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ABSTRACT

The involvement of vascular factors in Alzheimer
dementia was first appreciated over 100 years
ago. Recently, significant advances in our under-
standing of these brain-vascular relationships have
taken place. Vascular cognitive impairment is now
recognized as a distinct group of interrelated
vascular-based neurological insults that can accu-
mulate and lead to dementia. Importantly, the
pathology of vascular cognitive impairment extends
far beyond brain destruction wrought by major
stroke. Other subtle changes may also arise that
contribute to vascular cognitive impairment and
dementia, including subclinical stroke, white-matter
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changes such as hyperintensities and lipohyali-
nosis, small lacunar infarcts, cerebral hypoperfu-
sion, and compromise of the blood-brain barrier.
In this review we critically examine the emerg-
ing body of evidence that relates atherosclerotic
risk factors, brain functioning, and Alzheimer dis-
ease. Mt Sinai J Med 79:664—673, 2012. © 2012
Mount Sinai School of Medicine

Key Words: altered brain parenchyma, Alzheimer
dementia, atherosclerotic risk factors, vascular
cognitive impairment.

Atherosclerosis is an omnipresent pathology that
involves virtually the entire human organism. One of
the most poignant examples of this systemic nature
of atherosclerosis is the link between coronary artery
disease (CAD), degenerative brain disease (DBD),
and dementia (see for review Kovacic et al'). The
scope of the problem is significant. In the United
States in 2007, CAD was the cause of ~1 in
every 6 deaths, while >1 million patients underwent
cardiac catheterization and >600,000 underwent
percutaneous coronary intervention (PCD for the
placement of coronary artery stents.?

Atherosclerosis is an omnipresent
pathology that involves virtually
the entire human organism.

Mirroring these data, the current lifetime risk
of developing Alzheimer dementia for a 65-year-old
is ~10.5% and it is predicted that the number of
sufferers will continue to rise.>=> It is important to
note that Alzheimer dementia is one of a number
of degenerative brain diseases that involve primary
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degenerative changes to cortical brain tissue (such
as amyloid plaques and neurofibrillary tangles) and
that typically occur with older age. Thus, the rapid
aging of the population is a major additional factor
in the extent of this problem. By the year 2030, with
the aging of the “baby boomers,” nearly 1 in 5 US
residents is expected to be aged >65 years.®

The current lifetime risk of
developing Alzheimer dementia
for a 65-year-old is ~10.5% and it
is predicted that the number of
sufferers will continue to rise.

At the biologic level, fundamental changes that
occur in the cardiovascular system as a result of aging
and atherosclerosis incite a cascade of pathological
changes that culminate in vascular cognitive impair-
ment (VCD. Epidemiologic data have now shown a
strong link between traditional atherosclerotic risk
factors and an increased likelihood of VCI and DBD.
This evidence includes associations between the risk
of developing DBD/VCI and sedentary lifestyle,” dia-
betes (DM),® dyslipidemia/hypercholesterolemia,”!*
smoking,!' and hypertension'®!? and/or obesity!?
during midlife. In this review we dissect this mount-
ing body of evidence that indicates a causative
relationship between atherosclerotic risk factors, VCI,
and Alzheimer disease (AD).

VASCULAR COGNITIVE IMPAIRMENT

Vascular cognitive impairment is an increasingly used
term that encapsulates many of the key aspects
that link CVD to brain health (Figure 1).'* Though
traditionally a term such as VCI may have been
taken as a synonym for stroke or multi-infarct
dementia, today it is understood that this is an
overly simplistic outlook. In particular, the term
VCI was proposed to appropriately highlight the
important role that vascular disease plays in a
broad range of cognitive disorders including the
hereditary vascular dementias, multi-infarct dementia,
poststroke dementia, subcortical ischemic vascular
disease and dementia, mild cognitive impairment,
and the degenerative dementias (including AD and
dementia with Lewy bodies).!*!> Indeed, VCI that
arises purely due to a single vascular insult is likely
to be a rare entity. For example, a common de novo
stroke is rarely seen in the absence of concomitant
cardiovascular risk factors, and almost universally
these cardiovascular disease (CVD) risk factors are
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linked to many of the factors known to reduce
cardiovascular brain health (Figure 1). Therefore,
a major conceptual difference when thinking in
terms of VCI (versus the traditional outlook of
relating atherosclerosis to stroke) is that VCI is
a disease complex, rather than a single entity.
In many respects, VCI can be considered as a
family of distinct but interrelated vascular-based
neurological insults that can accumulate and lead to
dementia. Another key aspect of VCI is that a broad
spectrum of neurological deficits may be encountered
that include motor defects, silent infarcts, cognitive
impairment without dementia, and dementia-like
illnesses.

Vascular cognitive impairment
can be considered as a family of
distinct but interrelated
vascular-based neurological
insults that can accumulate and
lead to dementia.

Setting aside VCI momentarily, it is interesting
to note that in some individuals a degree of
cognitive decline may be a normal aspect of aging.'
This phenomenon has been labeled with numerous
titles, including mild cognitive impairment, benign
senile forgetfulness, and age-associated memory
impairment.!” Tt is debated whether this normal
decline in cortical function is one end of a continuum
that includes AD, but it has long been thought
that normal cognitive decline with aging does not
begin until an age of 60-70 years.!® Provocatively,
Singh-Manoux et al'® recently demonstrated in a
large cohort of >10,000 persons that a measurable
decline in generalized cortical function may be
present by 45—49 years of age. Across the 5 domains
of memory, reasoning, vocabulary, and phonemic
and semantic fluency, all cognitive scores except
vocabulary declined in persons aged >45 years at
baseline, with evidence of faster decline in older
people. Although the normal loss of brain function
with age is not the focus of this article, we mention
this process, as it is the background to any added
brain pathology such as AD that may occur in elderly
persons. Furthermore, this study raises the possibility
that not all elderly persons with cortical dysfunction
have dementia. Though it is unknown if CAD and
atherosclerotic risk factors are related to any normal
decline in brain function with age, this will be an
important area of research going forward.

Interestingly, a clinically relevant aspect of
our increased appreciation of VCI is that many
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Fig 1. Cardiovascular factors

of the traditional neuropsychological differences
described between conditions such as AD and
multi-infarct dementia may have been overstated.
Although subtle phenotypic differences undoubtedly
exist, as described in this review the reality is
that many patients have a pathologically mixed
dementia process.!” Therefore, defining clinical
neuropsychological syndromes that are associated
with differing dementia-related illnesses is an
increasingly challenging task, especially as a “pure”
presentation of an isolated dementia-causing disease
is perhaps less common than once believed.!

Collectively, the neurological effects of the CVD
risk factors and VCI, superimposed upon the normal
decline in cognitive function with aging, is a bio-
logically complex system with effects that transcend
a simple association with increased atherosclerotic
burden. However, though an expanded set of con-
tributory interactions are shown in Figure 1, the
traditional CVD risk factors appear to converge on
several critical elements that are discussed in detail
below, including large-vessel disease, small-vessel
disease, and stroke.

LARGE-VESSEL DISEASE AND STROKE

The role of stroke in dementia has been recognized
for several decades and was first considered under
the banner of multi-infarct dementia. However,
Vermeer et al®® provided a major advance in our
appreciation of the important role of subclinical

DOI:10.1002/MS]
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stroke in VCI and dementia. In a landmark study
published as recently as 2003, these investigators
identified that the presence of silent brain infarcts
more than doubled the risk of dementia in patients
aged 60-90 years who were free of dementia
and clinical stroke at baseline. Furthermore, the
presence of silent brain infarcts on baseline magnetic
resonance imaging (MRI) was associated with
impaired performance on neuropsychological testing
and a more rapid decline in cognitive function.?’ This
study highlights the fact that small, subclinical strokes
are involved in the progression toward dementia, and
that clinically detectable motor or cognitive defects
are not required for stroke to be a component of VCI.

The fact that CAD and large-vessel disease
frequently occur together has been well described
in the literature.?! As an important cause of stroke,
large-vessel disease is often taken to imply stenotic
carotid artery atherosclerosis. Although carotid artery
stenosis is an important contributor to VCI and
a common cause of multi-infarct dementia,’” even
carotid artery atherosclerotic disease may augment
VCI by several mechanisms. Traditionally, a carotid
artery stenosis is thought to lead to cerebral events
by causing cerebral ischemia and acting as a
nidus for atherothrombotic emboli. This may lead
to transient cognitive dysfunction due to reduced
cortical perfusion, or permanent brain damage from
embolic stroke. However, carotid artery disease
may have additional detrimental effects, such as
impaired baroreflex sensitivity and dysfunctional
cerebral neurovascular coupling (see below).??
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The vertebral arteries are also likely to be an
underappreciated cause of stroke and VCI. The
New England Posterior Circulation Registry included
407 patients and identified that occlusive disease
of the proximal segment of the vertebral artery(s)
was likely to be the primary mechanism of posterior
circulation ischemia in up to 9% of these patients.??
In addition, the aorta is another site for large-vessel
atherothrombotic emboli. Amarenco et al** showed
using transesophageal echocardiography that after
adjustment for CVD risk factors, the presence of
atherosclerotic plaques >4 mm in thickness in the
aortic arch was associated with an odds ratio for
ischemic stroke of 9.1 (95% confidence interval [CI]:
3.3-25.2, P < 0.001).

Although not strictly under the purview of VCI,
it must also be appreciated that the distant effects
of atherothrombotic disease may affect cognition.
Most notably renal impairment, which is known
to be related to impaired cognitive function,2
may arise due to large-vessel atherosclerotic disease.
Direct atherosclerotic causes of renal impairment
include renal artery stenosis and atherothrombotic
microemboli.?”#® Also, DM and hypertension can
cause direct renal injury even in the absence of
renal artery stenosis, adding to renal and cognitive
impairment.

HYPERTENSION, LACUNAR
INFARCTION, AND STROKE

Hypertension is a major risk factor for stroke.
Of particular relevance to VCI, recent data have
demonstrated that 24-hour ambulatory (not office-
based) systolic blood pressure recordings may be the
most powerful marker of the future risk of cognitive
decline and DBD.? As a type of stroke, lacunar
infarction is closely related to hypertension®*3! and
results from occlusion of one of the penetrating
arteries that supply the deep brain structures.
Lacunar infarction is a common clinical entity and
is detectable by MRI in up to ~25% of persons
aged >65 years and smaller microlacunar infarcts
may arise with even greater frequency.?? Importantly,
lacunar infarction is likely to be underdiagnosed,
as >85% of these events may be clinically silent.®
The pathology of lacunar infarction is multifactorial
and overlaps significantly with that of small-vessel
disease (see below). Microatheroma, small-vessel
stenosis, and microembolism are all implicated in
the neuropathology of this condition.

In addition to lacunar infarction, hypertension
(and also hypotension) may increase the burden of
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VCI by other mechanisms. To ensure proper cerebral
functioning, a number of key elements of the central
nervous system, including cortical neurons, astro-
cytes, glial cells, and vessels, are critically dependent
on physiologic blood pressure regulation: so-called

In addition to lacunar infarction,
hypertension (and also
hypotension) may increase the
burden of vascular cognitive
impairment by other mechanisms.

neurovascular coupling. To maintain correct neu-
rovascular coupling, complex biofeedback pathways
interact to properly match regional cortical activity
and metabolic demands with vascular perfusion.3334
Perturbations in neurovascular coupling lead to
decreased cerebral perfusion, oxygenation, and vas-
cular reserve capacity, and are associated with small-
vessel disease, stroke, and DBD.3? Indeed, rather
than hypertension, the breakdown in neurovascular
coupling may be more directly related to dynamic
systemic fluctuations in blood pressure that are
uncorrected for by cerebral autoregulation and that
result in hypoperfusion (see recent reviews>~3%). The
molecular basis of disturbed neurovascular coupling
remains to be completely defined, but it appears to
involve alterations in both vascular (nitric oxide, nitric
oxide synthase, and prostaglandins) and neuronal
(glutamate, calcium handling, and prostaglandins)
signaling pathways.>* Therefore, as well as stroke
and atherosclerosis, blood-pressure dysregulation is
associated with disturbed brain perfusion and other
effects that collectively augment VCI and DBD.

As well as stroke and
atherosclerosis, blood pressure
dysregulation is associated with
disturbed brain perfusion and
other effects that collectively
augment vascular cognitive
impairment and degenerative
brain disease.

As an extension of stroke and VCI, it must
be remembered that CAD and hypertension are
leading causes of heart failure and atrial fibrillation—a
major source of arterial thromboemboli that may
result in stroke. Those seeking further information
regarding stroke are referred to any of the excellent

recent review articles covering the specifics of this
disease.’’ =

DOI:10.1002/MS]
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SMALL-VESSEL DISEASE

Small-vessel disease is another potential contributor
to DBD (see below) and arguably is the most
poorly understood aspect of VCI. Major cellular
features of small-vessel disease include endothelial
morphologic changes, a reduction in endothelial
mitochondrial content, reduced capillary density
with fibrotic capillary basement membranes, 4!
perivascular fibrosis, vascular smooth muscle cell
replacement by fibrohyaline material,** and small-
vessel atrophy.®3 These vascular changes cause a
secondary dysregulation of cerebral blood flow and
cortical perfusion, disruption of the blood-brain
barrier, and increased susceptibility to neurological
insults.** In addition, amyloid B protein deposition
in the cerebral vessels, termed amyloid angiopathy,
is a frequent contributor to advanced small-
vessel disease. Potentially, amyloid B protein may
be produced locally by cortical neurons, with
levels further increased due to an additional
failure of amyloid clearance.*>%° This pathology is
compounded by the fact that cerebral amyloid is
also a major cause of cerebral hemorrhage?” and that
~30% of clinically defined Alzheimer patients have
lobar microhemorrhages on T,-star MRI images.*®
Thus, a feed-forward pathological process may
be initiated, whereby amyloid B deposition leads
to progression of small-vessel disease, worsening
cortical vascular function and blood-brain barrier
integrity, thereby facilitating the deposition of even
more amyloid.

A feed-forward pathological
process may be initiated, whereby
amyloid B deposition leads to
progression of small-vessel disease,
worsening cortical vascular
function and blood-brain barrier
integrity, thereby facilitating the
deposition of even more amyloid.

Clinical imaging studies have suggested a
close relationship between small-vessel disease and
cognitive impairment.*’ Cerebral small-vessel disease
can be visualized on MRI as lacunar infarcts and/or
white-matter lesions in the form of hyperintensities or
leucoaraiosis,”®>! whereas generalized brain atrophy
is a characteristic MRI finding of AD>? that is also
associated with CVD risk factors and small-vessel
disease.”® Prins et al evaluated the relationship
between MRI measures of cerebral small-vessel

DOI:10.1002/MS]

disease and the rate of decline in specific cognitive
domains. These investigators studied 832 participants
aged 60-90 years who were dementia-free at
baseline and underwent neuropsychological testing
and MRI assessment of white-matter lesions, cerebral
infarcts, and generalized brain atrophy. These
measures were then repeated several times over an
average follow-up period of 5.2 years. Prins et al*
identified that increasing severity of periventricular
white-matter lesions, generalized brain atrophy, and
the presence of brain infarcts on MRI were associated
with a more rapid decline in cognitive function
that was prominent for impairment in information-
processing speed and executive function. These
associations between MRI measures of cerebral
small-vessel disease and cognitive decline did not
change after adjustment for CVD risk factors or
depressed mood. Godin et aP! further expanded our
understanding of the relationship between white-
matter lesion progression and hypertension. In a
4-year study involving 1319 elderly individuals,
baseline blood pressure was a significant predictor
of increased white-matter lesion progression after
controlling for potential confounders. In addition,
effective treatment with antihypertensive medication
reduced the rate of white-matter lesion progression.>!

Other investigators have explored the optimal
MRI parameters and modalities for imaging small-
vessel disease and predicting cognitive decline, and
it would appear that diffusion tensor MRI imaging
has enhanced sensitivity for white-matter pathology
and that these changes correlate with decreasing
executive cortical function.’* Advances in diffusion
tensor MRI imaging have now provided the ability to
resolve exquisite white-matter detail and to undertake
fiber-tract mapping (Figures 2 and 3).

DIABETES

Diabetes mellitus is another major risk factor for
CVD, VCI, and AD.” As well as increasing the
atherosclerotic burden and in a similar fashion to the
effects of hypertension, several DM-specific factors
may compound its detrimental effects on the central
nervous system and add to the burden of small-vessel
disease. Animal models of AD have demonstrated
that diet-induced insulin resistance promotes cerebral
amyloid B protein generation, which corresponds
with the cortical burden of amyloid plaque and
impaired performance in a spatial water maze
task.’® Furthermore, insulin resistance appears
associated with a functional decrease in insulin
receptor—mediated signal transduction in the brain,
which is linked to increased cortical amyloid B
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Fig 2.

DT-MRI images of a patient with dementia with Lewy bodies.

White squares represent regions of interest suspicious of small-
vessel disease. (A) Internal capsule, putamen, thalamus, temporal
and occipital lobes. (B) Genu and splenium of the corpus callosum,
anterior and posterior pericallosal areas, caudate nucleus. (C) Frontal
lobes. (D) Parietal lobes. Abbreviation: DT-MRI, diffusion tensor
magnetic resonance imaging. Reproduced with permission from

Bozzali and Cherubini.”®

production.”® As additional effects, in vitro and in

vivo models have suggested that neurons undergo

As well as increasing the
atherosclerotic burden and in a
similar fashion to the effects of
hypertension, several
diabetes-specific factors may
compound its detrimental effects
on the central nervous system and
add to the burden of small-vessel
disease.

apoptosis under DM-like conditions, which is
marked by caspase-3 activation and is dependent
on the concentration of glucose.’’ Interestingly,
reduced blood glucose levels due to insulin-
induced hypoglycemia may also contribute to
neurodegeneration in animal models,*® although the

significance of this effect is yet to be validated in
humans.”

Although numerous epidemiologic studies have
found an association between DM and clinically
diagnosed AD,>® autopsy studies in community-
and population-based cohorts have failed to
find a positive association with the characteristic
pathologies of AD (plaques and tangles).®°~%3 Rather,
these postmortem studies have consistently found
a strong positive association between DM and
ischemic vascular pathologies,**! thus underscoring
the importance of VCI in the overall dementia
process.

CARDIAC FAILURE AND
DEGENERATIVE BRAIN DISEASE

Chronic cardiac failure is now being increasingly
recognized as another cause of cerebral hypop-
erfusion, VCI, and dementia. First proposed at
least as early as 1977 with the now-disused term

DOI:10.1002/MS]
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Fig 3.

Comparison of conventional and DT-MRI of a cognitively normal 72-year-old

woman (upper row) and a 70-year-old woman with AD. (A) Conventional T;-
weighted images. (B) Conventional T,-weighted images. (C) DT-MRI—derived mean
diffusivity. (D) DT-MRI-derived fractional anisotropy. (E) DT-MRI-derived color-
coded orientation maps. The yellow rectangles in (E) are magnified and shown in
(F), with (F-D from the cognitively normal woman and (F-2) from the AD patient.
The yellow arrows indicate the cingulum hippocampal regions. Abbreviations:
AD, Alzheimer disease; DT-MRI, diffusion tensor magnetic resonance imaging;
FA, fractional anisotropy; MD, mean diffusivity; y.o., year-old. Reproduced with

permission from Qishi et al.”’

“cardiogenic dementia,”®* as described below abun-

dant evidence has accumulated showing that cardiac
failure is associated with VCI and DBD. The effects

Chronic cardiac failure is now
being increasingly recognized as
another cause of cerebral
hypoperfusion, vascular cognitive
impairment, and dementia.

of cardiac failure on the brain include structural

changes like white-matter hyperintensities and
lacunar infarcts,®> impaired global cognition,
67 68

impaired executive function, and dementia.
Specifically, in a community-based Swedish cohort
of 1301 individuals aged >75 years and without
dementia at baseline, heart failure was associated
with a multiadjusted hazard ratio of 1.84 (95% CI:
1.35-2.51) for dementia and 1.80 (95% CI: 1.25-2.61)
for AD.% Furthermore, there is evidence to indicate
that these effects, at least to a certain extent, are truly
due to cardiac failure and not to collateral effects of
CVD or CVD risk factors that may lead to cardiac

DOI:10.1002/MS]

failure. Thus, when compared with CVD patients
with normal cardiac function, cardiac failure patients
have an increased burden of structural brain changes
on MRI® and perform worse on neuropsychological
tests of attention, global cognition, memory, and
verbal fluency.®

Although theories exist,’ it is not yet fully
understood how cardiac failure and reduced cardiac
output lead to VCI and DBD. However, it would
appear likely that the combined influences of the
direct effects of reduced cardiac output, coupled with
the shared environmental and genetic risk factors for
both reduced cardiac output and DBD, lead to this
phenomenon. Further research in these pathways is
critically needed, including on the additional effects
of epiphenomena such as the anemia of chronic
disease and metabolic disturbances that arise in
chronic cardiac failure.

CONCLUSION

The links between atherosclerotic risk factors,
cognitive dysfunction, and DBD are incontrovertible.
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As described, vascular changes may account for a
significant burden of dementia-related illness that
is independent of primary Alzheimer pathology.
Indeed, in addition to the traditional atherosclerotic
risk factors discussed above, emerging data have
shown that newer risk markers, such as genetic
variability at the 9p21 locus, are also implicated
in stroke,”! VCI, and AD.”?>73 Nevertheless, despite
the progress highlighted in this review, numerous
aspects of small-vessel disease and other components
of VCI remain incompletely understood. Perhaps the
most pressing research that needs to be conducted
is to define what treatments can be utilized to
reduce or mitigate VCI. The appropriate treatment
of CVD risk factors would appear a logical starting
point. The question of whether progression to VCI
could be slowed or even avoided by improved
glucose, blood pressure, and lipid control is an
especially important clinical question, about which
we have few definitive studies at the current
time. Another key research question that requires
urgent attention is the molecular basis of the
association between VCI and DBD. Not only is this
important to our understanding of the dementia
process, but it may open the door to novel
therapeutic interventions to prevent or treat DBD.
Given current projections of an aging population
and these major research questions, this field is in
critical need of continued scientific funding, with a
vision toward improved understanding of the VCI-
DBD disease pathobiology and novel therapeutic
interventions.

It is now more than 100 years since Dr. Alois
Alzheimer published his seminal description of the
disease that now bears his name.”*7> It is interesting
to note that even at that time, Dr. Alzheimer noted
characteristic “arteriosclerotic change” in the brain of
the first described AD patient. What an incredibly
astute observation that has turned out to be.
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