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It is well recognized that the incidence and severity of cognitive impairment and
dementia increase with age (Graham et al., 1997; Ritchie & Kildea, 1995). How-
ever, aging does not inevitably lead to cognitive decline, although subtle changes
in cognitive function may occur with age (Rapp & Amaral, 1992). An expanding
literature indicates that both subtle alterations in cognition and more severe
deficits may be associated with hypertension, atherosclerosis, and other cardio-
vascular (CV) diseases or risk factors (Breteler, Claus, Grobbee, & Hofman,
1994; M. E Elias, Wolf, D’Agostino, Cobb, & White, 1993; Haan, Shemanski,
Jagust, Manolio, & Kuller, 1999; Launer, Feskens, Kalmijn, & Kromhout, 1996;
Waldstein, Manuck, Ryan, & Muldoon, 1991). The purpose of this chapter is to
review the available evidence linking atherosclerosis and cognitive impairment
and decline.

This chapter is divided into five sections. We begin by briefly discussing the
pathophysiology of atherosclerosis, including clinical manifestations of the dis-
ease and three hypotheses about the initiation of atherogenesis. Then we discuss
some epidemiological aspects of atherosclerosis, including current statistics re-
garding prevalence of atherosclerosis and risk factors for atherosclerosis. Next,
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106 EVERSON ET AL.

we discuss cross-sectional and longitudinal evidence for an association between
atherosclerosis and poorer cognitive functioning. We proceed to a discussion of
potential mechanisms underlying the associations between atherosclerosis and
cognitive function, which is followed by a discussion of the clinical relevance of
these associations. We conclude with an overall summary and suggestions for
future research.

PATHOPHYSIOLOGY OF ATHEROSCLEROSIS

Atherosclerosis is a disease of the arteries in which the lumen of the artery be-
comes narrowed by fatty deposits and fibrous tissue that accumulate on the inti-
mal layer of the vessel wall. Atherosclerotic lesions originate as fatty streaks,
characterized by subendothelial accumulation of large foam cells that are de-
rived from macrophages and consist of intracellular lipids. Fatty streaks typi-
cally develop early in life and can be found in the coronary arteries and aorta of
most people by age 20. The more advanced atherosclerotic lesions, fibrous
plaques, develop from the fatty streaks and often contain a necrotic core of de-
generating foam cells, cholesterol crystals, and cellular debris separated from
the arterial lumen by a fibrous cap of connective tissue. Fibrous plaques are
found, in order of frequency, in the abdominal aorta, coronary arteries, popli-
teal arteries, descending thoracic aorta, internal carotid arteries, and the circle of
Willis (Bhattacharyya & Libby, 1998). It is not uncommon for plaques to occur
in multiple locations or at multiple arterial sites. In other words, atherosclerosis
tends to co-occur in the coronary, carotid, cerebral, and peripheral arteries. Ath-
erosclerotic plaques typically develop gradually and go unnoticed until clinical
symptoms develop.

Clinical manifestations or complications of atherosclerosis may result from
fibrous plaques in several ways. For example, fibrous plaques may become calci-
fied, thereby increasing the rigidity of the blood vessel and making the blood
vessel more fragile. In addition, fibrous plaques are prone to rupture or ulcera-
tion and thus may induce thrombosis that can occlude the vessel and lead to
myocardial infarction or stroke. Hemorrhage into the plaque may occur if the
fibrous cap or any of the capillaries that vascularize the plaque ruptures. The re-
sulting hematoma may further narrow the lumen of the artery and obstruct
blood flow. Emboli may occur at distal sites if atherosclerotic plaques become
fragmented. Finally, vessel walls become weakened from plaque formation,
thus increasing the likelihood of aneurysm formation and rupture. Complica-
tions of atherosclerosis include ischemia, angina pectoris, myocardial infarc-
tion, stroke, and claudication (Bhattacharyya & Libby, 1998).

The pathophysiologic characteristics of atherosclerosis have long been
known, whereas the mechanisms by which atherosclerosis develops are less com-
pletely understood. Three important hypotheses about the core processes or
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mechanisms related to the initiation of atherogenesis have been postulated, and
each has supporting evidence. Endothelial denudation, activation, or injury are
considered the initiating event(s) in the response-to-injury hypothesis, oxidation
of lipoproteins is thought to be the primary event in the lipoprotein oxidation
hypothesis, and subendothelial retention of lipoproteins is considered the initi-
ating event in the response-to-retention hypothesis. Regardless of the initiating
event, it is recognized that several important steps or components are involved
in atherogenesis, including involvement of the smooth-muscle cells and endo-
thelial cells of the vessel wall, accumulation of lipoproteins, circulating platelets
and monocytes, and cytokine mediation (Ross, 1993).

Several lines of evidence suggest that the primary event in atherogenesis is
injury to the arterial endothelium and thus support the response-to-injury hy-
pothesis (Ross, 1993; Ross & Glomset, 1976a, 1976b; Ross, Glomset, & Harker,
1977). Large shear stress gradients and fluid mechanical forces can induce mor-
phological and functional changes in the endothelium (DePaola, Gimbrone,
Davies, & Dewey, 1992; Dewey, Bussolari, Gimbrone, & Davies, 1981). Areas
susceptible to flow turbulence and shear stress—for example, at arterial branch
points such as the carotid bifurcation—are where most advanced atheroscle-
rotic lesions occur (Asakura & Karino, 1990; DePaola et al., 1992). In addition,
animal studies indicate that atheromatous lesions develop in response to injury
to the endothelium (J. R. Kaplan, Pettersson, Manuck, & Olsson, 1991), and sev-
eral known risk factors for atherosclerosis (e.g., cigarette smoking, high choles-
terol, diabetes, and hypertension) are associated with endothelial dysfunction
(Ross, 1993; Vogel, 1997). Research also has found a link between infectious
agents such as cytomegalovirus, herpesvirus, and chlamydia pneumoniae and
atherosclerosis, suggesting that the development of atherosclerotic lesions may
be part of an infectious process that damages the endothelium (Nieto, 1998;
Nieto et al., 1997). Further support for the role of infection in atherosclerosis
comes from the observation that fatty streaks, the earliest type of atheroscle-
rotic lesion seen in children and adolescents, consist only of T lymphocytes and
monocyte-derived macrophages (Ross, 1999).

Oxidative modification of low-density lipoprotein (LDL) or otherlipoproteins
also is involved in the pathogenesis of atherosclerosis and is thought by some to
be the primary or initiating event (Salonen et al., 1992; Witztum, 1994; Witztum
& Steinberg, 1991). This is called the lipoprotein oxidation hypothesis of athero-
sclerosis. Oxidized LDL is necessary for cellular accumulation of cholesterol
and uptake of macrophages (Berliner et al., 1995). Additionally, lipid peroxida-
tion, which occurs primarily in the intimal layer of the arteries, generates a vari-
ety of biologically active substances that can have diverse biochemical, hor-
monal, and immunologic effects that are proatherogenic (Berliner et al., 1995;
Witztum, 1994). Lipid peroxidation, mediated by free radicals, may induce
endothelial injury or dysfunction, enhance platelet aggregation, and increase
uptake of LDL into the arterial walls (Hennig & Chow, 1988).
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It also has been argued that subendothelial retention of atherogenic lipopro-
teins is the primary pathogenic process in atherosclerosis and is both necessary
and sufficient for the development of atherosclerotic lesions (Guyton & Klemp,
1996; Simionescu & Simionescu, 1993; Williams & Tabas, 1995). Support for this
response-to-retention hypothesis derives largely from animal studies, which dem-
onstrate substantial and rapid accumulation and retention of atherogenic lipo-
proteins within the arterial walls following induction of hypercholesterolemia
and in prelesional focal arterial sites susceptible to atheromatous lesions (Nie-
velstein, Fogelman, Mottino, & Frank, 1991; Schwenke & Carew, 1989a, 1989b).
Support also comes from the observation that the core of atherosclerotic
plaques, which consists of extracellular lipids that are rich in free cholesterol—
including oxidized LDL, proteins, and peptides—can be found in fatty streaks
in the human aorta in the very early stages of lesion development and prior to
formation of fibrous plaques (Guyton & Klemp, 1996).

EPIDEMIOLOGY OF ATHEROSCLEROSIS

CV diseases, including hypertension, coronary heart disease (CHD), stroke, ath-
erosclerosis, congestive heart failure, rheumatic fever and rheumatic heart dis-
ease, congenital heart defects, and arrhythmias, are the leading causes of death
for men and women in the United States and most westernized countries. In
1996 more than 959,000 deaths in the United States were attributed to one or
more CV diseases, accounting for more than 41% of all deaths; of these, 50%
were attributed to CHD and 2% were attributed to atherosclerosis (American
Heart Association [AHA], 1998). It is critical to note, however, that atherosclero-
sis is the underlying disease process for the vast majority of CHD and thus can
be considered the leading cause of death in the United States. The prevalence of
CHD among American adults over the age of 20 is 7.2% for the general popula-
tion (AHA, 1998), with an estimated 12 million Americans alive today who have
a history of CHD or atherosclerosis.

Several risk factors for atherosclerosis or CHD have been identified. These
include biological and disease-related factors, such as diabetes, hypertension,
hypercholesterolemia, homocysteine, and Lp(a); demographic factors, such as
older age and lower socioeconomic status; and behavioral and psychosocial fac-
tors, such as smoking, sedentary lifestyle, diet, obesity, and stress (Marmot &
Elliott, 1992). Research shows that many of these risk factors are related to both
the prevalence and incidence of atherosclerosis in the population as well as to
accelerated progression of the disease over time. Moreover, the prevalence of
certain risk factors—for example, physical inactivity and obesity—appears to
be increasing and represents a growing threat to the health of populations
(AHA, 1998).
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LITERATURE REVIEW AND METHODOLOGIC CRITIQUE

Several recent studies have examined the impact of atherosclerosis or risk fac-
tors for atherosclerosis on cognitive performance and neuropsychological func-
tioning. To date, much of the evidence for such an association comes from
cross-sectional studies, although some prospective evidence is now available.
The present lack of prospective or cohort studies is partly due to the fact that
until relatively recently it was difficult to reliably assess the extent and severity
of atherosclerosis without invasive procedures. However, advances in ultrason-
ography have allowed scientists and clinicians to noninvasively measure athero-
sclerosis in certain arterial beds and in the carotid arteries in particular. Indeed,
much of the evidence reviewed next comes from studies in which atherosclero-
sis in the carotid arteries was measured noninvasively. It should be noted that
research and clinical data have shown that carotid atherosclerosis is a reliable
marker of the atherosclerotic process throughout the body, including the coro-
nary arteries (Grobbee & Bots, 1994; Salonen & Salonen, 1991; Wong, Edelstein,
Wollman, & Bond, 1993).

Cross-Sectional Findings

G. A. Kaplan, Everson, Koivisto, Salonen, and Salonen (1996) reported that mild
to moderate carotid atherosclerosis is significantly related to poorer cognitive
performance in a subset of more than 500 participants from the Kuopio Ische-
mic Heart Disease Risk Factor Study (Salonen, 1988), an ongoing epidemiologic
investigation of risk factors for ischemic heart disease and associated morbidity

~ and mortality in a population-based sample of middle-aged men. These men

completed a series of five brief neuropsychological tests as part of a follow-
up examination, and carotid atherosclerosis was assessed noninvasively using
B-mode ultrasonography of the right and left common carotid arteries (CCA).
Measures of carotid atherosclerosis included mean intimal-medial thickness
(IMT) of the CCA, the mean of approximately 100 measurements in the right
and left CCA, considered a measure of the overall atherosclerotic process in the
carotid arteries, and maximal IMT, the average of the points of maximum thick-
ness from the right and left CCA and indicative of the depth of intrusion of ath-
erosclerotic thickening into the lumen in this part of the arteries.

Age-adjusted regression models revealed that mean and maximum athero-
sclerotic thickening were significantly associated with lower scores on the Mini
Mental State Examination (MMSE; Folstein, Folstein, & McHugh, 1975), a
measure of overall cognitive abilities; Russell’s adaptation of the Visual Repro-
duction Test-Immediate Recall (Lezak, 1983), a test of nonverbal memory; the
Trail Making Test, Form B (Trails B; Reitan, 1958), a measure of cognitive flexi-
bility and frontal lobe functioning; a verbal fluency test on letters (Borkowski,
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