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Abstract

Existing reports on the frequencies of neurodegenerative diseases are typically based on clinical
diagnoses. We sought to determine these frequencies in a prospectively-assessed, community-
based autopsy series. Included subjects had normal cognitive and movement disorder assessments
at study entry. Of the 119 cases meeting these criteria, 52% were female, median age of study
entry was 83.5 years (range 67 to 99), and median duration from first visit until death was 4.3
years (range 0-10). At autopsy a clinico-neuropathological diagnosis was made in 30 cases (25%).
Clinicopathological diagnoses included 20 (17%) with Alzheimer's disease (AD), 7 (6%) with
vascular dementia, 4 (3%) with progressive supranuclear palsy, (1; 0.8%) with dementia with
Lewy bodies, (1; 0.8%) with corticobasal degeneration and (1; 0.8%) with multiple system
atrophy. Of those 87 subjects (73%) still clinically normal at death, 33 (38%) had extensive AD
pathology (pre-clinical AD), 17 (20%) had incidental Lewy bodies and 4 (5%) had incidental
pathology consistent with progressive supranuclear palsy. Diagnoses are not mutually exclusive.
Although limited by a relatively small sample size, the neuropathological outcome of these
initially normal elderly subjects represents a rough estimate of the incidence of these
neurodegenerative conditions over a defined time period.
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Introduction

Estimating incidence and prevalence rates of neurodegenerative diseases can be problematic.
There have been numerous studies with different populations (1-5). These reports are limited
in that they typically have been focused only on Alzheimer's disease (AD) and few have
autopsy confirmation on a substantial fraction of their population. There are several notable
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longitudinal clinicopathological studies, including the Vantaa 85+ cohort, Religious Orders
Study, Rush Memory and Aging Project, CC75C study, CFAS, Adult Changes in Thought
study, Cache County study, the Honolulu Asian Aging Study, and our own Arizona Study of
Aging and Neurodegenerative Disorders (AZSAND) (6-16). These studies have generated
considerable insight into risk and protective factors for AD but no study has been
undertaken to evaluate the entire spectrum of defined clinicopathological outcomes of
prospectively followed elderly persons who were normal at the time of study entry. The
purpose of our study is to report final clinico-neuropathological diagnoses in prospectively
followed cognitively normal elderly individuals lacking parkinsonism or other
clinicopathologically defined movement disorders at the time of their initial research
assessments.

Materials and Methods

Case selection

All subjects were enrolled in an ongoing longitudinal clinicopathological study, the
AZSAND. To achieve clinical assessments as well as autopsy, subjects are enrolled into the
Banner Sun Health Research Institute Brain and Body Donation Program (BBDP:
www.brainandbodydonationprogram.org) (12). Our subjects are mainly drawn from the
retirement communities of northwestern greater Phoenix especially Sun City, Sun City West
and Sun City Grand. The majority of subjects are recruited directly from the community
through public speaking events, media reports and monthly public tours of the Institute. All
enrolled subjects or their legal representatives sign an Institutional Review Board-approved
informed consent form before the time of death allowing both clinical assessments during
life and several options for brain and/or bodily organ donation after death. The BBDP
database was queried for subjects who had come to autopsy and had a complete
neuropathological examination between January 1997 and December 2012. Only subjects
that were normal at the time of study entry were included. Study entry was defined as the
first epoch with both cognitive and movement examinations performed less than 1 year
apart. Normal was defined as subjects who at the time of their first examinations were
cognitively normal (lacking diagnoses of dementia or mild cognitive impairment) and lacked
diagnoses of any defined neurodegenerative disease, parkinsonism, Huntington's disease, or
motor neuron disease, as well as normal pressure hydrocephalus.

Clinical assessments

Annual physical, neurological, cognitive, and movement examinations have been previously
described (12, 17). In brief, all subjects had a standardized neuropsychological test battery
that included global testing as well as testing of specific cognitive domains. Furthermore,
patients were examined for physical illness that could give rise to cognitive or neurological
symptoms. They also were examined for evidence of parkinsonism and other movement
disorders. Following each evaluation subjects were given a movement disorders diagnosis
which included: 1) Clinically probable Parkinson's disease (PD): defined as 2 of the 3
cardinal signs (rest tremor, bradykinesia, rigidity), no symptomatic cause, a response to
dopaminergic medications (based on patient report or clinical findings) and continued
response if still being treated, or if lack of current response then an explanation for why
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treatment was no longer working (i.e. inadequate dose due to side effects, etc.); 2) Clinically
possible PD: defined as 2 of the 3 cardinal signs, no symptomatic cause, symptoms or signs
were present for 5 years or less, dopaminergic treatment had not been tried or an adequate
trial had not clearly occurred; 3) Progressive supranuclear palsy (PSP): defined as meeting
NINDS-PSP clinical criteria (18) for diagnosis with key features including age over 40,
early postural instability, square wave jerks and supranuclear gaze palsy; 4) parkinsonism
not otherwise specified (NOS): defined as subjects with parkinsonism but who either did not
respond to an adequate dose of dopaminergic medication or had disease duration greater
than 5 years and have not been treated or given an adequate trial of dopaminergic treatment,
or appeared to have another etiology for PD signs including a neurodegenerative condition
such as AD, corticobasal degeneration (CBD), multiple system atrophy (MSA), dementia
with parkinsonian features, or secondary parkinsonism such as vascular or drug-induced.

Alzheimer's disease was clinically diagnosed using DSM-IV and NINCDS-ADRDA criteria
(19). Vascular dementia (VVaD) was clinically diagnosed using NINDS-AIREN criteria (20)
and dementia with Lewy bodies (DLB) was clinically diagnosed according to the DLB
Consortium criteria (21). Mild cognitive impairment (MCI) was diagnosed using guidelines
set forth by Petersen et al. and Winblad et al. (22, 23). Specifically, the clinical diagnosis of
MCI required subjective cognitive complaint(s) not associated with significant functional
decline as well a deficit of approximately > 1.5 standard deviations (SD) below the expected
age-corrected mean score in one or more of five designated cognitive domains (frontal/
executive, memory, visuospatial, attention, and language). Dysfunction in a cognitive
domain had to be shown by a consistent pattern of impaired performance on
neuropsychological measures that loaded on that cognitive domain (i.e., more than 1
abnormal test within a domain). These criteria were used in conjunction with clinical
judgment at a consensus conference with a behavioral neurologist and neuropsychologist.
For subjects not seen within 18 months of death, a standardized telephone interview was
conducted with a knowledgeable contact, typically next of kin, to evaluate for both cognitive
and movement disorders.

Tissue processing and neuropathological diagnosis

All subjects underwent autopsy and a standardized neuropathological assessment, resulting
in the assignment of clinicopathological diagnoses according to published recommendations
(12, 24). For clinicopathological diagnoses, subjects received a diagnosis of PD if they had
two or more of the three cardinal clinical signs as well as Lewy bodies and pigmented
neuron loss in the substantia nigra (25). Subjects received a clinicopathological diagnosis of
AD if they had a clinical history of dementia and were classified as “intermediate” or “high”
according to the NIA-Reagan criteria (26). Dementia with Lewy bodies (DLB) was
distinguished from Parkinson's disease (PD) with dementia (27) according to consensus
criteria published by the DLB Consortium; the diagnosis of DLB was assigned if dementia
was diagnosed prior to or within one year of the onset of parkinsonism and if the distribution
and density of Lewy body-type pathology met “intermediate” or “high” criteria. A
clinicopathological diagnosis of VaD was determined using criteria by Roman and
colleagues (20). Other diagnoses followed previously published guidelines (24, 28-31).
Tissue processing methods have been previously described (12, 32). Briefly, the cerebrum
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was cut in the coronal plane at the time of brain removal into 1 cm thick slices and then
divided into left and right halves. The slices from the right half were frozen between slabs of
dry ice while the slices from the left half were fixed by immersion in neutral-buffered 4%
formaldehyde for 48 hours at 4 degrees C. Formaldehyde-fixed paraffin-embedded sections
were stained with hematoxylin and eosin, while large-format, 40-80 um-thick formaldehyde-
fixed sections were stained for plaques, tangles and other features using Gallyas, Thioflavin-
S and Campbell-Switzer methods (33). Thioflavin-S is one of two methods recommended
and validated for neuritic plaque density grading by the Consortium to Establish a Registry
for Alzheimer's Disease (CERAD) (34). The Braak neurofibrillary tangle (NFT) staging
protocol was originally described using the Gallyas stain (35) on similarly-thick sections.
Subjects with Lewy body-related histopathology were classified according to the Unified
Staging System for Lewy Body Disorders (36) after immunohistochemical detection of
phosphorylated a-synuclein on 5 um paraffin sections (37). All subjects were genotyped for
apolipoprotein E (ApoE) using a modification of a standard method (38, 39).

Statistical analysis

Results

All analyses were conducted with SAS statistical software (Version 9.2 SAS Institute Inc.,
Cary, NC) and Sigma Plot 12.0 (Systat Software, Inc., San Jose, CA, USA). Group
comparisons were done using the Mann-Whitney U-test.

Of 1440 autopsied BBDP subjects queried, 119 (8%) subjects fit our inclusion and exclusion
criteria. Of these 119 subjects, 52% were female, mean age at study entry was 83.5 years
(range 67 to 99) and median duration from first visit until death was 4.3 years (range 0-10).
Of the 119 subjects, 21% had at least one ApoE—¢4 allele. Demographic details and
frequencies of final clinicopathological diagnosis are located in Table 1. A full description
of each of the 119 cases including gender, age at death, Braak NFT stage, CERAD neuritic
plaque densities, Lewy pathology stage, and full diagnosis is listed in Supplemental Table 1.

Eighty-seven (73%) of the initially normal subjects remained without a defined
clinicopathological diagnosis upon death (termed normal). Within these normal subjects,
17/87 (20.0%) had incidental Lewy body disease (iLBD) and 4/87 (4.7%) had PSP
pathology; for comparative purposes, clinical and pathological features of the iPSP and PSP
cases are given in Table 2 and Figure 1. Thirty-three of eighty-seven subjects (38%) had
pre-clinical AD, meaning they contained a density and distribution of plaques and tangles
sufficient to meet pathology criteria for “intermediate” probability according to the NIA-
Reagan criteria but did not have a clinical history of dementia. Of the pre-clinical AD cases,
16 had CERAD neuritic plaque scores of moderate, and 17 were CERAD frequent while for
neurofibrillary tangles, 13 were Braak NFT stage |11 and 20 were Braak NFT stage 1V
(Supplemental Table 1). The group means for both Braak NFT stage and CERAD neuritic
plaque density were significantly lower in the pre-clinical AD subjects as compared to those
with clinicopathologically manifest AD.

There were some subjects who developed a clinical diagnosis but lacked a corresponding
pathologic diagnosis. Nine subjects had a clinical diagnosis of parkinsonism (NOS) as they
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did not meet specific pathologic criteria for any diagnosis. Of these, 5 had one or more
cerebral infarctions (see Supplemental Table 1); case 8 had one lacunar sized infarct in the
corona radiata cerebral white matter and several cortical micro-infarcts in the frontal,
parietal and occipital lobes; case 72 had one lacunar infarct in the putamen; case 85 had one
old micro-infarct in the putamen; case 88 had an acute capsular hemorrhage of the basal
ganglia and a single old micro-infarct of the thalamus, and case 119 contained multiple
lacunar sized infarcts, two of which were in the putamen and one in the substantia nigra.
This last-named case could possibly be considered to be “vascular parkinsonism”. Two
cases had Lewy bodies restricted to the amygdala and olfactory bulb and none to mild
substantia nigra depigmentation (in the Supplemental Table 1: case 56 and 94) and 2 had
non-specific glial tauopathies (case 25 had argyrophilic grains and thorned shaped astrocytes
in the mesial temporal lobe, and case 56 contained focal cortical tufted astrocytes).

Thirty subjects (25%) progressed to at least one type of clinicopathologically defined
neurodegenerative or cerebrovascular disease at the time of autopsy. The most common
diagnosis was dementia due to AD (20/119; 16.8%), followed by VaD (7; 5.9%), PSP (4;
3.4%), PD (3; 2.5%), tangle-predominant dementia (3; 2.5%), DLB (1; 0.8%), CBD (1,
0.8%) and MSA (1; 0.8%). These groups were not mutually exclusive; there was
considerable overlap amongst diagnostic groups (see Supplementary Table 1 for complete
diagnostic categorization of all cases). Of those with AD, 50% had Lewy bodies (9 had
Lewy bodies insufficient for a pathological diagnosis of DLB and 1 had DLB) while 6
subjects had VaD, 1 had PSP and 1 had CBD. There was one case with concurrent PD and
PSP. There were no cases, within the entire series of 119, with a diagnosis of hippocampal
sclerosis. There were 2 cases whose final clinical and autopsy findings did not allow their
classification into either the normal or clinicopathological disease category. These included:
one case with glioblastoma multiforme and one case with vascular cognitive impairment
(cognitive impairment and multiple infarcts but not meeting criteria for VaD).

Discussion

This study describes the clinicopathological outcomes of elderly BBDP volunteers who at
the time of study entry did not have evidence for a defined clinicopathological
neurodegenerative disorder. The overall conversion rate to a neurodegenerative disease or
cerebrovascular disease was 25%. The majority of subjects (73%) remained
clinicopathologically normal until death; many of these cases, however, did display hallmark
pathologies of some neurodegenerative or cerebrovascular diseases (Table 1).

Of those who remained normal, nearly 40% had enough plaques and tangles to be
pathologically defined as AD, although they did not have dementia clinically, for these cases
we use the term pre-clinical AD as some have done (40). Other studies have described
similar findings of individuals lacking cognitive changes and having varying degrees of AD
pathology (40-44). We found 20% of subjects who remained clinically normal had
incidental Lewy bodies; previous studies have described similar frequencies of iLBD (17,
36, 45-47). Our finding of some cases with incidental PSP has previously been reported in
more depth (48); we know of only one other report of iPSP, an 84 year old Japanese man
who died of heart failure with no other neurological abnormalities (49).
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With respect to dementia diagnoses, 17% of subjects who were normal at enroliment
developed AD. A recent article published by the Alzheimer's Association estimates that 32%
of those over age 85 have clinically diagnosed AD (50). The Vantaa 85+ study demonstrated
a 33% prevalence of pathologically detected AD while clinically defined AD had a
prevalence of 16% (51). For VaD, population prevalence has been reported to range between
0-8%, and 4-16% within dementia (8, 52, 53). Our frequency of 6% for VVaD is within this
reported range. In our series there were 3 (2.5%) cases that meet commonly-accepted criteria
for tangle-predominant dementia. Other studies have examined this in elderly individuals
and concluded these cases comprise approximately 5% of aged individuals (54-56). Other
tauopathies, such as globular glial tauopathies, were not present (57-60). We had only one
case with DLB in our study so it is difficult to compare to other findings in the literature.
Despite this, our 0.8% is within the reported DLB population prevalence range of 0-5% (1,
8).

For movement disorders, we report a surprisingly high rate of PSP as compared to clinically
based studies lacking autopsy confirmation (5, 61-64). We found 3.4% of normal elderly
subjects developed PSP. Nath and colleagues reported clinically diagnosed PSP to have a
national prevalence of 1 per 100,000 in the United Kingdom (61). Bower and colleagues
reported in Olmstead County the annual incidence rate of clinically-defined PSP was 14.7
per 100,000 (5). Progressive supranuclear palsy is likely to be radically underestimated in
clinical studies as clinical identification of PSP depends largely on the presence of the
characteristic vertical gaze palsy but this can be absent in the majority of PSP cases
confirmed at autopsy (65). In contrast to the clinical ascertainment of PSP, a recent autopsy
study by Kovacs and colleagues agrees with our much higher rate, finding
neuropathologically confirmed PSP to be present in 2% of their community-drawn autopsy
population (66). Their study further noted that these individuals generally did not present
with typical clinical features of PSP, such as the vertical gaze palsy (66). We have outlined
the clinical and pathological presentations for our PSP cases and iPSP cases in Table 2 and
Figure 1. Of 4 individuals with a diagnosis of clinicopathological PSP, only one had the
classic presentation of Steele-Richardson syndrome with vertical gaze palsy; two had
parkinsonism NOS and another presented with cognitive impairment that progressed to
dementia without motor signs. One of those with parkinsonism NOS had early falls but
normal eye movements and one had gait difficulty and postural instability (Table 2). All 4 of
the PSP cases had prominent Gallyas-positive tufted astrocytes (Figure 1A) coiled bodies
(Figure 1B,) thorned astrocytes (Figure 1C), and neurofibrillary tangles (Figure 1D),
meeting both classic neuropathologic criteria of PSP (through the presence of neurofibrillary
tangles in several of the characteristic brain regions) as well as modern criteria emphasizing
the presence of tufted astrocytes and other Gallyas or tau-positive glia (24, 31, 67). As
described in our previous report (48), the clinically normal cases with PSP-like pathology
(iPSP) generally had lower densities of the glial pathologies and a reduced topographical
brain distribution (see Table 2). Although two of these cases lacked the full classical
neuropathological criteria for PSP, we still feel that, because of the prominence and
frequency of tufted astrocytes, they are most appropriately classified as iPSP rather than
with nonspecific tauopathies such as globular glial tauopathy (57-60), the glial tauopathy
described to be associated with argyrophilic grains (68), the thorn-shaped astrocytes
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described in normal aging (69), the glial tauopathy described in chronic traumatic
encephalopathy (70) or those nonspecific multisystem tauopathies associated with clinical
dementia and/or parkinsonism (57, 71). We have described 3 of the iPSP cases listed in
Table 2 in our previous study; Case 9 in Table 2 corresponds to Case 1 in the previous study,
Case 30 to Case 2, and Case 55 to Case 3 (48).

As for other movement disorders found in our series, the population prevalence of clinically
diagnosed PD has been reported to range from 0-3%, and like AD, increases with age (3, 62,
72). The most recent Olmstead county study examining the full spectrum of parkinsonism
showed incidence rates for PD to be 14.2/100,000 person-years, PSP to be 0.9, MSA to be
0.8, and CBD to be 0.2; however, only 19% of subjects had autopsy confirmation (73).
Previous studies on MSA in the UK population and Olmstead county had estimated annual
incidence rates of 3 and 4.4 subjects per 100,000, respectively (5, 63). CBD prevalence has
been estimated at 4.9-7.3 subjects per 100,000, with an annual incidence rate of 0.02
subjects per 100,000 (74-76). With only 1 subject each of CBD and MSA in our series, and
both being generally rare neurological diseases with typical onset decades before our
average age of study entry, it is difficult to compare our findings with others, however, as
with PSP, these conditions do not always have the classical clinical syndromes and are likely
to be underdiagnosed without autopsy.

In our series there were 9 cases with parkinsonism NOS. These parkinsonism NOS cases
had a variety of pathologic abnormalities such as infarctions, non- substantia nigra Lewy
bodies, and glial tauopathies. For the cases with infarctions, some of these might be termed
vascular parkinsonism but because a great majority of older subjects contain similar lesions
and do not have parkinsonism, we classified these cases as parkinsonism NOS. One case had
Lewy bodies in the amygdala and olfactory bulb but none in the substantia nigra; also there
was none to mild substantia nigra pigment loss, so would not meet standard diagnostic
criteria for PD. One case with parkinsonism NOS had focally frequent cortical tufted
astrocytes but did not have the full nuclear distribution required for the classical definition
of PSP (77) and so this case is problematic. It is possible that tufted astrocytes in the cortex
may have been responsible for the parkinsonism, but on the other hand the basal ganglia did
not have glial or other aggregated tau deposits so again this is not clear.

The complexity and comorbidities of pathologic diagnoses in aging subjects have been
commented on previously (57, 78, 79). Since AD is the most common neurodegenerative
disease in the elderly it is not surprising that it had the greatest overlap with other diseases.
These variations in the pathological phenotypes (i.e. concomitant diagnoses) many help
explain the observed heterogeneity in clinical presentations, often making it difficult to
make an accurate clinical diagnosis (80). Concomitant diagnoses within diseases may
constitute distinct subtypes of the disease, which may alter the stage of the disease at death,
and/or the pathological spread of either disease through the brain. With our study, given the
low numbers of any particular overlapping groups we could not analyze these relationships.
This concept, however, is taken into account in the current consensus guidelines for DLB
diagnoses, with the likelihood of a typical DLB clinical presentation depending on the
severity of the often-concomitant AD pathologies (21).
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A limitation of this study is that the sample selection was based on elderly, predominantly
community-dwelling volunteers residing mainly in Maricopa County, Arizona. The
population is overwhelmingly composed of well-educated, Caucasian, middle and upper
income individuals originating most commonly from the Midwestern and Northeastern
United States. However, unlike in most brain banks, our subjects are mainly recruited
through community outreach, not from doctors' offices or through hospital autopsies done
for other reasons. Also to be considered is the possibility of volunteer bias, since individuals
who volunteer may have different characteristics than those who do not. Additionally, it is
recognized that normal subjects volunteering for dementia studies might be enriched for
incipient dementia. If this were true for our presently-studied group, one might expect a
higher apolipoprotein E-¢4 carriage rate than what has been reported in population-based
studies. While our £4 prevalence of 21% at study entry falls near the middle of the reported
normal population range of 10-30% (81-83), some meta-analyses have reported a decreased
prevalence of the 4 allele with age, i.e. to about 18% by age 85 (84) or even to 12% or
lower (85). If these lower age-related prevalence figures are reliable, then it is possible that
our prevalence for the €4 allele, and thus our progression rate to AD-type dementia may be
higher than expected for the entire US population. Another limitation derives from our
recruitment from retirement communities with an average age at death of 83.7 yrs. This
effectively screens out subjects with early onset conditions such as frontotemporal lobar
degenerations and those who have developed any of these diseases at a younger age. For
these reasons, caution should be exercised in extrapolating these findings to the general
population. Caution is also advisable due to geographical variation in the prevalence of
neurodegenerative diseases (86).

The strength of this study is that all subjects received serial research-quality clinical
examinations as well as neuropathological examinations and thus this report constitutes the
first comprehensive analysis of clinicopathological outcomes in prospectively followed,
initially-normal elderly individuals. Not only does this study provide rough estimates of the
incidence rates for the major defined neurodegenerative diseases, but also provides estimates
for the proportion of elderly individuals who have sufficient or near-sufficient pathology to
meet diagnostic criteria for a major neurodegenerative disorder but lack clinical signs and
symptoms. The findings also emphasize the frequent overlapping neurodegenerative
diagnoses that exist in elderly subjects. This information may help explain the frequent
ambiguities in biomarker studies aimed at predicting these pathologies and further highlights
diagnostic difficulties, both clinically and pathologically, encountered in the assessment of
elderly individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tau histology in progressive supranuclear palsy (PSP) cases. (A) Gallyas stain of tufted

astrocytes in the putamen; (B) Gallyas stain of coiled bodies in pontine base, enlargement of
boxed image in upper right corner; (C) Gallyas stain of thorn-shaped astrocytes in the
cerebellar dentate nucleus; (D) AT8 immunohistochemistry stain of a globose tangle in the
substantia nigra. Scale bar = 50 pm.
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Table 1

Details of clinicopathological diagnoses of subjects who lacked dementia as well as parkinsonism at initial
visits. Table is divided by subjects who were clinicopathologically normal, those who progressed to a defined
neurodegenerative or cerebrovascular disease, and other abnormalities not meeting a clinicopathological
diagnosis; the type of pathologic diagnosis is listed below each main group. Diagnostic groups within each
main category listed above are not mutually exclusive. Age is listed as mean + standard deviation.

N % out of 119 females, N (%) ageof death

Clinicopathological Normal at Autopsy 87 73.1% 46 (53%) 87+6.6
Pre-Clinical Alzheimer's Disease 33 27.7% 21 (63%) 90+49
Incidental Lewy Bodies 17 14.3% 8 (47%) 88+5.1
Incidental Progressive Supranuclear Palsy 4 3.4% 3 (75%) 91+9.4
Neurodegenerative Disease at Autopsy 30 25.2% 17 (57%) 89+75
Alzheimer's Disease 20 16.8% 12 (60%) 89+73
Vascular Dementia 7 5.9% 6 (86%) 95+3.7
Progressive Supranuclear Palsy 4 3.4% 2 (50%) 95+10.1
Neurofibrillary Tangle Predominant Dementia 3 2.5% 1(33%) 89+5.7
Parkinson's Disease 3 2.5% 2 (67%) 90 +10.7

Dementia with Lewy Bodies 1 0.8% 1 (100%) 90

Corticobasal Degeneration 1 0.8% 1 (100%) 75

Multiple System Atrophy 1 0.8% 0 (0%) 75
Other abnormalities 2 1.7% 0 (0%) 86+ 9.2
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