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Vascular Risk Factors: A Ticking
Time Bomb to Alzheimer’s Disease
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Abstract

Evidence is growing that vascular risk factors (VRFs) for Alzheimer’s disease (AD) affect cerebral hemodynamics to launch a
cascade of cellular and molecular changes that initiate cognitive deficits and eventual progression of AD. Neuroimaging studies
have reported VRFs for AD to be accurate predictors of cognitive decline and dementia. In regions that participate in higher
cognitive function, middle temporal, posterior cingulate, inferior parietal and precuneus regions, and neuroimaging studies
indicate an association involving VRFs, cerebral hypoperfusion, and cognitive decline in elderly individuals who develop AD. The
VRF can be present in cognitively intact individuals for decades before mild cognitive deficits or neuropathological signs are
manifested. In that sense, they may be “ticking time bombs” before cognitive function is demolished. Preventive intervention of
modifiable VRF may delay or block progression of AD. Intervention could target cerebral blood flow (CBF), since most VRFs act

to lower CBF in aging individuals by promoting cerebrovascular dysfunction.
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Introduction

Blood flow in mammals is essential for life. No blood flow, no
life. Paradoxically, blood flow can continue even when there is
no life, as it happens when brain death occurs. Medical science
argues that brain death is human death, because there is not
only permanent cessation of all electrical brain activity but also
irreversible loss of brainstem function where only artificial life
support can keep the heart beating.

However, there is a level of blood flow decrease that gradu-
ally deprives the cognitive function and conscious awareness
but allows quasielectrical brain activity, heartbeat, and respira-
tion to continue functioning. Can this be considered life? Here,
the key words are “level of blood flow decrease,”” because
when this is defined, it will determine the likely outlook for
how brain cells that regulate cognition will either cope to stay
functional or not. The level of blood flow decrease is measured
by the amount of arterial blood perfusing, an area of neural
tissue within a given time.'

Normal resting cerebral blood flow (CBF) in adult human
cortex is about 60 to 70 mL/100 g/min. Regionally, gray matter
flow averages about 70 mL/100 g/min, and white matter is
about 20 mL/100 g/min. It'is'important to note that these flow
values normally decline slowly with advancing age by an esti-
mated rate of 0.5% per year.? Consequently, from the age of 20
to 65, normal CBF drops 15% to 20%.%*1As previous studies
have shown,”® this 15% to 20% normal drop in CBF at an
elderly age does not necessarily imply that cognitive function
will be compromised. The reason is that adequate CBF is

available to supply neuronal demand for energy metabolism
and activity from neurovascular coupling and autoregulatory
mechanisms.

However, this age-related decline in CBF can become crit-
ical to neuronal survival if an additional hemodynamic burden
further lowers CBF levels, at which point, neuronal demand for
energy nutrients may not be met by supply or compensated by
neurovascular coupling. This issue is discussed later.

Brain blood flow rates that mildly decline to 50 mL/100
g/min can inhibit the synthesis of many proteins’ and with
further declines to 30 mL/100 g/min, neurologic symptoms and
impaired neurotransmission will appear.'® When CBF falls to
20 mL/100 g/min, electrical failure or irreversible neuronal
damage can result within minutes.'""'?

Neuronal Responses to Reduced Cerebral Perfusion

Heiss'® described 3 stages of reduced blood flow to the brain
that can impact neuronal metabolism and anatomic structure
(1) ischemia, (2) penumbra, and (3) hypoperfusion. Using this
construct, neuroimaging techniques can detect, localize, and
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Figure |. Four basic neuronal states generated by vascular pathology that reduces cerebral blood flow (CBF) supply and alters normal
hemodynamic response to local or global ischemia. A, Hypoperfused neurons with blood flow values exceeding 22 mL/100 g/min but still below
normal blood flow for gray matter; (B) penumbral neurons with blood flows ranging at 12 to 22 mL/100 g/min; (C) ischemic neurons with blood
flow values under 12 mL/100 g/min. Very few, if any, structural changes are seen in hypoperfused neurons but their function may undergo
progressive impairment. Penumbral neurons, also referred to as moderate ischemia, generally display mild structural changes and moderate
functional deficits but are still capable of recovery assuming appropriate intervention is applied. Ischemic neurons can quickly reach the point of
no return where the cell becomes unable to recover its normal morphology and function even if all processes leading to death are interven-
tionally arrested. Acute ischemic neurons typically show cytoplasmic eosinophilia, dispersion of Nissl substance, nuclear shrinking (pyknosis),
and nuclear displacement to the periphery. When ischemic neurons are chronically injured, as in neurodegeneration, no eosinophilia is seen and
instead, the cell body shrinks and becomes more angular, synaptic damage can be seen, and axonal neurofibrillary tangles (NFTs) may dominate.
D, Neuronal death is the state where permanent and complete arrest of energy metabolism occurs.

quantitate 3 neuronal states generated by vascular pathology
affecting CBF hemodynamics, ischemic neurons with blood
flow values below 12 mL/100 g/min, penumbral neurons with
flows at 12 to 22 mL/100 g/min, and hypoperfused neurons
with flow values exceeding 22 mL/100 g/min but still below
normal threshold'®'? (Figure 1).

Nontraumatic ischemic neurons are commonly produced
by an embolic stroke, where anatomic and functional changes
generally occur relatively quickly. The anatomic changes
consist of cytoplasmic swelling secondary to sodium influx
and failure of membrane ionic regulation.'® This is followed
by characteristic eosinophilia, severe loss of the endoplasmic
reticulum and Golgi apparatus, chromatin clumping, nuclear
shrinking with peripheral shifting, and disappearance of axo-
nal microtubules, which generate synaptic dystrophy and neu-
rotransmission failure (Figure 1). Depending on its location
and severity, a focal embolic insult to the brain will destablize
ischemic neurons by inducing hypoxia, glutamate excitotoxi-
city, a massive and disruptive intracellular rise of Ca®", mito-
chondrial depolarization, formation of oxygen and nitric

oxide free radicals, and impairment of adenosine triphosphate
(ATP) synthesis in fuel cells.

The biochemical cascade associated with anatomic changes
in ischemic neurons and glial cells is the product of irreversible
oxygen—glucose deprivation and ATP production failure that
may have been initiated as a neurometabolic energy crisis in
penumbral and hypoperfused neurons.'>!” The ischemic neu-
rons weathering these functional-anatomic changes are unlik-
ely to recover spontaneously or with any intervention and at
some point, will degenerate into an agonal state prior to death
(Figure 1).

When CBF falls subnormally in brain tissue adjacent to an
infarct but stays above the 20-mL threshold that tissue and its
neuronal population are theoretically salvageable provided that
appropriate intervention is applied.'®'® The salvageable tissue
is known as the ischemic penumbra.''*° The ischemic penum-
bra is a moderately hypoperfused zone peripheral to the infarct
core, where neurons are functionally impaired but show no
gross morphologic abnormalities'®° (Figure 1). In his classic
article describing the ischemic penumbra, Astrup and his
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colleagues'' recognized 2 stages where penumbral neurons can
experience functional impairment and irreparable degenerative
damage, usually with the former stage preceding the latter
(Figure 1).

Penumbral neurons may remain viable for several hours,'
several weeks,'? or even beyond a year®' as long as arterial col-
laterals supplied by the unaffected branches of the occluded
vascular tree remain patent. The arterial collateral blood flow
in the penumbral zone may be adequate to sustain tissue viabi-
lity but generally not sufficient to support cognitive or neurolo-
gical function."'

Penumbral neurons are destined to follow a pathway irrever-
sible to degeneration unless successful rescue by intervention is
applied.*?

For this reason, the penumbral tissue territory on the rim of
an occlusive infarct has become an important target for therapy,
because it offers a window of opportunity to salvage these neu-
rons and reverse the dysfunctional effect they have on the sys-
tem. Consequently, if penumbral neurons can be rescued from
their limited arterial blood supply, a reversal of lost sensory-
motor deficits may result. This is the main objective of throm-
bolytic agents used in postischemic stroke. Thrombolytic
agents such as recombinant tissue plasminogen activator work
to reduce the occlusive insoluble fibrin clot and increase
penumbral arterial blood flow.*?

Extending this principle, some studies have reported that
restoring to normal decreased CBF supplying penumbral or
hypoperfused neurons that contribute to cognitive deficits
allow the impaired cognitive function to return to normal.***

Hypoperfused neurons are generally not found in the
ischemic or penumbral zones of an infarct; and although they
are usually structurally intact, they can be functionally
impaired, particularly among the elderly patients, to the point
where cognitive symptoms can be detected. This functional and
growing impairment of chronically hypoperfused brain neurons
is the basis for the vascular hypothesis of Alzheimer’s disease
( AD).]7‘29

Despite its clinical importance, relatively little research has
been done to study the pathophysiology of neurons following
chronic brain hypoperfusion. Notwithstanding this lapse, a con-
sistent rule has emerged from the tight coupling between cog-
nitive function and CBF. The cognitive-CBF relationship can
be appreciated by a Rotterdam study that examined 892 parti-
cipants between the ages of 60 and 91 and reported that lower
CBF was linked with deficient executive function, information
processing speed, and global cognition.”® This finding indi-
cates that the influence of CBF on cognition is not incidental
and may be an important step in better understanding the patho-
physiology of AD.

For example, when CBF is temporarily decreased by occlu-
sion of one or both carotid arteries in cognitively healthy
humans or rats, the almost universal reaction is that some
aspect of cognitive function will be diminished.*****' When
a transient global cerebral hypoperfusion attack results in mem-
ory impairment, improvement in CBF reverses the memory
impairment.

9

If the carotid artery occlusion is removed and CBF is
restored to preocclusion levels (all other factors remaining con-
stant), normal cognitive function will be restored.*>*%>!' This
phenomenon is also observed when a transient global cerebral
hypoperfusion attack results in memory impairment, improve-
ment in CBF during clinical recovery reverses the memory
impairment.*?

These simple experiments imply 2 things (1) sudden or
acute drop in CBF can have a negative effect on cognitive func-
tion, especially at an advanced age and (2) timely restoration of
CBF can reverse the loss of cognitive function. Having made
these 2 assumptions, the next question should widen the rea-
soning process by asking whether CBF levels remain subnor-
mal indefinitely, what further effects will it have on
cognitive function? This question is dealt with in the following
discussion.

Vascular Risk Factors and Critically Attained Threshold
of Cerebral Hypoperfusion

Most neuroimaging studies of brain function rely on neurovas-
cular coupling changes between regional brain metabolism and
regional CBF (rCBF),*>** and useful information can be
obtained when patients with mild cognitive impairment (MCI)
or dementia are tested and compared with patients who are
cognitively intact. The MCI is a diagnostic term developed to
describe the prodromal stage of AD.

In 1993, we designed a series of experiments on young and
old rats subjected to chronic brain hypoperfusion via carotid
artery occlusion.”” At various time intervals ranging from 1
to 6 months, spatial memory, histopathology, cellular, molecu-
lar, and neurophysiological changes were measured in these
animals.**° The experimental rat findings obtained, together
with a careful review of the clinical literature, provided support
to the premise that reduced blood flow to the brain seemed to
ultimately induce cognitive dysfunction.

The aging rat findings intriguingly implied that a similar
relationship involving the start of cerebral hypoperfusion and
cognitive loss as seen in the rat experiments could occur in
elderly persons.*® However, although we knew the trigger for
this process in aged rats involved blocking carotid artery blood
flow to the brain, there still remained the question as to what
factor or factors could lead to the cerebral hypoperfusion—cog-
nitive dysfunction in humans. The answer came unexpectedly
but not surprisingly in a landmark article published in 1997
by Hofman et al*' showing in a prospective population-based
study that carotid artery atherosclerosis was significantly asso-
ciated with AD and with vascular dementia. We had known
from our aging rat experiments that carotid artery occlusion not
only reduced CBF but in time also resulted in cognitive loss,
neuronal degeneration, and an assortment of cellular—molecu-
lar aberrations reminiscent of AD.***

The study by Hofman et al*' was strengthened by a report
from Skoog et al*? that appeared about the same time showing
that a medical history of hypertension in elderly people 15
years before constituted a significant risk factor in the
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development of AD. Since it is well known that both athero-
sclerosis and hypertension are disorders known to reduce CBF
by different physiological means during advanced aging, these
2 studies seemed complimentary. Moreover, the reports pro-
vided evidence for the missing link that we needed to propose
the concept that vascular risk factors (VRFs) such as athero-
sclerosis and hypertension in aging individuals already bur-
dened by age-related CBF decline could be the basis for
triggering further cognitive impairment that would eventually
evolve to AD.*” Since 1997, both the Hofman and the Skoog
studies have been amply confirmed and more than 2 dozen
additional VRFs for AD have been added to the list including
factors impairing cardiovascular, cerebrovascular, and periph-
eral vascular function.****® Many of these VRFs are modifiable
with proper intervention.*’

The Hofman and Skoog studies also led to our proposal in
1997 that AD can develop from 2 important events that occur
during aging (1) normal age-related decline in CBF and (2) a fur-
ther CBF drop when VRFs are acquired. These 2 events can
lower blood flow to the brain to a critically attained threshold
of cerebral hypoperfusion (CATCH) and induce cognitive
dysfunction.*”

The CATCH is a progressive cerebrovascular insufficiency
that with time will destabilize neurons, synapses, neurotrans-
mission, and cognitive ability, eventually evolving into a
severe neurodegenerative process characterized by the forma-
tion of amyloid B (A) peptide-containing plaques, neurofibril-
lary tangles (NFTs), and amyloid angiopathy.’® Clinical
evidence suggests that 3 interactive factors are fundamental
in the development of CATCH (1) duration of hypoperfu-
sion,***>>! (2) severity of hypoperfusion,'®***>? and (3) age
of the patient.>

If, for argument’s sake, AD can be regarded as a gigantic
jigsaw puzzle with most of the pieces still missing, some key
pieces of that puzzle, represented by the evidence gathered thus
far pertaining to CBF changes, cognitive dysfunction, aging,
VRFs, neurodegeneration, and dementia, offer a compelling
partial image of that puzzle that may provide essential clues
necessary for constructing a theoretical framework to decipher
the rest of the AD puzzle (Figure 2).

Vascular Risk Factors and Neurometabolism

Many neuroimaging studies have shown agreement that hypo-
perfused neurons in elderly people may be one of the earliest
markers of cognitive impairment preceding AD.’**> The
patterns of hypoperfusion measured in people prior to AD
appear to be independent of underlying cortical gray matter
neurodegeneration.>* In asymptomatic people at high risk of
AD, brain hypoperfusion may exist before cerebral atrophy
is present.*>%

This finding suggests that neurodegeneration and the heavy
accumulation of AP plaques and NFTs that define AD are pro-
duced after cerebral perfusion abnormalities.

Moreover, it has been reported that clinically asymptomatic
patients and patients with cognitive impairment at autopsy
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Figure 2. Normal resting cerebral blood flow (CBF) is approximately
65 mL/100g/min at a young age. The CBF normally declines 0.5% per
year so from age 20 to 60, a 20% reduction in brain blood flow is
normally expected (circles). In patients with mild cognitive impairment
(MCI), CBF can further drop an additional 15% to 20%, but the cause
for this CBF fall is unclear. Critically attained threshold of cerebral
hypoperfusion (CATCH) argues that vascular risk factors in the
presence of advanced aging can add another 15% reduction in CBF
resulting in a brain metabolic energy crisis due to chronic, subnormal
delivery of energy nutrients needed to sustain the high energy
requirement of brain cell consumption.

showed similar amounts of AP plaques and NFTs deposits in
regions thought to participate in higher cognitive function such
as the middle frontal, middle temporal, inferior parietal, and
precuneus regions.”” The asymptomatic and cognitively
impaired groups differed only while alive by a relatively higher
level of rCBF in the asymptomatic individuals at the anterior
and posterior cingulate and cuneus, when compared to the
cognitively impaired group.”

It should be noted that AB-containing plaques are also found
in the brains of stable patients with MCI as well as in many
cognitively normal individuals, and the accumulation of A
in brain does not correlate with cognitive deficits, neuronal
loss, or severity of AD.®*® Conversely, it has been reported
that mild and transient brain hypoperfusion increases A levels
profoundly and persistently by enhancing B-secretase protein
expression (B-site amyloid precursor protein-cleaving enzyme
1 [BACE-1]).*” The BACE-1 is the rate-limiting enzyme of
AP, and its upregulation by brain hypoperfusion can promote
AB overproduction.”®

The mechanism responsible for Ap overproduction follow-
ing brain hypoperfusion is unclear but may be related to
reduced oxygen that is a potent regulator of BACE-1 levels and
AB production.”!

Whether chronic brain hypoperfusion is the initiator of neu-
rodegeneration and by-products such as Af and NFTs has not
been established. For this reason, it is tempting and germane to
consider, given the evidence available from neuroimaging
studies, how VRFs may increase the odds of developing AD.
Do VRFs upregulate the levels of A and NFTs to promote
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AD or do they act principally to lower CBF to critical levels
where the delivery of energy nutrients, particularly glucose and
oxygen, threaten brain cell metabolism?

Studies reporting an association between cerebral perfusion
deficits in people with cognitive impairment are supported by
regional cerebral metabolic rate of glucose (rCMRglu) studies
in patients with MCL>*>"7? There is general agreement that
changes in blood flow appear to be accompanied by changes
in glucose metabolism,”*”’® and this association can be tested
using (18)F-fluorodeoxyglucose and positron emission tomo-
graphy (FDG-PET) to detect CMRglu uptake in the brain in
conjunction with arterial spin labeling (ASL) MRI, which
measures CBF.”” Neuroimaging studies combining FDG-PET
for rCMRglu and ASL-MRI for CBF show a striking overlap
of images in AD brain regions affected by reduced glucose
uptake and low CBF."®

Measuring CMRglu uptake in the brain of patients parallels
CBF levels due to the tight coupling between rCBF and
regional metabolism of glucose.””*® A deficient CMRglu
uptake in the brain may also indicate synaptic dysfunction and
reduced synaptic density.®' The FDG-PET studies have gener-
ally shown a reduced glucose uptake in patients with MCI who
later convert to AD.>*7-7282 In fact, asymptomatic individuals
with hypoperfusion in the precuneus, posterior cingulate, lat-
eral parietal cortex, and hippocampal region®* or with a pro-
gression of reduced CMRglu uptake from the hippocampus
to the parietotemporal and posterior cingulate cortices were
later observed to convert to AD.**

These FDG-PET findings point to an important clue that
center on 3 main possibilities (1) the findings are spurious or
coincidental; (2) the findings imply that neurodegenerative
changes, such as accumulated AP plaques and NFTs, kill brain
cells that take up glucose; and (3) the findings imply that the
presence of cerebral hypopoperfusion, reflected by lowered
CMRglu, delivers less glucose to the brain. The first possibility
is unlikely, because the finding has been replicated many times
by different international groups working independently. The
second possibility could explain the lowered glucose uptake
but only if neurodegenerative markers such as AB-containing
plaques and NFTs are heavily present. However, by definition,
MCI brains do not contain heavy neurodegenerative deposits or
substantial neuronal loss or white—gray matter atrophy, and
when they do, the patient no longer has MCI but rather AD 3586

The third possibility seems more likely to explain the
reduced glucose uptake seen at the MCI stage even when
cognitive dysfunction is very mildly affected.®**’

Supporting this argument are 2 dozen VRFs for AD
described so far, which appear to share 1 common factor, that
is, to reduce brain perfusion or interfere with cerebral hemody-
namics.*®3>%1 Some of these VRFs can be present in cogni-
tively intact individuals for decades before mild cognitive
deficits or neuropathological signs are manifested.”*> In that
sense, they may be “ticking time bombs” before cognitive
function is exploded unless preventive intervention is applied
to those factors that are modifiable.*’ Intervention could target
CBEF, since there is growing evidence that most if not all VRFs
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Figure 3. Theoretical cascade of events leading to cognitive failure
and Alzheimer or vascular dementia. The cascade may begin with a
double drop in cerebral blood flow (see Figure 2) during normal aging
and in the presence of vascular risk factors. These 2 events are
reported to alter brain hemodynamics giving rise to chronic cerebral
hypoperfusion. With time, critically attained threshold of cerebral
hypoperfusion (CATCH) is reached where brain cells, especially those
sensitive to ischemia in the inferior temporal region, precuneus,

and posterior cingulate cortex can no longer cope with reduced
energy substrate delivery. The outcome of this process affects
executive function, verbal fluency, psychomotor speed, and mental
flexibility, which may progress to mild cognitive impairment, severe
neurodegeneration, and dementia.

act to lower CBF in aging individuals by inducing cerebrovas-
cular dysfunction.***%96%® Altered brain hemodynamics dur-
ing advanced aging can promote cerebral hypoperfusion to a
critical level where abnormal delivery of high energy nutrients
to brain cells results in mild cognitive deficits involving exec-
utive function, mental flexibility, psychomotor speed, and
memory*’ (Figure 3). These mild cognitive changes can remain
stable for a protracted period of time or, if CBF is allowed to
worsen, progressively evolve to MCI and severe cognitive
impairment®>** (Figure 3).

Longitudinal studies using FDG-PET in patients with MCI
with a strong risk of conversion to AD were followed for an
average of 3 years, and those patients who were shown to have
reduced memory performance and decreased rCMRglu from
the left temporoparietal area had a 90% rate of developing
AD.>® In 3 other studies, where patients with MCI were fol-
lowed for 2 to 3 years, lower glucose uptake in the posterior
cingulate cortex was a good marker in their eventual conver-
sion to AD.>"7%%°

Although the CBF drop required to reach CATCH in cogni-
tively intact individuals has only been implied, it is safe to say
that blood flows falling below 40 mL/100 g/min in the parietal
cortex, temporal cortex, and limbic system are consistent with
cognitive deterioration in elderly individuals during MCI and
supports the predicted conversion from unstable MCI to
AD>**® (Figure 2).
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An interesting finding by Marshall et al*® may shed some

light on the critical level of CBF, where cognitive function is
disturbed. These investigators reported using a balloon test to
occlude the internal carotid artery temporarily in patients
about to undergo carotid aneurysm surgery that revealed that
a 30-minute occlusion lowering brain blood flow by about
15% from baseline resulted in a brief deterioration of a sus-
tained attention task measuring alertness; if CBF further
dropped another 15%, the sustained attention deficit persisted
until the carotid artery occluder was removed.*”

There is a population of elderly individuals with VRFs of
long duration who remain cognitively intact until death.®'¢>
This finding suggests that it may be as important, if not more
so, to study people who show resistance to dementia despite
a neuropathologic or cerebrovascular picture that indicates
high risk of AD. The answer could have far-reaching implica-
tions to a majority of elders with VRFs who will acquire
dementia.

The collective findings reviewed here point to the conclu-
sion that chronic lowering of CBF to a critical level (CATCH)
may block cerebral autoregulation or neural signaling to arter-
iolar vasoregulation that normally counters the fallen cerebral
perfusion. It is uncertain whether active intervention at this
stage can reverse CATCH, but this is a crucial aspect of the
AD puzzle that requires prompt research exploration.
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