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Abstract
The Memory and Aging Project is a longitudinal, epidemiologic clinical-pathologic cohort study
of common chronic conditions of aging with an emphasis on decline in cognitive and motor
function and risk of Alzheimer's disease (AD). In this manuscript, we first summarize the study
design and methods. Then, we present data on: 1) the relation of motor function to cognition,
disability, and death; 2) the relation of risk factors to cognitive and motor outcomes, disability and
death; 3) the relation of neuropathologic indices to cognitive outcomes; 4) the relation of risk
factors to neuropathologic indices; and 5) additional study findings. The findings are discussed
and contextualized.
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INTRODUCTION
The number of persons with AD is expected to increase markedly in the coming decades
[1,2]. With a public health problem of this magnitude, disease prevention provides the best
long-term strategy for reducing the burden of cognitive impairment in the U.S. [3,4].
Disease prevention requires the identification of risk factors for cognitive decline and the
development of strategies to delay the onset of cognitive impairment through behavior
modification or pharmacologic interventions. However, this goal has proved elusive [5,6]
due to the complexity of the disease. Although a general consensus regarding the clinical
and pathologic diagnoses of AD had emerged by the mid 1980's [7,8], it was subsequently
found that AD pathology can be widespread in persons without dementia [9–13]. Some
investigators suggested that these persons had greater brain reserve [9].

The concept of reserve applies to many human physiologic systems (e.g., pulmonary, renal,
hepatic, cardiac [14–20]). These functional systems are highly redundant and considerable
tissue destruction must take place before systems are compromised and signs of disease
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become evident. Although the nervous system is more complex, it has long been recognized
that some type of reserve can protect the nervous system from expressing pathology or
injury as functional impairment. For example, a number of studies in the early 1990s found
that education and occupation were associated with a reduction in AD risk [21,22], and
investigators concluded that these lifestyle factors might alter brain reserve. Data on the
relation of head circumference to AD provided further support for the reserve concept
[23,24]. Finally, neuroimaging studies provided evidence of neurobiologic correlates of
reserve [25–28].

The Memory and Aging Project began in 1997 [29]. The overall goal of the study is to
identify factors associated with the maintenance of cognitive health despite the accumulation
of AD and other pathology. When the Memory and Aging Project began, there were a
number of ongoing epidemiologic studies that included, but did not require, organ donation.
However, there were only two cohort studies of aging and AD that required organ donation:
the Nun Study and the Religious Orders Study. Both studies were restricted to Catholic
clergy and included participants with a restricted range of life experiences and
socioeconomic status and exceedingly high educational attainment. The Memory and Aging
Project was specifically designed to complement and extend other ongoing epidemiologic
studies that included organ donation. The study design is similar to the Religious Orders
Study in that it enrolls persons without dementia who agree to annual clinical evaluation and
organ donation. However, it enrolls participants with a much wider range of life experiences
and socioeconomic status with a goal of enrolling a third of participants with 12 or fewer
years of education. Further, the study requires that participants agree to donate spinal cord,
muscle and nerve, in addition to brain, to support studies of decline in motor function and
disability as well as cognitive function. More recently, participants have been encouraged to
participate in a variety of additional studies including studies of physical activity and sleep
using actigraphy, structural and resting state functional magnetic resonance imaging (fMRI)
studies, and studies of well-being, behavioral economics, and health and financial decision
making.

METHODS
Study Design

The Memory and Aging Project is funded by the National Institute on Aging and was
approved by the Institutional Review Board of Rush University Medical Center. Older
persons without known dementia must agree to an assessment of risk factors, blood
donation, and a detailed clinical evaluation each year. Further, all participants also agree to
donation of brain, the entire spinal cord, and selected nerve and muscles at the time of death.

Study participants are primarily recruited from retirement communities throughout
northeastern Illinois Fig. (1). The study primarily enrolls residents of continuous care
retirement communities. Several features of these facilities and the study design enhance the
validity and generalizability of the study. Because the only exclusion is the inability to sign
the Anatomical Gift Act, and because all clinical evaluations are performed as home visits,
co-morbidities common in population-based epidemiologic studies are well represented; this
reduces the “healthy volunteer effect” seen in many cohort studies [30]. The home visits
reduce participant burden facilitating high rates of follow-up. Follow-up rates are further
enhanced because these facilities provide all levels of care from independent living to
unskilled and skilled nursing on campus. This also enhances autopsy rates as many
participants die on campus and the Anatomical Gift Act allows us to work directly with
facility staff and the funeral home to arrange the autopsy. Residents of continuous care
retirement communities are predominantly white and tend to be more affluent. Therefore,
the study also recruits from Section 8 and Section 202 housing subsidized by the
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Department of Housing and Urban Development, retirement homes, and through local
churches and other social service agencies serving minorities and low-income elderly.

The study design allows the following types of analyses to be conducted within a single
dataset Fig. (2): 1) the relation of risk factors with incident AD, incident MCI, and decline in
cognitive and motor function; 2) the relation of neurobiologic indices with AD, MCI, and
cognitive and motor function; and 3) modeling neurobiologic pathways linking risk factors
to clinical phenotypes.

Demographic Variables and Socioeconomic Status
Race and ethnicity are ascertained using the 1990 U. S. Census questions. Measures of
socioeconomic status include education and occupation. Birth addresses were linked to 1920
census data to determine early-life socioeconomic status [31]. Age 40 addresses were linked
to 1960 census data to determine mid-life socioeconomic status. Other indicators of early
life socioeconomic status include parental education and occupation.

Clinical Diagnoses of Dementia, AD, MCI and Other Medical Conditions
Clinical evaluation, self-report, and medication inspection are used to document medical
conditions. The diagnostic process is identical to that performed in the Religious Orders
Study. Briefly, a decision tree designed to mimic expert clinical judgment was implemented
by computer to inform several clinical diagnoses, including dementia and AD [32]. It
combines data reduction techniques for the cognitive performance testing with a series of
discrete clinical judgments made in series by a neuropsychologist and a clinician.
Presumptive diagnoses of dementia and AD are calculated that conform to accepted clinical
criteria [7]. The clinician is asked to agree or disagree with the decisions. An algorithm uses
these decisions to provide diagnoses of MCI and amnestic MCI [33]. Persons with MCI are
judged to have cognitive impairment by neuropsychologic testing without a diagnosis of
dementia by the clinician. Persons without dementia or MCI are categorized as no cognitive
impairment (NCI). A similar decision tree also is employed to aid the diagnosis of stroke,
cognitive impairment due to stroke (vascular dementia), parkinsonism, Parkinson's disease
(PD), and depression following accepted criteria [34–36]. The evaluation is designed to
reduce costs and enhance uniformity of diagnostic decisions over time and space [37,38].
Other less common diagnoses are made by contemporary standards [39].

Most of the remaining diagnoses are by self report, including cardiovascular risk factors
(e.g., hypertension, diabetes) and cardiovascular diseases (e.g., myocardial infarction,
congestive heart failure, claudication) [40] and musculoskeletal pain [41]. Tobacco and
alcohol use is documented [42]. Systolic and diastolic blood pressure ae measured directly,
and all over the counter and prescription medications are recorded. Thus, a diagnosis of
diabetes is based on self report and medication use (e.g., insulin) [42]. Sensitivity analyses
are routinely performed to ensure findings are not driven by inconsistent information (e.g.,
diabetes limited to persons on medications). We are also collecting hemoglobin A1C on a
subset of participants.

Cognitive Performance Tests
A battery of 21 cognitive performance tests is administered each year (Table 1) [43–55]. The
Mini-Mental State Examination (MMSE) [43] is primarily used to describe the cohort.
Eleven tests are used for diagnostic classification. Nineteen tests that assess a range of
cognitive abilities are used to construct separate summary measures of global cognitive
function and five cognitive domains, including episodic memory, semantic memory,
working memory, perceptual speed, and visuospatial ability. The composite measures are
created by converting each test within each domain to a z-score and averaging the z-scores,
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as previously described [56]. Seven tests can be administered by telephone. The telephone
version yields composites for episodic memory, semantic memory, and working memory, in
addition to global cognition.

Motor Function and Structure and Physical Frailty
The clinical evaluation includes a modified version of the motor portion of the Unified
Parkinson's Disease Rating Scale (modified UPDRS) which is used to assess four
parkinsonian domains including bradykinesia, rigidity, parkinsonian gait, and tremor, in
addition to a composite global measure of parkinsonism [40].

Upper and lower extremity motor strength and performance tests were collected as
previously described [57]. These include grip and pinch strength measured by hydraulic
dynamometers, arm abduction, arm flexion, arm extension, hip flexion, knee extension,
plantar flexion, and ankle dorsiflexion measured with handheld dynamometry; time and
number of steps to walk 2.4 meters and to turn 360°; participants were asked to stand on
each leg and then on their toes for 10 seconds. We record number of steps off the line when
walking 8 feet (2.4 meters) heel-to-toe; and Purdue pegboard and finger tapping. A
composite measure of global motor function was constructed by converting the raw score
from each of the motor measures to z scores using the mean (SD) from all participants at
baseline and averaging. Separate summary measures of strength and performance were also
developed.

A continuous composite measure of physical frailty was developed based on the four
commonly used components of frailty, as previously described [58]. These include grip
strength, timed 2.4 meter walk, body mass index based on measured height and weight, and
fatigue based on two questions from the Center for Epidemiologic Studies-Depression Scale
(CES-D). A dichotomous version was also developed for analyses.

Actigraphy and Sleep
Actigraphy was employed to provide objective measures of motion not subject to patient
recall. The actigraph is a waterproof wristwatch-size battery-operated activity monitor
(Actical, Phillips Respironics, Bend, OR) placed on the non-dominant wrist of each subject
and worn 24 hours/day for up to 10 days. Since the device quantifies and records average
movement over each 15 second (epoch) continuously 24 hours/day, these recordings include
periods of activity (arousal) and non-activity (rest). Several measures are used to summarize
activity including total daily activity, and intensity of daily activity [59]

The actigraphy data has also been used to extract indices of rest rest activity fragmentation
as a proxy for sleep [60]. Further, it has been used to calculate acrophase (time of peak
activity) and circadian phases [61].

Gait Belt
A small, light-weight whole body sensor, the size of a wrist watch, is worn on a neoprene
belt around the waist during motor performance testing. The device contains 3
accelerometers and 3 gyroscopes (DynaPort MiniMod Modules, McRoberts BV). The
Netherlands) A wide range of spatial-temporal gait measures can be derived from the data
collected, augmenting traditional measures of time used to describe gait performances tested
in the community-setting such as the 8' walk or the Timed Get-Up and Go [62].

Pulmonary Function
Pulmonary function was assessed with a hand-held spirometer as previously described [63].
Measures included forced vital capacity (FVC), forced expiratory volume in 1 second
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(FEV1), and peak expiratory flow (PEF) from which a composite measure was derived.
Respiratory muscle strength was assessed using a hand-held device that contains a pressure
sensitive transducer to measure maximal inspiratory and expiratory pressures from which a
composite measure was derived [64].

Self Report Activities of Daily Living
Self-report measures assess the ability to live independently and perform basic and
instrumental activities of daily living [65–67].

Experiential and Personality Risk Factors of Interest
Experiential factors include early- mid- and late-life (current) cognitive and physical
activities, social engagement, social networks, and childhood adversity [31,56,68–72].
Affect includes measures of depressive symptoms [73,74]. Personality includes measures of
neuroticism, extroversion, openness, agreeableness, conscientiousness, harm avoidance,
novelty seeking, loneliness, and anxiety [75–78]. We assessed experiential well being with a
measure of purpose in life [79,80]. Additional personality and well-being measures were
added in 2010. Odor identification was assessed with the Brief Smell Identification Test
[81]. We also assessed life space, an index of spatial mobility in the world [82].

Ante-Mortem Biological Specimens and Data
A blood sample is taken at each evaluation and aliquots of serum and plasma are stored in a
−80°C freezer. Lymphocytes are extracted to provide a source of DNA for genetic studies,
and cell lines have been created from more than 1000 participants. Lymphocytes are also
cryopreserved for functional studies.

Serum and plasma are used to obtain laboratory studies (e.g., hemoglobin, creatinine). DNA
has been used to characterize apolipoprotein E allele status (APOE) [83] and other genetic
variants [84]. Recently, it has been used to generate genome-wide data [85].

Post-Mortem Biological Specimens
Staff is on-call 24 hours per day, seven days a week, to coordinate transportation of the body
and perform the autopsies. The calvarium is opened, cerebrospinal fluid is removed, spun,
aliquoted into separate nunc vials and frozen in a −80°C freezer. The brain is removed and
weighed. The brainstem and cerebellum are dissected from the hemispheres and one
hemisphere and the cerebellum are cut into 1 cm slabs in a plexiglass jig. The 1 cm slabs are
frozen in a −80°C freezer and the remainder of the brain is placed in 4% paraformaldehyde.
Digital pictures of the hemispheres and slabs are obtained at the time of autopsy. Beginning
in 2007, the fixed hemisphere has undergone post-mortem imaging [86].

After paraformaldehyde fixation and post-mortem imaging, the fixed hemisphere is cut into
1 cm slabs, photographed and tissue blocks are dissected from specified brain regions
(including hippocampus, entorhinal cortex, anterior cingulate cortex, midfrontal cortex,
superior frontal cortex, inferior temporal cortex, middle temporal cortex, inferior parietal
cortex, primary occipital cortex, anterior basal ganglia, anterior thalamus, and midbrain) and
paraffin embedded for subsequent histochemistry and immunocytochemistry. Gross features
and pathology (e.g., atrophy, cerebrovascular disease) are described at the time of blocking,
and blocks are obtained from all areas of visible pathology (e.g., infarcts, tumors) from
direct observation or from the digital photographs. The remainder of the brain is transferred
to a graded cryoprotectant solution (final solution of 20% glycerol and 2% DMSO in
phosphate buffer) for long term storage at 4°C.
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After the brain is removed, the entire spinal cord including cauda equina, dura, and dorsal
root ganglia is removed using the standard posterior approach. Prior to turning the body, the
most rostral aspect of the cervical cord is loosened from the spinal canal at the level of the
foramen magnum (after brain removal) and is cut and removed separately to avoid pulling of
the cord and consequent “toothpaste” artifact. The body is then turned and the entire spinal
cord, cauda equina, dura, and dorsal root ganglia are removed. After removal, the length and
diameter of the cord is measured and recorded, and each segment of the cord is dissected in
order to obtain fresh frozen cord. The spinal cord is cut midway through the lumbar
enlargement (L3-S1), as identified by enlarged motor rootlets, which approximates L4-5
levels. A 4 mm thick block of lumbar spinal cord is taken from both sides of this incision
and is fixed. The rostral lumbar and caudal adjacent 0.4 cm are frozen. A similar procedure
is used for the cervical and thoracic cord in order to obtain frozen slices of cord in the
cervical enlargement and midthoracic regions. The remainder of the spinal cord is fixed in
4% paraformaldehyde for 48 to 72 hours and then transferred to cryoprotectant (glycerol,
DMSO, and phosphate buffer) for storage in a 4°C refrigerator.

Bilateral tibial nerves are dissected and stored from all subjects. At autopsy most of the
nerve is fixed in a solution of glutaraldehyde and paraformaldehyde in phosphate buffer and
water). After fixation, samples are stored in buffer at 4°C for future EM studies. A small
segment of nerve is also fixed in 4% paraformaldehyde.

Two adjacent samples of 2.0 cm3 from the belly of each deltoid, quadriceps femoris, and the
gastrocnemius muscles bilaterally for a total of 12 muscle samples are dissected. The choice
of muscles was based on several considerations, including the likelihood that dysfunction
would contribute to motor impairment, the availability of clinical measures of their function,
and that the site of biopsy would not leave a visible scar which would preclude an open
casket and wake following the procedure. Two 1.0 cm portions of muscle are oriented on
cork in cross-section, placed in OCT, and snap frozen in liquid nitrogen insulated by
isopentane. Frozen muscle is stored (in vials containing frozen water for hydration) at
−80°C. The remainder of the muscle is fixed in 4% paraformaldehyde for 2–3 days and
embedded in paraffin.

Post-Mortem Data
The post-mortem neuropathologic evaluation includes a uniform structured assessment of
AD pathology, cerebral infarcts, Lewy body disease, and other pathologies common in aging
and dementia. The procedures follow those outlined by the pathologic dataset recommended
by the National Alzheimer's Disease Coordinating Center (NACC) [87]. Pathologic
diagnoses of AD use NIA-Reagan and modified CERAD criteria, and the staging of
neurofibrillary pathology uses Braak Staging [88–90]. The location, size, and age of each
macroscopic infarct are recorded as described [91]. Microscopic infarctions are identified on
H&E stained sections; Lewy bodies are identified on alpha-synuclein immunostained
sections [91].

Counts of neuritic plaques diffuse plaques, and neurofibrillary tangles based on silver stain
from five brain regions are used to create a global measure of AD pathology [70]. Amyloid
load and the density of paired helical filament tau (PHFtau) are determined in eight brain
regions and summarized [70].

Statistical Approaches
The study design permits many types of analyses to be performed within a single dataset.
The analyses address a wide range of issues related to the causes and consequences of
common age related conditions, while controlling for demographics and other potential
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confounding variables. Analyses without neuropathologic indices are performed in the entire
cohort. Thus, the temporal relation between a risk factor and clinical outcome is established
in the entire cohort. This allows us to draw valid inferences from the cross-sectional
associations with pathology.

Logistic regression is used in cross-sectional analyses examining the association of
neuropathology to cognitive outcomes such as MCI and AD proximate to death [33]. Linear
regression is used in cross-sectional analyses examining the relation of neuropathology to
continuous outcomes such as level of cognition proximate to death [70]. Interaction terms
are used in these models to examine whether the association of neuropathology with clinical
outcomes varies by the level of a third factor [70].

Longitudinal time to event analyses use Cox proportional hazards models for dichotomous
outcomes (e.g., incident AD, incident MCI) [92]. Recently, we have used models for
discrete (tied) data [93]. Mixed models are used to examine the relation of risk factors to
change in cognitive function over time [94]. These models assume that individuals follow
the mean path of the group, conditional on a set of explanatory variables, except for random
effects which allow for the initial level to be higher or lower and the rate of change to be
faster or slower. Other paths of change can be modeled in other ways such as change point
models [95].

Recently confirmatory factor analysis was used to develop latent cognitive and
neuropathologic indices for use in Multiple-Indicator-Multiple-Cause (MIMIC) models [96].

FINDINGS
From November September of 1997 through November of 2011, 1,556 persons agreed to
participate and the baseline clinical evaluation has been completed on 1,489. Of these, 1,088
(73.1%) are women, 1,307 (87.8%) are non-Hispanic white, the mean age is 80.1 years and
the mean education is 14.4 years. 1,409 (94.6%) were without dementia following the
baseline clinical evaluation. All clinical evaluation forms have been translated into Spanish
and of 80 Hispanics, 63 are being tested in Spanish.

The overall follow-up of survivors approaches 95%. There have been 343 cases of incident
MCI including 168 cases of incident amnestic MCI, and 250 cases of incident dementia
including 238 cases of incident AD with or without a coexisting condition.

The autopsy rate exceeds 80% with 424 autopsies of 519 deaths (81.7%). Of these, 272
(64.2%) are women, 407 (96.0%) are non-Hispanic white, the average age at death is 88.5
and the interval from last evaluation to death is 10.6 months. The post-mortem interval is
8:07 hours:minutes. The summary clinical diagnoses have been completed for the first 418,
of whom 136 (32.5%) were without cognitive impairment, 117 (28.0%) had MCI, 138
(33.0%) had probable AD, 18 (4.3%) had possible AD, and 9 (2.2%) had dementia due to
another condition. The diagnostic pathologic evaluation has been completed for the first 402
(94.8%). Of the 424 persons with a brain autopsy, the spinal cord has been obtained on 411
(96.9%).

Relation of Motor Function to Cognition, Disability and Death
In cross-sectional analyses, a global measure of parkinsonism and individual parkinsonian
signs were related to a global measure of cognition and specific cognitive abilities [97].
Similarly, parkinsonian signs were also related to MCI [40]. Among persons with MCI,
lower extremity function was also related to disability [98].

Bennett et al. Page 7

Curr Alzheimer Res. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In longitudinal analyses, level of physical frailty and change in physical frailty over time
were associated with risk of incident AD and incident MCI, and to the rate of cognitive
decline [99,100]. Parkinsonian signs were also related to risk of AD [101]. Likewise, level
of baseline global cognition and five cognitive abilities were also associated with the
development of incident mobility impairment based on gait speed and loss of the ability to
ambulate as well as the annual rate of decline of mobility [102].

Further, change over time in cognition, an overall measure of motor function, physical
frailty, parkinsonian signs, and an overall measure of physical activity with actigraphy were
all related to risk of death [57,58,95,101,103]. Parkinsonian signs were also related to
functional disability and risk of falls [104,105].

We also conducted change point models to determine the timing of onset of cognitive
decline prior to incident AD and MCI [106]. Compared to persons who were not diagnosed
with AD or MCI, cognitive decline started a number of years prior to disease diagnosis.

Relation of Risk Factors to Cognitive and Motor Outcomes, Disability and Death
Cognitive, Physical Activities, Social Engagement, Loneliness and Life Space
—Participation in cognitively stimulating activities across the life course was associated
with level of cognition [56,107,108]. Both past and current cognitive activities were
associated with a reduced risk of AD and with a slower rate of cognitive decline, especially
episodic memory, semantic memory, and perceptual speed, in analyses that controlled for
baseline level of cognition [31]. Further, current activities were associated with AD risk
after controlling for past activities. The effect of late life cognitive activities appears to be
stronger than the effect of education on building cognitive reserve [109]. Current activities
were also associated with incident MCI. We used dual change models to document that
change in cognitive activities precede changes in cognition [110]. Finally, cognitive
activities were not related to measures of neuropathology suggesting that lower cognitive
activities were not likely a consequence of the accumulation of pathology.

Physical activity by self report was associated with a slower rate of decline in motor
function [68]. This association was unchanged after controlling for leg strength [111].
Physical activity was associated with a reduced risk of incident disability, a finding that
persisted when controlling for muscle strength [111,112]. Physical activity and greater rest
activity fragmentation assessed by actigraphy were associated with cognition [113,114],
incident AD and change in cognition [115], and with decline in motor function [116]. In
longitudinal analyses, total daily physical activity was associated with risk of death [103].

Social engagement, specifically social activity and social support, though not social
networks, was associated with global cognition and diverse measures of specific cognitive
domains, especially perceptual speed [69]. Late life social activities were also related to a
slower rate of decline in cognitive and motor function even after controlling for physical and
cognitive activities [118–120]. Social engagement was also related to incident disability
[121]. The related construct of loneliness was also associated with risk of AD and rate of
cognitive decline, even after controlling for the effect of social activity [119]. It was also
associated with the rate of decline in motor function [122].

Finally, greater life space was associated with better cognitive and motor function [123], and
it was associated with a lower risk of incident AD, incident MCI, and cognitive decline, as
well as risk of death [124,125].

Anxiety-Related Traits: Neuroticism, Anxiety, Childhood Adversity, and Harm
Avoidance—Neuroticism was associated with an increased risk of AD and with a more
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rapid rate of cognitive decline among persons without dementia, and risk of MCI and change
in cognition among persons without dementia or MCI [126,127]. Interestingly, the
association was most robust for episodic memory and executive abilities (i.e., working
memory, perceptual speed) [128]. Neuroticism is a broad trait. Of its facets, anxiety and
vulnerability to stress were most strongly related to cognitive decline [128]. Neuroticism
was also associated with change in motor function [129]. Anxiety is also associated with risk
of dementia [128]. Interestingly, childhood adversity, in particular emotional neglect and
parental intimidation, was associated with neuroticism [72].

Harm avoidance, a trait associated with apprehensiveness and behavioral inhibition, was
associated with cognitive decline and risk of AD [130]. It was also associated with measures
of disability [131].

Medical Conditions—In cross-sectional analyses, low hemoglobin was associated with
lower cognition [132], and in longitudinal analyses it was associated with risk of incident
AD [133]. In longitudinal analyses, lower kidney function was associated with more rapid
rate of cognitive decline [134]. Diabetes was associated with poorer cognitive function and
more parkinsonism [42,135–137]. Vibratory function was also associated with parkinsonian
gait after controlling for diabetes [138]. Musculoskeletal pain was associated with incident
disability [41]. Finally, inflammatory markers were associated with cortical thinning on
ante-mortem neuroimaging [139].

Apolipoprotein E Allele Status (APOE) and Other Genetic Variants—The APOE
ε4 allele was associated with a greater rate of decline in motor function [83]. CR1 and
PICALM were also associated with cognitive decline and AD risk [84]. CR1 was also
associated with amyloid angiopathy [140]. The 1405V CEPT polymorphism was was also
associated with risk of AD and cognitive decline [141]. Genome-wide data are available and
have been used in a number of collaborative projects [85,142–148].

Well-Being (Purpose in Life)—Purpose in life was associated with a reduced risk of
incident AD, incident MCI and a slower rate of decline in cognitive function among persons
without dementia or MCI [93]. Purpose in life was also associated with a reduced risk of
incident disability and risk of death [80,149].

Odor Identification—Loss of odor identification was associated with a greater rate of
cognitive decline and an increased risk of MCI [150,151]. Odor identification was also
associated with progression of parkinsonian signs, primarily parkinsonian gait [152].
Finally, it was associated with risk of death [153].

Respiratory Muscle Strength and Pulmonary Function—Respiratory muscle
strength was associated with the rate of change in mobility even after controlling for leg
strength and physical activity [63]. In a subsequent study, we found that respiratory muscle
strength, leg strength, physical activity as well as pulmonary function all made relatively
independent contributions to the development of mobility disability [64]. In contrast, we
found that pulmonary function linked both appendicular and respiratory muscle strength
with the risk of death [117].

Relation of Common Neuropathologic Indices to Clinical AD, MCI, and Level of Cognition
AD, MCI, and Level of Cognition

Alzheimer's Disease Pathology—About 90% of persons meeting clinical criteria for
AD also met pathologic criteria for the disease [32,33]. However, about half of persons with
MCI also met pathologic criteria for AD and a third of those without cognitive impairment
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met pathologic criteria for AD [33]. Further, among this group of very high functioning
individuals, the presence of AD pathology was associated with deficits in episodic memory
[154]. Interestingly, self-report memory complaints were also related to measures of AD
pathology in analyses that controlled for depression and chronic disease [155].

Cerebrovascular Disease—Persons with dementia were most likely to have had
cerebral infarcts and those with MCI had an intermediate number of infarctions compared to
those without cognitive impairment [33]. Interestingly, while infarcts were related to all
cognitive abilities, in analyses controlling for AD pathology, both infarcts overall and
subcortical infarcts were strongly related to measures of episodic memory [156]. Further,
AD pathology and cerebral infarcts had an additive effect on the odds of dementia. In this
community based study, cerebrovascular disease was found to be more common than in
clinic based series [91,157]

Lewy Bodies—Lewy bodies were most common in persons with dementia and
intermediate among those with MCI [33]. In this community based study, Lewy bodies were
found to be less common than in clinic based series [91]

Mixed Pathologies—The combination of AD pathology with cerebral infarcts or Lewy
bodies is so common that mixed pathologies are the most common cause of dementia [158].
They are also as common as “pure” AD pathology as a cause of probable AD [33]. In
addition, mixed pathology accounts for a substantial proportion of cases of both amnestic
and non-amnestic MCI [33]. Consistent with this, all three pathologies are strongly related to
multiple cognitive abilities, including episodic memory [159].

Relation of Common Neuropathologic Indices to Motor Function and Odor Identification
Parkinsonian signs were related to AD pathology, cerebrovascular disease, Lewy bodies and
nigral degeneration [160]. Physical frailty was also directly related to AD pathology and the
association was similar in persons both with and without dementia [161]. Further, among
those without cognitive impairment, impaired odor identification was related to both AD
pathology and Lewy bodies [162,163]. Unlike APOE and other polymorphisms for which
there is considerable evidence suggesting that it leads to the accumulation of AD pathology,
the findings with parkinsonian signs, frailty and odor identification suggest that these
clinical findings may be early signs of disease [164].

Relation of Risk Factors to Neuropathologic Indices (Table 3)
The APOE ε4 allele was associated with greater AD pathology and the ε2 allele was
associated with less AD pathology [165]. Similar findings were seen with CR1 and CEPT
suggesting that these polymorphisms are also associated with AD in part through an
association with AD pathology [83,141]. A number of other polymorphisms were related to
AD pathology in a candidate gene study [166–168].

While we did not find a main effect of social networks on either AD risk or neuropathology,
we did find that social networks modified the relation of AD pathology to cognition [169].
In other words, AD pathology had much less effect on cognition among persons with larger
networks. In further analyses, the effect was most strongly associated with tangle formation.
We conjectured that social networks may be a proxy for social cognition and hypothesized
that some types of cognition might modify the relation of AD pathology to other forms of
cognition. In keeping with this idea, we found that processing resources reduced the effect
of AD pathology on episodic memory, semantic memory, and visuospatial ability [170].
Further, purpose in life reduced the effect of AD pathology on the rate of change in
cognition over multiple years prior to death [171].
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Two risk factors for AD, cognitive activities and loneliness, were not related to AD
pathology nor did they modify the relation of AD pathology to cognition [31,119].
Similarly, neuroticism and anxiety were unrelated to measures of neuropathology [128].
Thus, these factors must influence AD risk via alternate mechanisms.

Selected Other Study Findings
Studies of Mild Cognitive Impairment (MCI)—MCI was associated with a
substantially increased risk of developing AD and a greater rate of cognitive decline [172].
Persons with MCI had entorhinal cortex and hippocampal atrophy and disruption of
parahippocampal white matter fibers [173]. They also had reductions of fractional
anisotropy in posterior white matter regions [174]. Finally, among persons with MCI, both
baseline entorhinal cortex hippocampal volume and rate of change in entorhinal cortex and
hippocampal volume are associated with risk of AD [175–177]. MCI was also associated
with changes in resting state fMRI [178].

Post-Mortem Neuroimaging—Post-mortem imaging is being performed to better
understand the relation of brain pathology to MRI changes. We first conducted a study of
repeated post-mortem images over a six month period to characterize changes in T2 values
and identify the optimal timing of imaging [86]. Subsequently, we have started to
characterize the relation of neuropathology to structural changes beginning with the
hippocampal formation [179].

Behavioral Economics, Neuroeconomics, and Decision Making—In 2008, a
behavior economics and decision making survey was added to the Memory and Aging
Project. These data are just beginning to mature. We have shown that among persons
without dementia, lower cognition is associated with greater risk aversion [180]. Using
resting state fMRI, we also showed regional differences associated with risk aversion [181].

Other Findings—The Rush Memory and Aging Project has contributed biologic
specimens and data to support a range of other efforts [182,183]. Some efforts are still
maturing including studies of nutrition and anti-phospholipid antibodies, synaptic proteins,
TDP-43, DNA methylation, histone acetylation (H3K9Ac), RNA microarray, and next
generation RNA-Sequencing.

DISCUSSION
Data from the Rush Memory and Aging Project has generated more than 125 peer-reviewed
publications to date on a wide range of issues related to aging and AD. The main find ings
can be summarized into four major headings: 1) evidence of common causation of loss of
cognitive, motor and olfactory function; 2) continuum of cognition and neuropathology from
normality to MCI to dementia; 3) implications of mixed pathologies; 4) evidence of neural
reserve.

Common Causation of Loss of Cognitive, Motor and Olfactory Function
Cognitive and motor abilities are generally considered unique and separate functional
outputs of neural systems. However, to some extent they rely on similar underlying neural
processes. For example, motor function, especially skilled movements such as those
required to produce language and complex movements, require motor programs which can
be impaired and lead to loss of learned motor abilities despite intact strength and
coordination. A unique feature of the Memory and Aging Project is the detailed longitudinal
data on both cognitive and motor function. The latter includes measures of parkinsonian
signs, an overall measure of motor function based on strength and performance measures, a

Bennett et al. Page 11

Curr Alzheimer Res. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measure of physical frailty that includes measures of muscle structure and function as well
as walking speed, all of which were related to cognitive outcomes. Other studies have also
shown both cross-sectional and longitudinal associations between cognitive and motor
function [184–194]. In addition, several risk factors, including APOE, social activity,
loneliness, neuroticism, respiratory function, renal function and diabetes were related to both
cognitive and motor abilities in either cross-sectional or longitudinal analyses, consistent
with some prior studies [195]. Together, these findings provide strong evidence of common
causation of decline in cognitive and motor abilities.

Interestingly, odor identification was also related to AD risk and change in cognitive
function, consistent with prior research [196,197], and with decline in motor function
suggesting that this too might have a common causation. This was supported by the clinical
pathologic analyses which find that measures of AD pathology were related to olfactory
function, parkinsonian signs, frailty, and strength. Lewy bodies were also related to odor
identification and parkinsonian signs. Given that it is highly unlikely that parkinsonian
signs, frailty, strength and odor identification cause the accumulation of neuropathology, it
is likely the case that neuropathology leads to parkinsonian signs, frailty, loss of strength,
and impaired odor identification. Thus, changes in motor function and odor identification
may be early signs of AD pathology and may appear prior to the development of not only
clinical AD but also prior to the onset of MCI.

Continuum of Cognition and Neuropathology from Normality to MCI to Dementia
Our data suggest that there is a continuum of cognitive change accompanied by gradual
accumulation of neuropathology with no precise clinical or neuropathologic cut-point that
distinguishes dementia from MCI or MCI from normality. This is similar to many other
common chronic conditions of aging such as osteoporosis and chronic obstructive
pulmonary disease. These diseases have an insidious onset over years and possibly decades
and the demarcation between the presence and absence of the disease is determined by
consensus criteria based on imperfect data. For some conditions, a designation of
intermediate between normality and disease is employed, as in pre-hypertension and
osteopenia. This is analogous to the use of MCI as a condition intermediate between
normality and dementia. Overall, the data suggest that much of cognitive decline among
persons without dementia is not the result of a normative aging process but rather the result
of the common neuropathologies that ultimately result in MCI and dementia [198]. This
conclusion is consistent with reports that AD pathology is common among persons with
MCI [199–202] and some report AD pathology among persons without cognitive
impairment [203–208]. We related AD pathology to subtle decrements in episodic memory
among persons without cognitive impairment [154]. These data are consistent with what is
being reported with amyloid imaging agents among persons without dementia but are based
on quantitative neuropathologic data [209,210]. Overall, the data suggest that there is
unlikely to be qualitatively meaningful biologic distinctions between MCI and AD,
regardless of the definition used. The data strongly support the recent revised criteria of AD
as beginning with a pathophysiologic process and evolving to MCI due to AD and finally to
AD dementia [211–213].

Implications of Mixed Pathologies for the Prevention of AD
Clinical and post-mortem data from the Memory and Aging Project offer an unprecedented
opportunity to investigate biologic pathways linking risk factors to clinical disease among a
socioeconomically diverse cohort of older men and women. This investigation involves first
understanding the relation of pathological indices to clinical AD and MCI. We found that
AD pathology with other common pathologies, in particular cerebrovascular disease and
Lewy bodies, are the most common cause of clinically probable AD and a common cause of
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MCI and amnestic MCI. These data are consistent with and extend findings from several
other clinical-pathologic studies [214–224]. The findings raise the possibility that some risk
factors for clinical AD are likely to be risk factors for pathologies other than AD. For
example, APOE is strongly related to AD pathology and CR1 and CEPT less so. Thus, these
polymorphisms appear to be related to AD in part through an association with AD
pathology. Understanding the mechanism linking these polymorphisms to amyloid
deposition would be a useful for developing strategies for interventions. By contrast, several
other risk factors for clinical AD were not directly related to measures of AD pathology.
Thus, they must work through an alternate pathway.

The data also shed light on the important role of mixed pathologies in the development of
dementia such that the elimination of mixed disease, such as cerebrovascular disease will
result in less clinically diagnosed AD. This has important implications for our
conceptuatlization of AD as well as vascular cognitive impairment [225].

Evidence of Neural Reserve
A major goal of the Rush Memory and Aging Project is to identify factors associated with
neural reserve, i.e., factors that increase the ability of the brain to tolerate the pathology of
AD without manifesting clinical signs of cognitive impairment [226]. In some respects,
mixed pathology can be conceptualized in terms of neural reserve; that is, the presence of
cerebrovascular disease and Lewy bodies reduce the ability of the brain to tolerate any given
amount of AD pathology making it more likely that it will lead to cognitive impairment and
dementia. Thus, the prevention of cerebrovascular disease and Lewy body disease will
reduce the numbers of persons meeting clinical criteria for AD.

It is now apparent that many other factors can increase or decrease neural reserve. For
example, we found that social networks modified the association of AD pathology to
cognition such that AD pathology was less likely to be associated with cognitive impairment
among persons with large compared to those with small social networks. Similar finding
were observed for processing resources and purpose in life. These data provide strong
evidence that some experiential factors can alter the clinical expression of AD pathology.
Other studies have reported similar findings with education and other indices using
measures of AD pathology and amyloid imaging [227–232].

By contrast, several other factors associated with incident AD had effects that were separate
from any of the three common causes of dementia. These include cognitive activity,
neuroticism (especially the facets of anxiety and vulnerability to stress), and loneliness.
Thus, these factors alter the likelihood that AD pathology will lead to clinical disease. The
biologic mechanisms underlying the association of these traits with clinical disease are
unknown. However, identifying these pathways is important as an understanding of
pathways would provide new targets for therapeutic interventions. A variety of efforts are
ongoing in the Memory and Aging Project aimed at identifying additional therapeutic targets
including epigenome-wide DNA methylation and histone acetylation studies, RNA
expression studies, and proteomics.

Overall Model Summarizing Findings Fig. (3)
Fig. (3) presents an overview of selected findings to date. The model highlights the
important role of mixed pathology and neural reserve in the development of clinical AD. It
illustrates that some risk factors such as APOE, CR1, and CEPT lead to clinical AD in part
through an association with AD pathology. However, it also shows that some other factors
associated with the development of clinical AD such as parkinsonian signs, grip strength,
frailty, and odor identification, are not risk factors at all. Rather they are likely to be early
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signs of AD and other pathology that manifest prior to the onset of dementia and in some
cases prior to the onset of MCI. It is conceivable that these non-cognitive manifestations
could be the sole clinical manifestation of AD pathology in some persons. By contrast, we
have not been able to directly relate psychological and experiential factors to any known
type of neuropathology. It is interesting that we have only identified genetic risk factors
associated with AD pathology, and an ongoing genome-wide association study is examining
additional genomic variants associated with cognitive decline and neuropathologic indices
[148]. These observations have led us to consider a model whereby AD pathology is
primarily under the control of genomic variation, whereas experiential and psychological
factors primarily affect how the brain responds to the accumulation of pathology, i.e., neural
or cognitive reserve. These findings are similar to results found in the Religious Orders
Study [233–236].

The figure also illustrates decision making as a complementary outcome to cognitive, motor,
and olfaction. While data are not yet available, we hypothesize that impaired decision
making is likely to be a consequence of common neuropathologies.

Integral to the study design is that once a relationship between a risk factor and cognitive
loss is identified, the risk factor must be related to changes in the structural or functional
elements that subserve cognition. It is clear from Fig. (3) that there are many risk factors for
which the biologic signature has not yet been identified. We are currently investigating the
potential for a number of indices to mediate these associations. There are two ongoing
epigenome-wide studies of brain tissue and peripheral blood lymphocytes. There are also
ongoing RNA expression (microarray and next generation RNA sequencing), proteomic and
metabolomic studies searching for novel biologic pathways linking risk factors to clinical
disease.

Strengths and Weaknesses of the Study
The study has several strengths. Individuals known to be free of dementia or free of MCI at
baseline are followed for the development of incident disease and cognitive decline. There is
a large sample size and a relatively long duration of follow-up with repeated measures of
cognition and large number of persons with incident disease. The follow-up rate of survivors
and the autopsy rates are very high, which reduces the biases that occur when persons drop
out of longitudinal studies or when autopsy is not obtained. Structured procedures ensure
uniformity of diagnostic decisions across time and space. Examiners are blinded to
previously collected data, which further reduces bias. The study enrolls participants with a
wide range of experiential factors in order to facilitate investigating the role of these factors
in the development of neural reserve. Finally, a unique aspect of the study is that both
clinical and pathologic data collection procedures are similar in many respects to the
Religious Orders Study, which allows data to be merged for analyses that may have small to
moderate effects [32,33,123,154,159,165,166].

The study also has limitations. There are relatively few racial and ethnic minorities, which
limits the ability to examine associations across race and ethnicity. However, clinical data
collection procedures are similar in many respects to the Minority Aging Research Study
whic allows data to be merged to examine potential racial differences [80, 102, 124, 125,
136, 237]. In addition, this is a volunteer cohort that has agreed to autopsy at study entry.
Thus, participants may not be representative of the general population of older persons and
similar types of studies will need to be done in cohorts with a greater proportion of racial
and ethnic minorities, and in population based cohorts.
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Fig. (1).
Major locations of Memory and Aging Project participants in Northeastern Illinois.*
*Alden of Waterford, Aurora; Beacon Hill, Lombard; Bethlehem Woods, La Grange Park;
Clare Oaks Retirement Community, Bartlett; Covenant Village, Northbrook; Elgin Housing
Authority, Elgin; Fairview Village, Downer's Grove; Frances Manor, Des Plaines;
Franciscan Village, Lemont; Friendship Village, Schaumburg; Garden House, Calumet City;
Green Castle, Arlington Heights; Holland Home, South Holland; King-Bruwaert House,
Burr Ridge; Kingston Manor, Chicago; Lawrence Manor, Matteson; Luther Village,
Arlington Heights; Marian Village, Homer Glen; Mayslake Village, Oak Brook; Peace
Village, Palos Park; Renaissance, Hillside; Victorian Village, Tinley Park; St. Andrew's
Manor, Phoenix; St. Paul Home, Chicago; The Breakers of Edgewater, Chicago; The
Birches, Clarendon Hills; The Holmstad, Batavia; The Imperial, Chicago; The Mills, Oak
Park; The Moorings, Arlington Heights; The Oaks, Oak Park; Trinity United Church Of
Christ, Chicago; Victory Lakes, Lindenhurst; Village Woods, Crete; Washington Jane
Smith, Chicago; Windsor Park Manor, Carol Stream; Wyndemere, Wheaton.
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Fig. (2).
Overall study design of the Rush Memory and Aging Project*
*Through November, 2011, the baseline evaluation was completed on 1,489 persons. There
have been 343 cases of incident MCI and 250 cases of incident dementia, and 424 autopsies.
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Fig. (3).
Overview of clinical pathologic relationships reported in the Rush Memory and Aging
Project through November 2010.
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Table 1

Cognitive Performance Tests in the Memory and Aging Project

Test Diagnoses Composite Telephone

Mini-Mental State Examination Orientation MMSE22

Logical Memory Ia Episodic memory

Logical Memory IIa Episodic memory

Immediate story recall Episodic memory Episodic memory

Delayed story recall Memory Episodic memory Episodic memory

Word List Memory (3 trials) Episodic memory

Word List Recall Memory Episodic memory

Word List Recognition Memory Episodic memory

Complex Ideational Material Language

Boston Naming Test Language Semantic memory

Category Fluency (fruits, animals) Language Semantic memory Semantic memory

National Adult Reading test Semantic memory

Digit Span Forward Working memory Working memory

Digit Span Backward Attention Working memory Working memory

Digit Ordering Working memory Working memory

Symbol Digit Modalities Test Attention Perceptual speed

Number Comparison Perceptual speed

Stroop word reading Perceptual speed

Stroop color naming Perceptual speed

Judgment of Line Orientation Visuospatial Visuospatial ability

Standard Progressive Matrices Visuospatial Visuospatial ability
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Table 3

Relation of Risk Factors to Neuropathologic Indices

Risk Factor Association with Neuropathology Reduced Association of Pathology with Cognition

APOE ε4 AD

APOE ε2 AD

CR1 AD

CEPT AD

PICALM

Neuroticism

Anxiety

Vulnerability to stress

Social networks AD

Purpose in life AD

Processing resources AD

Cognitive activity

Loneliness

Oder identification AD, Lewy bodies

Grip strength AD

Physical frailty AD

Parkinsonian signs AD, Infarcts, Lewy bodies
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