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NEUROLOGICAL FACTORS
IN COGNITIVE AGING
ROBERT S. WILSON

I

n the past century, average life expectancy
in the United States increased by approximately 30 years, primarily because of
reduced mortality from common conditions in
early and midlife. As a result, there has been a
substantial increase in the proportion of older
people in the population, and this proportion is
expected to further increase in the first half of
the current century as the post–World War II
generation ages. With the aging of the population, common chronic conditions of old age
have come to pose an increasing public health
burden. In particular, cognition-impairing conditions such as Alzheimer’s disease that are relatively uncommon before age 65 have now
become leading causes of morbidity and mortality. Therefore, identifying factors that may prevent or delay age-related cognitive decline is of
great public health importance.
The central premise of this chapter is that
age-related cognitive decline represents the
interaction of experiential and genetic risk factors with multiple age-associated neuropathologic processes taking place in brains with
differing structural and functional characteristics prior to old age. According to this view,

age-related loss of cognition is not a normal
developmental process or an inevitable outcome of old age but rather the result of different
age-related neuropathologic lesions accumulating at different rates in different brain regions
of individuals with differing vulnerabilities to
the lesions; that is, risk factors may contribute
to loss of cognition either by affecting the
accumulation of common neuropathologic
lesions or by somehow affecting the ability
to maintain function despite accumulating
pathology. To the extent that this view is valid,
understanding the neurobiologic pathways
linking risk factors to age-related loss of
cognition is likely to be critical to research on
prevention.
The remainder of this chapter is divided into
three parts. In the first section, I describe four
neuropathologic lesions that are common findings on postmortem examinations of the brains
of old people and discuss their distribution and
relation to cognition in people with and without
dementia. In the second section, I consider
selected predictors of age-related cognitive
decline and propose different neurobiologic
bases for the associations. In the final section,
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I summarize the preceding sections and consider implications for future research.

AGE-RELATED NEUROPATHOLOGY
Alzheimer’s disease is the most common cause
of cognitive decline and dementia in old age. It
has two defining pathologic features, first
described by Alzheimer about 100 years ago:
neuritic plaques, which accumulate outside neurons and mainly consist of a protein called amyloid-beta, and neurofibrillary tangles, which are
found inside neurons, primarily consist of a protein called tau and appear as a tangled mass of
filaments under a microscope. Both of these
lesions are commonly found on postmortem
examination of the brains of people who
died in old age. The pathologic diagnosis of
Alzheimer’s disease is determined by the severity of this pathology, with the Consortium to
Establish a Registry for Alzheimer’s Disease
criteria based on estimates of neuritic plaque
density (Mirra et al., 1991), the Braak staging
system based on neurofibrillary pathology
(Braak & Braak, 1991), and the National
Institute on Aging research criteria based on
both plaques and tangles (“Consensus recommendations,” 1997).
Plaques and tangles are not the only forms of
pathology contributing to late life cognitive
impairment. Cerebral infarction is common.
Thus, in the Religious Orders Study (Wilson,
Bienias, Evans, & Bennett, 2004), a longitudinal
clinical–pathologic study of Catholic clergy
members with a mean age at death of about 85,
more than one third had one or more chronic
cerebral infarctions on brain autopsy (Schneider,
Wilson, Bienias, Evans, & Bennett, 2004;
Schneider et al., 2003). Both infarction and
Alzheimer’s disease pathology were negatively
associated with level of cognitive function proximate to death, and these associations were independent, meaning the negative effects were
additive. In a subsequent study of this same
cohort, Lewy bodies were present in about 15%
and associated with cognitive impairment, and
only 2 brains out of more than 200 autopsies
showed no evidence of Alzheimer’s disease, cerebral infarction, or Lewy bodies (Wilson, Arnold,
Schneider, Li, & Bennett, 2007).

Although these neuropathologic lesions are
common in old age and known to be correlated
with age-related cognitive impairment, the correlation is far from perfect; that is, some people
show little or no cognitive impairment despite
substantial pathology while others have profound cognitive impairment despite minimal
pathology. In the Religious Orders Study, for
example, measures of amyloid, tangles, Lewy
bodies, and cerebral infarction together
accounted for 26.9% of the variance in a measure of global cognition proximate to death,
after accounting for the effects of age at death,
sex, and education (Wilson, Arnold, et al.,
2007). That a substantial proportion of the variance in late life cognitive function is not associated with the leading causes of late life dementia
suggests that other factors are involved, either
other lesions whose pathologic footprint we do
not yet recognize or structural or functional
properties of neural systems that render them
more or less able to effectively adapt to changes
caused by age-related pathology.
A common idea in aging research is that normal aging can and should be distinguished from
abnormal aging. This idea assumes that the factors contributing to late life dementia are different from the factors contributing to subtle
changes in memory and cognition seen in old
people without dementia. Recent clinical–
pathologic research suggests that this assumption is incorrect. A substantial number of older
persons exhibit some cognitive dysfunction but
do not meet criteria for dementia, and the term
mild cognitive impairment is increasingly being
used to designate this border zone between normal cognition and dementia. In persons with
mild cognitive impairment proximate to death,
levels of Alzheimer’s disease pathology
(Bennett, Schneider, Wilson, et al., 2005;
Petersen et al., 2006) and cerebral infarction
(Bennett, Schneider, Wilson, et al., 2005) have
been shown to be intermediate between levels in
persons with no cognitive impairment and those
with dementia. Neurofibrillary pathology in particular has been proposed as the pathologic substrate of mild cognitive impairment (Guillozet,
Weintraub, Mash, & Mesulam, 2003; Riley,
Snowden, & Markesbery, 2002) and, from a
neuropathologic standpoint, mild cognitive
impairment has been characterized as early
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Alzheimer’s disease (Markesbery et al., 2006).
Neither is the impact of age-related neuropathology confined to persons with mild cognitive impairment. In one clinical–pathologic
study with detailed annual cognitive testing and
clinical evaluation, all those with mild cognitive
impairment or dementia were excluded, leaving
134 persons who died without any evidence of
cognitive impairment proximate to death
(Bennett, Schneider, Arvanitakis, et al., 2006).
More than one third met pathologic criteria for
Alzheimer’s disease (and more than one fifth
had cerebral infarctions, and more than one
eighth had Lewy bodies), and meeting
Alzheimer’s disease criteria was associated with
lower episodic memory performance. Indeed, the
correlation of Alzheimer’s disease pathology
with cognition does not appear to vary across the
spectrum from dementia to mild cognitive
impairment to no cognitive impairment (Bennett,
Schneider, Wilson, et al., 2005).
If most old people have at least some
Alzheimer’s disease pathology and it negatively
affects cognitive functioning across the full spectrum of cognitive ability, we may ask when these
deleterious effects begin. Dementia due to
Alzheimer’s disease is strongly age related
(Evans et al., 2003; Evans et al., 1989; Zhang
et al., 1990), and the diagnosis is relatively
uncommon in those aged less than 65. Yet the
onset of dementia in Alzheimer’s disease is difficult to pinpoint, and it is typically preceded by
years of subtle impairments in cognition and
other neurobehavioral functions. Studies of
persons who eventually developed Alzheimer’s
disease suggest a prodromal period of several
years duration marked by cognitive decline and
atrophic changes in the medial temporal lobe
(Twamley, Ropacki, & Bondi, 2006).
Neuropathologic research also suggests that the
medial temporal lobe is among the first sites of
Alzheimer’s disease pathologic changes (Braak
& Braak, 1991; Hyman, Van Hoesen, Kromer, &
Damasio, 1984). In the Braak model of the natural history of Alzheimer’s disease, neurofibrillary pathology is confined to transentorhinal and
entorhinal cortices during a long clinically silent
phase of the disease followed by a spread of
pathology to other limbic structures and the
appearance of prodromal clinical symptoms during a subsequent limbic phase (Braak & Braak,

1991). A remarkable feature of the autopsy series
of Braak and Braak (1991), based on 2,661 brains
obtained from three German universities, is that
neurofibrillary pathology was relatively common
prior to old age, with one third of those under the
age of 50 showing at least some tangles in the
entorhinal cortex (though only 6% showed evidence of amyloid-beta accumulation at this age).
Further evidence that Alzheimer’s disease may
begin in middle age comes from studies of
persons genetically at risk for the disease. Thus,
healthy persons in their 50s with two copies
of the apolipoprotein E ε4 allele have been shown
to exhibit subtle deficits in visual attention
and working memory (Greenwood, Lambert,
Sunderland, & Parasuraman, 2005) which progressively worsen (Greenwood, Sunderland,
Putnam, Levy, & Parasuraman, 2005).

PREDICTORS OF
AGE-RELATED LOSS OF COGNITION
In the past decade, a wide array of genetic, clinical, and lifestyle variables has been associated
with cognitive decline and dementia in prospective observational studies. Developing effective
strategies to prevent or delay age-related cognitive
decline is likely to depend in part on understanding the neurobiologic mechanisms linking these
variables to late life cognitive function. As shown
in the preceding section of this chapter, the long
prodromal period in Alzheimer’s disease and individual differences in the ability to tolerate its
pathology complicate efforts to identify these
mechanisms. In this section, I consider four possible mechanisms and provide examples of each.
Early Signs of Neuropathology
Given the long prodromal period in Alzheimer’s
disease, it is likely that some variables that predict
cognitive decline are not true risk factors but subtle
early signs of its pathology. Thus, difficulty identifying familiar odors is associated with more rapid
cognitive decline (Graves et al., 1999; Wilson,
Arnold, Tang, & Bennett, 2006) and with the
transitions from no cognitive impairment to mild
cognitive impairment (Wilson, Schneider,
Arnold, et al., 2007) and from mild cognitive
impairment to Alzheimer’s disease (Devanand
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et al., 2000; Tabert et al., 2005; Wilson,
Schneider, Arnold, et al., 2007). These correlations are likely due in large part to a robust
association of olfactory identification with neurofibrillary pathology in the entorhinal cortex,
hippocampus, and other central olfactory regions
(Wilson, Arnold, Schneider, Tang, & Bennett,
2007). Similarly, Parkinsonian gait dysfunction
has been associated with risk of dementia (Louis,
Tang, & Mayeux, 2004; Wilson, Schneider,
Bienias, Evans, & Bennett, 2003) and with neurofibrillary pathology in the substantia nigra
(Schneider et al., 2006), and loss of body mass is
associated with cognitive decline (Buchman et al.,
2005) and Alzheimer’s disease pathology
(Buchman, Schneider, Wilson, Bienias, &
Bennett, 2006).
Factors Associated With
Accumulation of Neuropathology
Given the prevalance in old age of neuropathologic lesions associated with cognitive impairment, it is not surprising that some factors appear
to predict age-related cognitive decline by virtue
of an association with neuropathology. Thus, possession of at least one copy of the apolipoprotein
E ε4 allele, a well-established risk factor for cognitive decline and Alzheimer’s disease (Corder
et al., 1993; Evans et al., 2003), has been associated with amyloid deposition in the brain
(Polvikoski et al., 1995; Schmechel et al., 1993).
In clinical–pathologic analyses in the Religious
Orders Study (Bennett, Schneider, Wilson, et al.,
2005), possession of an ε4 allele was associated
with lower level of cognitive function proximate
to death. After controlling for a composite measure of amyloid burden based on tissue from eight
brain regions, this association was reduced by
about 60% and was no longer significant. The ε4
allele was also related to a measure of tangle density, but the association was eliminated after controlling for amyloid load. The ε4 allele has also
been associated with increased likelihood of cerebral infarction (Schneider et al., 2005). These data
suggest that the association of ε4 with cognitive
impairment is largely mediated by its association
with neuropathologic lesions known to contribute
to cognitive impairment in old age.
Diabetes mellitus affects about one fifth of
persons aged 65 years or older in the United

States (National Institute of Diabetes and
Digestive and Kidney Diseases, 2002). Large
prospective studies have found persons with diabetes to experience more rapid cognitive decline
(Arvanitakis, Wilson, Bienias, Evans, & Bennett,
2004; Kanaya, Barrett-Conner, Gildengorin, &
Yaffe, 2004; Logroscino, Kang, & Grodstein,
2004) and an increased risk of dementia
(Arvanitakis et al., 2004; Leibson et al., 1997; Ott
et al., 1999) compared to persons without diabetes. In clinical–pathologic analyses from the
Religious Orders Study (Arvanitakis et al., 2006),
diabetes was associated with the presence of
cerebral infarction on postmortem examination
but not with composite measures of amyloid load
or tangle density, suggesting that diabetes is associated with age-related cognitive decline by
virtue of an association with cerebral infarction.
Factors Modifying the Association
of Neuropathology With Cognition
Several large epidemiologic studies have
found that people with higher levels of educational or occupational attainment have a
decreased risk of late life dementia compared to
persons with lower levels of attainment (Evans
et al., 1997; Stern et al., 1994; Wilson, Bennett,
et al., 2002). Because few investigators believed
that education or occupation were associated
with the pathology underlying dementia, the
observation suggested that education might be a
marker of brain’s ability to tolerate age-related
neuropathology. Support for this idea comes
from analyses of clinical and pathologic data
from the Religious Orders Study (Bennett et al.,
2003). Among those who died and underwent
brain autopsy, the negative association of
Alzheimer’s disease pathology with cognitive
function proximate to death was reduced in participants with higher levels of schooling compared to those with lower levels; that is, it took
about 5 times more pathology to reduce cognition
by a fixed amount in a person with a high level of
education relative to a person with a low level,
consistent with the neural reserve hypothesis.
Having a large social network has been associated with reduced risk of cognitive decline and
dementia (L. L. Barnes, Mendes de Leon,
Wilson, Bienias, & Evans, 2004; Fratiglioni,
Wang, Ericsson, Maytan, & Winblad, 2000;
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Zunzunegui, Alvarado, Del Ser, & Otero, 2003),
although negative results have also been
reported (Wilson, Krueger, et al., 2007). In a
recent clinical–pathologic study, social network
size modified the association of neurofibrillary
pathology with cognitive function proximate to
death (Bennett, Schneider, Tang, et al., 2006).
As social network size increased, the negative
correlation of tangles with cognition decreased,
suggesting that neural systems involved in
developing and maintaining a large social network may help the brain function despite
increasing neurofibrillary changes, possibly by
facilitating recruitment of additional neural systems during cognitive processing.
Factors Operating
Through Other Mechanisms
For many factors that have been found to predict age-related loss of cognition, the neurobiologic basis of the association is uncertain, and
in some cases novel mechanisms have been
hypothesized. A case in point is depressive
symptomatology. With relatively few exceptions, longitudinal studies have found higher
level of depressive symptoms in old age to be
associated with loss of cognition in the form of
higher incidence of mild cognitive impairment
(D. E. Barnes, Alexopoulos, Lopez, Williamson,
& Yaffe, 2006: Geda et al., 2006; Wilson,
Schneider, Boyle, et al., 2007) or dementia
(Berger, Fratiglioni, Forsell, Winblad, &
Bäckman, 1999; Devanand et al., 1996; Gatz,
Tyas, St. John, & Montgomery, 2005; Modrego
& Ferrández, 2004; Wilson, Barnes, et al., 2002;
Wilson, Krueger, et al., 2007) or more rapid
cognitive decline (Paterniti, Verdier-Tillefer,
Dufouil, & Alperovitch, 2002; Sachs-Ericsson,
Joiner, Plant, & Blazer, 2005; Wilson, Barnes,
et al., 2002; Wilson, Mendes de Leon, Bennett,
Bienias, & Evans, 2004; Yaffe et al., 1999). One
interpretation of these data is that depressive
symptoms are an early sign of the pathology
associated with dementia. Yet longitudinal studies do not suggest that depressive symptoms
worsen in old age (Barefoot, Mortensen, Helms,
Avlund, & Schroll, 2001; Davey, Halverson,
Zonderman, & Costa, 2004; Haynie, Berg,
Johansson, Gatz, & Zarit, 2001; Pitkälä, KähönenVäre, Valvanne, Strandberg, & Tilvis, 2003;

Skarupski et al., 2005; Wallace & O’Hara,
1992) when neuropathology is accumulating in
the brain, unlike other established signs that predict cognitive decline (i.e., olfactory identification, body mass, gait). Furthermore, in the
Religious Orders Study, the level of depressive
symptoms was not related to cerebral infarction
or composite measures of amyloid load, tangle
density, or Lewy bodies and did not modify the
relation of pathology to cognition. However,
depressive symptomatology was related to likelihood of dementia and level of cognitive function proximate to death, even after controlling
for all forms of neuropathology (Wilson,
Arnold, et al., 2007). These data suggest that the
association of depressive symptoms with agerelated loss of cognition may be independent of
the neuropathology traditionally associated with
dementia and that novel pathologic changes
may be involved. Animal models of chronic
stress have described a spectrum of limbic system changes, particularly in portions of the hippocampal formation and medial prefrontal
cortex, including dendritic atrophy, downregulation of glucocorticoid receptors, and reduced
expression of brain-derived neurotrophic factor
and its tyrosine kinase B receptor, accompanied
by impaired learning and memory (Johren,
Flugge, & Fuchs, 1994; Magarinos, McEwan,
Flugge, & Fuchs, 1996; Radley et al., 2004;
Smith Makino, Kvetnansky, & Post, 1995;
Sousa, Lukoyanov, Madeira, Almeida, & PaulaBarbosa, 2000). That these models might have
relevance to humans is suggested by neuroimaging evidence of reduced volume of the hippocampus and prefrontal cortex in major
depression (Drevets et al., 1997; Sheline, Wang,
Gado, Csernansky, & Vannier, 1996) and postmortem evidence of reduced glucocorticoid
receptor mRNA in the hippocampus and frontal
cortex in persons with mood disorders (Webster,
Knable, O’Grady, Orthman, & Weickert, 2002)
and reduced expression of brain-derived neurotrophic factor in suicide victims (Dwivedi
et al., 2003).

CONCLUSION
In this chapter, I have discussed the neuropathologic lesions associated with Alzheimer’s
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disease, stroke, and Parkinson’s disease, common age-related conditions that impair cognitive
function. I have tried to make two main points.
First, these lesions, particularly Alzheimer’s disease pathology, are commonly found in the
brains of older people without dementia and are
known to adversely affect cognition in this subgroup, suggesting that the distinction between
normal and abnormal cognitive aging is artificial
and constrains thinking about the bases of agerelated loss of cognition. Second, these common
neuropathologies do not account for all of the
heterogeneity in age-related loss of cognition,
implying that other neurobiologic mechanisms
are involved, possibly by somehow modifying
the association of pathology with cognition or by
an association with currently unrecognized neurodeteriorative changes.
Future research on age-related loss of cognition faces many challenges, two in particular.
First, knowledge of the natural history of
Alzheimer’s disease is sketchy, but current data
suggest that the initial pathological changes in
the brain may precede the first clinical manifestations of the disease by many years. Better
understanding of this long period may help to
inform strategies for delaying symptom onset
and for identifying people with the disease
before debilitating pathologic and cognitive
changes have taken place. A second challenge is
to clarify the structural, biochemical, and molecular bases of individual differences in vulnerability to age-related pathology, which may
suggest novel preventive strategies.
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