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Review

Exercise Improves Vascular Function,
but does this Translate to the Brain?
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Abstract. The number of adults with Alzheimer’s disease (AD) or related dementia is expected to increase exponentially.
Interventions aimed to reduce the risk and progression of AD and dementia are critical to the prevention and treatment of this
devastating disease. Aging and cardiovascular disease risk factors are associated with reduced vascular function, which can
have important clinical implications, including brain health. The age-associated increase in blood pressure and impairment
in vascular function may be attenuated or even reversed through lifestyle behaviors. Greater volumes of habitual exercise
and higher cardiorespiratory fitness are associated with beneficial effects on vascular health and cognition. Exercise and
cardiorespiratory fitness may be most important during midlife, as physical activity and cardiorespiratory fitness during the
middle-aged years are associated with future cognitive function. The extent to which exercise, and more specifically aerobic
exercise, influences the cerebral circulation is not well established. In this review, we present our working hypothesis showing
how cerebrovascular function may be a mediating factor underlying the association between exercise and cognition, as well
as discuss recent studies evaluating the effect of exercise interventions on the cerebral circulation.
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INTRODUCTION

According to the Alzheimer’s Association, one in
three adults over 65 years of age die with Alzheimer’s
disease (AD) or another related dementia [1].
Between the years 2000 and 2014, mortality from car-
diovascular disease, stroke, and HIV declined; how-
ever, the number of deaths attributed to AD increased
by 89% [1]. By 2025, an estimated 7.1 million adults

∗Correspondence to: Jill N. Barnes, Ph.D., Assistant Professor,
Bruno Balke Biodynamics Laboratory, Department of Kinesio-
logy, University of Wisconsin-Madison, 2000 Observatory Drive,
Madison, WI 53706, USA. Tel.: +1 608 262 1654; E-mail: jnbar
nes@wisc.edu.

in the U.S. will have AD, not including other demen-
tias [1]. Because no cure for AD exists, there is a
critical need to develop interventions to delay or pre-
vent AD and related dementias.

Adults with cardiovascular disease have a greater
incidence of having cognitive impairment com-
pared with adults without cardiovascular disease [2].
Furthermore, even in the absence of established car-
diovascular disease, vascular risk factors such as
hypertension, diabetes, and obesity during midlife are
associated with lower brain volumes and impaired
cognitive function 10 years later [3]. The idea that
cardiovascular health is relevant to brain structure
and function has been highlighted by the American
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Heart Association and American Stroke Association
who stated that the same risk factors for stroke are
also likely risk factors for AD [4]. Better vascu-
lar health during midlife is associated with higher
cognitive function [5]. An effective way to improve
vascular health and promote healthy vascular aging
is through lifestyle modifications, including habitual
aerobic exercise, which may act to support cere-
brovascular health. Epidemiological evidence has
demonstrated that physical activity and exercise are
associated with preserved cognitive function [6–8].
In support of this, Barnes & Yaffe calculated popula-
tion attributable risks that included the prevalence of
the risk factor and the strength of association of that
risk factor with AD diagnosis. Of all of the modifiable
risk factors for AD (including diabetes, hypertension,
obesity, smoking, depression, physical inactivity, and
cognitive inactivity), increasing the proportion of
the population who are physically active by 25%
was statistically the most effective measure in coun-
tering AD [9]. Thus, although cardiovascular risk
factors may be detrimental to brain health, habit-
ual aerobic exercise may be a promising intervention
to improve vascular health and in turn prevent or
delay the onset of age-related cognitive decline. This
review will discuss the hypothesis that regular exer-
cise, and specifically regular exercise associated with
improved cardiorespiratory fitness, enhances cogni-
tion through the beneficial effects of exercise on
vascular health. While we are not the only group
of investigators who are actively working on this
hypothesis, this area is relatively undeveloped, with
many unanswered research questions. Therefore, this
review is limited to the available literature and relies
on the previous correlative and cross-sectional studies
showing associations between exercise and vascular
health, as systematic, randomized control trials are
currently ongoing and the results are not yet available
[10–12].

PHYSICAL ACTIVITY, FITNESS AND
COGNITION

To a large extent, the work establishing the link
between physical activity and cognition is dependent
on subjective information regarding participants’
recall of the volume of leisure time physical activity
performed or on objective physiological informa-
tion quantifying the level of cardiorespiratory fitness.
Both subjective measures of physical activity partic-
ipation and objectively measured cardiorespiratory
fitness have been positively associated with cog-

nition. For example, older adults who reported
walking more blocks per week had a lower risk of
cognitive impairment 9 years later [13]. Similarly,
cardiorespiratory fitness measured during an incre-
mental exercise test was correlated with executive
function test scores [14, 15].

Lifelong physical activity and high levels of car-
diorespiratory fitness are important for brain health
as humans age. In a recent study by Horder, et al.,
higher cardiorespiratory fitness in women at midlife
was associated with lower risk of dementia approxi-
mately 44 years later [16]. In addition, Nyberg et al.
reported that greater cardiorespiratory fitness levels
at age 18 were associated with a lower hazard ratio for
development of mild cognitive impairment (MCI) or
dementia [17]. Taken together, these results suggest
that cardiorespiratory fitness and lifestyle behaviors
during the young and middle-aged years are impor-
tant in determining future risk of cognitive decline.

Several studies have performed randomized con-
trol trials in sedentary adults or adults with low initial
physical activity levels in order to measure the effect
of increased physical activity participation on cogni-
tion. The results of these trials have shown no change
[18, 19] or improvements [20–22] in cognition, with
improvements occurring specifically in adults with
high adherence rates. While there is discrepancy in
the literature in regard to the effectiveness of exercise
interventions on improving cognition, the majority
of studies that measure cardiorespiratory fitness and
demonstrate an increase in cardiorespiratory fitness
as a result of the intervention, have reported improve-
ment in cognitive outcomes [23, 24]. In fact, a study
by Vironi, et al. has shown that the magnitude of
change in cardiorespiratory fitness, rather than the
dose of exercise administered during the intervention,
was a better predictor of cognitive benefit [23]. Thus,
while the volume of exercise employed in random-
ized control trials is important, the improvement in
cardiorespiratory fitness may be crucial to achieving
improvements in cognitive function.

As mentioned above, greater volumes of physical
activity and higher levels of cardiorespiratory fit-
ness are associated with improved cognitive function
and decreased risk of cognitive decline. One factor
underlying the beneficial effects of physical activity
or fitness on cognition is the maintenance of brain
volume or reduced atrophy rates [14]. Longitudinal
assessments of brain volumes have demonstrated that
atrophy occurs with advancing age [25], particularly
after 65 years of age [26], and this brain atrophy is
accelerated in adults who progress to MCI or AD [27].
Importantly, older adults who reported walking more
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than 72 blocks per week demonstrated greater grey
matter volume compared with adults who reported
walking less [13]. Similarly, higher cardiorespiratory
fitness in older adults was positively associated with
greater hippocampal volume [28–30] and lower rates
of age-related decline in grey matter, particularly in
the prefrontal, superior parietal, and temporal cor-
tices [30]. Therefore, physical activity and exercise
appear to mitigate the atrophy rates of grey matter,
hippocampal, and whole brain volumes, which are
considered biomarkers of cognitive decline.

Another factor that could explain some of the
beneficial effects of regular exercise on cognition
is the maintenance of cerebral blood flow (CBF).
Global CBF declines with age [31–33], which may be
due to regional atrophy (although reduced CBF has
been shown independent of regional atrophy [31]),
lower cerebral metabolism, increased cerebrovascu-
lar resistance, or vascular dysfunction [33]. In older
adults, there is a positive association between self-
reported volumes of physical activity and CBF in
grey matter regions [34]. Similarly, studies investi-
gating blood flow parameters in the middle cerebral
artery (MCA) also report an association between car-
diorespiratory fitness and MCA blood velocity [35].
CBF declines with age, and greater global CBF or
MCA blood velocity may be protective in reducing
the negative impact of aging on brain health. This
hypothesis is based on the idea that: 1) greater levels
of CBF may prevent or slow the accumulation of neu-
ropathology, in particular amyloid-� [36, 37]; and 2)
greater levels of CBF may allow for higher cognitive
reserve for a given level of neuropathological burden
[38, 39].

While physical activity recall, physical activ-
ity tracking (e.g. steps per day using physical
activity trackers), and cardiorespiratory fitness (e.g.
VO2max) are used in quantifying physical activity
and exercise, the mechanisms underlying the cog-
nitive effects of physical activity vs. fitness may
be different. Increasing physical activity participa-
tion and reducing sedentary behaviors have a variety
of cardiovascular and metabolic benefits; however,
higher cardiorespiratory fitness typically observed
in lifelong exercisers may provide additional advan-
tages. When comparing healthy middle-aged and
older adults who met physical activity guidelines to
adults with a history of lifelong endurance exercise,
grey matter volumes were statistically higher in life-
long endurance exercisers [40]. Additionally, cortical
thickness in these lifelong endurance exercisers was
higher in several regions of the brain and cortical
thickness was positively correlated with cardiorespi-

ratory fitness [40]. In addition, Voss, et al. has shown
that higher cardiorespiratory fitness, but not physical
activity, was associated with functional connectivity
in several brain regions [41]. Taken together, these
results suggest that interventions designed to increase
cardiorespiratory fitness, rather than simply increas-
ing physical activity volumes or reducing sedentary
behavior, may offer the greatest neuroprotection in
middle-aged and older adults.

An important consideration of the aforementioned
studies is that cardiorespiratory fitness has sub-
stantial variability and heritability, with maximal
heritability estimates of ∼50% in sedentary indi-
viduals [42]. Thus, the positive association between
cardiorespiratory fitness may be partially driven by
genetic predisposition in sedentary individuals as car-
diorespiratory fitness is not only influenced by the
volume and intensity of exercise one participates in.
Accordingly, many well-designed studies involving
both sedentary and habitually exercising individuals
quantify both exercise training volume and cardiores-
piratory fitness levels. Even if an individual has a
genetic predisposition for a high cardiorespiratory
fitness, this potential advantage could be lost in the
absence of regular physical activity, especially over
the lifespan. In fact, studies that examine trainabil-
ity of cardiorespiratory fitness have shown that, even
in individuals with “low trainability”, once a greater
volume of exercise is added, cardiorespiratory fit-
ness improves to the levels of individuals with “high
trainability” (see reference [43] for review). There-
fore, exercise interventions should aim to increase
both exercise training volume and cardiorespiratory
fitness in adults with a range of initial fitness levels
and determine the potential effect on brain health.

One of the hallmarks of regular endurance exercise
and endurance exercise training in previously seden-
tary individuals is enhanced cardiovascular function
[44]. Enhanced cardiovascular function is associ-
ated with a range of benefits to many organ systems
and it is likely that the cardiovascular adaptations
associated with exercise also influence brain health.
Therefore, the enhancement in cardiovascular func-
tion may mediate the relationship between fitness,
brain structure, cerebral blood flow and cognition
[45].

BLOOD PRESSURE AND COGNITION

There is significant evidence that elevated car-
diovascular risk is linked to cognitive decline,
highlighting the importance of vascular contributions
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to development of AD and dementia. Hypertension,
and specifically hypertension during the middle-aged
years, is a major vascular risk factor for cognitive
decline [4, 46]. Hypertensive adults have a higher
propensity for developing cognitive impairment com-
pared with normotensive adults [47, 48]. A murine
model of hypertension (transverse aortic coarctation)
demonstrated that hypertension led to amyloid- depo-
sition, and reduced learning capacity, likely through
oxidative stress pathways [49]. Even in the absence
of hypertension, elevated diastolic blood pressure is
associated with cognitive impairment in humans [48,
50]. Similarly, pulse pressure (the difference between
systolic and diastolic blood pressure) is also linked to
cognitive decline [51, 52]. In an angiotensin II (ANG
II) model of hypertension in mice, the effect of hyper-
tension on myogenic autoregulation and disruption
of the blood-brain barrier is further exacerbated by
aging, which suggests a synergistic effect of hyper-
tension and aging on brain health [49, 53].

The association between blood pressure charac-
teristics and cognition illustrates the importance of
the structure and function of the vasculature in the
development of cognitive decline. Autoregulatory
mechanisms should maintain adequate blood flow
to the brain while protecting the delicate cerebral
microvessels, despite exposure to a high-pressure
environment. Yet, isolated systolic hypertension and
high pulse pressure may surpass the autoregulatory
curve, preventing the necessary protection of the
cerebral microvessels [52]. In an ANG II mouse
model of hypertension, high blood pressure aug-
mented the progression of brain pathologies [54].
In humans, higher brachial blood pressure is asso-
ciated with lower CBF, a potential biomarker of
cognitive decline [55]. The presence of hyperten-
sion also increases cerebral microbleeds [56, 57]
and white matter hyperintensities [58, 59], which are
also important biomarkers of cognitive risk. Blood
pressure measured in the aorta and carotid arteries
may be more indicative of the pulsatile exposure
experienced by the cerebral circulation, when com-
pared to brachial blood pressure. We and others
have shown an association between aortic blood
pressure characteristics and white matter hyperin-
tensities in middle-aged adults [60], normotensive
postmenopausal women [61] and elderly adults [62].

Importantly, the relationship between blood pres-
sure and cognition is not consistent throughout the
lifespan. For example, pulse pressure and its associ-
ation with cognitive function is highly dependent on
both age and baseline systolic blood pressure [63].

Managing blood pressure during midlife is associ-
ated with improved cognitive outcomes [64]. Yet,
low blood pressure, often due to aggressive pharma-
cological intervention, is associated with cognitive
impairment in older adults [65–67]. The widening
of pulse pressure and isolated systolic hypertension
with increasing age is due in part to an increase in
central arterial stiffness. In young adults, there is a
mismatch of vascular impedance between the central
elastic arteries and the peripheral muscular arteries
[68]. As humans age, the increase in central arterial
stiffness reduces the central-to-peripheral impedance
mismatch, resulting in greater transmission of the
pulsatile energy to the peripheral vasculature. With
age-associated increases in arterial stiffness, higher
pulsatile flow will reach the microvessels in vulnera-
ble high flow organs such as the brain and kidneys [69,
70], potentially causing damage. Aggressive blood
pressure lowering therapy in the elderly, without a
concomitant reduction in arterial stiffness, may not
have a beneficial effect on cognitive function. Thus,
this highlights the complex relationship between
blood pressure control and the effect on brain struc-
ture and function.

ARTERIAL STIFFNESS AND COGNITION

An increase in age-related blood pressure at rest
may be due to a parallel increase in the rigidity of
the large arteries. As the structure of the large central
arteries stiffens (due to structural characteristics like
increased collagen deposition, elastin degeneration,
and advanced glycation end-product cross-linking,
and/or functional characteristics like increased sym-
pathetic nerve activity or reduced nitric oxide (NO)
bioavailability; see [71] for review), the large arter-
ies are less capable of dampening the pulsatile flow
from the heart. Thus, with increased arterial stiffness
and arteriosclerosis, which may precede clinically-
relevant increases in blood pressure, higher pulsatile
flow will reach the microvessels [69, 70]. If this
happens in highly vascularized tissue like the brain,
damage to the microcirculation will ultimately impair
organ function, as mentioned above.

Aortic pulse wave velocity (PWV) is the gold stan-
dard technique to measure arterial stiffness of the
large central arteries in humans [72]. Large epidemi-
ology studies, like Framingham, have shown that
higher aortic PWV is associated with lower working
memory scores [73] and associated with the pro-
gression of cognitive decline [74]. Changes in brain
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structure and cerebrovascular function have been sug-
gested to mediate the relationship between arterial
stiffness and cognition. Cooper, et al. demonstrated
that vascular resistance in the cerebral vessels and
white matter hyperintensity fraction explained 41%
of the relationship between aortic PWV and memory
scores [75]. Thus, interventions aimed to improve or
reduce arterial stiffness may be important in mitigat-
ing the risk of cognitive decline.

VASCULAR FUNCTION AND COGNITION

Endothelial dysfunction may underlie the age-
related increases in arterial stiffness. The endothelial
layer of the blood vessels is responsible for
producing vasoactive substances, or endothelial-
derived relaxing factors (EDRFs). For example,
when endothelial cells experience an increase in
shear stress, this initiates a signaling cascade result-
ing in the release of EDRFs, including NO and
prostacyclin, which diffuse into the adjacent vascu-
lar smooth muscle cells (VSMCs) to cause VSMC
relaxation/vasodilation [76]. Peripheral endothelial
function is commonly quantified from the magnitude
of endothelium-dependent vasodilation (EDD) either
using intra-arterial infusions of vasodilating sub-
stances (i.e. acetylcholine) and measuring the change
in blood flow [77] or by occlusion of blood flow
for several minutes and quantifying the magnitude
of vasodilation upon release of blood flow restric-
tion (flow-mediated dilation; FMD) [78]. Because
endothelial dysfunction is likely systemic, previous
studies have evaluated EDD (often in the arm or leg)
and determined its association with biomarkers of
cognitive decline. In adults with cardiovascular dis-
ease, brachial artery FMD was inversely associated
with white matter hyperintensities such that individ-
uals with worse FMD demonstrated greater white
matter hyperintensity volume [79]. FMD was also
positively associated with working memory activa-
tion in middle-aged adults [80]. Other studies have
shown that patients with AD demonstrated lower
brachial artery FMD compared with healthy controls,
and that FMD was associated with clinical severity
of AD [81]. Similarly, adults with MCI also demon-
strated impaired FMD compared with age-matched
controls [82]. Taken together, these studies suggest
that systemic endothelial dysfunction is present in
patients with MCI and AD, and may be important in
both the development and progression of cognitive
decline.

Although several studies have shown impaired
FMD in MCI or AD patients or a relationship between
FMD and cognitive variables, this is not consistent
across all cognitive domains. In fact, a recent sys-
tematic review demonstrated that worsening FMD is
associated with lower executive function, but not cor-
related with global cognition, memory, or processing
speed [83]. Some limitations noted in this review state
that the studies often are not powered to investigate
the confounding effect of medications or traditional
cardiovascular disease risk factors. Future studies
should evaluate the impact of improving endothelial
function, and thereby FMD (via pharmacological or
lifestyle interventions), and determine the effect on
neuropathology and/or cognition.

While the literature strongly suggests the role of
vascular and hemodynamic influences in the devel-
opment and progression of cognitive decline, studies
reporting associations between vascular function or
hemodynamic variables and cognition have several
notable limitations. First, causality cannot be deter-
mined by these correlative relationships. Second, as
noted above, many of these studies are underpowered
to adjust for the confounding variables, making it dif-
ficult to interpret these results. Third, the few studies
that have longitudinal data on cognition are subject
to practice effects and test-retest variability, which
could either underestimate or overestimate the effects
of vascular health on cognition. Finally, a single mea-
sure of cognitive function is often used to represent
a cognitive domain, which may result in an inaccu-
rate or incomplete assessment of cognitive abilities.
These limitations highlight the need for systematic,
randomized control trials to further establish the role
of vascular dysfunction in cognitive decline.

EXERCISE AND VASCULAR FUNCTION

Age-associated impairments in vascular function
may be attenuated or even reversed through changing
lifestyle behaviors. The association between habit-
ual exercise or cardiorespiratory fitness and cognition
may be mediated by the beneficial effect on vascu-
lar function. Thus, exercise is a promising potential
intervention for individuals at risk for AD or demen-
tia.

Age-associated vascular dysfunction primarily
manifests as increased central arterial stiffness and
lower EDD, which can have wide-ranging effects on
organ function. Fortunately, there is evidence that
habitual exercise is able to reduce central arterial stiff-
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ness and improve EDD, in addition to attenuating
the age-associated impairment in vascular function.
For example, exercise-trained middle-aged and older
adults demonstrate favorable aortic PWV [84, 85] and
EDD [86, 87] when compared to age-matched seden-
tary adults. Additionally, both aortic PWV and EDD
are improved after a short-term exercise intervention
in middle-aged adults [86, 88]. Importantly, greater
cardiorespiratory fitness is associated with lower aor-
tic PWV [84, 85] and higher EDD [87, 89] in adults
throughout the lifespan (Fig. 1).

Despite these promising results in healthy adults,
exercise-derived improvements in vascular func-
tion may not be universal. Exercise-related changes
in peripheral vascular function in women may be
estrogen-dependent, as there is evidence that exercise
does not enhance FMD in postmenopausal women
without impaired endothelial function [90, 91], unless
they are given supplemental estradiol [90]. Similarly,
a recent review suggests that there are conflicting
results on the effect of exercise interventions on vas-
cular function in individuals with type 2 diabetes
(T2D) [92]. One study reported no improvement in
FMD in adults with T2D after a 6-month super-
vised exercise intervention, despite improvements
in cardiorespiratory fitness [93]. Collectively, these
studies suggest that the magnitude of improvement
in vascular function may be dependent on the initial
health and/or presence of comorbidities in the sam-
ple population. Finally, it is important to note that,
although many studies suggest that age-associated
increases in arterial stiffness precede age-associated
elevations in blood pressure [94], arterial stiffness
and blood pressure are inter related and could both
change in a parallel manner. Due to this association,
exercise-induced reductions in arterial stiffness may
be partially influenced by exercise-induced reduc-
tions in blood pressure.

The majority of published studies in healthy adults
demonstrate exercise-related improvements in vascu-
lar function, which are likely the result of multiple
mechanisms. During exercise, the increase in mus-
cle blood flow increases shear stress in the blood
vessels supplying the skeletal muscle, which per-
sists throughout muscle contraction. A local increase
in shear stimulus experienced by the endothelial
cells enhances NO production through the endothe-
lial NO synthase (eNOS) enzyme. Repeated habitual
exercise acutely increases this shear stimulus and
results in upregulated NO production. Through
repeated exposure, the endothelial cells adapt by
increasing eNOS mRNA expression [95] and increas-

Fig. 1. The relationship between cardiorespiratory fitness
(VO2max) and aortic pulse wave velocity (PWV), a measure of
central arterial stiffness, in 53 healthy women. Adapted with per-
mission from Tanaka, et al. [85].

ing eNOS phosphorylation [96]. When compared
to light intensity exercise, moderate to vigorous
intensity exercise results in the greatest increase in
endothelial shear stress [97], and is more efficient at
improving cardiorespiratory fitness [98]. In support
of this idea, cardiorespiratory fitness is associated
with EDD in men and women [87, 89]. Thus, changes
in eNOS expression and/or function may underlie
the exercise-related adaptations in the brachial artery
and resistance vessels as a result of exercise training.
Furthermore, this favorable adaptation to exercise
is prevented when blood flow (and therefore shear
stress) is occluded in one arm during an exercise
training intervention [99, 100].

Another mechanism underlying exercise-related
adaptations in the peripheral vasculature includes
oxidative stress, which increases with advancing
age [101], and reduces NO bioavailability (due to
combination of NO with reactive oxygen species
(ROS) and/or uncoupling the eNOS enzyme). Adults
who habitually exercise and have greater cardiores-
piratory fitness demonstrate lower oxidative stress
and higher antioxidant enzyme expression [101,
102] which are related to EDD [101]. Therefore,
the reduction in oxidative stress could be sec-
ondary to the upregulation of endogenous antioxidant
enzymes, an adaptation that could protect against
the excess oxidative stress produced during exercise.
Structurally, oxidative stress is associated with dis-
advantageous arterial wall remodeling, specifically
collagen I protein expression [103], which is pre-
vented when cells are treated with an antioxidant
enzyme mimetic [103]. In an animal model, aerobic
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exercise has been shown to reduce advanced gly-
cation end-products, which accumulate with age to
increase arterial stiffness [104]. Functionally, supra-
physiologic administration of ascorbic acid (a potent
antioxidant) acutely reduced arterial stiffness [105]
and improved EDD [106], strongly suggesting a role
of oxidative stress. Interestingly, the reduction in arte-
rial stiffness and improvement in EDD with ascorbic
acid infusion only occurred in older sedentary adults
and not in young adults, or those who were already
habitually active [106, 107], highlighting the role of
ROS in vascular aging and the benefit of habitual
exercise in mitigating this effect.

To date, there have been many published reports
examining the effect of exercise (particularly aerobic
exercise) on arterial stiffness and peripheral vascular
function, yet there are still many unresolved ques-
tions and further studies are needed. For example,
some studies report no improvement in EDD after
an exercise training invention, which may be due to
methodological/technical limitations in quantifying
the shear stimulus. The magnitude of the vasodila-
tory response should account for the magnitude of the
shear stimulus to properly compare the effect of an
intervention. Additionally, there is evidence that light
intensity exercise involving a large muscle mass may
not increase shear stress in vessels of non-exercising
tissue [108]. Interventions that utilize light intensity
exercise may not detect a significant increase in EDD
after training because the increase in shear stress
during light intensity is insufficient. Yet another unre-
solved issue is the contrasting results regarding the
effectiveness of an exercise intervention on vascular
function in postmenopausal women and adults with
T2D, as mentioned above. More research is neces-
sary to determine optimal interventions to improve
vascular function in these populations.

An important and often overlooked factor to con-
sider when evaluating the role of exercise on vascular
function is the mode and intensity of exercise.
Many exercise interventions utilize moderate inten-
sity aerobic exercise; however, there are contrasting
results with resistance exercise interventions regard-
ing whether they induce beneficial or maladaptive
changes in vascular function. For example, several
studies have reported an increase in arterial stiffness
in healthy adults as a result of a high intensity resis-
tance exercise intervention [109–111]. Even under
the umbrella of aerobic exercise, the mode of aerobic
exercise may also be important as arterial stiff-
ness was lower in runners, swimmers, and rowers,
compared with age-matched sedentary adults [112,

113], but FMD was not different between swim-
mers and sedentary adults [113]. Thus, future studies
are necessary to elucidate the mechanism underly-
ing exercise-induced adaptations and specify which
exercise interventions are most effective and what
populations benefit the most from these interventions.

TRANSLATION OF VASCULAR
ADAPTATIONS TO THE CEREBRAL
CIRCULATION

While the beneficial effects of exercise on the
peripheral circulation are more established, there is
also evidence that exercise in general enhances the
health of the cerebral circulation. Specifically, car-
diorespiratory fitness was associated with improved
resting MCA blood velocity in men [35, 114]. Sim-
ilarly, cardiorespiratory fitness was associated with
increased MCA cerebral vasodilator responses (a
measure of cerebrovascular function) in young [114]
and older [114, 115] healthy adults (Fig. 2). There
is also evidence that cerebral vasodilator responses
to metabolic stimuli are impaired in adults with
low cardiorespiratory fitness [116], demonstrating
a potential mechanism underlying the associa-
tion between exercise and cerebrovascular function.
Along these lines, Tarumi, et al. reported correla-
tions between measures of cerebral and peripheral
vascular function (cerebral vasodilator responses and
FMD) and measures of cognition (memory and exec-
utive function) [117]. Furthermore, the relationship
between cardiorespiratory fitness and measures of
cognition in this study were abolished after con-
trolling for cerebral and peripheral vascular function
[117], which strongly suggests the link between exer-
cise and cognition may be mediated by improvements
in cerebrovascular function.

The effect of higher cardiorespiratory fitness on
cerebral vasodilator responses may be due, in part,
to the effect of habitual aerobic exercise on the
extracranial arteries supplying the brain. As men-
tioned above, increased arterial stiffness may result
in a greater magnitude of hemodynamic forces trans-
mitted to the delicate cerebral microvessels, resulting
in microvascular damage and remodeling that ulti-
mately impairs their function. In an animal model
of arterial stiffness (mice with reduced elastin con-
tent), cerebral vasodilator responses of the MCA were
lower when compared to wild type mice, indicat-
ing cerebrovascular dysfunction [118]. Over time,
impaired cerebral microvessel function may impair
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Fig. 2. The relationship between cardiorespiratory fitness
(VO2max) and cerebrovascular function (CVRCO2) in older adults
as a function of exercise training status. CVRCO2 indicates cerebral
vasodilator responses to carbon dioxide. Adapted with permission
from Bailey, et al. [114].

neuronal function, limit the clearance of amyloid-
�, increase neuropathology, and manifest as reduced
cognitive function. Demonstrating this, increased
carotid arterial stiffness is associated with increased
prevalence of neuropathology and lower cognition
[62], which may be mediated by impaired cerebral
microvessel function. Additionally, carotid arterial
stiffness is associated with the progression of cog-
nitive decline in individuals with MCI [119]. While
studies have linked aortic stiffness (PWV) to cog-
nition [73–75], the stiffness of the carotid arteries
may be a stronger predictor of cerebrovascular health
and cognitive outcomes, as the common carotid arter-
ies branch directly (left) or indirectly (right) off of
the aortic arch. Due to the early branching from the
aorta, the blood flow that reaches the carotid arteries
is considerably pulsatile, with little elastic dampen-
ing. With increased stiffness of the carotid arteries, a
greater amount of this pulsatile energy may reach the

intracranial arteries. In support of this theory, carotid
arterial stiffness, but not aortic stiffness, was inversely
associated with cognition in adults [120]. Aerobic
exercise has been shown to reduce carotid arterial
stiffness [107, 121]; therefore, these beneficial adap-
tations may result in a more favorable hemodynamic
profile, thus enhancing cerebrovascular function.

The improvements in cerebrovascular function in
habitually exercising animals or adults may also be
due to adaptations as a result of regular increases
in blood flow to the brain. Blood flow to the brain
increases during aerobic exercise up to approximately
60% VO2max, then it plateaus, and decreases with
any further increases in intensity [122, 123]. The
amount of the increase in blood flow is likely depen-
dent on many other factors, such as the amount of
muscle mass active, the mode of exercise, and skele-
tal muscle afferent feedback mechanisms. During
these increases in CBF during exercise, the cere-
bral vessels experience increases in shear stress that
parallel the increase in blood flow. With habitual exer-
cise, the cerebrovasculature experiences repeated,
acute increases in shear stress that likely result
in shear-mediated intracellular signaling cascades
similar to the peripheral circulation. While pre-
vious studies have shown that age is associated
with unfavorable adaptations in the cerebral ves-
sels [124, 125] and impaired cerebral vasodilator
responses [126], aerobic exercise may prevent or
attenuate these age-associated changes. Evidence of
this is limited in humans; however, animal mod-
els have demonstrated that habitual exercise may be
able to prevent age-associated cerebrovascular dys-
function. We have recently shown that habitually
exercising adults do not demonstrate an age-related
decline in cerebral vasodilator responses of the
MCA [127]. In middle-aged mice with access to
voluntary running wheels, there are distinct differ-
ences in cerebrovascular structure and function, with
greater endothelial cell nuclei size (Fig. 3) com-
pared to sedentary animals [128]. Similarly, mice
with access to a running wheel also have greater
EDD of the cerebral arteries [129]. If exercise directly
improves cerebrovascular function, it may also lead
to enhanced astrocyte function. Aging is associated
with astrocyte hypertrophy and increased reactiv-
ity, which may be due to astrocytes attempting
to compensate for impairments in cerebrovascular
function. If exercise enhances the function of the cere-
brovasculature, it may attenuate the age-associated
increases in hypertrophy and reactivity, due to the
synergistic relationship between cerebral microves-
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sels and astrocytes. This could, in turn, prevent
neuronal hypoperfusion and hypometabolism that is
a result of impaired blood flow delivery.

In summary, exercise may serve to preserve cere-
brovascular function and neuronal function, and
subsequently cognition, through multiple mecha-
nisms. Aging is associated with increased blood
pressure, arterial stiffness, and endothelial dysfunc-
tion. Enhanced vascular function or amelioration
in the age-related increases in arterial stiffness and
endothelial dysfunction with habitual aerobic exer-
cise likely translates to the cerebral circulation
(Fig. 4). Yet, this hypothesis has undergone limited
testing.

EXERCISE INTERVENTIONS AND
CEREBROVASCULAR FUNCTION

Aerobic exercise and cardiorespiratory fitness may
be most important during midlife, as physical activ-
ity levels and cardiorespiratory fitness during the
middle-aged years are associated with future cog-
nitive function [16, 130]. Large-scale studies are
currently underway to evaluate the effect of exercise
interventions in older adults without cognitive com-
plaints on cerebrovascular function [10–12]. These
will be important in understanding how increasing the
volume of exercise may mitigate the effect of aging on
cerebrovascular function in sedentary adults. Small-
scale studies have shown that cerebral vasodilator
responses to carbon dioxide increased after an aerobic
training in healthy adults [131, 132] and in patients
with stroke [133]. Although more randomized con-
trol trials are necessary, the results of these studies
suggest that vascular function in the cerebral vessels
can be improved with a short-term aerobic exercise
intervention. Furthermore, initiating exercise inter-
ventions early (i.e. during midlife), before the onset
of cognitive decline, may be the most effective way
to lower the risk of cognitive decline.

ADDITIONAL MECHANISMS
UNDERLYING THE BENEFIT OF
EXERCISE

This review discussed the hypothesis that
improved vascular health is one mechanism underly-
ing the association between regular aerobic exercise
and enhanced cognitive function. In addition to
improvements in vascular health, regular aerobic
exercise induces numerous cardiac, musculoskeletal,

and metabolic adaptations that may also contribute
to the brain. A consistent finding is that exercise
can induces neurotrophins and growth factors, such
as vascular endothelial growth factor (VEGF) or
brain-derived neurotrophic factor (BDNF), but the
mechanism by which these are activated and affect
the cerebral circulation are less clear. During exer-
cise, skeletal muscle contraction causes the release
of numerous biologically-active factors into the cir-
culation. These “myokines” can then affect other
tissues through endocrine or paracrine mechanisms
that may mediate the systemic effects of regular exer-
cise [134–136]. These myokines may also promote
neurogenesis, linking skeletal muscle contraction to
brain structure and function. Recent studies have
shown that cathepsin B (CTSB) mRNA and pro-
tein levels are elevated after exercise in mice, and in
CTSB-deficient mice, the exercise-induced improve-
ment in spatial memory is absent [137]. Furthermore,
treadmill training increased CTSB levels in monkeys
and plasma CTSB is associated with spatial memory
in humans [137]. Additionally, the PGC-1�/FDNC5
pathway is activated by aerobic exercise in the hip-
pocampus (similar to skeletal muscle) in mice, which
leads to increased hippocampal BDNF [138].

During high-intensity exercise, lactate accumu-
lates in the skeletal muscle and blood lactate
concentrations increase. Thus, studies have inves-
tigated lactate as a potential link between skeletal
muscle contraction and brain adaptations. High-
intensity exercise in mice, sufficient to elevate blood
lactate levels, increases VEGF expression [139]. Lac-
tate injection has been shown to mimic the effect of
exercise [139, 140] and increase BDNF concentration
in humans [141]. Along these lines, exercise at a high
enough intensity to promote lactate production in
humans is associated with improved motor memory
and executive function [142, 143]. Taken together,
these studies demonstrate that numerous byproducts
of skeletal muscle contraction may contribute to neu-
rogenesis, cerebral angiogenesis, and enhanced brain
function, if the exercise is of sufficient intensity and
repeated regularly.

SUMMARY

Advancing age is the largest risk factor for
developing AD or other dementias. The epidemio-
logical and experimental evidence strongly suggests
that cardiovascular risk factors and/or poor vascu-
lar health is positively associated with cognitive
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Fig. 3. Scanning electron micrographs comparing cerebrovascular microstructure of sedentary and exercised middle-aged mice. A) Low
magnification images of the middle cerebral artery (MCA) (single arrow) with branch (double arrow) in a sedentary (left) and exercised
(right) mouse. Arteries are distinguished from veins (arrowhead) by the distinct impressions made by their endothelial cell nuclei (ECN). B)
High magnification images of ECN imprints from the MCA in a sedentary (left) and exercised (right) mouse. C and D) Exercise increased
the area of ECN in the MCA and its associated branches. *p < 0.005, t-test. Adapted with permission from Latimer, et al. [128].

Fig. 4. Our working hypothesis showing that aging is associated with an adverse cardiovascular profile, including increased blood pressure,
arterial stiffness, and endothelial dysfunction, which could all contribute to cerebrovascular dysfunction, and ultimately, cognitive decline.
Individuals at elevated risk of cognitive decline may experience “accelerated aging”. Aerobic exercise appears to attenuate vascular aging and
may be directly or indirectly associated with preserved cerebrovascular function throughout the lifespan. Solid lines represent mechanisms
with strong support from the literature. Dashed lines represent mechanisms that require further research to be definitively established.
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decline. As blood vessel health is associated with
both brain structure and brain function, vascular
health is likely a key mechanism by which reg-
ular aerobic exercise improves cognitive function.
The World Health Organization estimates that 25%
of adults, globally, are not meeting the minimum
physical activity recommendations. The high per-
centage of adults who are physically inactive will
have a substantial impact on future brain health.
Importantly, higher volumes of exercise and greater
cardiorespiratory fitness are associated with favor-
able vascular function and the majority of studies
show that aerobic exercise interventions improve vas-
cular function in healthy adults. Aerobic exercise
could directly increase cerebral angiogenesis, pre-
serve the function of existing cerebral microvessels,
or enhance extracranial artery function to protect
the cerebral microvasculature from the unfavorable
transmission of hemodynamic forces. Because direct
evidence on the effect of exercise on cerebrovascu-
lar function in humans is currently limited, future
studies are necessary to determine the effect of
aerobic exercise on cerebrovascular function and
elucidate the potential underlying mechanisms. Fur-
thermore, additional research is necessary to optimize
and implement exercise interventions early in the
treatment or prevention of cognitive decline.
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