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bstract

Vascular lesions in the brain are common with advancing age; however, the independent and cumulative contributions of postmortem
ascular lesions to antemortem cognitive status are not well established. We examined association of six vascular lesions (large infarcts,
acunar infarcts, leukoencephalopathy, microinfarcts, cribriform changes, and cerebral amyloid angiopathy) with antemortem diagnoses of
ementia, Alzheimer’s disease (AD), and vascular dementia (VaD) in 190 older adults from an autopsy series. We also developed a summary
core based on three macroscopic vascular lesions: large infarcts (0, 1, and ≥2), lacunar infarcts (0, 1, and ≥2), and leukoencephalopathy (none,
ild, and moderate-to-severe). Sixty-eight percent of cases had vascular lesions. Only leukoencephalopathy was associated with dementia
odds ratio (OR) 3.5, 95% CI 1.0–12.4), and only large infarcts were associated with VaD (OR 4.3, 95% CI 1.2–15.4). The vascular score was
ssociated with dementia (OR 1.6, 95% CI 1.2–2.3), AD (OR 1.5, 95% CI 1.0–2.1) and VaD (OR 2.0, 95% CI 1.4–3.0). Leukoencephalopathy,
arge infarcts, and higher vascular burden is associated with the clinical expression of dementia and subtypes.

2008 Elsevier Inc. All rights reserved.
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. Introduction

Cardiovascular and cerebrovascular diseases are impor-
ant contributors to cognitive impairment and dementia in
lder adults. While cardiovascular diseases are closely linked
o the clinical syndrome of vascular dementia (VaD), recent
tudies have suggested that vascular risk factors and vascu-
ar pathology may independently contribute to the risk of
lzheimer’s disease (AD) (Launer, 2002). Vascular pathol-
gy of varying types and severity is detected in up to
wo-thirds of the brains of older adults in population-based
utopsy series (Fernando and Ince, 2004; Petrovitch et al.,
005; White et al., 2002; Yoshitake et al., 1995). These lesions

ay result from multiple vascular mechanisms including vas-

ular occlusions, hemorrhages and hypoperfusion (Hachinski
t al., 2006). The pathological and etiological heterogeneity
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n VaD is reflected in the poor sensitivity and specificity of
urrent clinical criteria for VaD (Chui et al., 2000). Presence
f vascular lesions on imaging studies and in postmortem
rain examinations is used to validate the clinical diagnosis
f VaD. On the other hand, studies on the clinical significance
f vascular lesions identified at autopsy are limited (Knopman
t al., 2003; Vinters et al., 2000; White et al., 2002; Yoshitake
t al., 1995).

While cognitive correlates of cortical infarcts and lacunes
ave been reported in demented and non-demented older
dults, the contributions of other types of vascular lesions
uch as cerebral amyloid angiopathy, leukoencephalopathy
nd microinfarcts to cognitive impairment states are less
ell known. Moreover, mixed pathologies are common in
rains of older adults (Barker et al., 2002; Nagy et al., 1997;

nowdon et al., 1997; White et al., 2002), and may influence
linical presentations (Schneider et al., 2007). Some vascu-
ar pathology such as microinfarcts may not detectable during
ife using conventional neuroimaging techniques. To examine

dx.doi.org/10.1016/j.neurobiolaging.2008.09.011
mailto:jverghes@aecom.yu.edu
dx.doi.org/10.1016/j.neurobiolaging.2008.09.011
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he clinical relevance of increasing vascular burden on clin-
cal expression of dementia during life we also developed
summary vascular score based on the presence and num-

er of three macroscopic lesions (large infarctions, lacunar
nfarctions, and leukoencephalopathy) that have neuroimag-
ng correlates during life.

We examined the contribution of postmortem vascular
athology to antemortem cognitive status in an autopsy
ample of 190 older adults who participated in longitu-
inal aging studies in the Bronx during life. Our aims
ere twofold. First, we assessed the independent contribu-

ions of six vascular lesions (large infarcts, lacunar infarcts,
eukoencephalopathy, microinfarcts, cribriform changes, and
erebral amyloid angiopathy) to antemortem clinical demen-
ia syndromes (dementia overall, AD, and VaD) accounting
or other neurodegenerative pathologies. Second, we investi-
ated the cumulative effect of macroscopic vascular lesions
ith neuroimaging correlates during life on the antemortem

linical diagnosis of dementia using a novel vascular score.
dentifying specific pathological vascular lesions associated
ith dementia and its subtypes may help refine current

linical and pathological criteria for dementia syndromes,
mprove diagnostic procedures, and lead to novel interven-
ions.

. Methods

.1. Study population

The autopsy series reported in this study included 190
rains of participants in longitudinal aging studies in the
ronx during life. Fifty-four subjects were enrolled in the
ronx Aging Study, 99 in the Albert Einstein College of
edicine Teaching Nursing Home study, 14 in the Einstein
ging Study (EAS), and 23 were community volunteers.
ethods of recruitment, subject examination, and determina-

ion of cognitive status in these cohorts have been described
reviously (Crystal et al., 1993, 2000; Katzman et al., 1989;
erghese et al., 1999). In brief, the Bronx Aging Study

ecruited a volunteer cohort of non-demented elderly indi-
iduals over age 75, between 1980 and 1983. The Teaching
ursing Home study (1984–1991) recruited both commu-
ity residing and institutionalized elderly individuals with
nd without dementia at baseline. In 1992, the Bronx Aging
nd the Teaching Nursing Home studies were incorporated in
o the EAS. EAS participants were systematically recruited
rom population lists of Medicare eligible recipients (≥70
ears of age) living in the community in Bronx County.
xclusion criteria included presence of severe visual or hear-

ng impairments that would interfere with completion of
europsychological tests. Subjects previously diagnosed with

diopathic Parkinson’s disease or dementias by their pri-
ate physicians were excluded from the Bronx Aging Study,
ut not from the Teaching Nursing Home study or EAS.
ritten informed consent for clinical evaluation as well as

t
h
c
g
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or participation in the autopsy program was obtained from
ll subjects and surrogate decision makers at enrollment.
he local institutional review board approved the study and
utopsy protocols.

.2. Dementia and cognitive assessment

Subjects in all three studies received clinical and neuropsy-
hological evaluations at enrollment and at 12–18-month
nterval visits as previously described. An informant, usu-
lly a family member, accompanied most non-demented
ubjects and all demented subjects, and was interviewed or
ontacted to confirm details of history. Subjects with preva-
ent dementia at study enrollment in the TNH study were
xamined at their nursing homes if they were unable to
ome to the clinical research center. Clinical evaluations at
oth sites were done by board-certified neurologists with
xpertise in geriatric neurology. Research assistants adminis-
ered a standardized neuropsychological battery validated for
se in normal aging populations. The Blessed-information-
emory-concentration test (BIMC) was used to screen for

eneral cognitive status. This test has a high test–retest reli-
bility (0.86) and correlates well with Alzheimer pathology
Grober et al., 1999; Thal et al., 1986).

Dementia was diagnosed after reviewing all available clin-
cal and neuropsychological information at consensus case
onferences attended by the study neurologists, licensed
europsychologist, and a study social worker. Dementia
as diagnosed using the Diagnostic and Statistical Man-
al of Mental Disorders, Revised Third Edition criteria and
he Fourth edition criteria after 1994 (Association, 1987,
994). Subjects diagnosed with dementia were subtyped
sing the National Institutes of Neurological and Commu-
icative Disorders and Stroke and the Alzheimer’s Disease
nd Related Disorders Association criteria for probable or
ossible AD (McKhann et al., 1984), and the State of Califor-
ia Alzheimer’s Disease Diagnostic and Treatment Centers
riteria for probable, possible or mixed VaD (Chui et al.,
992). Neuroimaging studies were used to help distinguish
probable” AD or “probable” VaD. We have previously
eported good clinicopathological agreement between the
linical diagnoses of AD, VaD, and Lewy body dementia
ith pathological findings (Crystal et al., 2000; Verghese et

l., 1999).

.3. Neuropathology

A single experienced neuropathologist, blinded to clinical
tatus, provided neuropathologic evaluations. Brains were
emoved within 24 h of death. One hemisphere (usually
he right) was frozen and the other half fixed in 10%
ormalin for histological examination. Prior to freezing

he circle of Willis was dissected for study. Sampling for
istologic studies included six neocortical areas (midfrontal
ortex—Brodmann area (BA) (BA8/46), superior temporal
yrus (BA38), inferior parietal lobule (BA39/40), motor
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ortex in the watershed area (BA4/1,2,3), anterior cingulate
yrus (BA 24) and calcarine cortex (BA17/18)), two levels
f the hippocampus (anterior and posterior), the basal
orebrain with amygdala and lentiform nucleus, basal
anglia with nucleus accumbens, thalamus with subthalamic
ucleus, midbrain at the level of the third nerve, rostral
ons, mid-medulla with hypoglossal nucleus and inferior
livary nucleus, cerebellar vermis and cerebellar cortex
ith dentate nucleus. Additional sections were taken of
acroscopic lesions (e.g., infarcts, hemorrhages, or mass

esions) for histologic characterization. Select sections
rom the opposite hemisphere were taken before freezing if
bnormalities, including vascular lesions, were detected on
isual inspection.

Senile plaques (SP) and neurofibrillary tangles (NFT)
ere counted with thioflavin-S fluorescent microscopy in
ve cortical areas, four sectors of the hippocampus and two
egions of the amygdala as previously described (Barker et
l., 2002; Dickson et al., 1994; Grober et al., 1999). For SP the
ounts were made at 100× magnification, while NFT were
ounted at 400× magnification. NFT were also counted in
he basal nucleus of Meynert. Cerebral amyloid angiopathy

CAA) was assessed in parenchymal and leptomeningeal ves-
els with thioflavin-S fluorescent microscopy in five cortical
reas (Fig. 1f). All cases were assigned a Braak NFT stage
Braak and Braak, 1991), based upon the distribution of NFT

i
l
C

ig. 1. Examples of vascular lesions. (a) Ischemic large infarct: a massive area of en
he distribution of the posterior cerebral artery. (b) Cribriform change is noted in the
schemic pathology on microscopic examination. (c) and (d) Lacunar infarcts are cys
hite matter (arrow), which has softening and discoloration in surrounding white
atter, dilated perivascular spaces and often perivascular pigment-laden macroph
icro-infarcts are small foci of collapsed gliotic tissue or partially cystic tissue nec
ging 31 (2010) 1710–1720

n thioflavin-S sections. In all cases the medial temporal lobe
as immunostained for phospho-tau to detect argyrophilic
rains and to verify the Braak NFT stage (Grober et al.,
999). A section of the amygdala was screened for Lewy bod-
es with �-synuclein immunohistochemistry. If Lewy bodies
ere detected on routine histology in any of the vulnerable
rainstem nuclei or in the �-synuclein immunostained section
f amygdala, additional cortical and basal forebrain sections
ere immunostained to determine the Lewy body type. Prior

o widespread application of �-synuclein immunohistochem-
stry, cases were studied with double immunohistochemistry
or tau and ubiquitin (Barker et al., 2002). Depending
pon the histologic findings, additional immunohistochem-
cal studies were performed to characterize the pathology
sing antibodies to ubiquitin, glial fibrillary acidic protein,
sotype-specific forms of tau and �-amyloid. In cases with
hite matter pathology, the nature of this pathology was con-
rmed with histochemical methods for myelin (Luxol fast
lue) and axons (Bielschowsky or Bodian silver stains).

.4. Pathological vascular lesions
The six types of vascular lesions identified included
schemic vascular lesions (large infarcts and lacunar infarcts),
eukoencephalopathy, microinfarcts, cribriform changes, and
AA. Ischemic vascular lesions were identified by macro-

cephalomalacia affecting the inferior temporal and medial occipital lobe in
putamen as dilated perivascular spaces, but not associated with infarcts or

tic infarcts 1-cm or less in diameter, such as this lesion in the periventricular
matter. (e) Leukoencephalopathy is characterized by rarefaction of white
ages (arrows). (f) CAA is noted by glassy thickening of vessel wall. (g)
rosis visible only with the microscope.
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Table 1
Determination of the macroscopic vascular lesion score.

Component Vascular lesion score points

Large infarct
2 or more 2
1 1
None 0

Lacunes
2 or more 2
1 1
None 0

Leukoencephalopathy
Moderate-severe 2
Mild 1
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copic examination of 0.5-cm thick coronal sections of
erebral hemispheres and transverse sections of brain-
tem and cerebellum. Circumscribed areas of softening
encephalomalacia), whether cystic or partially cystic, with
aximum diameter greater than one centimeter were clas-

ified as large infarct (Fig. 1a). Large infarcts were usually
ssociated with atherosclerotic large vessel disease and in
ost cases, segmental stenosis or less often recanalized

cclusions were detected in named arteries at the base of
he brain. Lacunar infarcts were defined as cystic lesions less
han one centimeter in diameter (Fig. 1d). Lacunar infarcts,
hich correlate with the presence of small vessel arterioscle-

otic vascular disease, were most often found in basal ganglia,
halamus, pontine base, and periventricular white matter. In

few cases, the lacunes were associated with hemosiderin
nd were likely related to old hemorrhages. For the pur-
ose of this analysis, this type of lesion was included in
he category of lacunar infarcts. Leukoencephalopathy was
ssessed based on the presence of rarefaction of the white
atter, dilation of perivascular spaces in the white mat-

er and the presence of reactive astrocytes and less often
acrophages (Fig. 1e). White matter pathology was iden-

ified on macroscopic exam and selected areas were sampled
or the microscopic exam. Results of leukoencephalopa-
hy were reported as limited to periventricular caps (mild,
= 13), involving the centrum semiovale (moderate, n = 19),
r extensively involving periventricular caps and the centrum
emiovale (severe, n = 13).

Microinfarcts were defined as ischemic lesions found on
icroscopic exam and not visible to the naked eye (Fig. 1g).
hey were most often detected in sections of the motor cortex
hich was taken from watershed of the anterior and middle

erebral arteries. Cribriform changes were enlarged perivas-
ular spaces often associated with perivascular ischemic
liosis, but not frank infarcts or hemorrhages (Fig. 1b and
). They were evaluated in the basal ganglia and thalamus.
ilated perivascular spaces in the white matter were not

ncluded in this category, but were taken into account in
ssessing overall white matter pathology. Acute and suba-
ute infarcts, lacunes, microinfarcts or hemorrhages near the
ime of death were noted, but not included in the vascular
cores or analyses. The decision to exclude was based upon
he histological appearance of the lesions, and presence of
cute neuronal necrosis and neutrophils.

.5. Vascular score

To understand the clinical relevance of our findings as
ell as to study the effect of cumulative vascular burden irre-

pective of type of vascular lesion, we developed a summary
athological vascular lesion score based on the presence and
umber of three types of macroscopic vascular lesions (large

nfarct, lacunar infarct, and leukoencephalopathy) that are
ssociated with neuroimaging correlates during life. Details
f the score are presented in Table 1. Each type of lesion
as counted in each subject, and we adjusted for number

e
t
c
a

None 0

otal score 6

f large infarcts, number of lacunar infarcts and severity of
eukoencephalopathy. We studied the vascular lesion score
Table 1) both as continuous (range 0–6) as well as categor-
cal variables (no vascular lesion, any one vascular lesion,
wo vascular lesions, and three or more lesions) to look for

possible threshold effect of vascular burden on cognitive
mpairment.

.6. Data analysis

The association of six individual types of vascular
esions (large infarcts, lacunar infarcts, leukoencephalopa-
hy, microinfarcts, cribriform changes, and cerebral amyloid
ngiopathy) to antemortem diagnosis of dementia, AD
nd VaD was examined using multiple logistic regression
djusted for potential confounders (McCullagh PaN, 1989).
odel 1 was adjusted for age at death, gender, and clinico-

athological interval. A term for enrollment group was also
ntered in this model to account for possible cohort effects.
ixed neurodegenerative and vascular lesions are commonly

resent in brains of older individuals. Therefore, Model 2
as adjusted for other individual vascular lesions, Alzheimer
athology (Braak NFT stage), and presence of cortical Lewy
odies, to ascertain the independent effect of each vascu-
ar lesion after accounting for additional neurodegenerative
athology. Number of large infarcts, number of lacunes and
everity of leukoencephalopathy were examined separately.
e also conducted analyses using the categorical and con-

inuous vascular lesion score as the predictor. Results are
eported as odds ratios with 95% confidence intervals (CI).

Clinical evidence of vascular disease (history, examina-
ion, or imaging findings) may influence dementia diagnosis
y biasing clinicians to subtype dementia cases as VaD. To
est associations of vascular lesion types with an outcome
hat was not influenced by clinical evidence of vascular dis-

ase, we repeated all our analyses with Blessed test scores as
he outcome. We dichotomized Blessed scores (>4) to define
ognitive impairment based on clinical pathological associ-
tions for this test reported in our previous studies (Crystal
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t al., 1993, 2000; Dickson et al., 1992). In this sample, 72%
f subjects were defined as cognitively impaired at their last
linical assessment using this Blessed cut score.

. Results

.1. Study population

Among the 190 autopsy cases, mean age at death was
4.4 ± 9.6 years and 65% were female. There were 131
ndividuals (69%) who met clinical criteria for dementia at
heir last clinical evaluation including 84 cases of proba-
le and possible AD, 28 cases of VaD (including 17 with
ixed Alzheimer-vascular dementia (Chui et al., 1992)), nine

ases of Lewy body dementia, three cases of frontotemporal
ementia, four cases of dementia of undetermined etiol-

gy, and one case each of multisystem atrophy, Parkinsonian
ementia, and alcohol related dementia. The median interval
etween the last clinical evaluation and death was 13 months
interquartile range 6–27 months). Table 2 shows the baseline
haracteristics of the autopsy sample.

F
2
M
n
p

able 2
linical characteristics based on the macroscopic lesion scorea.

Overall n = 190 0b

emographicsd

Age, mean (S.D.), years 84.4 (9.6) 82.3 (10.4)
Female (%) 65.3 58.8
Clinicopathologic interval, monthe 13 (6–27) 11.5 (5–26)
APOE e4 allele (%) 14.7 16.7

linical diagnosis at last evaluation (%)
Non-demented (n = 59) 31.1 40.2
AD (n = 84) 44.2 47.1
VaD (n = 28) 14.7 3.9
Other (n = 19) 10.0 8.8
Blessed score (n = 184)e 15 (4–32) 9 (3–32)

athological lesions (%)
Large infarcts

1 9.0 –
≥2 10.0 –

Lacunes
1 11.1 –
≥2 14.2 –

Leukoencephalopathy
Mild 6.8 –
Mod-severe 16.8 –

Microinfarcts 15.8 9.8
Cribriform changes 15.8 3.9
CAA 27.9 27.5
Braak NFT stage, mean (S.D.) 3.4 (1.8) 3.3 (2.0)
Cortical Lewy bodies (%) 12.6 9.8

a Macroscopic vascular lesions score ranging 0–6 as outlined in Table 4.
b Defined as absence of any macroscopic vascular lesions such as large infarcts, l
c Using ANOVA for continuous variables, and Chi-square test for categorical var
d Mean (±S.D.) unless otherwise specified.
e Median, 25–75% quantiles.
f APOE missing in 87 cases.
ging 31 (2010) 1710–1720

.2. Neuropathology

There were 129 (68%) individuals with at least one of
he six pathological vascular lesions of interest, including
arge infarcts (n = 36), lacunar infarcts (n = 48), leukoen-
ephalopathy (n = 45), microinfarcts (n = 30), cribriform
hanges (n = 30), and cerebral amyloid angiopathy (n = 53).
europathological diagnoses in these 190 cases (assigned

ndependent of clinical diagnosis) included: AD (n = 55),
ixed AD with VaD (n = 28), mixed AD and diffuse Lewy

ody disease (n = 14), vascular dementia (n = 28), diffuse
ewy body disease (n = 7), pathological aging (n = 22), argy-

ophillic grain dementia (n = 5), frontotemporal dementia
n = 4), corticobasal ganglionic degeneration (n = 2), and
ne case each of progressive supranuclear palsy, adult
olyglucosan disease and Cruetzfeld Jakob disease (Cairns
t al., 2007; Dickson, 1996, 1997; Dickson et al., 1995;
ujishiro et al., 2008; Gray et al., 1988; Jicha et al.,

006; Liberski and Ironside, 2004; Lippa et al., 2007;
cKeith et al., 2005). Twenty-two cases were diagnosed

ormal without significant neurodegenerative or vascular
athology.

1 2 3 or more p-Valuec

87.8 (4.7) 84.3 (8.3) 88.5 (9.2) 0.003
69.2 76.7 71.9 0.2
11 (6–16) 17.5 (9–31) 14 (6.5–29) 0.7

3.9 13.3 18.8 0.4f

30.8 23.3 9.4 0.001
38.5 40.0 43.8
19.2 30.0 31.3
11.5 6.7 15.6
14.5 (4–26) 16 (6–32) 21 (12–32) 0.1

26.9 3.3 28.1 –
– 26.7 34.4 –

53.9 6.7 15.6 –
– 23.3 62.5 –

19.2 3.3 21.9 –
– 43.3 59.4 –

11.5 30.0 25.0 0.02c

26.9 16.7 43.8 <0.001c

23.1 46.7 15.6 0.05c

3.0 (1.7) 3.8 (1.8) 3.5 (1.7) 0.5
11.5 20.0 15.6 0.5

acunar infarct, or leukoencephalopathy.
iables.
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Number of large infarcts and lacunes are shown in Table 2.
he frequency of cortical Lewy bodies and Braak staging did
ot differ between the different vascular lesion score cate-
ories. Compared to subjects with clinical AD, individuals
iagnosed with VaD were older (88.5 years vs. 83.3 years),
nd had a significantly higher proportion of large infarcts
43% vs. 14%).

.3. Vascular lesions

Table 3 shows that leukoencephalopathy was associated
ith antemortem diagnosis of both AD and dementia. In the
odel with adjustments for other vascular and neurodegener-

tive pathology, leukoencephalopathy overall (OR 3.5, 95%
I 1.0–12.4) and moderate to severe leukoencephalopathy

OR 5.4, 95% CI 1.0–30.2) were associated with clinical
iagnosis of dementia, but not with a clinical diagnosis of
D. Large infarcts, lacunar infarcts, and leukoencephalopa-

hy were associated with antemortem diagnosis of VaD when
ntered in the model individually (Table 3). However, only
resence of large infarcts (OR 4.3, 95% CI 1.2–15.4) was
ignificant in the final model. Excluding cases clinically
iagnosed with mixed dementia did not materially change
he association between large infarcts and vascular dementia
data not shown).

Of the microscopic vascular lesions examined (Table 4),
nly cerebral amyloid angiopathy was associated with
ementia and subtypes, but the associations were not signif-
cant when adjusted for additional covariates in the second

odel.

.4. Vascular score

Examined as a continuous variable (Table 5), a one-point
ncrease on the vascular lesion score was significantly asso-
iated with antemortem diagnosis of dementia (OR 1.6, 95%
I 1.2–2.3), AD (OR 1.5, 95% CI 1.0–2.1), and VaD (OR
.0, 95% CI 1.4–3.0) in the fully adjusted models. A score
f three or higher was associated with clinical diagnoses of
oth dementia overall and VaD compared to subjects without
ascular lesions. A score of three or more was also associ-
ted with antemortem cognitive impairment defined using a
utscore of greater than four on the Blessed test (OR 6.5, 95%
I 1.5–28.9).

.5. Sensitivity analyses

Large infarcts but not lacunar infarcts were more prevalent
n brain autopsies of subjects diagnosed with VaD than those
ith AD (42.9% vs. 14.3%). To account for the possibility

hat presence of clinical strokes may have influenced diag-
osis of VaD during life, we conducted additional analyses

xcluding large infarcts from the vascular lesion score. Pres-
nce of two or more vascular lesions (excluding large infarcts)
as still associated with antemortem diagnosis of VaD (OR
.9, 95% CI 1.4–24.1), suggesting an effect of increasing vas- Ta
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Table 4
Relationships of microscopic lesions to clinical diagnoses of dementia, AD or VaD.

Any dementiaa, no. of cases/total = 131/190 Alzheimer’s diseaseb, no. of cases/total = 84/143 Vascular dementiac, no. of cases/total = 28/87

Model 1d OR (95% CI) Model 2e OR (95% CI) Model 1d OR (95% CI) Model 2e OR (95% CI) Model 1d OR (95% CI) Model 2e OR (95% CI)

Microscopic vascular
Microinfarcts 0.8 (0.3–2.0) 0.6 (0.2–1.9) 0.6 (0.2–1.7) 0.5 (0.1–1.7) 1.7 (0.6–5.0) 1.4 (0.3–5.7)
Cribriform changes 1.9 (0.7–5.0) 1.7 (0.5–6.2) 1.1 (0.4–3.3) 1.1 (0.3–4.5) 3.0 (0.9–10.1) 1.9 (0.4–8.9)
Cerebral amyloid angiopathy 3.6 (1.5–8.6)** 1.2 (0.4–3.7) 4.0 (1.6–10.0)** 1.2 (0.4–3.9) 3.6 (1.2–11.1)** 1.5 (0.4–5.8)

Neurodegenerative
Braak Staging 2.1 (1.6–2.7)*** 2.1 (1.6–2.9)*** 2.3 (1.7–3.0)*** 2.3 (1.7–3.2)*** 1.8 (1.3–2.5)*** 1.8 (1.2–2.7)**

Cortical LB 1.9 (0.9–4.1) 1.9 (0.8–4.2) 1.9 (0.9–4.0) 1.8 (0.8–4.1) 2.0 (0.9–4.5) 2.2 (0.9–5.0)
a Comparing overall demented to non-demented.
b Comparing AD to non-demented excluding VaD and other dementias.
c Comparing VaD to non-demented excluding AD and other dementias.
d Adjusted for age at death, sex, recruitment group, interval from last evaluation to death in months.
e Additionally adjusted for other vascular lesions, Braak NFT stage and cortical Lewy bodies.

** p value < 0.05.
*** p value < 0.001.

Table 5
Relationship of macroscopic vascular lesion scorea to clinical dementia, AD and VaD.

Any dementiab Alzheimer’s diseasec Vascular dementiad

OR (95% CI) Model 1e OR (95% CI) Model 2f OR (95% CI) Model 1e OR (95% CI) Model 2f OR (95% CI) Model 1e OR (95% CI) Model 2f

Severity (0–6) (all)g 1.6 (1.2–2.2)*** 1.6 (1.2–2.3)** 1.4 (1.0–2.0)** 1.5 (1.0–2.1)** 2.1 (1.5–3.1)*** 2.0 (1.4–3.0)***

0 (n = 102) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference)
1 (n = 26) 2.4 (0.9–6.5) 3.6 (1.1–12.2) 1.6 (0.5–4.7) 2.7 (0.7–10.2) 6.9 (1.4–32.6)** 8.5 (1.6–45.9)**

2 (n = 30) 2.6 (0.97–7.1) 2.5 (0.7–8.4) 1.5 (0.5–4.5) 1.4 (0.4–5.5) 13.6 (3.2–58.1)*** 10.1 (2.0–50.8)**

3 or more (n = 32) 8.4 (2.3–31.1)*** 9.1 (2.1–40.0)** 4.7 (1.2–18.3)** 5.6 (1.2–26.3)** 33.1 (6.0–182.9)*** 27.9 (4.4–175.8)***

a Macroscopic vascular lesions score ranging 0–6 as outlined in Table 1.
b Comparing overall demented to non-demented.
c Comparing AD to non-demented excluding VaD and other dementias.
d Comparing VaD to non-demented excluding AD and other dementias.
e Adjusted for age at death, sex, recruitment group, interval from last evaluation to death in months.
f Additionally adjusted for other vascular lesions, Braak NFT stage and cortical Lewy bodies.
g Using continuous variable for vascular lesion score.

** p value < 0.05.
*** p value < 0.001.
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ular pathology even in the absence of large infarcts on the
linical expression of dementia.

All our analyses were adjusted for the clinicopathologi-
al interval. We examined the association of vascular lesion
cores and clinical outcomes in 92 subjects (49%) with autop-
ies done 12 months or less after their last clinical assessment
o account for possible bias due to long clinicopathologi-
al interval. Among these 92 cases, two or more vascular
esions were still associated with an antemortem diagnosis
f dementia (OR 7.8, 95% CI 1.00–62.5).

. Discussion

In this well characterized autopsy sample of 190 elderly
ndividuals only presence of leukoencephalopathy, among
he six types of pathological vascular lesions examined, was
ssociated with an antemortem diagnosis of dementia and
D after accounting for other vascular and neurodegener-

tive pathologies. As the severity of leukoencephalopathy
ncreased so did the risk of all causes of dementia, AD,
nd VaD. This dose-response relationship strengthens our
ndings. Previous studies that have examined the contribu-

ions of leukoencephalopathy to antemortem cognitive status
ave shown mixed results with some (Englund et al., 1988;
arcia and Brown, 1992) but not all studies (Tatemichi, 1990)

howing a significant association.
Most elderly individuals coming to autopsy have vascu-

ar lesions (Fernando and Ince, 2004; Kalaria et al., 2004;
nopman et al., 2003; Riekse et al., 2004; Schneider et al.,
004; White et al., 2002). One or more of the six types of
ascular lesions were seen in 68% of our sample, comparable
o other community-based samples (Neuropathology group,
001; Schneider et al., 2007). Previous studies have focused
ostly on ischemic infarctions in autopsied brains. Macro-

copic vascular lesions have been linked to clinical dementia
Chui et al., 2006; Petrovitch et al., 2005; Schneider et al.,
004; Snowdon et al., 1997) as well as with severity of cogni-
ive impairment (Heyman et al., 1998; Schneider et al., 2004).
owever, like one previous study (Neuropathology group,
001), we did not find an association of large infarcts and
acunar infarcts with a clinical diagnosis of dementia. Large
nfarcts were associated with antemortem clinical diagnosis
f VaD. In a prior analysis of this autopsy sample, lacu-
ar infarcts, but not leukoencephalopathy were associated
ith dementia (Crystal et al., 1993). However, we now have
four-fold larger sample, and controlled for other previ-

usly unaccounted covariates in our multivariate analyses.
n our effort to understand the independent effect of spe-
ific vascular lesions, we controlled analysis of each vascular
esion for the presence of others. If vascular disease has

common pathophysiological substrate this may represent

ver-adjustment. To address this issue we developed a vas-
ular score which summarized three types of macroscopic
athology rather than adjusting for it. The success of the
ascular risk score supports this approach.

(
a
t
t

ging 31 (2010) 1710–1720 1717

Our results suggest that accumulating macroscopic vascu-
ar pathology, regardless of type, contributes to the diagnosis
f dementia, and does so even in presence of other neurode-
enerative pathology. The association between increasing
ascular score and antemortem AD, supports vascular contri-
utions to this clinical dementia subtype (Beach et al., 2007;
onig et al., 2005; Roher et al., 2004). Another community
ased clinicopathological study with comparable age range
nd with analyses adjusted for other co-existing pathologi-
al processes did not find an association between dementia
nd individual types of vascular pathology, whereas presence
f multiple vascular pathologies was associated with demen-
ia (Neuropathology group, 2001). While our observations

ay be driven by the presence of large infarcts in the vas-
ular score, our subgroup analyses excluding infarcts from
he vascular score did not materially change findings. Our
esults, which look at lesions in aggregate in our sample, do
ot exclude the possibility that a single strategically located
ascular lesion may result in dementia in individual patients.
ilent thalamic infarcts detected on MRI were associated with

ncreased rate of memory decline in the Rotterdam Study
Vermeer et al., 2003).

In an autopsy series restricted to older Japanese-American
en, multiple large infarcts were associated with antemortem

ementia, and this association was nearly equal in magni-
ude to that seen with Alzheimer lesions (Petrovitch et al.,
005). The Religious Order Study reported that large and
acunar cerebral infarctions were associated with a twofold
ncreased risk for dementia (Schneider et al., 2003, 2004).
nother study reported a borderline association of subcorti-

al vascular burden with antemortem cognitive status when
djusted for Alzheimer pathology. However, the investiga-
ors used a composite vascular score restricted to cystic
nfarcts, lacunar infarcts, and microinfarcts (Chui et al.,
006). Unlike some studies, we did not find a significant asso-
iation of microinfarctions with dementia subtypes (Kovari
t al., 2007). Strict comparisons with previous studies may
e limited by differing study populations, smaller samples
n previous studies, limited set of confounders considered in
nalyses, various definitions of vascular disease burden, dif-
erences in clinical diagnostic procedures and pathological
echniques.

The antemortem correlates of our vascular lesions should
e further explored using techniques such as neuroimag-
ng. Epidemiological studies have reported an association
etween periventricular white matter lesions on imaging stud-
es and cognitive decline (Prins et al., 2005; Vermeer et
l., 2003), mirroring our findings with respect to leukoen-
ephalopathy. Radiographic white matter lesions have been
orrelated with neuropathological findings such as axonal
oss, myelin rarefaction, small lacunes, cerebral amyloid
ngiopathy, and perivascular demyelination and gliosis

Merino and Hachinski, 2000). Although cerebral amyloid
ngiopathy was strongly associated with dementia in the ini-
ial model, we did not incorporate it in the vascular score for
wo reasons. Firstly, cerebral amyloid angiopathy represents
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essel pathology while infarcts and leukoencephalopathy are
arenchymal, and we did not want to mix those two patholo-
ies in the score. Secondly, is not yet possible to verify
r quantify cerebral amyloid angiopathy pathology during
ifetime. As resolution of imaging techniques improves, cor-
elations between MRI and microscopic vascular lesions
hould be re-examined.

Some possible limitations of our study merit discussion.
he median interval between the last clinical examination and
eath was 13 months. Hence, it is possible that some individ-
als may have experienced cognitive decline after their last
ssessment. We controlled all analyses for clinicopathologi-
al interval. The significant associations were unchanged in
ur subgroup analysis restricted to subjects evaluated within a
ear of death. In common with other autopsy studies selection
ias is the norm rather than the exception. We accounted for
ossible cohort effects in our analyses since our source pop-
lations included community volunteers, institutionalized
articipants, and population-based randomly recruited indi-
iduals. Presence or absence of clinical strokes or infarcts on
maging studies is used to assign dementia subtypes, raising
ssues of diagnostic circularity. This limitation does not apply
o our overall clinical dementia diagnosis, which is assigned
rior to subtyping cases as AD or VaD. We conducted a num-
er of sensitivity analyses to address this issue. The results
ere not materially different when we excluded pathologi-

al large infarcts that may have been recognized during life
r when cognitive impairment was defined independent of
he dementia subtyping process by using cut scores on the
lessed test. The vascular lesions were known to the pathol-
gist at the time of assigning neuropathological diagnoses.
ence, correlation of vascular scores with neuropathologi-

al diagnoses is limited by diagnostic circularity. While our
ementia diagnostic procedures have been reported to cor-
elate highly with pathological findings, clinical diagnostic
isclassification may have reduced the strength of some of

he observations. Our results should be confirmed in other
ndependent autopsy samples. Lastly, neuropathologic eval-
ations were performed on one hemisphere in many cases.
oreover, identification of vascular pathology was based on

ross brain sections. This is likely to have resulted in under
stimation of the association between vascular lesions and
linical diagnosis of dementia. Utilization of techniques such
s myelin staining of brain sections will improve quantifica-
ion of white matter pathology. However, these techniques

ay not necessarily have clinical or imaging correlates.
The strengths of our study include the detailed assessment

f clinical and neuropathologic data by experienced examin-
rs, validated diagnostic procedures, and the inclusion of a
ide range of pathological lesions associated with dementia.
In summary, our study shows that individual types of

ascular lesions as well as increasing vascular burden are

ssociated with antemortem diagnosis of clinical dementia.
he individual types of lesions as well as the score described
an be used to improve definitions of vascular dementia as
ell as dementia assessment procedures.
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