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Abstract

The increasing prevalence of dementia, makes an urgent need to develop new approaches to mitigate the
enormous social and economic impacts associated with it. Extensive research has proposed delimitation
and control of the various, modifiable risk factors associated with its development and progress. While
complex interactions of factors occurring during the lifetime of an individual, a growing number of studies
has focused on their contribution to the degree of development. The role of cardiovascular risk factors,
common in atherosclerosis and dementia, is important for cognitive impairment and vascular dementia,
while, on the Alzcheimer’s pathology is disputable even today. Considering that atherosclerosis is closely
related to cardiovascular events, has made it the object of many studies, whether, its harmful impact on
cerebral function leads to dementia and Alzheimer’s disease. Furthermore, atherosclerosis is being studied
and, as an independent risk factor, which may influence cognitive function, regardless of cerebral infarcts.
Atherosclerosis, and in particular Alzheimer’s pathology, may reflect a common underlying process
that leads to a relationship between the two pathological conditions. Features common to both involve
inflammation, macrophage infiltration, occlusion of the vasculature, amyloid accumulation, but also allelic
variants in common genes including APOE.
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1. Introduction

Dementia and atherosclerosis are two conditions that
cause the greatest burden on global public health.! De-
mentia, is a syndrome, mainly in the old age, which
can be caused by a number of progressive degenera-
tive diseases and other causes, affecting brain cells and
influence cognitive, behavioral and other functions.?
Alzheimer’s disease (AD) is the main form of demen-
tia, and characterized by the presence of extracellular
senile plaques and intraneuronal deposition of neu-
rofibrillary tangles but also cerebral vascular patholo-
gy.>* Atherosclerosis or atherosclerotic vascular disease
(AVD), is also a very common disorder of vessels in the
elderly, and affects large and mediumsize arteries, of
the entire cardiovascular system.>* Ranges from prima-
ry arterial atheroma - inflammation and accumulation
of cholesterol-laden macrophages in the walls of ma-
jor arteries - to “plaque” formation and inflammation
in the arterial wall.”® It causes narrowing of the arter-
ies’ lumina, thereby reduces the blood flow for the sup-
ported region, while rupture of atherosclerotic plaques
often leads to thrombosis that results in either occlu-
sion of the vessel or thromboembolisms. Depending on
the size of the embolus, it may cause lesions that range
from “silent” infarcts or microinfarcts to large cerebral
infarcts. “Silent” lacunar infarcts are not accompanied
by any overt clinical symptoms, but double the risk of
subsequent stroke and mainly vascular dementia.>

At a first glance two pathologies seems to be dis-
crete, but clinical, experimental and epidemiological
approaches suggest that these mutually interact, dis-
rupting brain structure and function.® There is evidence
for an association between the risk factors of atheroscle-
rosis, in the middle age hypertension, diabetes (type-1I),
cardiovascular comorbidity, and AD, as regards both
the predisposition for the development of the disease
as well as to influence on its clinical course.’

It was estimated that cardiovascular risk factors may
be responsible for up to half of the AD cases world-
wide,'® whilst cardiovascular health in general is now
thought to be related not only with vascular dementia
(VaD), but also with AD.11213

In addition, there is accumulated evidence that sub-
clinical atherosclerosis, may partly reflect lifetime expo-
sure to cardiovascular risk factors.!*'>161718 Studies have
shown that subclinical atherosclerosis, associated with
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a powerful risk of not only cardiovascular disease'**
and stroke,”?#but also cognitive and physical impair-
ment,>?*® while stroke doubles the risk of dementia.?*¥
By worse cognitive performance, the vessel larger ath-
erosclerotic calcification volume was associated® whilst
the calcified atherosclerotic plaques represent athero-
sclerotic process advanced stages and associated with
markers of cerebrovascular disease.”

The link between atherosclerosis and dementia, how-
ever, may attenuated by the strongest association be-
tween atherosclerosis and mortality in prospective
cohort studies with long follow-up periods.?* Athero-
sclerosis and pathology of AD, as mentioned, may re-
flect a common underlying process leading to a rela-
tionship between the two pathologies.®

There is debate on whether an increased atherosclero-
sis in patients with AD is due to a result of the first, on
the pathology of the second, or simply an additive ef-
fect of the two individual pathologies in cognitive func-
tion.* Evidence for cardiovascular risk factors predis-
posing to AD includes premature presence of senile
plaques in individuals with coronary artery disease
and an association of both senile plaques and neurofi-
brillary tangles with a history of hypertension.® Addi-
tionally, large-vessel atherosclerosis has been found to
be associated with frequency of neuritic plaques, a ma-
jor pathological feature of AD.*> An autopsy study of
specimens who met the neuropathological criteria for
AD showed that those with infarcts had poorer cogni-
tive function and a higher prevalence of dementia than
those without infarcts.®

While AD has a long preclinical period, and athero-
sclerosis in general begins much earlier in life, the time
relevance for some researchers, shows that atheroscle-
rosis can cause or accelerate AD and not vice versa.*

2. Mechanisms Linking Atherosclerosis,
Dementia and AD

Pathways of connection include common cardiovascu-
lar risk factors,” with hypercholesterolemia, oxidative
stress and inflammation to dominate,*® but also sub-
clinical cerebrovascular disease, small vessel disease,
including silent brain infarcts, white matter disease
and cerebral hypoperfusion.'>3*¢ Arterial stiffness is a
well-established risk factor for white matter disease and
also associated with evidence of microvascular brain
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damage. Recent studies also show blood pressure and
arterial stiffness are associated with brain AP deposi-
tion in elderly adults.”

Autopsy studies provide strong evidence that most
patients with AD show small vessel brain disease that
includes infarcts, microinfarcts, microbleeds, demyelin-
ization, and axonal damage.* In vivo imaging studies
have shown that MRI-markers of small vessel disease,
such as white matter lesions and lacunar infarcts are as-
sociated with the risk of dementia.2*%%*

On the other hand, atherosclerotic calcification all
four large vessels, the coronary arteries, aortic arch,
and intracranial and extracranial carotid arteries seem
to be strongly associated with MRI-markers of subclin-
ical vascular brain disease.* Chronic brain hypoperfu-
sion and hypoxia, as a result of atherosclerotic stenosis,
atherosclerotic stiffness, and increased vascular resist-
ance of the small and large vessels, has been linked to
pathophysiologic cascade leading to AD pathology,
and may be able to explain the relationship between
two diseases. The hypoperfusion, due to structural
changes in cerebral vessels caused by atherosclerosis,
may cause disruption of the blood-brain barrier and
worsening of the amyloid pathology apart from sub-
clinical vascular disease.*****! This evolution could al-
low deposition or reduced clearance of beta amyloid
protein and the formation of amyloid plaques, as well
as hyperphosphorylation of tau protein, but also this in
turn, may promote cerebrovascular atherogenesis, such
as formation of atherosclerotic lesions through vascu-
lar oxidative stress and endothelial dysfunction, lead-
ing to further vascular damage, thus resulting in a vi-
cious cycle.*

According to Vagnucci and Li (2003), the hypothe-
sis that vascular endothelial cells play a central role in
progressive destruction of neurons in AD is supported.
Endothelial dysfunction, which is one of the most im-
portant pathophysiological links between exposure to
cardiovascular risk factors and the development of ath-
erosclerotic disease, could play a role in the secretion of
the precursor substrate of the neurotoxic A beta-protein
leading to the destruction of cortical neurons in AD.*#
In addition, endothelial lesions in AD, have been relat-
ed to the location and number of senile plaques,* but
also it has been reported that beta amyloid could inter-
act with vascular endothelial cells to produce an excess
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of free radicals.*® The possibility of apolipoprotein E
(APOE) genotype association with both pathological
conditions is also contemplated. Allelic variants in com-
mon genes, including APOE predispose to both diseas-
es.* Apolipoprotein E is a plasma lipoprotein, which
plays a basic role in the degradation of particles rich
in cholesterol and triglycerides.*” ApoE polymorphism
modulates susceptibility to many diseases with an im-
portant role in neurodegenerative disorders and ather-
osclerotic artery disease.*® This genotype is considered
to be the main genetic determinant risk factor of AD:
People carrying the e4 allele are at increased risk.* On
the other hand, 4 allele that is associated with higher
low density lipoprotein cholesterol (LDL-C) is consid-
ered to be proatherogenic.*

When compared to allele E3, allele E2 is associated
with lower LDL levels, whereas allele E4 with high-
er LDL levels. Thus allele E2 exhibits a protective role,
whereas allele E4 is associated with a high risk factor for
premature developming of atherosclerosis.”

ApoE4 associated with hyperlipidemia, and hyper-
cholesterolemia, which lead to atherosclerosis, cor-
onary heart disease and stroke.* A meta-analysis by
Zhu et al. (2015), showed that APOE4 gene carriers
compared to carriers APOE3 gene were more prone to
clinical atherosclerosis incidence, whereas APOE4 gene
may be a risk factor for clinical atherosclerosis.* From
previous studies, APOE e4 genotype, was considered to
be arisk factor for cardiovascular disease, while in com-
bination synergistically with atherosclerosis, peripher-
al vascular disease, or diabetes (type II), may contrib-
ute to increased risk for AD.**? Evidence suggests that
patients with AD carrying the APOE e4, have higher
carotid intima-media thickness (cIMT), than patients
with AD non-carriers.®

3. Linking localized and generalized atherosclerosis
with dementia risk
3.1 Systemic Atherosclerosis
Both alow ankle-brachial index (ABI) and an increased
cIMT, are considered as markers of systemic atheroscle-
rotic disease.* Systemic atherosclerosis has also been
suggested to play a role in cognitive impairment in the
elderly,®*® and studies have shown that it can increase
directly AD pathology.'%#>%

In a study of Bos et al., (2015), in 2364 nondemented
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participants of the Rotterdam study on which the ather-
osclerotic calcification of coronary arteries, aortic arch,
and intracranial and extracranial carotid arteries were
measured, it was found that atherosclerotic calcification
in multiple vessels, was associated with a higher risk of
dementia. It seems rather that the generalized athero-
sclerosis, which probably is a better reflection of one’s
vascular status rather than localized atherosclerosis, is
associated with dementia.®

3.2 Peripheral Artery Disease (peripheral artery disease
PAD)

Low ankle-brachial index considered as a marker for
generalized PAD.*® Cardiovascular disease associated
with an increased incidence of dementia and AD, with
the highest risk observed in individuals with PAD, sug-
gesting that the extended peripheral atherosclerosis is
arisk factor for dementia.®#? In the Rotterdam study,
the presence of PAD was associated with worse cogni-
tive performance.®

3.3 Atherosclerosis Intracranial Arteries

Postmortem studies have demonstrated that people
with AD have significantly more atherosclerotic steno-
sis of intracranial arteries.®**%*% Cerebral arteriosclero-
sis, focal constrictions and stiffening of the vessel wall
may lead to increased collagen fibres and extracellu-
lar matrix components result in loss of distensibility/
elasticity/arterial stiffness that would affect brain per-
fusion.*® Elderly participants, in the study Baltimore
Longitudinal Study of Aging (BLSA), have been stud-
ied on the relationship between atherosclerosis and de-
mentia. In this study, it was shown that the presence
of intracranial atherosclerosis uniquely increased the
odds of dementia regardless Alzheimer’s pathology or
cerebral infarcts.*® For Zheng et al (2013), cerebral ar-
teriosclerosis was positively correlated with microin-
farcts but not with AD pathology.”

A mechanism that may link the intracranial athero-
sclerosis and dementia may be common, and include
toxic B-amyloid peptide (AP),*** inflammation,”®”*"?
oxidative stress,”*”* white matter disease.” Large ves-
sel intracranial atherosclerosis could be a marker for
dysfunction of small cerebral vessels and their endothe-
lium. This is probably the main cause of cognitive de-
cline, either through disruption of the communication
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between neurons and blood vessels, or through disrup-
tion of the blood-brain barrier.*

Cycle of Willis. According to many studies, there is an
association between atherosclerosis in the cycle of Wil-
lis and AD.¥7%”7 In post-mortem demented and no de-
mented samples, atherosclerotic occlusion in the circle
of Willis arteries, was most extensive in patient group
compared to the control group (no dementia).

Also statistically significant differences between con-
troland AD groups were observed with regard to Braak
stage (stages in which the progressive development of
pathological alterations in AD has divided), total score
of amyloid plaque, total score of neurofibrillary tangles,
total white matter rarefaction score, brain weight, Mi-
ni-Mental State Examination scores, and apolipopro-
tein E allelic frequencies.* Also in previous relevant
study in postmortem specimens, atherosclerosis in the
Circle of Willis was more severe in subjects with AD
and VaD than in control subjects. In fact, the atherogen-
ic degree was associated, in direct proportion to an in-
crease in the odds ratios for the diagnoses of both AD
and VaD, and also increased the odds ratios for both in-
creased neuritic plaque density and higher Braak neu-
rofibrillary tangle stage.* In the study of Yarchoan et.al
(2012), it was found that more than 77% of AD subjects
had grossly apparent circle of Willis atherosclerosis, a
rate which was significantly higher than that normal
subjects (47 %) or of subjects with non-AD disease (sub-
jects with other neurodegenerative diseases) (43-67%).”

3.4 Carotid Atherosclerosis (carotid atherosclerosis CAS)
Clinical studies have shown a positive relationship be-
tween carotid atherosclerosis and dementia while the
increased in its prevalence has been observed in pa-
tients with a diagnosis of dementia and AD.%” Carot-
id atherosclerosis, including cIMT, carotid plaque and
carotid stenosis were associated with accelerated cogni-
tive decline in patients with AD,”*°as well as in healthy
elderly ™

In the Rotterdam study, in 4.971 individuals, from
the middle age to 94 years, showed that the presence of
carotid plaques was associated with worse cognitive
function, regardless the age and educational level.® In
6.647 participants, also from the Rotterdam study, with
mean follow-up of 9 years, which examined multiple
measures of atherosclerosis, cIMT, carotid plaques, and
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peripheral artery disease/measured as ankle-brachial
index, was found that mainly carotid atherosclerosis
was associated with increased risk of dementia dur-
ing short follow-up. This association attenuated with
longer follow-up, likely because of the strong associa-
tion between atherosclerosis and mortality.*

Multiple measures of carotid atherosclerosis, were
associated with the prospective risk of dementia
in Baltimore Longitudinal Study of Aging partici-
pants, more than 14 years of follow-up. In particu-
lar at higher risk were found to be people with up-
per quintile of carotid IMT (more than 2.5 times)
and with bilateral carotid plaque (nearly 2.0 times),
while no correlation was found between carot-
id plaque and this risk.’In Cardiovascular Health
Study, highest quartile of cIMT, was associated with
a significantly increased risk of dementia and AD,
after 5 years of follow up.® In 2.364 participants from
the Rotterdam study, were measured, coronary ar-
teries atherosclerotic calcification, aortic arch and
intracranial and extracranial carotid arteries. Larg-
er volume of calcification in the extracranial carotid
arteries was associated with a higher risk of demen-
tia and cognitive impairment (in individuals with-
out dementia).®’ In addition, in 2.414 nondement-
ed people from the Rotterdam Study, which was
investigated brain changes on magnetic resonance
imaging (MRI), researchers found that extracranial
and intracranial carotid calcification volumes relat-
ed to smaller white matter volumes.” Recent study
by Kao et al. (2015) also showed a significant effect
of intracranial internal carotid artery calcification
in cognitive impairment with directly proportional
manner.” In a study by Yue et al. (2016), which in-
vestigated possible associations between the carotid
artery stenosis, and cognitive impairment in patients
with acute ischemic stroke, was found that a high
degree of carotid artery was associated with higher
risk of cognitive impairment.* Also study in elderly
Chinese population without stroke, investigated the
effects of the IMT and carotid artery stenosis in cog-
nitive function. Patients with severe carotid artery
stenosis (= 70%) had a lower Mini-Mental State Ex-
amination score in comparison to mild to moderate
(40-70%). Cognitive performance differed between
patients with left and right carotid artery stenosis,
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but no differences were observed among patients in
severe stenosis.®

3.5 Coronary Arteries Atherosclerosis

In the study by Rosano et al. (2005), it was found that
the elderly with higher levels of coronary arteries calci-
fication, were more likely to develop serious brain ab-
normalities, including white matter as well as cognitive
impairment.® In AGES-Reykjavik study, subjects with
higher coronary artery calcification were more likely to
have dementia and lower cognitive scores, lower white
matter volume, lower gray matter volume, and total
brain tissue, and to have more cerebral infarcts, cerebral
microbleeds, and white matter lesions. Lower scores
in each of the cognitive domain was closely associated
with atherosclerotic burden, mainly the quantity of cal-
cium concentration in coronary arteries.*® Furthermore
inthe study of Reis etal. (2013), greater subclinical ath-
erosclerotic coronary arteries calcification, in mid-
dle-aged individuals without heart disease, or stroke,
associated with worse performance in each test of cog-
nitive function.” In contrast no association was found
in the study of Dolan et al., (2010), and Bos et al., (2015),
wherein the coronary atherosclerosis did not increase
the potential risk of dementia.**® Lack of association be-
tween coronary artery calcification and dementia, may
reflect increased mortality, and the high risk of cardiac
events, including cardiac death.®”

3.6 Aortic atherosclerosis

The study of Reis et al. (2013) examined the calcifi-
cation of the abdominal aorta and cognitive function
in middle-aged individuals without heart disease or
stroke. Greater calcification was associated with worse
performance in every test of cognition, but mostly of
verbal memory.”

4. Conclusions

Evidence suggests that atherosclerosis either systemic
or localized, has an effect on brain health, as an inde-
pendent risk factor, but also closely related to cardio-
vascular events, reflecting an overall vascular profile.
The contribution of atherosclerosis, cognitive im-
pairment and dementia are also important, but need
stronger evidence for the relationship with the AD
pathology. Considering, the effects of atherosclerosis
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and other risk factors in the middle age, several years
before the clinical onset of dementia mainly AD, any
efforts to prevent or control atherosclerosis very early
in life may lead to delays in cognitive impairment re-
lated to aging and potentially dementia in later life.
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Abbreviations

B: p-amyloid ABI: ankle-brachial index, AD: Alzheimer’s disease
APOE: Apolipoprotein E, AVD: atherosclerotic vascular disease, CAS:
carotid atherosclerosis, cIMT: carotid intima-media thickness

CT: computed tomography, LDL: low density lipoprotein cholesterol
MRI: Magnetic Resonance Imaging, PAD: peripheral artery disease

VaD: vascular dementia
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KIVOOVOL avolag

B. ZaxapotrobAou!, . ZaxapotrobAov', K. KapkoLAIac?, E. Toautmarags, A. Aalakisou?

'Ymown®ia AISAKTWE, MavermoTAUIo MeAoTrovvhoou, IXoAr Oikovouiag, Aloiknong Kal
MANPOPOPIKAG, Tuhua Olkovouikay Emotnuoy, Epyactipio Epapuoydy Wnelaknc Yyeiag
& OikovopikaV Yyeiag, TpittoAn.
2Xeipovpyikr Oykohoyikr Movada «KopyiaAéveio-MTrevakeion, Noookoueio EpuBpou
ITavpoL, ABrva.

S EmeANTAC A" — NeLPOAOYOG, «lMavapkadikoy Noookopeio TpITToANG.
4AIELOVLVTPIA TOL EpyaoTneiov Epapuoywy WneiakAg Yyeiag kal OIKOVOUIKGY YYeiag
(Digithea Lab) tou MavemoTtnuiou MeAotmrovvAoou kai Emikovpog Kabnyntpia Tunuatog
OikovopikaV EmoTtnudy MavemoTnuiou MNMeAottovvnoou.

O avfavopevog emuIoAdopoOg g Avoldag, KAaOloTd emTaKTiky TV avaykn) va avarrtoxfody véeg mpooey-

YIO€1G Y1a TOV PETPLACHO TV TEPACTIOV KOWVOVIK®V KAl OIKOVOHIK®V EMUTTOOEMYV ITOL oxeTi{ovtat e av-

)v. H extetapévn épevva et mpoteivet oplobétnon Kat eéAeyxo TV IOKIA®V TPOIOIOW|CIH®V IIAPaYO-

VIOV KIvOOVOL IToL oxetifovTat pie v avarrtodn Kat v mpoodo g, Kat eve moAvmokeg alMnAemopaoeig

TV Hapayoviev Aappavooy xopd Katd T Siapkeld {Ong Tod atopov, vag avsavopevog aplipog pele-

TOV el e0TLAOEL OTT) OLVELOPOPU TOLG 0To Badpo avdarrtolng. O poAog TV KAPSlayYeIaK®OV IIAPAYOVIOV

KvdLVOL, KOW®V 0e abnpookA1)peOor) KAt Cvold, VAt OnpavTiKog eIt g YVOOTKIG eSaobeviong Kat g

AYYEWIKNG CIVOldG, eV Tt TG Habdoloyiag g voooo Alzheimer eivat péxpt orpepa ool tropos. Aedopié-

vou dg, 6Tt 1] abnpooxAr)pmon coVOEeTal OTeVA pe KAPOLyYeIaKA OOPPAPATA, €XEL ATIOTENEOEL AVTIKELpIE-

VO IOA®V PEAETMV, TO Kartd ITOo0 1) ermPAapr|g eridpaor) g otV eyKealiki) Aettovpyia o0nyet oe avola

kat vooo Alzheimer. Emuhéov, pehetdatat kat oav évag aveSapttog IapayovIag Kvoovov, Iov PIIopet

vV EMNPEACEL TV YVOOTKI) Aettovpyia aveSdpTnta amo T épepaxta tob eykepdiov. H abnpooxifipmorn
xat 1 maboloyia edwotepa g vooov Alzheimer, propet va avtavaxAd pia Kowvr) vrokeipevn otadika-

ota oo odnyet oe pia oxéon petadop Tev dvo naboloykav kataotdaoenmv. Kowva onpeia kot otig Sdo, arote-

Aovv petald alav 1) pAeypovr), 1) Su)fnon pakpopdywy, 1) arogpadn TV ayyelov, ) cooompevor oo AP

apLA0eId0VG OToV eYKEPANO, AN Kat TapalAayég oe Kowvd yovidia, oopmepiapPavopévoo too APOE.
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