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Abstract

The Religious Orders Study and the Rush Memory and Aging Project are both cohort studies of
aging and dementia that include organ donation at death. Together, more than 2,700 persons have
agreed to annual clinical evaluation and brain donation at death. A subset of participants also
participated in a substudy that included ante-mortem imaging. We highlight recent findings that
have been highly cited over the past five years. The findings fall into three general categories. The
first relates to the neuropathology of probable Alzheimer’s disease, mild cognitive impairment,
and those without dementia or mild cognitive impairment. The second relates to risk factors for
Alzheimer’ s disease and neuropathology. The third are clinical and imaging studies of mild
cognitive impairment. The findings illustrate the range of insights that can be gained into cognitive
aging by incorporating neuropathol ogic indices into well designed, prospective cohort studies.
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INTRODUCTION

Alzheimer’s disease (AD) isalarge and growing public health problem for which

prevention is the best long term strategy [1,2]. Disease prevention requires the identification
of risk factors for the disease and subsequently the development of a meansto intervene in
the disease process thereby delaying disease onset. Because AD is most common in persons
with advanced age, it rarely occursin isolation. Rather, AD developsin the brains of persons
with avariety of comorbid conditions that can also contribute to cognitive decline with a
phenotype that is not easily distinguished from AD alone. This complicates the search for
risk factors because, to the extent that the AD phenotype results from multiple
comorbidities, risk factors for the clinical syndrome are not necessarily risk factors for the
disease pathology [3].

The Religious Orders Study and the Rush Memory and Aging Project were designed to
confront some of the challenges posed by the study of cognitive aging and AD. First, they
are community based cohort studies of aging among persons without known dementia. The
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only inclusion criteria other than age is that persons understand the nature of the study and
sign a consent for participation and an anatomical gift act for organ donation. Therefore, the
study includes persons with awide range of common age-related comorbidities. Second, the
participants are 75 to 80 years old, on average, at study entry with an average age at death of
about 87. Thus, they represent the common age at which AD is seen in the community.
Third, studies of risk factorsfor AD that include organ donation offer arelatively unique
opportunity to examine the relation of risk factors to both incident AD and to postmortem
indices that underlie cognitive function. Finally, they are foundational studieswhich can
also supply participants, data, and biospecimens to smaller more targeted projects such as
neuroimaging studies.

This review highlights recent findings that have been highly cited over the past five years.
Thefindings fall into three general categories: the neuropathology of probable AD, mild
cognitive impairment (MCI), and those without dementia or MCI; the relation of risk factors
for AD and neuropathology; and clinical and neuroimaging studies of MCI. The findings
illustrate the range of insights that can be gained into cognitive aging by incorporating
neuropathol ogic indices and neuroimaging into well designed, prospective cohort studies.
These are just a sampling of the findings from more than 250 peer-reviewed publications
generated by these data sets [4,5].

MATERIALS AND METHODS

Participants

Participants in the Religious Orders Study are older Catholic nuns, priests, or brothers from
across the United States. Each person agrees to an annual detailed clinical evaluation and
signs an Anatomical Gift Act donating his’her brain to Rush investigators at the time of
death. Clinical evaluations started in 1994. To date, more than 1,150 persons have enrolled.
The annual follow-up of survivors exceeds 95% and the autopsy rate exceeds 90% with
more than 550 autopsies to date.

Participants in the Rush Memory and Aging Project are older lay persons from across
northeastern lllinois. Each person agrees to an annual detailed clinical evaluation and signs
an Anatomical Gift Act donating his/her brain, spinal cord, and selected nerves and muscles
to Rush investigators at the time of death. Clinical evaluations started in 1997. To date, more
than 1,550 persons have enrolled. The annual follow-up of survivors exceeds 90% and the
autopsy rate exceeds 80% with more than 425 autopsies to date.

In 1997, selected participants from both studies were invited to take part in a targeted
longitudinal neuroimaging project that included structural magnetic resonance imaging
(MRI) and diffusion tensor imaging (DTI). Both cohort studies and the imaging substudy
were approved by the Institutional Review Board of Rush University Medical Center.

Clinical Evaluation

Each subject undergoes a structured detailed interview to document potential risk factors for
AD, including awide range of psychological and experiential risk factors such as self-
perceived isolation (i.e., loneliness) and social network size [6,7]. A uniform structured
clinical evaluation documents level of cognition and the presence of AD, MCI, and other
causes of cognitive impairment each year, as previously described [8,9]. Neuropsychological
indices of cognition were summarized as a global measure based on the average z-score of
19 testsin each study, using the mean and standard deviation from the baseline measure, and
as separate summary measures of episodic memory, semantic memory, working memory,
perceptual speed, and visuospatial ability as described [10,11]. A subset of 17 tests can be
used in analyses that combine data from both cohorts [3]. All prescription and over the
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counter medications were reviewed, recorded and entered into a database as described [12].
Follow-up evaluations were identical in all essential details.

Structural Neuroimaging

All structural MR images were acquired on a 1.5 Tesla General Electric Signa scanner with
the manufacturer’ s three-dimensional (3D) Fourrier transform spoiled gradient recalled
(SPGR) pulse sequence at the time of entry into alongitudinal study (baseline) and yearly
thereafter. The acquisition parameters for the T1 weighted sequence and DTI have been
previously described [13,14]. Regions of interest, e.g., hippocampus and entorhinal cortex,
were outlined and volumes computed as previously described [13]. DTI is atechnique that
assesses microstructural changes in white matter. It combines MR diffusion-weighted pulse
seguences with tensor mathematics to measure molecular diffusion in three dimensions.
Commonly used DTI metrics include mean diffusivity, which can be used as a non-invasive
proxy measure of the general integrity of tissue, and fractional anisotropy, which can be
used to describe the parallel organization of white matter fibers[15].

Postmortem Examination

Analyses

Brains of deceased subjects are removed, weighed, cut into 1 cm-thick coronal slabs and
stored as previously described. Each brain is examined for the neuropathol ogic indices of
common pathologies that contribute to cognitive impairment, including AD,
cerebrovascular, and Lewy body pathology. The location, age, and volume of all
macroscopic infarcts are recorded, and tissue was obtained for histological confirmation, in
addition to the identification of microscopic infarctions, as previously described [16,17]. AD
pathology is identified with modified Bielschowsky silver stain and summarized by
modified CERAD criteria and NIA-Reagan criteria, as described [16]. Neuritic plaques,
diffuse plagues, and neurofibrillary tangles are counted in five brain regions, standardized
and averaged to yield a global measure of AD pathologic burden, as previously described
[18]. Additionally, amyloid-B, labeled with a N-terminal directed monoclonal antibody is
quantified for amyloid load, and neurofibrillary tangles, labeled with an antibody specific
for phosphorylated tau, is quantified as the density of paired helical filament tau tangles, as
previously described [19]. Lewy bodies, labeled with antibodies to a-synuclein, are
recorded and Lewy body disease is designated as nigral, limbic, or neocortical, as described
[20].

Thefirst set of analyses investigated the neuropathology of probable AD, MCI, and those
without dementia or MCI. The second set related risk factors for AD and neuropathol ogy.
The third set included clinical and imaging studies of MCI. Cross-sectional associations of
neuropathologic indices with level of cognition and clinical diagnoses are performed with
linear and logistic regression models, adjusting for age, gender, and education. Associations
of risk factors with clinical level of cognition and clinical diagnoses and neuropathologic
indices may also include interaction terms for risk factors and neuropathologic indicesto
determine whether the risk factor modifies the relation neuropathol ogy to cognition.
Longitudinal associations of risk factors or clinical status such as MCl, or imaging variables,
for incident AD employ Cox proportional hazards models. The relation of risk factors to
cognitive decline is done with mixed effects models. Analyses are typically performed in
SAS and models validated graphically and analytically.
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RESULTS

Neuropathology of probable AD, MCI, and persons without dementia or MCI

We first showed that AD pathology and cerebral infarctions had an additive effect on the
odds of dementia[21]. In fact, this effect was quite large for infarcts overall and for both
cortical and subcortical infarctions. Interesting, in analyses examining level of cognition,
both cortical and subcortical infarctionsimpacted several cognitive abilities, including
episodic memory, the clinical hallmark of AD. We next added L ewy bodies to these
analyses and showed that mixed pathol ogies were the most common cause of dementiain
old age [21]. Thiswas most commonly in the form of mixed AD pathology and cerebral
infarctions, followed by AD pathology and Lewy bodies, and then al three. In a subsequent
paper, we extended these findings to show that mixed pathology was a so the most common
cause of clinically diagnosed probable AD [16]. We a so showed that mixed pathology was
common in both amnestic and non-amnestic MCI, and that pathology was also common in
persons without dementiaor MCI. In the final paper in this series, we showed that AD
pathology was associated with lower episodic memory performance among persons without
dementia or MCI suggesting that subtle cognitive deficits associated with AD pathology
occur prior to MCI [20].

Risk factors for AD and neuropathology

A series of four papers examined the association of potential risk factorswith clinical and
postmortem indices. Interesting, the results of these associations differed markedly from one
another illustrating the complexity of the AD phenotype. First, because mixed pathology is
the most common cause of probable AD, it is possible that risk factors for comorbidities,
e.g., cerebral infarction, could masquerade as arisk factor for AD. We had previously shown
that diabetesisrelated to AD risk and rate of cognitive decline [22]. We subsequently
examined the relation of diabetes to measures of pathology and found associations with
cerebral infarctions but not with measures of AD pathology [23].

Studies have shown that several aspects of the social environment are related to AD risk
[24]. We did not find adirect effect of social network size on cognition or on AD pathology
[7]. However, we found a strong interaction such that AD pathology had less of a deleterious
effect on cognition among persons with alarger social network size relative to those with a
smaller social network size. A related factor isloneliness, or self perceived social isolation.
Loneliness was related to risk of AD and to rate of cognitive decline [6]. Interestingly, it was
not directly related to any pathology nor did it interact with any pathology suggesting that
loneliness works through yet to be identified mechanisms.

The fina paper in this group examined the relation of statin use to incident AD, cognitive
decline, and neuropathologic indices [25]. We failed to find an association between statin
use and risk of AD or cognitive decline. However, we did find that statin users were less
likely to have amyloid. However, there was no relation between statin use and level of
amyloid in analyses restricted to those with amyloid. Thus, the interpretation of the finding
isunclear.

Clinical and neuroimaging studies of MCI

We first showed that MCl was associated with risk of AD and rate of cognitive declinein
the Memory and Aging Project consistent with prior reports in the Religious Orders Study
[8,26,27].

In aprior study, we found that both baseline entorhinal cortex volume and its slope of
decline were independent predictors of incident AD among persons with MCI, but baseline
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hippocampal size and its slope of decline were not, after controlling for entorhinal volume
suggesting that the extent of entorhinal involvement in the disease process is a stronger
predictor than hippocampal involvement [13].

White matter changes can disrupt or degrade information flow from one region of the brain
to another and contribute to cognitive changes during the progression of AD. DTI can
detect, /n vivo, the directionality of molecular diffusion and estimate the microstructural
integrity of white matter tracts. We reported regional reductionsin fractional anisotropy in
multiple posterior regionsin both participants with MCI and mild AD [14]. There was
substantial overlap in the pattern of locations suggesting that white matter changes are
present in persons with MCI.

Finally, we found a reduction in the volume of the parahippocampal white matter region that
includes the perforant pathway in people with MCI compared to healthy control subjects and
that hippocampal and parahippocampal white matter volume were significant predictors of
episodic memory performance. [28]. These data suggest that disruption of parahippocampal
white matter fibers contributes to memory decline in older individuals by partialy
disconnecting the hippocampus from multi-modal sensory information relayed from the
entorhinal cortex viathe perforant pathway.

DISCUSSION

The Religious Orders Study and the Rush Memory and Aging Project are both cohort
studies of incident AD and other common chronic conditions of aging that include organ
donation at death. Together, they enrolled more than 2,700 persons, have high follow-up
rates with large numbers of persons with incident AD, and large numbers of persons coming
to autopsy with high autopsy rates. The studies permit the linking of neurobiologic indicesto
clinical data collected proximate to death, and to linking risk factor datato clinical and
neurobiological outcomes in the same persons. Together the studies can provide unique
insights into the neurobiologic pathways linking risk factorsto clinical disease.

We found that mixed pathology is the most common cause of dementia and probable AD in
old age. Severa other studies have reported similar findings for dementia[29-31]. However,
we are not aware of other studies examining this association in large numbers of persons
with clinically diagnosed probable AD, and both amnestic and non-amnestic MCI. The
finding that mixed pathology is the most common cause of probable AD in old age has
important implications. First, it suggests that reducing the burden of co-morbidities will
reduce the occurrence of clinically diagnosed AD. Thisisimportant is increasing evidence
from several studies, including data from these cohorts, suggests that conditions other than
AD pathology play an increasingly important role in dementia among the oldest old who
represent the most rapidly growing segment of the population [32—36]. One of these studies
suggested that synaptic proteins may be an important marker of cognition in the oldest old
and we found a similar association across the full spectrum of old age [35,37]. Second, it
suggests that risk factors for comorbidities may mimic risk factors for the clinical AD
phenotype. In other words, to the extent that the terms AD dementia and MCI due to AD
refer to the cognitive and functional consequences of cortical amyloid deposition and tangle
formation, asin the recent NIA-Alzheimer’s Association criteria, some risk factors for
clinicaly diagnosed AD will actually be risk factors for comorbid conditions rather than risk
factors for amyloid or tangles [38—40]. We illustrate this situation with data on the relation
of diabetesto clinically diagnosed AD but not to pathological AD. Others have examined
the association of diabetes with AD with mixed results with some studies finding
associations with infarcts and one showing an association with less AD pathology [41-44].
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We examined the relation of three other risk factorsto AD pathology and cognition each
with different results from one other and different from diabetes findings. We found that the
association of loneliness with clinical AD wasindependent of AD pathology. Other studies
have also reported relationships between loneliness and cognition [45,46]. The basis of the
association is not known. Interestingly, loneliness has been associated with all cause
mortality and in particular with mortality from cardiovascular disease [47]. It has also been
associated with inflammatory markers[48]. Thus, it is possible that the association of
loneliness with cognition is mediated in part by cerebrovascular disease. Although we did
not find such an association, we may have been under-powered and require alarger sample
Size to detect the association.

In contrast to findings with self-perceived social isolation, we found that social network size
modified the relation of AD pathology to cognition. Social networks have been associated
with arange of adverse health outcomes including mortality, disability, and dementia [49—
52]. Social networks have also been related to risk of stroke as well as inflammatory
markers [53,54]. So, like loneliness, it is possible that social networks mediate their effect
on cognition through cerebrovascular disease. However, this would not account for its
interesting effect modification on AD pathology suggesting that other mechanisms will need
to be investigated.

We failed to find an association between statin use and risk of AD or rate of cognitive
decline. By contrast, we found that statin users were less likely to have amyloid. At least one
other study examined the relation of statin use and AD pathology and found that statin users
had less tangle pathology but not less neuritic plague pathology [55]. The paper did not
directly assess amyloid burden, though the findings appear to differ. The reason for the
discrepancy is unclear. However, one must interpret findings regarding medication use from
observational studies with caution due to possible indication bias.

Thefina set of findings relate to MCI. Clinically, persons with MCl in these studies
progressed to AD as has been reported in many other studies [8,56-59].

The neuroimaging studies demonstrate that MRI can provide sensitive markers of risk of
AD. In addition to gray matter changes that take place early in the disease process,
especialy in medial temporal lobe regions, alterations in white matter can be detected in
posterior regions of the brain even in MCI. The volumetric and microstructural white matter
changes seen in the parahippocampal white matter in the region of the perforant pathway
contribute to episodic memory deficits seen in MCI. White matter volume change may
reflect not only loss of afferent and efferent fibersin the region of the parahippocampal
gyrus, but may also be due to partial demylenation or degradation in the integrity of
remaining fibers, an area of investigation that can be addressed with DTI. In fact, recent DTI
findings suggest that remaining parahippocampal white matter fibers are not normal in MCl
and mild AD thus further contributing to the degradation of incoming multi-modal sensory
information [50,61]. These findings have been confirmed and extended by the work of many
other groups [62—68].
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