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Abstract

The neuropathology underlying dementia syndromes in older populations is complex. The

contributions of Alzheimer’s and Lewy body pathology are well appreciated. Recent studies with

brain autopsies have highlighted the high prevalence of vascular disease as an independent, but

often co-morbid contributor to dementia. The Adult Changes in Thought Study is a community-

based, longitudinal study of brain aging and cognitive decline which has recently confirmed

cerebral microinfarcts as a strong correlate of cognitive impairment and dementia. This study

examines correlations between clinical characteristics including extensive, longitudinal medication

histories, and longitudinal cognitive testing against structural and biochemical features of disease.
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INTRODUCTION

Dementia is a syndrome, a clinically-defined entity with multiple causes. The molecular

mechanisms of the diseases that cause cognitive impairment and dementia in the elderly are

only partially understood, but may be classified by pathologic criteria (Fig. 1). While there

are many causes of dementia, results from community- or population-based studies with

autopsy evaluations lead to the conclusion that diseases characterized by accumulation of

misfolded proteins and amyloid, most commonly Alzheimer’s disease (AD) and Lewy body
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disease, as well as vascular brain injury (VBI) are the two most prevalent disease processes

contributing to dementia [1–3].

In a seminal paper in 1976, Dr. Robert Katzman applied a chronic disease model to AD and

proposed the existence of latency where some structural damage accrues but there are no

functional or behavioral deficits, followed by a prodrome during which there is more

structural damage with mild functional and behavioral changes occur, and ultimately by

dementia that is characterized by substantial irreversible damage and severe behavioral

abnormalities (Table 1) [4]. While such a model likely does not reflect the full complexity of

AD, clinical, neuroimaging, and pathologic data strongly support this sequence of disease

progression that almost certainly forms a continuum beginning many years prior to clinical

diagnosis of dementia. Indeed, the chronic disease model for AD has been codified with

well-established clinical criteria for dementia and prodromal stages. Intense investigation is

now being focused on developing neuroimaging or clinical laboratory tests to identify latent

AD since this is likely where future mechanism-based therapeutic interventions will be most

effective. This will be a serious public health challenge, akin to mammograms or prostate

specific antigen measurements, which will need to be implemented at the level of primary

care since, by definition, individuals with latent disease do not present with cognitive

complaints.

Vascular cognitive impairment (VCI) is the clinical manifestation of the many different

forms of VBI that can produce cognitive impairment [5]. Although VBI from large vessel

disease can lead to cognitive impairment and dementia, the entities of multi-infarct dementia

or strategic infarcts appear to be relatively less common causes of dementia than VBI from

small vessel disease (VBI-SVD) [1–3]. Difficulties immediately ensue from these

deceptively simple categorizations since risk factors and pathogenic mechanisms for large

vessel disease and SVD overlap, and there is no precise definition of large versus small

vessels. Nevertheless, cognitive impairment from VBI-SVD commonly presents clinically in

such a way that is difficult for experienced physicians to distinguish from AD and related

protein misfolding diseases [6–8]. Others already have proposed categorizations for

prodrome and dementia stages of disease from VCI-SVD that parallel those of AD and

Lewy body disease [9]. In many respects, identification of latent VBI-SVD is far ahead of

AD since identification of contributing factors already occurs at the level of primary care:

detection and management of abnormalities in blood pressure, lipids, or glucose metabolism.

Despite this consideration of AD with or without Lewy body disease and VBI as separate

disease processes, they are commonly co-morbid. Is this the coincidence of two common

diseases in the elderly or something more? Indeed, much has been proposed on the

convergence of congophilic angiopathy of AD and VBI-SVD [10]. However, this topic has

been difficult to address definitively because of limits to clinical investigation and

inadequate experimental models. Indeed, it remains unclear the extent to which AD and

VBI-SVD intersect mechanistically. Autopsy remains the gold standard for classifying these

commonly co-morbid conditions and remains a powerful tool for gaining insight into the

complexity of diseases that can lead to dementia.
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ADULT CHANGES IN THOUGHT (ACT) STUDY

ACT is one of the few community- or population-based studies of brain aging and dementia

that have autopsy as an endpoint. ACT is an ongoing, longitudinal, community-based

observational study of brain aging and incident dementia. Participants are individuals 65

years of age or older who were randomly sampled from Group Health Cooperative, a large,

multicenter health management organization in King County, Washington, whose

membership is reflective of the population of the region [11]. Approximately one quarter of

the cohort who die undergo brain autopsy and receive an extensive neuropathologic

evaluation. Of those autopsied, approximately one third meet criteria for dementia, half test

within the normal range on serial cognitive screening performed every two years, and the

remainder fall below the normal range on cognitive testing, but do not meet criteria for

dementia. This allows neuropathologic correlation in a representative US population of

individuals with none versus all levels of dementia-related illness from latency to clinically

overt disease. This and similar population- or community-based studies of brain aging with

autopsy endpoints offer a unique window into the neuropathologic changes underlying

dementing illnesses in a manner that is directly relevant to living populations.

MICROINFARCTS

Perhaps the most important neuropathologic finding in ACT to date has been the correlation

between the presence of a relatively small number of cerebral microinfarcts (CMI), i.e.,

microscopically identified cerebral infarcts, and cognitive decline or dementia. There have

been no widely accepted neuropathologic guidelines for the diagnosis of VCI [12].

Previously, the Honolulu-Asia Aging Study (HAAS) used an epidemiologic approach to

evaluate neuropathologic findings as risk factors for a clinical diagnosis of dementia. They

identified AD, hippocampal sclerosis, cortical Lewy bodies, and > 2 remote microinfarcts in

cortical gray and underlying white matter or in deep nuclei as independent pathologic

processes underlying dementia in their cohort [2]. HAAS investigators considered a number

of measures of cerebrovascular disease in their study including both acute and remote large

infarcts, lacunes, microinfarcts, hemorrhages, amyloid angiopathy, and aneurysms. One of

the tools used in HAAS to assess cognitive status is a 100-point questionnaire developed for

use in Japanese and English called the Cognitive Assessment Screening Instrument (CASI).

Using stepwise regressions, HAAS investigators identified that once remote cortical and

deep microinfarcts were taken into account, none of the other cerebrovascular variables

added significantly to the variance in the final cognitive function test scores; i.e., only

microinfarct number was independently associated with poor CASI test scores [2]. These

results suggested that microinfarct burden may have utility as a pathologic index of

dementing illness from VBI-SVD in older Japanese-American men.

ACT uses CASI both as a cognitive testing instrument and as a trigger for dementia

evaluation in a manner similar to that of HAAS [11]. In ACT, the same published protocol

for the evaluation and counting of cortical and deep cerebral microinfarcts as used in HAAS

were performed [2]. In addition, quantified neuropathologic changes based on published

criteria for the evaluation of AD and Lewy body disease were performed [13–18]. Based on

a sample of 221 autopsies, the pathologic correlates of dementia in our cohort were: a)
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cortical neuritic plaque number as assessed by the CERAD score; b) neurofibrillary tangle

distribution by Braak stage; c)>2 cerebral microinfarcts; d) the presence of neocortical Lewy

bodies; and e) amyloid angiopathy. When these neuropathologic indices were included

jointly in a log-linear model, only Braak stage, > 2 cerebral microinfarcts, and the presence

of neocortical Lewy bodies were statistically significant as correlates of dementia status

[19]. Further, having at least one cystic infarct appeared to be associated with risk of

dementia, although this did not attain statistical significance (p-value 0.107). We conclude

that these findings validate the use of cerebral microinfarct number as an index of VBI-SVD

sufficient to cause VCI in a typical urban and suburban US population. We do not suggest

that these findings serve to promote the primacy of microinfarcts over other neuropathologic

changes of VBI. Indeed the various neuropathologic indices of VBI tend to be correlated

with one another and these statistical associations could be cohort dependent. Nevertheless,

we believe that having tested a priori the hypothesis that cerebral microinfarct burden would

correlate both with CASI score and dementia status offers reasonable evidence for the utility

of this metric. The specific disease relevance of cerebral microinfarcts compared to other

measures of VBI has yet to be established in humans or potential animal models.

COMORBIDITY

Numerous studies have identified common age-related conditions as contributing to

cognitive decline and dementia [7,20–22]. As described above, in the ACT cohort we have

identified three common neuropathologic correlates of dementia: Braak stage for

neurofibrillary tangles, neocortical Lewy body disease, and cerebral microinfarct burden. Of

those in ACT who died and came to autopsy, Table 2 summarizes the proportion who had

sufficient pathologic changes within each neuropathologic category for the classification of

dementia without consideration of other neuropathologic co-morbidity.

There is the possibility that these three neuropathologic processes may not be independent of

one another. Indeed the pathologic changes of AD have been associated with various

vascular changes or Lewy bodies [23]. This has led to speculation that the diseases may be

related. We do not observe these associations in our study. Table 3 compares the proportion

of ACT participants who have come to autopsy with mixed neuropathologic changes against

the proportion that would be expected by multiplication of the proportions from Table 2, that

is to say, by chance alone. The observed rates of pathological comorbidity closely

approximate the rates expected by chance; i.e., they are independently distributed

throughout this population. We tested the stability of this finding with sensitivity analyses.

The finding of similar proportions to those expected by chance alone was robust to altering

the thresholds used to define normal versus abnormal (i.e., Braak stage intermediate vs.

high, or CMI > 2 versus any CMI). Similarly, our findings were similar when we limited the

study cohort to those who were clinically demented during life or those who were not

demented during life. This apparent lack of association is similarly observed in the HAAS

cohort (personal communication with Dr. Lon White).

Although these common processes are independently distributed, they might not be

clinically independent in that they may have synergistic effects on cognitive outcomes. In

Table 4, we compare the proportion of the autopsy cohort who were clinically demented in
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life as categorized by their postmortem neuropathologic findings. Here individuals lacking a

premortem diagnosis of dementia, but who had their most recent CASI evaluation more than

2 years preceding death, were excluded since their cognitive status was uncertain.

Individuals were categorized by the presence of cerebral pathology (Braak stage

intermediate and high, any CMI, or the presence of cortical Lewy bodies) alone or in

combination. Although the proportion of individuals with dementia was relatively low in

those with a single pathologic process, this rate doubles in those with combined pathology.

Although these neuropathologic processes appear to be independently distributed in our

cohort, these data suggest an additive effect of pathology in producing the dementia

syndrome during life.

DETERGENT INSOLUBLE PROTEIN

Accumulation of detergent-insoluble (DI) and abnormally aggregated proteins is a common

feature of neurodegenerative diseases thought to be caused by protein misfolding. We

investigated the correlation between the concentrations of these proteins in cerebral cortex

from rapidly obtained frozen brain from ACT subjects and cognitive performance. Protein

was extracted from frozen cerebral cortex using detergents of increasing strength followed

by formic acid extraction for DI protein and measured by ELISA. Within the ACT sample,

elevated concentrations of 17 proteins and protein variants correlated with each other within

3 clusters: amyloid (A) β, tau, and α-synuclein [24]. Elevated protein concentrations from

each of the clusters independently correlated with cognitive performance, however, only

elevated concentrations of DI α-synuclein and DI Aβ42 in prefrontal cortex and detergent

soluble Aβ peptides in temporal cortex were correlated with cognitive performance when

assessed by multivariate analysis [24]. Further, increases in DI Aβ peptides concentration

are associated with increasing age of participants throughout cortex in both demented and

nondemented individuals while DI tau species are seen primarily in individuals who were

demented during life. These biochemical findings offer an objective, quantitative approach

to protein misfolding diseases in human brain that are not subject to the same inter-observer

variability as neuropathologic data. Further, correlating cognitive performance with these

abnormal protein accumulations in a large series of consecutive autopsies from a population-

based sample illuminates their potential functional significance. Finally, we identified a

possible regional significance of abnormal Aβ and α-synuclein between the frontal and

temporal cortex.

OXIDATIVE DAMAGE

Oxidative damage has been associated with neurodegeneration from a variety of causes [25].

Disappointingly, antioxidant supplement usage has not been shown clearly to decrease the

risk for neurodegenerative disease. Recognizing that the two most common causes of

dementing illness in the ACT autopsy cohort are AD as characterized by high Braak stage

for neurofibrillary tangles and cerebral microinfarct burden, we investigated the pattern of

oxidative damage to different tissue elements and between cerebrum and cerebellum. We

extracted lipid-soluble compounds from frozen gray matter and measured eicosanoid

products of oxidative damage to lipid membranes (F2-isoprostanes, measures of free radical

damage to arachidonic acid that is evenly distributed throughout cells in brain, and F4-
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neuroprostanes, measures of free radical damage to docosohexaenoic acid that is highly

concentrated in neuronal membranes) by gas chromatography/mass spectrometry using

stable isotope dilution assays [26]. Further, since tobacco smoking has been associated with

systemic oxidative damage in humans, we stratified participants by current smoking status.

As expected we found increased free radical damage to cerebral cortical neuronal

membranes in AD cases and in current smokers. Oxidative damage to neurons as well as

other tissue elements was present in those with VBISVD as assessed by having at least two

cerebral microinfarcts. The most severe levels of oxidative damage were identified in those

individuals with both high Braak stage for NFTs and at least two cerebral microinfarcts. We

are able to identify the expected pattern of oxidative damage in both AD and current

smokers and to refine this characterization by identifying the target of this damage to

cortical neurons. The characterization of oxidative damage in the setting of VBI-SVD is

novel, although broadly consistent with other types of ischemic brain injury. These findings

highlight the significance of increased oxidative damage in the disease processes that

underlie AD, VBI-SVD, and smoking.

DIABETES

The association between diabetes mellitus (DM) and increased risk for dementia during

aging is well known, however multiple mechanisms have been proposed [27]. Prior clinical

studies have been inconsistent in reporting the associations between DM and causes of

clinical dementia [28]. Previous autopsy studies have been illuminating, but highlight

discrepancies in the relationships between DM and AD or VBI [29–33]. Autopsy cases from

ACT were categorized into four groups based on premortem dementia status and diabetes

diagnosis based on information obtained from the participant’ extensive medical record [34].

Analysis was performed on neuropathologic data on all consecutive autopsies for which

there was information on DM status (n = 196). Biochemical analysis was performed on a

subset of these who had rapidly frozen brain tissue (n = 57). In those individuals without

dementia, neither neuropathologic or biochemical values differed significantly by DM

status. However, in those with dementia, those without DM had greater biochemical

measures of Aβ and increased evidence of oxidative damage to cell membranes as identified

by F2-isoprostanes in cerebral cortex. Those demented individuals with DM had greater

numbers of CMIs and increased biochemical measures of neuroinflammation as identified

by increased interleukin-6 concentration in cortex. Of specific interest, when individuals

with both diabetes and dementia were divided based on whether they had received any

medical diabetic therapy, two additional patterns emerged. CMI number was greatest in the

striatum, thalamus, and deep white matter of treated diabetics with dementia compared with

all other groups. These different patterns of cerebral injury in patient with dementia

depending on DM status could have etiologic or therapeutic implications.

DRUG EXPOSURES

A key strength of ACT is the availability of data from a prescription database that is decades

long. Group Health Cooperative (GHC) of Puget Sound pharmacy adopted a computerized

medical record for prescription medications in 1977. Interviews with GHC subjects have

shown that 97.5% of GHC enrollees purchase all or almost all of their medications from a
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GHC pharmacy. We are unaware of any other population-based study that combines high

quality, long-term drug exposure data with autopsies.

Statins

Treatment with 3-hydroxy-3-methylglutaryl-coenzyme- A reductase inhibitors (“statins”)

has been associated in some epidemiologic studies with decreased risk of cognitive

impairment [35], all-cause dementia [36,37], and AD [38]. We investigated the association

between AD neuropathology and lifetime exposure to statins. Statin users were defined as

those who had received at least three prescriptions (≥ 15 pills/prescription) of statins

available on the GHC formulary (simvistatin, lovastatin, pravastatin, or atorvastatin) in the

first 110 autopsies. Average age at death was 81 years. One-third of this cohort met our

criteria for statin users. Compared to non-statin users, statin users were significantly more

likely to be male, had higher rates of cardiovascular disease and diabetes mellitus and had

somewhat higher rates of lifetime pack years of smoking and lower CASI scores. Statin

users showed nonsignificant trends toward having grossly visible cystic infarcts (39 vs.

24%, p = 0.20), CMI (56 vs. 38%, p = 0.13), moderate to severe atherosclerosis (47 vs. 28%,

p = 0.09), and lower brain weight (p = 0.20). After controlling for age at death, gender,

CASI score at entry, brain weight, and CMI, statin users had a significantly reduced risk for

AD neuropathology (Braak stage ≥ IV and CERAD rating ≥ moderate; Odds Ratio (OR)

0.21, 95% CI [0.05, 0.88]). Much of this association appeared to derive from a 2-fold

decrease in the risk of elevated Braak stage (OR 0.44, 95% CI [0.20, 0.95]) while the risk

for higher CERAD ratings did not differ from the null. A major potential bias in this analysis

is confounding by indication. Subjects with vascular risk factors are more likely to be

prescribed statins. As vascular disease and diabetes have been associated with increased risk

of AD [27], this could result in increased burden of AD pathology in statin users and offset

effect of statins. We attempted to adjust for this potential bias by including CMI as covariate

in the logistic regression revealing a significant association between statin use and Braak

stage. Unlike in ACT, a subsequent study in Catholic clergy found no association [39].

These were some of our earliest analyses and may not have adequately controlled for issues

of selection bias including survivor effects. Our subsequent work has evolved to utilize

statistical methods to address these issues and is described below in the section on

limitations.

Antioxidants

Previously we have shown that the use of antioxidant vitamin supplements (vitamin C,

vitamin E, or both) was not associated with a lower risk for developing clinical dementia

over 5.5 years follow-up in ACT [40]. Utilizing the same quantitative markers of in vivo

oxidative damage as described above, we examined the association between oxidative

damage and self-reported use of vitamins C and E, and multivitamins alone or in

combination in the whole cohort, those with AD, those with AD and CMIs, and in current

smokers. We are unable in any of these groups to detect any pharmacologic benefit from the

community use of antioxidant supplements [41]. These findings lead to several intriguing

hypotheses. One is that the dose of antioxidant vitamins used in the community was too low

to produce a measurable impact on oxidative damage. A second is that the antioxidant

Sonnen et al. Page 7

J Alzheimers Dis. Author manuscript; available in PMC 2014 May 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



vitamins used in the community do not have an impact on oxidative damage in the brain.

Further evaluations in other settings will be necessary to disentangle these hypotheses.

GENERAL LIMITATIONS OF THE ACT AUTOPSY COHORT

Autopsy studies are potentially influenced by the mechanism of selection for autopsy, such

that those who come to autopsy, may not be representative of the ACT cohort as a whole.

We have previously demonstrated that those who died and had autopsy are older and more

likely to be demented during life than the cohort as a whole. We have also previously

demonstrated that the autopsy cohort does not differ with respect to several potential

confounders including gender, education, apoE allele, or marital status [19]. In our more

recent analyses, we have utilized inverse probability weighting to improve the

generalizability and interpretability of our findings to the ACT cohort as a whole [19,42].

A second limitation inherent in autopsy-based studies of dementia is sample size. For

example, although several positive findings were illuminated by our investigation of statin

use and risk of dementia, this was one of our earliest studies and the number of autopsies

from individuals exposed to statins was relatively low. Power concerns meant that only the

most common neuropathologic findings could be addressed. Future analysis of this cohort

would benefit from analyzing additional pathologic measurements including a more robust

characterization of relationships between dementia and potential risk factors.

SUMMARY

Investigation of autopsies from population-based studies like ACT provides an important

perspective on the molecular, structural, and neuropathologic correlates of cognitive

impairment and dementia. While these observational studies have obvious limitations

compared to experimental studies in animals, their main advantage is that they provide much

needed insight into brain aging and dementia as it exists in the elderly people rather than the

approximations in animal models. A special strength of ACT is its extensive pharmacy

database. Future studies will focus on the associations between the burden of structural and

biochemical features of disease and exposure to commonly used drugs.
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Figure 1.
Proposed mechanisms underlying age related cognitive decline and dementia.
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Table 1

Chronic disease model for common causes of dementia

Stage of Disease None Latency Prodrome Dementia

Clinical presentation Age appropriate Age appropriate Deficit insufficient for diagnosis of dementia Meets criteria for dementia

Pathological findings None Mild Moderate Severe
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Table 2

Proportion of ACT partipants that underwent autopsy and meet individual neuropathologic criteria associated

with dementia

Neuropathologic process Percent of ACT meeting criteria
n = 247*

CMI 21

NLB 6

AD 34

Any CMI 45

*
10 cases were excluded due to lack of neuropathologic data.

Abbreviations: CMI = > 2 cerebral microinfarcts, NLB = presence of neocortical Lewy bodies by immunohistochemistry, AD = Braak stage V
and VI for neurofibrillary tangles.
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Table 3

Expected for chance versus observed rates of mixed neuropathologic causes for dementia in ACT.

Neuropathologic processes Expected proportion (%) by chance alone Observed proportion (%)
N = 247*

CMI + AD 7 8

CMI + NLB 1 0.4

AD + NLB 2 2

CMI + AD + NLB 0.4 0.4

Any CMI + AD 15 15

*
10 cases were excluded due to lack of neuropathologic data.

Expected proportions assume independence of all neuropathologic variables.

Abbreviations: CMI = presence of >2 cerebral microinfarcts, NLB = presence of cortical Lewy bodies by immunohistochemistry, AD = Braak
stage V and VI for neurofibrillary tangles.
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Table 4

Proportion of ACT who underwent autopsy having dementia in life categorized by single or multiple

pathologies.

Neuropathologic process % of Autopsies Demented/Total* % Demented

No significant cerebral pathology 25 8/62 13

Single pathology 42 40/102 39

 CMI 16 12/39 31

 NLB 1 1/3 33

 AD 24 27/60 45

Dual Pathology 27 49/67 73

 NLB + CMI 2 3/5 60

 AD + NLB 2 3/4 75

 AD + CMI 18 43/58 74

 AD + NLB + CMI 6 10/14 71

*
12 cases were excluded for missing dementia diagnosis or neuropathologic data.

CMI = presence of any cerebral microinfarcts, NLB = presence of neocortical Lewy bodies by immunohistochemistry, AD = Braak stage III
through VI for neurofibrillary tangles.
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