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ABSTRACT: Advanced age is the major risk factor for dementia including Alzheimer’s disease. The clinical
effects of recently developed anti-amyloid therapy for Alzheimer’s disease were modest and the long-term
outcome is unknown. Thus, an in-depth understanding of the mechanisms of brain aging is essential to develop
preventive interventions to maintain cognitive health in late life. Mounting evidence suggests that arterial aging
manifested as increases in central arterial stiffness is associated closely with cerebrovascular dysfunction and
brain aging while improvement of cerebrovascular function with aerobic exercise training contributes to brain
health in older adults. We summarized evidence in this brief review that 1) increases in central arterial stiffness
and arterial pulsation with age are associated with increases in cerebrovascular resistance, reduction in cerebral
blood flow, and cerebrovascular dysfunction, 2) aerobic exercise training improves cerebral blood flow by
modifying arterial aging as indicated by reductions in cerebrovascular resistance, central arterial stiffness,
arterial pulsation, and improvement in cerebrovascular function, and 3) improvement in cerebral blood flow
and cerebrovascular function with aerobic exercise training may lead to improvement in cognitive function.
These findings highlight the associations between arterial aging and cerebrovascular function and the
importance of aerobic exercise in maintaining brain health in older adults.
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Introduction years before the onset of cognitive impairment [1, 4].
Accordingly, effective preventive interventions may need
to start early in cognitively normal older adults or those
with mild cognitive impairment (MCI: a prodromal stage

of AD) [, 5].

The incidence of dementia continues to increase with the
rapidly aging global population [1]. The major risk factor
for dementia is advanced age [1, 2]. The clinical effects of

recently developed anti-amyloid therapy for Alzheimer’s
disease (AD), the most common type of dementia, were
modest and the long-term outcome is unknown [3].
Therefore, an in-depth understanding of brain aging and
its association with neurodegenerative diseases such as
AD are essential to develop preventive interventions to
preserve cognitive vitality or delay the onset or the
progression of cognitive impairment associated with AD
[1, 2, 4, 5]. In this regard, AD pathology can begin ~20

The transformation from healthy brain aging to AD is
a complex process involving a combination of genetic,
lifestyle, and environmental factors affecting the brain
over a long period [1, 4, 6]. Accumulating evidence has
demonstrated that the presence of cardiovascular diseases
or its risk factors increases the risk for AD [4, 6-8].

It has been hypothesized that age-related central
arterial stiffening associated with a sedentary lifestyle
increases systemic and cerebral arterial pulsation (i.e.,
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pulsatile arterial pressure and/or blood flow) which may
expose cerebral small blood vessels to augmented
mechanical stress, thus leading to cerebral endothelial
dysfunction, increase in cerebrovascular resistance
(CVR), and cerebral hypoperfusion, and that these
cerebrovascular dysfunctions may contribute to age-
related cognitive decline or cognitive impairment related
to AD (Fig. 1) [9-11]. Consistent with this hypothesis,
increases in central arterial stiffness have been linked with
the presence of cerebral small vessel disease (CSVD)
manifested as magnetic resonance imaging (MRI)
measurement of brain white matter intensities (WMH),
cognitive impairment, and brain AD pathology (amyloid
and tau depositions in older adults) [12-15]. In addition,
further reduced cerebral blood flow (CBF), elevated
central arterial stiffness, and cerebrovascular dysfunction
have been observed in older adults with MCI compared
with cognitively normal older adults [14-19].

Mounting evidence suggests that aerobic exercise
training improves cerebrovascular function and thereby

may prevent or slow age-related cognitive decline or the
progression of AD [20-25]. Despite the recognized
importance of exercise training/physical activity for
preserving brain health, the underlying mechanisms are
not well understood [20-26]. This lack of knowledge
contributes to the uncertainty as to what type or dose of
exercise (intensity, frequency, and duration) would
influence exercise responses, who would get the most
benefit from exercise and how exercise contributes to
improvement in cerebrovascular function, thereby
cognition function. In this regard, reductions of central
arterial stiffness with aerobic exercise training have been
observed in cognitively normal older population [27-29].
In this context, it has been proposed that a reduction in
central arterial stiffness may decrease systemic and
cerebral arterial pulsation and CVR and increase CBF,
leading to preserved cognitive vitality in older adults (Fig.
1) [25].
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Figure 1. A proposed hypothesis of arterial aging and cerebrovascular function in sedentary aging and physical
exercise. The Windkessel effect of central elastic arteries on cerebrovascular and cognitive function in aging and how
aerobic exercise training may prevent or ameliorate the effects of arterial aging on cerebrovascular and cognitive
function. CVMR, cerebral vasomotor reactivity; ICA, internal carotid artery; VA, vertebral artery; MCA, middle

cerebral artery. Created with BioRender.com.

The purpose of this brief review is to provide
evidence that arterial aging, as manifested by increases in
central arterial stiffness, and augmented arterial pulsation
are associated with a reduction in CBF, cerebrovascular
dysfunction, increases in brain WMH, and brain atrophy
in older adults. Further, we provide evidence that one-year
moderate-to-vigorous aerobic exercise training improves

CBF which is associated with reductions in central arterial
stiffness, arterial pulsation, and CVR and that
improvement in cerebrovascular function is associated
with improvement in cognitive function. Finally, we will
discuss a potential dose-response relationship between
changes in aerobic fitness level measured with peak
oxygen uptake (VOgpeak) With aerobic exercise training
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and reductions in central arterial stiffness and
improvements in cerebrovascular and cognitive function.
There are several excellent systemic reviews and meta-
analysis papers on exercise training, cerebrovascular
function, and cognitive performance in older adults [20-
25]. In this review, we will focus on the arterial aging
hypothesis discussed above and provide supportive
evidence based mainly on our previous studies of arterial
aging across the adult lifespan [30-32] and aerobic
exercise training in cognitively normal older adults and
patients with MCI [33-35]. Conducting aerobic exercise
training in patients with MCI is important because MCI
may represent a critical time window for implementing
lifestyle modifications to prevent further cognitive
impairment [1, 5].

Arterial Aging, Brain Structure, and Cerebrovascular
Function

Advanced age is associated with the stiffening of central
large elastic arteries which is a key determinant of
augmented arterial pulsation and appears to lead to brain
structural changes and cerebrovascular dysfunction [9-12,
15, 36]. Below, we will discuss the physiological role,
assessment methods, and effects of central arterial
stiffness on brain structural changes and cerebrovascular
function as well as its association with cognitive decline.

Central elastic artery stiffness and brain structure

The central elastic arteries (e.g., the aorta and carotid
arteries) fulfill a physiological role in buffering arterial
pulsations originated from the heart and provide
continuous blood flow to the peripheral vascular beds,
which is referred to as the Windkessel effect [37]. The
main components responsible for buffering the
mechanical stresses exerted on the arterial wall are elastin,
collagen, and smooth muscle [36]. The central arterial
wall elastin bears the vast majority of pulsatile mechanical
stress generated from intermittent left ventricular ejection
[36]. The central arterial wall expands to accommodate
stroke volume during systole, which attenuates the
transmission of excessive systolic pressure energy into the
downstream microcirculation [10, 37]. During diastole,
the arterial wall recoils due to stored energy to maintain
diastolic blood pressure (BP) and blood flow to the
peripheral vascular beds [37]. The Windkessel effect of
the central elastic artery protects the key end-organs (e.g.,
the brain and kidney) from being subjected to potentially
damaging excessive arterial pulsation while preserving
the efficiency of tissue perfusion [10, 36].

A number of methodologies have been used to assess
the elastic properties of central arteries in humans [36].
The carotid-femoral pulse wave velocity (cfPWV), which

has been considered as the gold standard for the
measurement of central arterial stiffness, is determined by
the distance from the carotid to the femoral arteries and
the time taken for the arterial pulse wave to propagate
between the two sites [38]. Consequently, cfPWV
assesses an integrated stiffness of different segments of
the aorta [36]. Alternatively, carotid arterial stiffness (e.g.,
the carotid B-stiffness index) is determined by the
measurements of lumen diameter changes using
ultrasound imaging and the arterial pulse pressure via
applanation tonometry recorded at the common carotid
artery, which is a regional arterial stiffness measure close
to the brain [36]. In addition, compared to cfPWV,
measurement of carotid arterial stiffness is less influenced
by changes in arterial pressure [39]. Thus, carotid arterial
stiffness is likely to be more relevant and reliable to assess
the impacts of central arterial stiffening on the brain [32,
40].

Age-related central arterial stiffening can be
attributed to elastin fragmentation, collagen deposition,
and altered vascular smooth muscle tone [36]. The central
arterial stiffening impairs the Windkessel effect, which
may lead to increases in pulsatile arterial pressure and
blood flow, thereby damaging the small blood vessels in
the brain [9, 11]. The brain is vulnerable to arterial
pulsation because it has low vascular resistance and high
perfusion, thus elevated arterial pulsation may penetrate
downstream into the microcirculation causing CSVD [9,
11]. CSVD manifested as WMH is closely associated with
age-related brain atrophy and cognitive decline [41, 42].
Indeed, higher central arterial stiffness assessed by
cfPWV has been associated with the elevated pulsatile
arterial pressure, greater WMH volume, brain atrophy,
and cognitive decline in the elderly with or without
cognitive impairment [12, 14, 15].

To gain the insights into the association of age-related
central arterial stiffening, in particular carotid arterial
stiffness, with brain structural changes across the adult
lifespan, we recently studied the associations of central
arterial stiffness measured by cfPWV and carotid arterial
stiffness with brain volume and WMH in 187 healthy
adults aged between 21 and 80 years [32]. The
participants in this study were vigorously screened for the
presence of clinical cardiovascular disease and/or
cardiovascular risk factors related to central arterial
stiffness. In particular, those with BP > 140/90 mmHg,
consolidated with 24-hour ambulatory BP monitoring,
were excluded because hypertension has a significant
impact on central arterial stiffness [32]. We found that
cfPWV increased linearly while carotid arterial stiffness
increased nonlinearly with advanced age although both
measures of central arterial stiffness were highly
correlated (R? = 0.40). However, this correlation was
weakened among people aged more than 46 years (R? =
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0.15) suggesting a divergence of these two measures in
advanced age [32]. In addition, CBF pulsatility at the
middle cerebral artery (MCA) measured by transcranial
Doppler (TCD) and WMH volume increased, whereas
total brain and gray matter volumes decreased with age,
consistent with previous meta-analysis and systematic
reviews [12, 14, 15].

This study extends previous investigations by
revealing the associations of both age-related carotid
arterial stiffness and cfPWV with brain structural
alterations across the adult lifespan [32]. Higher carotid

arterial stiffness and cfPWV were associated with larger
WMH volume, and higher cfPWV was associated with
smaller total brain volume and gray matter volume after
adjustment of age, sex, and mean arterial pressure.
Notably, we observed that CBF pulsatility mediated the
associations between the increase in carotid arterial
stiffness and WMH volume after adjustment for age, sex,
and mean arterial pressure (Fig. 2) [32]. Collectively,
these findings suggest that the Windkessel effect of the
central artery on buffering arterial pulsation is related to
brain structural changes in normal aging[19].
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Figure 2. A mediation analysis of the relationship between carotid B-stiffness index, normalized white matter
hyperintensity ("WMH) by individual brain volume, and cerebral blood flow velocity pulsatility index (CBFV
PI). B, unstandardized regression coefficients. One-hundred fifty-nine subjects aged between 21 and 80 years were used
for modeling. Covariates included in the mediator model: age, age?, sex, and mean arterial pressure. [Adapted from [32]
Copyright © (2023) with permission from Wolters Kluwer Health Inc.

Cerebral blood flow and cerebrovascular resistance

A sufficient and continuous blood supply of oxygen,
nutrients, and energy substrates (i.e., glucose) to the brain
is necessary to maintain normal neuronal function [4, 6,
43]. In human, the brain represents only 2-3% of total
body mass while requiring ~15% of cardiac output and
consuming about ~ 20% of the available O, under normal
conditions [4, 6, 43]. The high metabolic rate of the brain,
combined with limited energy stores, highlights the
importance of CBF for nutrients and Oz delivery [4, 6, 43].
To sustain the high-volume blood supply, CVR is low
relative to the other organs [43]. Importantly, a large part
of CVR is controlled outside of the parenchyma by the
cerebral arteries and pial arterioles [6, 43]. Thus, a normal
function of CVR adjustment in response to the blood flow
demand is crucial in maintaining normal brain function.
A number of non-invasive imaging modalities have
been used to measure volumetric CBF, CBF velocity, and
brain perfusion [44]. For example, phase-contrast
magnetic resonance imaging (PC-MRI) and color-coded

duplex ultrasonography (CDUS) have been used to
measure both volumetric CBF and CBF velocity at the
brain-feeding extracranial arteries [i.e., the internal
carotid (ICA) and vertebral (VA) arteries]. Furthermore,
TCD has been used widely to measure CBF velocity at the
intracranial arteries [e.g., the MCA] to reflect changes in
CBF. Finally, an MRI arterial spin labeling (ASL)
approach has been used to measure both global and
regional brain perfusion.

In most of the previous studies, age-related changes
or differences in CBF were often measured by using only
one of the aforementioned modalities [45, 46]. It is
therefore difficult to compare these studies directly
because of the different methods used for CBF
measurement. We recently reported the measurement of
CBF using multimodality approaches in healthy adult
population [30]. We observed that measurements of total
CBF and normalized CBF by individual brain volume
were correlated among CDUS, PC-MRI, and ASL. The
measurements of blood flow velocity at the ICA, VA, and
MCA were also correlated among CDUS, PC-MRI, and

Aging and Disease * Volume 15, Number 4, August 2024

1675



Tomoto T, et al.

Exercise and Vascular Contributions to Brain Health

TCD despite the presence of large individual differences
which may reflect either the individual physiological
variabilities or the methodological differences or both
[30].

Age-related reduction in CBF has been reported in
previous studies, which may reflect either a reduction of
cerebral metabolism, cerebrovascular dysfunction, or
both [43, 45, 46]. One hypothesis in support of
cerebrovascular dysfunction is that age-related central
arterial stiffening associated with increases in arterial
pulsation may expose cerebral arterioles and capillaries to
augmented mechanical stress, thus leading to cerebral
endothelial dysfunction, vasoconstriction, increases in
CVR, and decreases in CBF in older adults (Fig. 1) [9,
11]. Of note, a longitudinal study in older adults with and
without clinical diagnosis of AD showed that increases in
CVR preceded reductions in CBF and that increases in
CVR were able to predict the onset of clinical AD
independent of alterations of cerebral metabolism [47].

Cerebrovascular Resistance

These observations are consistent with a recent report that
cerebrovascular  dysfunction manifested as brain
hypoperfusion precedes the development of AD
pathology in older adults [18].

To investigate the CBF and CVR across the healthy
adult lifespan, we studied the age-related differences in
CBF and CVR using MRI, ultrasonography, and TCD in
185 healthy adults aged between 21 and 80 years [30]. In
this study, CBF velocity and the vessel diameters of the
ICA and VA were simultaneously measured to determine
whether age-related differences in CBF are determined
mainly by the alternations in the blood flow velocity or
the vessel diameters, or both. Since large cerebral arteries
such as the ICA and VA contribute importantly to the
overall CVR, these measurements also provide insight
into whether age-related increases in CVR can be
attributed mainly to the vasoconstrictions of the
downstream small cerebral arterioles and/or capillaries [4,
43].

Vascular Resistance (mmHg/mL/min)

0.3 o R?=0.30,y=0.0012x +0.090, p < 0.001 1.2 - R?=0.20,y=0.0038 x + 0.2287, p < 0.001
= o Men o® ° ° Figure 3. Association of age with
E 08 | cerebrovascular resistance (CVR).
g 0.2 1 < CVR measured by color-coded duplex
£ % ultrasonography (left upper and middle
E 0.4 4 panels), CVR index measured by
; 0.1 - transcranial Doppler at the middle
3 o] cerebral artery (Ieft_ lower panel), and
15 - vascular resistance in the left (L) and
0 — : right (R) internal carotid (ICA) and
10 20 30 40 50 60 70 80 90 vertebral arteries (VA) (right panels) are
Age (years) 0.8 - shown. CVR was calculated as mean
O S ——— é arterial pressure (MAP) divided by total
E ‘ ' 4 p cerebral blood flo_w (CBF) (left upper
S 3.0 ] panel) and normalized CBF (left middle
S panel).  Vascular resistance  was
3 25 - 0l calculated as MAP divided by blood
%, 6 - flow volume in each artery. Solid lines
S represent the regression equations
E obtained for 185 subjects in CVR and
e L 41 vascular resistance and 169 subjects in
S e g CVR index. [Adapted from [30]
10 20 30 40 50 60 70 80 90 ] Copyright © (2023) with permission
Age (years) from SAGE Publications.
. 351 Re=027,y=0.012x+0.986, p < 0.001 0
"
E 3.0 1 o
o] 0
E 25 4 8 ©° 4
& 20 A ‘ %
= Fd 2
% 15 1 0927 5
10 S0Q ° o -~ o 0 .
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Age (years) Age (years)

Aging and Disease * Volume 15, Number 4, August 2024

1676



Tomoto T, et al.

Exercise and Vascular Contributions to Brain Health

We found that age was associated with decreased
CBF by ~3.5 mL/min per year and CBF normalized by
individual brain volume by ~0.19 mL/100 g/min per year
across the measurement methods used, and that these
magnitudes of reductions in CBF with age are consistent
with previous studies [45, 46]. Of note, similar to other
studies of age-related differences in CBF, we cannot
dissect other confounding factors that may influence CBF
such as individual differences in brain metabolic rate or
medication use in older adults (e.g., antihypertensives or
cholesterol medication). In this regard, recent studies
suggest that the effects of antihypertensives or statins on
CBF in otherwise healthy older adults are likely to be
minimal [48-50].

We also observed that CVR increased by ~0.011
mmHg/mL/100 g/min per year and vascular resistance
measured at the ICAs and VAs also increased with age
(Fig. 3) [30]. Blood flow velocities measured at the ICAs,
VAs, and MCA decreased linearly with age ranging from
0.07 - 0.15 cm/s per year, while the vessel diameters of
the ICAs and VAs remained similar among the age
groups. Furthermore, increases in CBF pulsatility at the
ICAs, VAs, and MCA with age were also observed [30].
Collectively, these results suggest the presence of cerebral
vasoconstriction which likely occurs in the small cerebral
arterioles and capillaries but not in the large cerebral
arteries [30]. These observations are also consistent with
the hypothesis that reduction of downstream blood flow
velocity may reduce the shear stress on the blood vessel
endothelial cells and flow-mediated vasodilation leading
to increases in CVR and reductions in CBF, which in turn
may formulate a vicious circle affecting neuronal function
[11, 43].

There is an increasing recognition that cerebral
hypoperfusion, increased CVR, and central arterial
stiffening are emerging risk factors for clinical AD [36].
We recently tested this hypothesis by showing that carotid
arterial stiffness is associated with reduced CBF, and
increased CVR in patients with MCI [40]. Patients with
MCI had lower CBF and higher CVR when compared
with age-matched cognitively normal older adults [40,
51]. Importantly, CBF was negatively associated with
carotid arterial stiffness, and CVR was positively
associated with carotid systolic pressure after adjustment
for age, sex, body mass index, and MCI status [40].
Furthermore, CBF pulsatility measured at the MCA was
positively associated with carotid pulse pressure and
negatively with diastolic BP. Of note, lower diastolic CBF
velocity at the MCA was also associated with higher
carotid arterial stiffness and lower CBF, suggesting that
impaired Windkessel effect during diastole may
contribute to the overall reduction in CBF in patients with
MCI [40]. Alternatively, the presence of AD pathology
such as brain p-amyloid and tau in patients with MCI may

cause cerebral vasoconstriction leading to reductions in
CBF and increases in CVR [52, 53].

Cerebral vasomotor reactivity to CO; during hypo- and
hypercapnia

CBF is highly sensitive to changes in the partial pressure
of carbon dioxide in the arterial blood (PaCO,). Elevated
PaCO, (hypercapnia) increases CBF via cerebral
vasodilation, whereas reduced PaCO; (hypocapnia)
decreases CBF due to vasoconstriction [54, 55]. These
CBF responses to changes in PaCO, are referred to as
cerebral vasomotor reactivity (CVMR), which can be
assessed during either hypercapnia or hypocapnia, or both
[54, 55]. The changes in cerebral vasomotor tone to
PaCO; may occur throughout the cerebrovascular tree but
likely occur mainly in the small cerebral arterioles and the
capillary vascular beds [4, 43]. Although the underlying
molecular and cellular mechanisms of CVMR to changes
in arterial CO; are not well understood, it may reflect
cerebral blood vessels’ responses to neuronal metabolic
stimuli, thus neurovascular coupling (NVC) [6, 56].
Accordingly, the measurement of CVMR has been used
widely in clinical and research settings to assess
cerebrovascular function [57]. However, it should be
mentioned that NVC can be assessed directly by
measuring CBF responses to cognitive stimuli (e.g.,
measurement of changes in CBF velocity using TCD
during memory/executive testing) [58-60]. Whether the
measurement of CVMR is correlated with direct
measurement of NVC and whether the underlying
molecular and cellular mechanisms leading to cerebral
vasodilation and increase in CBF are different or similar
between these assessments need to be determined in
future studies [56, 60, 61].

Several methods are available to assess CVMR
during either hyper- or hypocapnia [57]. CVMR during
hypercapnia can be assessed either by using stepwise
increases in inspiratory air concentration of CO; [54, 55]
or a rebreathing method in which a progressive increase
in PaCO, was induced by having the subject rebreathe
his/her own expired air [62]. Similar results of CVMR
measurements between the two methods using TCD have
been reported previously [63]. On the other hand, CVMR
during hypocapnia is commonly assessed by asking the
study participants to perform a short period of
hyperventilation of room air to induce progressive
decreases in PaCO; [63-65]. It has been reported that
measurement of CVMR was influenced by the marked
changes in systemic arterial BP during hypo- and
hypercapnia which are likely mediated by the central and
peripheral chemoreceptor responses to change in PaCO;
[66]. Thus, it is essential that changes in systemic arterial
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BP need to be accounted for the changes in CBF during
CVMR assessment [43].

The reduction of hypocapnia CVMR during
hyperventilation (cerebral vasoconstriction) has been
observed in older adults either with or without cognitive
impairment [64, 65, 67]. These studies suggested that
cerebral vasoconstrictor capacity is reduced in older
adults compared with young individuals. Furthermore,
previous studies wusing TCD during voluntary
hyperventilation reported lower hypocapnic CVMR in
patients with AD and vascular dementia [67], but not in
MCI [68].

In contrast, the effects of advanced age on
hypercapnic CVMR  (cerebral vasodilation) are
inconsistent [69-71]. Hypercapnic CVMR using the
steady-state (i.e., stepwise increases in inspiratory air
concentration of COy) and breath-holding techniques have
reported a reduction or no change with age [69, 70].
Conversely, we observed that hypercapnic CVMR was
enhanced in cognitively normal older adults compared
with young individuals in a small sample size [71]. The
findings of hypercapnic CVMR in patients with AD and
MCI when compared with cognitively normal older adults
are also inconsistent [16]. These discrepancies may reflect
the limitations of the relatively small sample size
employed in these studies, the differences in the
methodologies used to measure CBF, the statistical
modeling and data analysis of the vascular responses, and
the magnitude of manipulated changes in PaCO,.
Especially, most of these studies did not account for the
changes in systemic arterial BP during changes in PaCO;
which may have contributed to the observed inconsistent
results [43].

Given the limitations in CVMR assessments
mentioned above, we recently studied CVMR to CO;
during both hypo- and hypercapnia across the adult
lifespan in 153 healthy adults aged between 21 and 80
years [31], and in 70 patients with MCI [72] using the
same hyperventilation and rebreathing methods [62, 63].
During both the hypo- and hypercapnic protocol, we
measured breath-by-breath changes in end-tidal CO, and
beat-by-beta changes in CBF velocity at the MCA via
TCD and finger arterial BP with non-invasive approaches
to account for changes in BP on the assessment of CVMR
[31, 72].

Several important results were observed in these
studies [31, 72]. First, we observed that hypocapnic
CVMR was reduced while hypercapnic CVMR was
increased with age [31]. Second, patients with MCI had
lower hypocapnic CVMR, but higher hypercapnic CVMR
compared with cognitively normal older adults [72].
Third, hypo-and hypercapnic CVMR were inversely
correlated to each other across all subjects (Fig. 4) [31,
72]. Fourth, BP response to hypercapnia was augmented

with advanced age and in patients with MCI. We also
observed that lower hypocapnic CVMR and higher
hypercapnic CVMR were associated with lower
performance scores of episodic memory and executive
function in cognitively normal older adults and patients
with MCI [72].
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Figure 4. Simple correlations between hypo- and
hypercapnic cerebral vasomotor reactivity (CVMR). The
correlations across the adult lifespan aged between 21 and 80
years are shown in upper panel and among cognitively normal
older adults and patients with amnestic mild cognitive
impairment shown in lower panel. CVMRs were calculated from
the slope of cerebrovascular conductance index (CVCi, %) vs.
end-tidal CO2 (mmHg). CVCi was calculated as mean cerebral
blood flow velocity (CBFV) at the middle cerebral artery
divided by mean arterial pressure (MAP). CVCi was used to
account for the effects of changes in MAP on CBFV during
hypo- and hypercapnia. [Upper panel adapted from [31]
Copyright © (2020) with permission from SAGE Publications
and lower panel adapted from [72] Copyright © (2020), with
permission from 10S Press.

Our observation of an inverse relationship between
hypo- and hypercapnic CVMR in Figure 4 provides
further evidence in support of the presence of cerebral
vasoconstriction and increases in CVR with advanced age
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and in patients with MCI. We hypothesized that increases
in the basal cerebral vasomotor tone (vasoconstriction)
with age and in patients with MCI may shift the baseline
operating point of the PaCO,-CBF relationship downward
closer to the cerebral ischemic threshold which would
decrease the hypocapnic cerebral vasoconstriction reserve
[71]. On the other hand, a downward shift of the operating
point may result in a greater reserve for cerebral
vasodilation, consistent with the observed inverse
relationship between hypo- and hypercapnic CVMR
presented in Figure 4. Collectively, these observations
support our central hypothesis that cerebrovascular
dysfunction may occur with advanced age and accelerate
in the early phase of clinical AD contributing to cognitive
decline (Fig. 1).

Effects of Aerobic Exercise Training on Vascular and
Brain Health

Interventions targeting to reduce central arterial stiffness
have a potential to improve cerebrovascular function and
reduce the risk of AD [7, 36]. Aerobic exercise training
reduced central arterial stiffness has been reported in
previous studies [20, 25, 27, 29]. However, at present, the
effects of aerobic exercise training on improving
cerebrovascular function and cognitive performance in
older adults are inconclusive [73, 74]. Below, we will
discuss the relationship between exercise-induced
reduction in central arterial stiffness and improvement in
cerebrovascular and cognitive function in older adults
based mainly on our previous studies [33-35].

Central elastic artery stiffness, cerebral blood flow, and
cognitive function

It has been hypothesized that regular aerobic exercise
decreases age-related stiffening of the central elastic
artery in older adults [27-29], which may lead to increases
in CBF [20, 25]. In this regard, previous studies of 3 - 4
months of aerobic exercise training reduced central
arterial stiffness in older adults and these observations
have been interpreted to suggest that the reduced central
arterial stiffness with exercise training reflects mainly a
reduction in the vascular smooth muscle tone because the
elastin-collagen compositions of the central arterial wall,
which represent a major component of arterial stiffness,
are unlikely to be modified with short-term aerobic
exercise training [29]. It has been well established that
arterial smooth muscle tone is modulated mainly by the
vessel wall endothelial function related to nitric oxide
bioavailability [27, 29]. Thus, it is possible that exercise-
induced reduction in central arterial stiffness, arterial
pulsation, and improvement in cerebral endothelial
function may lead to decreases in CVR and increases in

CBF [25, 43]. In addition, exercise-induced increases in
capillary density [75] and/or increases in cerebral
metabolic rate of oxygen may also lead to increases in
CBF through NVC [21].

The effects of aerobic exercise training on CBF are
inconclusive [21, 23, 24]. A recent systematic review and
meta-analysis of the effects of cardiorespiratory fitness
and aerobic exercise training on CBF reported that higher
cardiorespiratory fitness was associated with higher CBF
velocity measured at the MCA using TCD among older
adults in cross-sectional studies [24]. However, moderate
intensity of aerobic exercise training for a duration of 2-
12 months had little influence on the MCA CBF velocity
and global cerebral perfusion measured using MRI ASL
[23, 24]. One of major limitations in measuring changes
in CBF using TCD is that changes in CBF velocity do not
necessarily equal changes in volumetric CBF [57]. In
addition, measurements of global cerebral perfusion using
ASL are limited by low signal/noise ratio, particularly in
the white matter, and some of arbitrary model parameter
assumptions used to calculate CBF (e.g., post labeling
delay) which may be altered by engaging in exercise
training [76]. In this regard, global CBF measured as the
sum of volumetric blood flow from both the ICA and VA
using 2D CDUS may overcome the limitations of global
CBF measurements using TCD and MRI ASL [30].

To gain insights into the effects of aerobic exercise
training on CBF, CVR, and cognitive performance, we
conducted one-year, open-label, paralleled randomized
control trials in both cognitively normal older adults [35]
and patients with MCI [33]. The effects of moderate-to-
vigorous aerobic exercise training on CBF, CVR, and
cognitive performance were compared with an active
control group of stretching-and-toning interventions.

We found that the one-year aerobic exercise training
increased global CBF and decreased CVR and carotid
arterial stiffness in both cognitively normal older adults
and in patients with MCI (Fig. 5) [33, 35]. Of note, aerobic
exercise-induced increases in CBF were due mainly to the
increased ICA blood flow in both cognitively normal
older adults and in patients with MCI [33, 35].
Furthermore, we found that reduced carotid arterial
stiffness was associated with increased CBF in both
cognitively normal older adults and patients with MCI and
decreased CVR in cognitively normal older adults [33,
35]. The mediation analysis showed that the negative
associations between changes in VOzpeak and CVR were
mediated by the reduction of carotid arterial stiffness in
cognitively normal older adults (Fig. 6) [35]. In the
patients with MCI, CBF pulsatility was reduced in the
aerobic exercise group (Fig. 5) and a mediation analysis
showed that the positive associations between change in
VOzpeak and CBF were mediated by reductions in carotid
arterial stiffness and CBF pulsatility (Fig. 6) [33].
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Figure 5. Effects of aerobic exercise training on central arterial stiffness and cerebrovascular function. Each panel
shows changes in normalized cerebral blood flow (nCBF) and normalized cerebrovascular resistance (nCVR) by
individual brain volume, CBF velocity pulsatility index (CBFV PI) at the middle cerebral artery, and carotid B-stiffness
index after one-year stretching-and-toning or aerobic exercise training. Thin lines represent individual changes in all
panels. Triangles show mean values, and the error bars represent standard deviations (left panels). The thick line
represents the estimated marginal means with linear mixed model analysis. * p < 0.05 compared with baseline after
Bonferroni correction. T p < 0.05 compared with the SAT group. [Left panels adapted from [35] Copyright © (2022)
with permission from SAGE Publications, and right panels adapted from [33] Copyright © (2021), with permission from

10S Press.

We found that cognitive performance, mainly
memory function, was improved slightly but significantly
after one year of exercise intervention in cognitively
normal older adults [33, 35]. Specifically, aerobic

exercise training-induced reduction in carotid stiffness
and CVR were associated with improved Woodcock-
Johnson immediate recall scores [35]. However, aerobic
exercise training did not prevent reduction in brain
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volume in cognitively normal older adults and patients
with MCI [33, 35]. These observations suggest that
aerobic exercise training-induced improvements in

cerebrovascular function may precede changes in brain
structure in older adults.
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Figure 6. Mediation analyses of the relationship between changes in aerobic fitness level and
cerebrovascular function with central arterial stiffness as a mediator. Mediation analyses show
the relationship between changes in peak oxygen uptake (VOzpeak) and normalized cerebrovascular
resistance with carotid p-stiffness index as a mediator in the aerobic exercise training group in one-
year intervention in cognitively normal older adults (upper panel n = 28), and the relationship
between changes in VOzpeak and normalized cerebral blood flow (nCBF) with carotid B-stiffness
index and CBF velocity pulsatility index (CBFV PIl) as mediators across the groups in the
intervention in patients with amnestic mild cognitive impairment (lower panel n = 30). [Upper panel
adapted from [35] Copyright © (2022) with permission from SAGE Publications and lower panel
right panels adapted from [33] Copyright © (2021), with permission from 10S Press.

Cerebral vasomotor reactivity to CO, and cognitive
function

Regular aerobic exercise training may improve CVMR in
older adults [21, 24]. Besides, altered CVMR has been
observed in patients with MCI and was associated with
cognitive performance [72]. In this regard, moderate-to-
vigorous intensity aerobic exercise training in a time
frame of 3-6 months also improved peripheral endothelial
function in older adults [73, 77, 78]. In a study of stroke

survivors, 6-month of moderate-intensity of aerobic
exercise training increased hypercapnic CVMR [77], and
in healthy older adults, 3-month of moderate-intensity
aerobic exercise also increased CVMR during 5% CO;
inhalation [78]. However, 6-month moderate-intensity
aerobic exercise in cognitively normal middle-aged and
older adults did not alter CVMR during hypercapnia [73].
These inconsistent findings likely reflect the differences
in the study population, the exercise duration, as well as
the methods used to measure CVMR.
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Figure 7. Linear correlation between changes in hypocapnic
and hypercapnic cerebral vasomotor reactivity (CVMR) and
changes in peak oxygen uptake (VO2zpeak). CVMRS were
calculated from the slope of cerebrovascular conductance index
(CVCi, %) vs. end-tidal CO2 (mmHg). CVCi was calculated as
mean cerebral blood flow velocity (CBFV) at the middle
cerebral artery divided by mean arterial pressure (MAP). CVCi
was used to account for the effects of changes in MAP on CBFV
during hypo- and hypercapnia. A represents changes in pre- and
post-interventions. [Adapted from [34] Copyright © 2021 with
permission from the American Physiology Society.

We studied the effect of one-year aerobic exercise
training on CVMR in patients with MCI during hypo- and
hypercapnia [34]. We found that hypocapnic CVMR
increased whereas hypercapnic CVMR decreased with
aerobic exercise training when compared to stretching-
and-toning [34]. Of note, changes in hypo- and
hypercapnic CVMR were negatively correlated with each
other, consistent with those presented above in Figure 4
of the cross-sectional studies of CVMR with aging and
MCI (Fig. 7). We also observed that decreases in
hypercapnic CVMR with aerobic exercise were correlated
with improved cognitive performance in memory and
executive function [34]. Collectively, these results
suggest that one-year aerobic exercise improved CVMR
which is associated with improvement in cognitive
function in patients with MCI. The observed increases in
hypocapnic CVMR and decreases in hypercapnic CVMR
with aerobic exercise training may be related to the
exercise-induced reduction of the basal cerebral
vasomotor tone and CVR (i.e., baseline vasodilation
before CO; stimuli) in that cerebral vasoconstriction
reserve during hypocapnia increases whereas cerebral
vasodilation reserve during hypercapnia decreases,
consistent with the observation that aerobic exercise
improved endothelial function and flow-mediated
vasodilation at rest [27].

It must be acknowledged that the salutary effects of
aerobic exercise training on brain health are likely to be
multifactorial and go beyond those of aforementioned
changes in cerebral hemodynamics [21, 43, 79]. For
example, previous studies showed that one-year aerobic
exercise training increased hippocampal volume which
was associated with greater serum level of brain derived
neurotrophic factor (BDNF) and improvement in memory
performance [79]. Further, potential anti-inflammatory
effects of aerobic exercise training on improvement of
cognitive function and cerebrovascular health have been
proposed [21]. Further research is warranted to better
understand the role of different biological/physiological
mechanisms for the benefits of aerobic exercise training
on brain health in older adults.

The dose-response relationship between aerobic
exercise training and improvement in cerebrovascular
and cognitive function

Epidemiological studies indicated the presence of a dose-
response relationship between physical activity/exercise
training and the overall health benefits [80], and that this
dose-response relationship may also apply to cognitive
outcomes in that individuals who have greater levels of
physical activity also have higher levels of cognitive
performance and lower dementia risk [81, 82]. Of note, a
community-based exercise training study by Vironi et al.
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showed that it was the magnitude of changes in
cardiorespiratory fitness rather than the dose of exercise
administrated during the intervention that was a better
predictor of cognitive benefit in older adults [83]. Our
previous studies in Masters athletes, those who have
engaged in life-long high-intensity aerobic exercise

Cognitively normal older adults

training, also showed that life-long exercise may attenuate
age-related brain tissue loss [84] and that VOzpeak, Which
was significantly higher in Masters athletes than their age-
matched sedentary controls, was correlated negatively to
brain WMH volume [85].

Patients with mild cognitive impairment
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Figure 8. Associations of changes in aerobic fitness level with central arterial stiffness and
cerebrovascular function. Correlations of one-year changes in peak oxygen uptake (VOzpeak) With
normalized cerebral blood flow (nCBF) and cerebrovascular resistance (nCVR) by individual brain
volume, carotid B-stiffness index, and cerebral blood flow pulsatility index (CBFV PI) at the middle
cerebral artery were reported separately in cognitively normal older adults (left panels but across in the
patients with mild cognitive impairment (right panels). Solid line, dotted line, and broken line represent
those obtained from all, aerobic exercise training, and stretching-and-toning, respectively. [Left panels
adapted from [35] Copyright © (2022) with permission from SAGE Publications, and right panels
adapted from [33] Copyright © (2021), with permission from 10S Press.
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In this regard, a dose-response relationship between
aerobic exercise training and improvement in
cerebrovascular function may also present [21, 80, 86]. It
has been proposed that the benefits of aerobic exercise
training on CBF may manifest only when VOgpea IS
significantly improved [21, 86]. For example, a single-
arm, 6-month moderate-to-vigorous aerobic exercise
training increased cardiorespiratory fitness by 8% and
slightly but significantly increased CBF velocity
measured at the MCA in cognitively normal older adults
[73]. Further, a 3-month moderate-to-vigorous aerobic
exercise training increased VOgzpeax DY 6% and increased
regional cerebral perfusion measured with ASL in the
anterior cingulate cortex compared with the control group
in healthy older adults [87]. Furthermore, 4-month
moderate-to-vigorous aerobic exercise training increased
cerebrovascular responses to cognitive stimuli in older
adults, and the magnitude of improvements in
cerebrovascular function was associated positively with
the amount of exercise sessions performed [59].

Consistent with previous studies, we observed one-
year progressive moderate-to-vigorous aerobic exercise
training increased VOzpeak by ~9% and increased global
CBF by ~4%, and decreased CVR by ~5% measured with
ultrasonography in patients with MCI relative to baseline
[33]. In cognitively normal older adults, one-year
progressive moderate-to-vigorous aerobic exercise
training increased VOzpeak by ~10%, global CBF by ~5%,
and decreased CVR by 7% [35]. Of note, we also
observed that increases in VOapeak Were associated with
increased CBF and reduction in CVR and carotid arterial
stiffness in cognitively normal older adults and patients
with MCI (Fig. 8) [33, 35]. Furthermore, mediation
analyses showed that the effects of changes in VOzpeak 0N
CBF and CVR were mediated by changes in exercise-
induced improvement of carotid arterial stiffness (Fig. 6)
[33, 35].

Clinical Implications

Dementia is one of the biggest social and scientific
challenges in the 21% century [1, 22]. Besides its
significant impact on the health-related quality of life of
the affected individuals and their family members, the
financial burden to the patients, their families, and the
society at large is huge if not unbearable [1]. The clinical
effects of recently developed anti-amyloid therapy for
AD, the most common type of dementia, were modest and
the long-term outcome is unknown [3]. Therefore,
development of effective interventions for dementia
prevention is essential for maintaining cognitive vitality
in late life.

In this review, we showed that arterial aging
manifested by increases in central arterial stiffness is

associated with reduction in CBF, altered CVMR,
increases in brain WMH, brain atrophy, and cognitive
decline in older adults. Importantly, one-year moderate-
to-vigorous aerobic exercise training increased physical
fitness as measured by VOzpeak, reduced carotid arterial
stiffness, decreased CVR, and improved CBF in
cognitively normal older adults and patients with MCI
[33, 35]. In addition, cognitive performance (memory and
executive function) was preserved or improved slightly
with exercise training [33, 35]. Furthermore, aerobic
exercise improved CVMR during hypo- and hypercapnia,
consistent with reductions in the basal cerebral vasomotor
tone and CVR [34]. We also observed the presence of a
potential “dose-response” relationship between changes
in cardiorespiratory fitness and cerebrovascular function.
These findings collectively support the hypothesis that
aerobic exercise training improves cerebrovascular
function in older adults by reducing central arterial
stiffness which may benefit cognitive function. Thus,
further studies are needed to confirm and expand these
observations to better understand the underlying vascular
mechanisms of aerobic exercise training in improving
cognitive function in older adults and in dementia
prevention.

Conclusions

This review summarized the evidence in support of the
hypothesis that increases in central arterial stiffness and
arterial pulsation with age are associated with
cerebrovascular and cognitive dysfunction in older adults.
Importantly, we showed that one-year aerobic exercise
training reduced central arterial stiffness and CVR and
improved CBF in cognitively normal older adults and in
patients with MCI which were associated with
improvement in cognitive performance. These findings
provide strong evidence that aerobic exercise training
improves cerebrovascular function by modifying arterial
aging in older adults which may benefit brain health.
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