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Abstract

Aging is associated with a number of degenerative changes in the structure and function of blood vessels. Recent
studies have examined the impact of age on cerebral hemodynamics and brain structure and function. These studies
have shown age related changes in resting cerebral blood flow, cerebral vasoreactivity, cerebral autoregulation, and
neurovascular coupling. Studies have also shown that aging is associated with cortical atrophy and cerebral white
matter injury. More recent studies have also examined the relationship between age related cerebral hemodynamics
and brain structure and function. Cross-sectional studies have shown that both cerebral vasoreactivity and pulsatility
index are associated with cerebral white matter injury. Similarly, cerebral vasoreactivity has also been associated with
impaired mobility which is known to be a clinical consequence of cerebral white matter injury in the elderly people.
Neurovascular coupling has also been associated with slow gait and impaired executive function.

Despite the advances in this field, our understanding of the relationship between cerebral hemodynamics and struc-
tural changes in the aging brain is limited. We also know very little about the relationship between cerebral hemody-
namics and clinical outcomes of structural brain disease. A better understanding of these relationships is an essential
step towards identifying therapeutic targets and preventive strategies for age related cerebrovascular disease. This
review summarizes the available data from recent studies examining cerebral hemodynamics and the aging brain.
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Introduction

Aging is a leading risk factor for vascular disease. Even in
the absence of traditional vascular risk factors such as hy-
pertension, diabetes, or hyperlipidemia, vascular dysfunc-
tion is a nearly universal complement to advancing age [1].
Age related alterations in cellular homeostasis contribute
to vascular remodeling, oxidative stress, and pro-athero-
genic changes in the blood vessels.

Cerebrovascular aging is particularly relevant to func-
tional disability in old age. Aging is associated with chang-
es in regulation of cerebral blood flow (CBF), which may
threaten cerebral perfusion and ultimately affect activities
of daily living as a result of ischemia, syncope, falls, and
cognitive impairments. The cerebrovascular system un-
dergoes multiple changes throughout the human lifespan,
probably beginning as early as the fourth decade in life [2].

This review summarizes the overall systemic structural
and physiological changes related to vascular aging, with a
special emphasis on the cerebrovascular system and ensu-
ing age related declines in motor and cognitive function.

Structural changes associated with systemic
vascular aging

Aging is associated with several structural changes in the
vascular tree; the large conduit arteries become elongated
and tortuous, the arterial lumen size increases and the ar-
terial walls thicken. In addition, there is increased calcium
deposition and collagen content in the intimal and medi-
al layers with increased elastin fragmentation and thin-
ning [3]. Accumulation of advanced glycation end (AGE)
products from nonenzymation reaction of glucose with
proteins, lipids, and nucleic acids leads to loss of vascular
elasticity. Accumulation of the stiffer AGE-linked dysfunc-
tional collagen results in increased collagen to elastin ratio
and the mechanical stress on the vessel wall is borne by
the collagen instead of the elastin. The age-related upreg-
ulation of tissue renin-angiotensin system is also linked to
increased migration capacity of vascular smooth muscle
cells and thickening of the vascular wall [4]. Overall, these
age-related changes lead to stiffening of the arterial tree.

Aging is also associated with microvascular damage
and rarefaction. Reduced vascular response to ischemic in-
sults results in increased apoptotic endothelial cell death
and impaired angiogenesis. Failure of normal activation of
hypoxia-inducible factor-1a (HIF-1a) with aging leads to
reduced trafficking of endothelial progenitor cells (EPC) to
sites of ischemia as well as reduced expression of vascular
endothelial growth factor (VEGF) and insulin like growth
factor (IGF-1). Attenuation of IGF-1 further diminishes
EPC survival and cell growth.

Irreversible changes at cellular level also play a role in
vascular aging. Gradual age-related telomere attrition is
associated with arrested cell proliferation [5]. Age related
decline in stem cell number and function is also thought
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to lead to impaired vascular homeostasis and loss of repair
capacity of the vascular system culminating in age-relat-
ed atherosclerosis and progression of vascular disease [5].
Another factor known to decline with age is Sirtuin-1
(SIRT-1), which regulates the anti-aging signaling net-
work. SIRT-1 exerts beneficial effects on the vasculature
by promoting endothelium-dependent vascular relaxation,
endothelial proliferation, and neovascularization. These
age related process synergize, overlap, interact, and accu-
mulate to alter the structure and function of the vascular
system [5].

Physiological changes associated with systemic
vascular aging

Aging is associated with endothelial dysfunction as a result
of increased oxidative stress and reduced bioavailability of
nitric oxide (NO) [6]. Therefore, blood flow in response to
increased metabolic demand of the tissue is compromised.
Flow-mediated vasodilatation (FMD) of the brachial artery
following vascular occlusion is indicative of endothelium
dependent vasodilatation. A reduction in FMD accompa-
nied by elevated oxidative stress was observed in elderly
individuals [7]. Oxidative stress is also implicated in cellu-
lar signaling pathways causing platelet aggregation, cell ad-
hesion and inflammation in the vasculature. Normal aging
is also associated with upregulation of pro-inflammatory
vascular gene expression profile and increased plasma con-
centrations of inflammatory markers, which contribute to
vascular dysfunction, endothelial apoptosis, and develop-
ment of atherosclerosis [8].

Stiffening of the conduit arteries with age increases
the aortic pulse wave velocity (PWV). As a result, systolic
blood pressure is augmented and diastolic pressure is de-
creased, which leads to a widened pulse pressure. Augmen-
tation of PWV and increases in pulse pressure is linked
to increased collagen deposition, fibrosis, and intimal and
medial thickening. These vascular changes result in ven-
tricular hypertrophy due to increased workload of the
heart and transmit higher pressure and higher flow pulsa-
tility to the end organs, eventually causing adverse cardio-
and cerebrovascular events [3].

Structural changes in the cerebral vessels

Several alterations across the entire cerebrovascular tree
occur with age. Arterioles in the deep white matter regions
become tortuous and with increasing vascular tortuosity,
CBF becomes perfusion-dependent, leaving these deep
white matter regions vulnerable to chronic hypoperfusion
[9]. Periventricular venous collagenosis is also evident
with aging. These changes result in narrowing or even
occlusion of the lumen resulting in chronic ischemia and/
or edema in the deep brain white matter regions. Similar
to the systemic vessels, reduced activation of HIF-1a and
VEGF expression also result in age related decline in ce-
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rebral angiogenesis and hypoxic-ischemic response. Capil-
laries also undergo degeneration, loss of endothelium and
thickening of the basement membrane with age. Animal
studies have reported decreases in capillary number and
density and increased inter-capillary distance with age [9].
The pericytes in the capillaries also undergo degeneration
which mediates ischemic damage to the brain vessels by
reducing CBF response during brain activation. Accumu-
lations of neurotoxins occur following breakdown of the
blood brain barrier [10]. Vessels in the cerebral gray mat-
ter also undergo similar structural changes with substantial
rarefaction of the cerebral arterioles, decline in capillary
density, thickening and fibrosis in and around the base-
ment membrane of these vessels.

Physiological changes in the cerebral vessels

Cerebral blood flow

Advancing age is associated with a decline in resting CBF.
Several studies utilizing transcranial Doppler (TCD) ultra-
sonography and functional imaging techniques have con-
sistently reported a decrease in blood flow velocity through
major cerebral arteries and a decline in regional cerebral
perfusion with aging [2, 11]. CBF in the cerebral cortex
and the basal forebrain has been found to be consistently
lower with age. However, the underlying mechanism for
this decrease is unknown. Age related atrophy in cerebral
volume and microvascular rarefaction may contribute to
the decline in CBF. Alternatively, the decrease in CBF in
the aged brain could be a secondary effect of attenuation in
neural activation and a shift towards lower cerebral meta-
bolic activity rather than a primary factor contributing to
the decline in neural activation [12].

Cerebral vasoreactivity

Cerebral vasoreactivity (VR) to various stimuli such as
changes in end-tidal carbon dioxide (CO,) or drugs is used
to assess cerebral perfusion reserve. Cerebral VR, which is
a NO-dependent process, is also considered a measure of
endothelial function in the cerebral arteries [13-15]. The
impact of age on cerebral VR is controversial. Some stud-
ies have reported a decline in VR with age [11]. In the Rot-
terdam study, VR declined at a rate of 0.6%/kPa per year
with increasing age up to 90 years, though data was scarce
for the advanced age population. Sex-related differences in
VR have also been reported with aging. Age related reduc-
tion in VR was seen in postmenopausal women, but not
in men, suggesting possible hormonal influences affecting
VR [16]. Age related differences in regional cerebral vas-
cular response to changes in end-tidal CO, have also been
reported using positron emission tomography [14]. Vaso-
dilatation in the cerebellum and insular cortex during hy-
percapnia and vasoconstriction in the frontal cortex during
hypocapnia was greater in the younger subjects compared
to the older subjects, suggesting less effective vascular re-
sponse in cerebral perforating arteries, possibly as a result
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of arteriosclerosis with normal aging. Utilizing blood oxy-
genation level-dependent (BOLD) functional MRI during
a dual task of global hypercapnic breath-holding and finger
tapping task in young and old subjects, mean BOLD signal
amplitudes were significantly smaller in the older subjects,
again suggesting age related decline in VR to vasodilatory
stimulus despite similar neuronal activation [17].

Dynamic Cerebral Autoregulation

Dynamic cerebral autoregulation (dCA) is the intrinsic
property of the cerebral vessels to maintain flow despite
rapid changes in systemic pressure. Many studies have
been conducted to assess dCA in normal aging [18]. While
different measurement conditions, protocols, and assess-
ment techniques were used, the conclusions were similar.
In one study dCA assessed with frequency domain transfer
function analysis during steady state sitting and standing
was shown to be preserved in the elderly subjects [19].
Another study, utilizing the time domain correlation in-
dex between spontaneous changes in blood pressure and
CBF velocity, also reported no differences in dCA between
young and old subjects [20]. Carey et al. estimated auto-
regulatory index from dynamic pressure stimulus using
lower body negative pressure and Valsalva maneuver and
depressor stimulus using bilateral thigh cuff inflation and
also showed that dCA was unaffected by aging [21]. While
all these studies conclude that aging is not associated with
a decline in dCA, it is important to note that the age range
of the subjects in these studies varied between 50-75 years.
Therefore, the impact of advanced age (>75 years) on dCA
is unknown.

Pulsatility index

Pulsatility index (PI), which measures cerebrovascular
compliance, is calculated from the CBF velocity as the dif-
ference between systolic and diastolic flow velocities divid-
ed by the mean flow velocity [18]. Higher PI is reflective
of lower cerebrovascular compliance. The percent change
in PI measured during a dynamic exercise study was sim-
ilar between the young and older subjects with a delay in
response to PI in the older group suggesting less influence
of exercise-induced sympathetic activity in cerebral vascu-
lature of the older subjects [22]. Another study measuring
PI during lower body negative pressure induced ortho-
stasis in physically unfit and fit young and old subjects re-
ported that PI was not influenced by either age or fitness
level [23]. However, in both these studies blood pressure
was monitored once every minute which might have con-
founded the results.

Neurovascular coupling

Neurovascular coupling (NVC) or functional hyperemia
is measure of close spatial and functional relationship be-
tween neural activation and CBF. NVC ensures that blood
flow is increased to meet the increased metabolic demands
of the activated neurons [15]. A mismatch between the de-



mand and supply would result in relative hypoperfusion
and brain dysfunction. A study using functional TCD mea-
surements during a visual stimulation in subjects ranging
from 10-60 years did not find any age-related difference in
visual activation-induced CBF velocity changes, suggesting
that NVC is unaffected by aging [24]. In another study in-
volving young and old subjects, functional TCD was used
to assess NVC in the anterior and posterior cerebral arter-
ies during visual and executive function tasks to activate
the occipital and frontal lobes, respectively [25]. While
the younger group showed task specific flow activation in
either territory, the older group showed a generalized in-
crease in blood flow in both the territories in response to
both tasks, suggesting generalization of cerebral activity to
compensate for age-related loss of region specific function.
Similar generalization of cerebral activity was also report-
ed with functional MRI during cognitive tasks in elderly
people [26]. Overall NVC seems to be altered with aging.

Clinical manifestations of hemodynamic changes
with aging

Cerebral small vessel disease, manifested by white matter
hyperintensities (WMH) on brain magnetic resonance im-
aging (MRI), is a common finding in elderly individuals.
These MRI findings, which consist of areas of increased
brightness and appear as punctate or confluent patches
in deep subcortical white matter tracts, particularly those
close to the ventricles, have been associated with impair-
ments in cognition and physical function in the elderly
people [15]. With normal aging, WMH progress by about
44% in the deep and 30% in the periventricular white mat-
ter over a 3 year period with greatest progression seen in
the frontal region [27]. The suggested mechanisms un-
derlying WMH include chronic ischemia, hypoperfusion
due to endothelial dysfunction and impaired cerebral au-
toregulation, increased pulsatility of the cerebral vessels as
a result of arterial stiffening, blood brain barrier leakage,
edema, inflammation, and degeneration [15, 28]. Histo-
pathological correlates of WMH include cortical atrophy,
loss of myelinated fibers and axonal disruption. WMH typ-
ically accumulate in regions supplied by direct penetrating
branches of the cerebral circulation which are susceptible
to increased flow pulsatility and increased pressure due to
wave reflection. In support of the hypoxic-ischemic mech-
anism, increased levels of protein markers of hypoxia have
also been associated with the prevalence of WMH in a
cohort of elderly people [15].

The link between WMH and clinical outcomes such as
physical function and cognition has been demonstrated in
anumber of studies. In a multi-center LADIS study, WMH
was shown to be an independent determinant of transition
to disability in subjects between 65-84 years [29]. Decline
in gait, walking speed and balance performances were di-
rectly correlated with the severity of WMH. Similar find-
ings were also reported by investigators examining gait
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variables using a composite score [30]. In this study, sub-
jects with poor gait scores and higher occurrences of falls
were shown to have greater volumes of WMH. Another
group observed that WMH, predominantly in the cen-
trum semiovale and periventricular frontal regions, were
associated with lower gait speed, shorter stride length,
and broader stride width [31]. They also utilized diffu-
sion tensor imaging to examine the microstructural integ-
rity of normal-appearing white matter and demonstrated
that in elderly subjects with WMH, there was widespread
disruption in white matter microstructural integrity as in-
dicated by a lower fractional anisotropy and higher mean
diffusivity. Disrupted normal white matter microstructur-
al integrity was associated with impaired gait measures.
Similar relationships between brain structure and cogni-
tion have also been observed with aging. Individuals with
better cognition as demonstrated by better performance
on executive tasks also had lower volume of WMH in the
frontal brain regions [32]. Increased WMH burden pre-
dicted poor performance on cognitive task involving exec-
utive function and processing speed. Among healthy older
adults, individuals with poor cognition especially in the ex-
ecutive domain have also been shown to be more prone to
falls [33]. Although the etiology of age related WMH is yet
to be established, several studies have highlighted the re-
lationship between the hemodynamic changes and clinical
manifestations of WMH on the aging brain. These studies
are summarized below.

Cerebral blood flow

Gradual decline in CBF over time is linked to increased
risk of developing WMH. In a population based study us-
ing TCD and MRI in 628 elderly individuals WMH was
strongly associated with low CBF velocity [34]. This study
reported a fourfold increase in the risk of severe WMH in
subjects with low CBF velocity in the middle cerebral ar-
tery compared to subjects with high CBF velocity. Decline
in CBF velocity emerged to be a stronger risk factor for the
presence of WMH than age and high blood pressure in this
population. Another study utilizing arterial spin labeling
to measure regional CBF reported that CBF was lower in
areas of WMH relative to normal appearing white matter
in healthy older individuals [35].

Pulse wave velocity and pulsatility index

In a community based cohort of elderly people ranging be-
tween 69-93 years, increased carotid PI and carotid-femo-
ral PWYV were both related to increased risk of subcortical
infarcts with a hazard ratio of 1.62 and 1.71 per standard
deviation, respectively [36]. Carotid femoral PWV was
also associated with higher WMH volume and carotid PI
was associated with lower whole brain grey and white mat-
ter volumes. Both these hemodynamic indices were also as-
sociated with lower scores in multiple cognitive domains.
Similar relationships between middle cerebral artery PI
and severity of WMH volumes have also been reported in
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a community dwelling group of elderly subjects [37]. It has
been hypothesized that aortic stiffness exposes the cerebral
microcirculation to abnormal physical forces marked with
increased PWV and increased transmission of flow pulsa-
tility to the brain causing microvascular remodeling and
ischemic damage to the brain and leading to clinical mani-
festations of cognitive impairment [38].

Dynamic cerebral autoregulation

Animal models provide evidence that cerebrovascular
dysfunction and vascular changes are key contributors to
hypoperfusion and eventually result in white matter dam-
age. In animal models of small vessel diseases, impaired ce-
rebral autoregulation is apparent months before the first
evidence of white matter damage [39]. In a cross-sectional
study of elderly individuals with vascular risk factors, we
found that higher WMH volumes and lower microstruc-
tural integrity (lower fractional anisotropy and higher
mean diffusivity) of the white matter was associated with
less effective dCA [40].

Cerebral vasoreactivity and flow mediated dilatation
WMH are associated with decline in systemic and cere-
brovascular endothelial function. In older adults with
cardiovascular risk factors, FMD measured in the bra-
chial artery was inversely associated with WMH volume
[41]. In elderly subjects from the population-based Rot-
terdam study, cerebral VR to changes in end-tidal CO,
was found to be inversely associated with deep subcor-
tical and total periventricular WMH [42]. The most ro-
bust relationship was between impaired cerebral VR and
periventricular WMH which is a watershed territory in
the brain, suggesting that hypoperfusion and subsequent
ischemia in these regions may be the causal mechanism
leading to WMH. Cerebral VR on the other hand has
also been associated with impaired mobility in the elder-
ly people. In 419 community dwelling individuals from
the MOBILIZE Boston Study, Cerebral VR was linked to
gait speed. Subjects in the lowest quintile of VR had low-
er gait speeds compared to those in the highest quintile.
Also, subjects in the highest quintile of VR had signifi-
cantly lower fall rates [43].

IJCNMH 2014; 1(Suppl. 1):507

Neurovascular coupling

NVC has also been linked to WMH and clinical outcomes
in the elderly people. Data from the MOBILIZE Boston
study, show that changes in CBF velocity responses to an
N-Back task (referred to as NVC) was significantly asso-
ciated with gait speed and that subjects with higher NVC
were able to suppress the negative relationship between
WMH and gait speed [44]. In other words, individuals
with faster gait speed despite increased WMH burden also
exhibited higher NVC. In another study involving older
individuals, impaired NVC was associated with poor ex-
ecutive function as measured by the Trails making test B
[45]. Moreover, higher NVC coupling was associated with
greater white matter microstructural integrity as measured
by diffusion tensor imaging.

Summary

Age related changes in the structure and function of the sys-
tem and cerebral vascular tree have been demonstrated in
many studies. A number of age related structural changes in
the brain, which clinically manifest with cognitive and mo-
bility impairment, have also been linked to vascular mech-
anisms. Figure 1 provides an overview of the relationship
between cerebrovascular aging and clinical outcomes.

Future longitudinal studies linking specific age related
vascular changes to brain structural changes and age re-
lated mobility and cognitive impairment will help identi-
fy therapeutic targets for the prevention and treatment of
vascular causes of these disorders.
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Figure 1. Relationship between cerebrovascular aging and clinical outcomes.
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