–33.3) 0 (0–0) 11.1 (0–16.7) 0 (0–0)
Median microinfarcts (IQR) 12.5 (8.3–25) 0 (0–4.2) 16.7 (16.7–20.8) 0 (0–8.3)
Median lacunar infarcts (IQR) 41.7 (16.7, 50) 0 (0, 0) 0 (0, 25) 0 (0, 0)
Hippocampal sclerosis ≥ 2, n (%) 4 (27) 4 (12) 2 (22) 4 (19)

CVD = cerebrovascular disease; CVDPS = cerebrovascular disease parenchymal pathology scores; B&B = Braak and Braak stage; AD = Alzheimer’s
disease; NSP = no significant pathologic abnormality; IQR = interquartile range.
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Table 3
Concordance between Clinical and Pathologic Diagnoses in 79 Autopsy Cases: Four Pathological Diagnostic
Categories

Pathological/Clinical Diagnoses CVD: CVDPS ≥
20, B&B < 4

AD: CVDPS < 20,
B&B ≥ 4

Mixed AD/CVD:
CVDPS ≥ 20, B&B

≥ 4

NSP: CVDPS <
20, B&B < 4

Normal (n = 13) 1 2 0 10
CI-CVD (n = 8) 6 0 0 2
CI-AD (n = 5) 1 1 0 3
SIVD (n = 11) 4 5 1 1
AD (n = 20) 0 18 1 1
Mixed AD/SIVD (n = 22) 3 8 7 4
Total (n = 79) 15 34 9 21

CVD = cerebrovascular disease; CVDPS = cerebrovascular disease parenchymal pathology scores; B&B = Braak and Braak stage; AD = Alzheimer’s
disease; CI = cognitive impairment not meeting criteria for dementia; SIVD = subcortical ischemic vascular dementia; mixed AD/SIVD = clinical diagnosis
of mixed cases; NSP = no significant pathologic abnormality, clinical diagnosis of AD = 19 probable AD + 2 possible AD = possible AD, clinical diagnosis
of SIVD = 10 probable SIVD + 1 possible SIVD.
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Table 4
Linear Regression Evaluating the Association between Neuropathological Variables and Global Cognitive Score
at Visit Closest to Death (n = 79)

Independent variables β Standard Error p

Intercept 92.22 6.17 <0.0001
CVDPS −0.04 0.08 0.64
Hippocampal sclerosis score 2.04 2.38 0.39
Braak and Braak stage −7.55 1.34 <0.0001

Mean (standard deviation) of time from last neuropsychological test to death was 1.6 (1.4) years. Model was adjusted for age, education, sex, and race.

CVDPS = cerebrovascular disease parenchymal pathology scores.
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Table 5
Ordinal Logistic Regression Evaluating Association between Neuropathological Findings and Cognitive Status
Closest to Death (N = 79)

Independent variables OR (95% CI) p

Main-effects model
CVDPS score 1.01 (1.00–1.03) 0.16
HS score 1.29 (0.77–2.15) 0.33
Braak and Braak stage 2.03 (1.51–2.73) <0.0001
Interaction model
CVDPS score 1.02 (1.00–1.04) 0.07
HS score 2.43 (1.01–5.85) 0.048
Braak and Braak stage 2.84 (1.81–4.45) <0.0001
CVDPSa Braak and Braak stage 0.99 (0.98–1.00) 0.13
HS scorea Braak and Braak stage 0.83 (0.65–1.05) 0.13
Age at death 0.97 (0.88–1.06) 0.49

OR = odds ratio; CI = confidence interval; CVDPS = cerebrovascular disease parenchymal pathology scores; HS = hippocampal sclerosis.
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Table 6
Logistic Regression Evaluating the Association between Neuropathological Findings and Apolipoprotein E4
Allele (N = 73)

Independent Variables OR (95% CI) p

Cerebral amyloid angiopathy 2.16 (1.21–3.85) 0.009
Arteriosclerosis 0.94 (0.85–1.04) 0.21
Braak and Braak stage 1.20 (0.89–1.62) 0.23
CVDPS 1.0 (0.98–1.01) 0.61
HS score 1.14 (0.60–1.9) 0.61

Model was adjusted for age, education, sex, and race.

OR = odds ratio; CI = confidence interval; CVDPS = cerebrovascular disease parenchymal pathology scores; HS = hippocampal sclerosis.
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