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Abstract Background: A substantial body of evidence collected from epidemiologic, correlative, and experi-
mental studies strongly associates atherosclerotic vascular disease (AVD) with Alzheimer’s disease
(AD). Depending on the precise interrelationship between AVD and AD, systematic application of in-
terventions used to maintain vascular health and function as a component of standard AD therapy offers
the prospect of mitigating the presently inexorable course of dementia. To assess this hypothesis, it is
vital to rigorously establish the measures of AVD that are most strongly associated with an AD diagnosis.
Methods: A precise neuropathological diagnosis was established for all subjects, using a battery of
genetic, clinical, and histological methods. The severity of atherosclerosis in the circle of Willis was
quantified by direct digitized measurement of arterial occlusion in postmortem specimens and was
compared between AD and nondemented control groups by calculating a corresponding index of
occlusion.

Results: Atherosclerotic occlusion of the circle of Willis arteries was more extensive in the AD
group than in the nondemented control group. Statistically significant differences were also observed
between control and AD groups with regard to Braak stage, total plaque score, total neurofibrillary
tangle score, total white matter rarefaction score, brain weight, Mini-Mental State Examination
scores, and apolipoprotein E allelic frequencies.

Conclusions: Our results, combined with a consideration of the multifaceted effects of impaired
cerebral circulation, suggest an immediate need for prospective clinical trials to assess the efficacy
of AD prevention using antiatherosclerotic agents.

© 2011 The Alzheimer’s Association. All rights reserved.
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1. Introduction ever, genetically determined familial AD is rare, whereas
sporadic AD is the most common form of this dementia. Ap-
proximately 25 years after the AP molecule had been iden-
tified as a potential therapeutic target, the exact cause(s) of
AD dementia remains undefined. For the foreseeable future,
the standard pharmacologic treatments are virtually pallia-
*Corresponding author. Tel.: 623-876-5465; Fax: 623-876-5698. tive, offering only steadily diminishing functional mainte-
E-mail address: alex.roher @bannerhealth.com nance without any hope of cure.

Genetic investigations suggest that the amyloid-beta (Af)
peptide has a central role in Alzheimer’s disease (AD). How-

1552-5260/$ - see front matter © 2011 The Alzheimer’s Association. All rights reserved.
doi:10.1016/j.jalz.2010.08.228


mailto:alex.roher@bannerhealth.com
http://dx.doi.org/10.1016/j.jalz.2010.08.228
http://dx.doi.org/10.1016/j.jalz.2010.08.228
egueg
Texte surligné 


A.E. Roher et al. / Alzheimers & Dementia 7 (2011) 436—444 437

AD may result from the combined and chronic, cascading
effects of multiple systemic diseases, such as cardiovascular,
immune/inflammatory, endocrine, and ultimately a dysfunc-
tional energy metabolism of the brain, affecting the elderly
population. In the recent past, a broad body of evidence de-
rived from epidemiologic, correlative, and experimental
studies has strongly linked atherosclerotic vascular disease
(AVD) with AD [1]. Postmortem studies have recently
shown that individuals with AD have significantly more ath-
erosclerotic narrowing of the intracranial arteries [1-5].

Despite the epidemiological and neuropathological
evidence, the question of whether intracranial AVD has a sig-
nificant causal role in AD pathogenesis still remains unan-
swered, although there are data consistent with causation.
Because atherosclerosis generally begins much earlier in
life as compared with AD, the temporal relationship suggests
that AVD may cause or accelerate AD, rather than the re-
verse. Results from several longitudinal life-history studies
have shown that elevated AVD risk factors in midlife are as-
sociated with increased AD risk in old age [6-9]. Individuals
with higher cholesterol levels at midlife have a higher
risk of developing AD, and patients with clinically or
neuropathologically diagnosed AD have higher cholesterol
levels compared with nondemented control (NDC)
individuals [8,10-12]. There is also considerable evidence
from experimental studies suggestive of a causative effect
for increased blood cholesterol. The production of AP
precursor protein (APP) and the AP peptide, the main
biochemical AD marker, in cell culture and animal models
is regulated by cholesterol and decreased by cholesterol-
lowering drugs such as statins, and some molecular mecha-
nisms have been proposed for these interactions [13]. How-
ever, the independent association of AD with multiple AVD
risk factors suggests that cholesterol is not the sole culprit
in dementia.

It seems improbable that hypercholesterolemia, hyper-
tension, diabetes, hyperhomocysteinemia, tobacco smoking,
and other AVD risk factors would produce pathology
through completely separate molecular mechanisms. A
common mechanism may be hypoperfusion. The circulatory
system is preeminent in the development of the brain and the
maintenance of its vital functions. Thus, any pathology that
impedes circulation, including the normal age-related de-
cline in cardiovascular function and its increasing inability
to adapt and repair, is deleterious. Consequently, the impor-
tance of recognizing the interrelationship between cardio-
vascular disease and brain perfusion in AD cannot be
overstated.

Ischemic brain disease is the generic designation for
a group of closely related syndromes resulting from a dispar-
ity between the supply (perfusion) and demand imposed by
the brain for oxygenated blood. In addition, it involves
reduced availability of nutrient substrates and ineffective
removal of CO, and noxious metabolites. It has been estab-
lished that hypoperfusion or chronic oligemia could induce
cortical atrophy through slow starvation of brain paren-

chyma [14]. Intracranial atherosclerosis is a major cause of
brain hypoperfusion and stroke. Furthermore, infarcts are
present in approximately 40% of subjects with AD and their
presence has been shown to significantly increase the likeli-
hood of dementia in subjects harboring both infarcts and AD
histopathology [15-18].

The reports by ourselves and others [1-5] of increased
intracranial AVD in AD indicate that stenosis of the arteries
supplying the brain may be at least partially responsible
for reduced cerebral perfusion in AD. Possible molecular
mechanisms linking AD pathology and hypoperfusion include
ischemia-induced alterations in APP expression and APP
cleavage [19], both of which increase AP production. In ad-
dition, brain ischemia induces the production of hypoxia in-
ducible factor that increases the production of [-secretase
and increases AP levels [20]. An even simpler hypothesis
is that decreased cortical perfusion may reduce A clearance
from brain to the blood, analogous to the declining clearance
of blood urea to urine with decreased renal perfusion, for
example, in congestive heart failure.

It is evident that cardiovascular disease and AD are likely
to have a synergistic effect on dementia [21]. This statement
is made with a strong caveat that although the statistical link-
age between AD and intracranial AVD is significant, it is
clear that AVD is not a precondition for the development
of AD. The existence of cases of AD with very little AVD,
and of very old NDC individuals with severe AVD, demon-
strates that the association is not invariant.

AVD arises from the complex interactions of genetic and
environmental factors [22,23]. However, some of the
complications of AVD are largely preventable by lifestyle
modification and pharmacological manipulation [24],
suggesting that AD may be at least partially preventable
by similar methods. Furthermore, even if AD and AVD are
only coincidentally related, about one-half of AD cases
have significant contributory AVD that impairs cognition
through ischemia and/or hypoxia and infarction in an addi-
tive manner [15-17]. On this basis alone, the systematic
application of AVD prevention as a component of standard
AD therapy should reduce functional impairment and
decline in AD. If AVD is synergistic or convergent with
AD [21], by accelerating disease onset and cognitive de-
cline, then AVD therapy will have a correspondingly greater
clinical effect on AD patients.

The clinical utility of a causal link between AD and AVD
can only be definitively established by prospective clinical
prevention trials using antiatherosclerotic agents. Postmor-
tem evaluation of the circle of Willis (CW) and major cere-
bral arteries seeks to establish the groundwork for such trials
by revealing those AVD measures most strongly associated
with the diagnosis of AD. In the present study, we compared
the degree of CW atherosclerosis between AD and NDC in-
dividuals by rigorously measuring the index of occlusion in
postmortem specimens. In addition, the functional repercus-
sions of arterial stenosis on brain hemodynamics and hydro-
dynamics are discussed in this study.
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2. Methods
2.1. Human specimens

CW specimens were collected at Banner Sun Health Re-
search Institute, a private, nonprofit organization located in
Sun City, Arizona. Volunteers for the Brain Donation Pro-
gram received annual neurological and psychological as-
sessments, as well as apolipoprotein E (APOE) genotyping
[25]. All CW arteries were removed in the immediate post-
mortem, rinsed with phosphate buffer, fixed in 10% parafor-
maldehyde for 7 days, and stored at 4°C in phosphate buffer
with 0.01% sodium azide until the time of analysis. For this
study, we measured the CW arteries from 36 NDC and 61
AD cases.

2.2. Neuropathological diagnosis

For neurodegenerative diseases, the neuropathologic di-
agnosis was made as outlined in a published algorithm
[26]. Cases with dementia were rated for AD changes ac-
cording to National Institute on Aging/Reagan Institute
[27] and the Consortium to Establish a Registry for Alzheim-
er’s Disease criteria [28], and by Braak stage [29]. The diag-
nosis of AD was made when a National Institute on Aging/
Reagan Institute rating of “high” or “intermediate” was
given to a subject clinically diagnosed with dementia.

The average values for age, gender, Braak stage, total am-
yloid plaque score, total neurofibrillary tangle (NFT) score,
total white matter rarefaction (WMR) score, brain weight,
and the last Mini-Mental State Examination (MMSE) score
as well as APOE allelic frequency are summarized in
Table 1. The assessment of Braak stage, total amyloid plaque
score, total NFT score, total WMR score, and MMSE proce-
dure has been described previously [2].

2.3. Measurement of the index of occlusion

Digital photographs of the intact vessels were taken be-
fore dissection. The arteries included in this study were right
and left vertebral arteries (VA), basilar artery (BA), right and
left posterior cerebral arteries (PCA), right and left middle
cerebral arteries (MCA), right and left internal carotid ar-
teries (ICA) and right and left anterior cerebral arteries
(ACA). All arteries were cut into approximately 5-mm
cross-sections and examined under a Leica SBAPO (Leica
Microsystems, Heerbrugg, Switzerland) dissecting micro-
scope, and the point of minimum cross-sectional lumenal
area in each arterial segment was selected for morphometric
assessment. A total of 2108 cross-sections were measured.
The segments were photographed with an Optronics Magna-
fire SP camera and software program (Optronics, Goleta,
CA). Measurements of the cross-sectional external and lu-
menal areas were taken from the digital photographs with
the calibrated ImagePro Express, v. 4.0 software (Media Cy-
bernetics, Silver Spring, MD). By definition, the arterial wall
structure includes the intima, media, and adventitia layers,

Table 1
Characteristics of NDC and AD subjects
Characteristic NDC (n = 36) AD (n = 61)
%

‘Women 50 57

APOE™!

2/2 2.8 0.0

2/3 16.7 5.0

3/3 55.6 58.3

3/4 25.0 30.0

4/4 0.0 6.7
Braak stage*

1 8.3 0.0

I 25.0 4.9

I 50.0 11.5

v 16.7 14.8

v 0.0 344

VI 0.0 344

Mean (SD)

Age (years) 84.9 (6.1) 85.1(7.3)
Total plaque score* 5.54.3) 12.6 (1.9)
Total NFT score* 4.1 (2.3) 11.0 (4.3)
Total WMR score*} 2.3 (3.1) 5.1 (4.0)
Brain weight*, grams 1175 (108.0) 1061 (145.9)
Last MMSE score*§ 28 (1.8) 10 (7.6)
CW index of occlusion* 51.6 (7.5) 58.9 (12.5)

Abbreviations: NDC, nondemented control; AD, Alzheimer’s disease;
APOE, apolipoprotein E; NFT, neurofibrillary tangle; WMR, white matter
rarefaction; MMSE = mini-mental state examination; CW, circle of Willis.

Total plaque, total NFT, and total WMR scores are based on 0 to 15. Each
of the four cerebral lobes plus the hippocampus is scored from O to 3, where
0 = none, 1 = mild, 2 = moderate, and 3 = severe. Braak stage ranges from
0 to VI, according to the increasing regional distribution of the NFT in the
brain. The MMSE (range: 0-30) assesses cognitive function, with decreas-
ing scores reflecting lower cognitive performance.

*P <.001; all other differences between NDC and AD subjects are not
significant (P > .05).

fSample size is 96 (n = 36 NDC, n = 60 AD).

iSample size is 94 (n = 34 NDC, n = 60 AD).

53‘Sample size is 66 (n = 26 NDC, n = 40 AD).

whereas the arterial external and lumenal areas were ob-
tained by subtracting the area bound by the intima from
that calculated for the complete circumference of the outer
limit of the adventitia as shown in the Fig. 1A inset. The
measurements of these areas, reported in mmz, were ex-
ported to an Excel database spreadsheet (Microsoft, Red-
mond, WA). Because there is a wide variation in arterial
size, an index of occlusion (stenosis) was calculated for
each cross-section by subtracting the lumenal area from
the external area, dividing the difference by the external
area, and multiplying the quotient with 100.

2.4. Medical history assessments

In all, 4 years of private medical records were generally
available for each subject, with 2-year histories obtained at
the time of program initiation and 2 more years requested
at the time of death. We reviewed the medical records of
the subjects and recorded the presence or absence of
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Fig. 1. Representative cross-sections of the circle of Willis arteries. The top panel (A) illustrates a series of arterial sections in which the lumenal area is min-
imally reduced. The inset indicates the external area (red) and luminal area (blue) that were manually encircled. The area was calculated automatically with
ImagePro Express, v 4.0 software and an index of occlusion was derived from these numbers. The bottom panel (B) shows arteries with severe atherosclerosis.
In some cases, the arteries are almost completely occluded by the atheroma plaque.
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clinically related cardiovascular ailments or interventions,
risk factors for AVD, respiratory diseases, and other relevant
comorbidities (Table 2).

2.5. Statistical analysis

The association of cognitive status group with subject char-
acteristics, comorbidities, and index of occlusion was ana-
lyzed using Fisher’s exact chi-square tests and unpaired,
two-tailed #-tests with Satterthwaite’s unequal variance as-
sumption. Multiple logistic regression models were used to ex-
amine stenosis as a predictor of AD, and were adjusted for the
covariates age, gender, and APOE &4 allele status. Standard
lacks of fit and regression diagnostics (residual and collinear-
ity tests) were assessed. Analyses were conducted with SAS
software, version 9.1 (SAS Institute Inc., Cary, NC).

3. Results

No significant differences existed between the NDC and
AD groups with respect to age or gender (Table 1). However,
statistically significant differences were found between
these groups for the average CW index of occlusion as
well as APOE genotype, Braak stage, total plaque score, to-
tal NFT score, total WMR score, brain weight, and MMSE
score. Because we consider AD as a multifactorial disease
that is closely related to the natural decay of multiple sys-

Table 2
Comorbidities of NDC and AD subjects

Comorbidity (%)

NDC (n =36) AD (n = 61)

Coronary artery disease 36 36
Angina 11 3
Stent, angioplasty or CABG 14 11
Carotid artery disease 11 3
Valvular diseases 11 7
Myocardial infarction 8 15
Congestive heart failure 33 16
Left ventricular hypertrophy 14 8
Dysfunctions of rhythm and conduction* 61 23
Peripheral vascular disease 8 7
Hyperlipidemia 31 18
Hypertension 64 48
Transient ischemic attack 17 13
Syncope 8 8
Stroke, hemorrhage or embolism 19 28
Diabetes mellitus 19 16
Peripheral neuropathy 17 5
Renal disease* 31 8
COPD 33 18
Emphysema 8 2
Asthma 8 5
Pulmonary embolism 6 2
Severe head trauma 3 7
Cancer* 56 30
Osteoporosis* 28 10
Hypothyroidism 25 30

Abbreviations: NDC, nondemented control; AD, Alzheimer’s disease;
CABG, coronary artery bypass graft; COPD, chronic obstructive pulmonary
disease.

*Difference between NDC and AD subjects significant at P <<.05.

tems associated with aging, we reviewed the prevalence of
several relevant cardiovascular, respiratory, and other co-
morbidities in the NDC and AD groups (Table 2). Of the ex-
tensive list of comorbidities, only renal disease, cancer,
osteoporosis, and dysfunctions of rhythm and conduction
differed significantly between the two groups, with these co-
morbidities more common in NDC subjects. For reasons that
are not well understood, previous studies have demonstrated
that AD individuals seem to be protected against oncological
diseases [30]. The data discussed earlier in the text empha-
size the large number of maladies and their complex interac-
tions related to vital functions that alter the blood and
oxygen supply to the brain or disrupt its metabolism. Ulti-
mately, the effect of these diseases on the prevention, path-
ogenesis, or course of AD would reflect their age of onset,
intensity of the pathology, combination of morbidities, and
their timely and adequate pharmacological or surgical man-
agement.

Disease duration did not correlate with the average index
of occlusion, percentage of sections that showed >60% oc-
clusion, >70% occlusion, or >80% occlusion (data not
shown, R® = 0.17,0.17, 0.17, and 0.19, respectively).

Arteries of the CW were more severely occluded by ath-
erosclerotic lesions in the AD group than in the NDC group.
A graphic representative example of the magnitude of CW
atherosclerosis in AD subjects is illustrated in Fig. 1.
Fig. 2A shows the percentage of all arterial measurements
taken along the Y-axis and the index of occlusion, in deciles,
along the x-axis. For example, the proportion of cross-
sectional measurements with the lowest index of occlusion
(£39%) was 23% in the NDC group as compared with
14% in the AD group. The histogram illustrates the gross dif-
ferences in the degree of atherosclerosis between the control
and affected cohorts. Significant differences exist at all
levels of occlusion except at those at 60% to 69%. Subjects
with AD who had less than 60% to 69% occlusion are signif-
icantly less likely to be found in these categories of lower oc-
clusion, whereas those with more than 60% to 69%
occlusion are significantly more likely to be found in these
categories of higher occlusion. The 60% to 69% occlusion
level appears to be a transition point between these patterns
and thus shows no significant differences.

In the AD group, an average of 48% of arterial sections
showed >60% occlusion, 29% showed >70% occlusion,
and 14% showed >80% occlusion. In contrast, the corre-
sponding percentages for the NDC group for the identical in-
dex of occlusion were 27%, 12%, and 4%. Comparisons at
all three occlusion extent percentiles (>60%, >70%,
>80%) between AD and NDC groups revealed statistically
significant differences at P <. 0001. The index of occlusion
of individual major intracranial arteries (VA, BA, PCA,
MCA, ICA, and ACA) differed significantly between the
NDC and AD groups, with greater stenosis in AD subjects
(Figs. 2B-D).

Multivariate logistic regression models also support an
association between stenosis in the CW arteries and the
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likelihood of AD, even after adjusting for the effects of age,
gender, and APOE ¢4 (Table 3). Higher levels of stenosis
were more likely in subjects with AD as compared with
NDC subjects (for all arteries combined, the odds ratio =
1.06; i.e., 6% change per 1-unit increase in index of occlu-
sion). When considering the entire population under study,
the mean index of occlusion ranged from 33% (lowest) to
84% (highest); there would thus be a 51-unit or 306%
(three-fold) increase in likelihood of AD from the lowest
to the highest levels of stenosis. This number is similar to
the odds ratios from carrying one APOE &4 allele and agrees
with our previous observations using semi-quantitative ath-
erosclerotic scoring on a much larger sample [1]. This asso-
ciation was also significant for specific CW arteries, such as
BA, ICA, MCA, and PCA. On assessment of the percentage
of the arterial sections that showed >60% occlusion, again
there were significant associations observed with both indi-
vidual arteries and all arteries combined.

The index of occlusion for carriers of an APOE ¢4 allele
was compared to noncarriers for each diagnosis group.
There was no statistically significant difference between car-
riers and noncarriers within the AD or NDC group (data not
shown; P > .05, unpaired, two-tailed z-test). These results
are similar to those that were found in other studies [1,5,31].

4. Discussion

Atherosclerosis of the CW and major cerebral arteries is
almost universal after 80 years of age. It is more severe in
men than in women at the age of 60, with the male predom-
inance decreasing with age and finally disappearing by the
age of 80 [32]. When compared with NDC individuals, our
multivariate regression models clearly indicate a link be-
tween the degree of atherosclerosis of the CW and AD (ad-
justed odds ratio = 1.06 [95% CI = 1.02-1.11, P = .006]).
Overall, an index of occlusion >60% is more frequent in AD
cases than in NDC, whereas a larger number of arterial seg-
ments with a lower index of occlusion (<60%) is more abun-
dant in the NDC group. Significant differences were also
found between AD and NDC in many individual arteries,
with the frequency and degree of occlusion more severe in
AD.

The presence of severe atherosclerotic lesions in major
cerebral arteries can obstruct the ostia or invade the lumina
of important secondary branches which supply vital brain
regions [4,33,34], such as the hippocampal arteries

Fig. 2. (A) The y-axis represents of the percentage of all arterial measure-
ments taken. The index of occlusion, separated in deciles, is along the x-axis.
The index of occlusion was also higher in the individual arteries of subjects
with AD as compared with NDC subjects when separating by the percentage
of measurements >60% (B), 70% (C), and 80% (D) index of occlusion.
NDC, nondemented control; AD, Alzheimer’s disease; VA, vertebral ar-
teries; BA, basilar artery; PCA, posterior cerebral arteries; MCA, middle ce-
rebral arteries; ICA, intracranial arteries; ACA, anterior cerebral arteries.
*P <.05, **P <.01, ***P <.001.
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Table 3

Association of occlusion with AD

Measure of occlusion n (NDC/AD) Adjusted* OR P

Mean index of occlusion
ACA 36/60 1.03 .065
BA 35/60 1.05 .015
ICA 36/60 1.05 014
MCA 36/60 1.06 .003
PCA 35/60 1.04 .0099
VA 31/49 1.04 .052
All arteries 36/60 1.06 .006

Percentage of sections
>60% occluded
ACA 36/60 1.01 101
BA 35/60 1.02 .018
ICA 36/60 1.01 .084
MCA 36/60 1.03 .0003
PCA 35/60 1.01 .027
VA 31/49 1.02 .022
All arteries 36/60 1.03 .002

Abbreviations: NDC, nondemented control; AD, Alzheimer’s disease;
ACA, anterior cerebral arteries; BA, basilar artery; ICA, internal carotid ar-
teries; MCA, middle cerebral arteries; PCA, posterior cerebral arteries; VA,
vertebral arteries.

*Models were adjusted for age at death, gender, and presence of an apo-
lipoprotein E ¢4 allele. In this multivariate analysis, the maximum possible
sample size for the AD group is 60 because of the absence of apolipoprotein
E genotyping of one individual.

arising from the PCA [35], which are the most affected ar-
teries in our study (Figs. 2C and D). Likewise, occlusion of
the small anterior perforating branches originating from the
ACA that supply the cholinergic nucleus basalis of Meynert
[36] would have dire consequences for both cognition and
cholinergic/nitric oxide-mediated vasodilatation of the ce-
rebral arteries. Metabolic and electrophysiological func-
tions decline and eventually fail in cases with a chronic,
progressive regional decrease of blood flow [37]. Moreover,
lacunar infarcts result from perforating artery obstruction
triggered by cardiac disease, atherosclerosis, and hyperten-
sion [38] and play a role in modifying the clinical expres-
sion of AD, as shown by the Nun Study [17]. In addition,
hypoxic/ischemic conditions can result in a gross disrup-
tion of the integrity of the blood—brain barrier and bleeding
[39,40]. It has been suggested that microhemorrhages may
induce a localized, beneficial cerebrovascular amyloidosis
in an attempt to patch up the ruptured capillary and
arteriolar walls [41,42]. However, the global, untargeted
deposition of amyloid in the walls of capillaries, arterioles
and small arteries in the cerebral cortex and leptomeningeal
vessels, characteristic of AD may represent the ultimate
pathological consequence of brain ischemia and hypoxia.
The normal arterial tree is morphologically and function-
ally designed as both a conduit and cushion. Failure to cush-
ion systolic pulsation because of stiffening of the arterial
wall results in larger amplitude of intracranial blood beating
and microvasculature damage [43,44], and consequent
shedding of endothelial cells, myocyte damage, blood—

brain barrier failure, and vessel rupture [45]. In general,
accumulating diffuse microangiopathic disease promotes in-
creased vascular resistance [46—48] escalating hypertension
and impaired venous outflow [43,49].

In addition to declining brain perfusion, the loss of arterial
elasticity from atherosclerosis, arteriosclerosis, and calcifi-
cation has ominous hemodynamic and hydrodynamic cere-
brospinal fluid (CSF) consequences for the maintenance of
brain homeostasis. Magnetic resonance phase imaging has
demonstrated that when an arterial pulse wave enters the rigid
cranium, the force propagates perpendicular to the skull sur-
face, resulting in an immediate increase in CSF pressure
which will be offset by the rigidity of the calvarium, propel-
ling the CSF through the tentorial notch and foramen mag-
num into the spinal canal. The pulsatile movements result
in arterial expansion and concomitant enlargement of brain
volume assisted by systolic capillary dilation and venous
and subarachnoid space engorgement. Recoil of CSF from
the spinal canal into the subarachnoid space of the brain oc-
curs during diastole [50,51]. Dilation of the brain ventricles
in AD correlates with the degree of cerebral blood flow
impingement created by advanced atherosclerotic and
arteriosclerotic lesions. Increased resistance in the CSF and
cerebral vessels may also impair venous drainage and
further contribute to a decrease in the cerebral blood flow
[52]. Furthermore, the microvascular pulsations also impel
the drainage of the brain’s interstitial fluid (IF) along the peri-
vascular spaces that drain into the deep lymphatics of head
and cervical venous circulation [53,54]. Clogging of the
perivascular spaces in the cerebral cortex by amyloid
deposition results in the stagnation of the IF in the white
matter with dilation of the periarterial spaces (€tat criblé)
and overflow into the ventricular space [55]. In this loop of
detrimental events, decreased velocity of cerebral blood
flow in the arteries of the brain may ultimately be a result
of reduced metabolic demands of the brain [56].

In summary, mechanical obstruction and reduction in ce-
rebral arterial inflow because of atherosclerotic lesions dam-
ages the microvasculature, eventually leading to severe brain
hypoxia, leukoariosis, lacunar infarcts, brain atrophy,
ventricular dilation, retention of IF, and accumulation of
noxious substrates [57,58]. The cumulative effects of
these interdependent hemodynamic and hydrodynamic
dysfunctions play a pivotal role in accelerating and
augmenting the pathogenesis and evolution of AD [59].

Preventative therapies for both AVD and AD would be
most efficacious if implemented before the development of
clinically evident AVD. For this reason, systematic, preemp-
tive diagnostic studies involving lipid screenings, hemody-
namic imaging, and ultrasound studies should be a routine
aspect of patient assessment to enable early recognition of
impending AD. It has been recently found that timely treat-
ment of vascular risk factors slows the decline in the progres-
sion of AD [60]. For example, several clinical trials suggest
that aggressive intervention with statins leads to a reduction
of low-density lipoprotein cholesterol and regression of
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coronary atherosclerosis as measured by intravascular ul-
trasound [61,62]. In contrast, evidence exists from
retrospective clinical trials that statins, when given late in
life, offer no prevention of dementia or benefit of
amelioration [63]. However, this disappointing result
must be balanced with a caveat that these trials were per-
formed on elderly patients exhibiting clinically evident
mild to moderate AD. At this stage, the virtually universal
presence of advanced atherosclerotic/calcification damage
and permanent brain injury may have precluded any hope
for clinically meaningful beneficial effects. Therefore, it
is imperative that statin therapies commence before the es-
tablishment of advanced AVD and any appearance of brain
lesions associated with AD. In addition, statins may have
other important contributory factors to the reduction of ath-
erosclerosis through their antithrombotic, vasodilatory anti-
hypertensive, and antimitotic effects [64]. The predictive
strength of a family history and preclinical evidence of
AVD must also be considered as critical rationalizations
for the recommendation of intense pharmacological inter-
vention, lifestyle and dietary modifications, as well as the
adoption of disciplined exercise regimens to preempt the
development of dementia. Systematic implementation of
educational campaigns promoting radical changes in cul-
tural and societal values will be important factors in the
adoption of proactive AD-defeating strategies by patients
in a broad sense. In addition, such actions may provide po-
tentially huge dividends by preventing both cardiovascular
disease and dementia.
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