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Abstract

Senescence is a leading cause of mortality, disability, and non-communicable chronic diseases in
older adults. Mounting evidence indicates that the presence of cardiovascular disease and risk
factors elevates the incidence of both vascular cognitive impairment and Alzheimer’s disease
(AD). Age-related declines in cardiovascular function may impair cerebral blood flow (CBF)
regulation, leading to the disruption of neuronal micro-environmental homeostasis. The brain is
the most metabolically active organ with limited intracellular energy storage and critically depends
on CBF to sustain neuronal metabolism. In patients with AD, cerebral hypoperfusion, increased
CBF pulsatility, and impaired blood pressure control during orthostatic stress have been reported,
indicating exaggerated, age-related decline in both cerebro- and cardiovascular function.
Currently, AD lacks effective treatments; therefore, development of preventive strategy is urgently
needed. Regular aerobic exercise improves cardiovascular function, which in turn may lead to a
better CBF regulation, thus reducing the dementia risk. In this review, we discuss the effects of
aging on cardiovascular regulation of CBF and provide new insights into the vascular mechanisms
of cognitive impairment and potential effects of aerobic exercise training on CBF regulation.

Graphical abstract

We propose that age-related cardiovascular dysfunction profoundly alters cerebral blood flow
(CBF). The stiffening and wall thickening of central elastic arteries elevate systolic (SBP) and
pulse (PP) pressure which subsequently augment CBF pulsatility. The elevated mean arterial
pressure (MAP), resulting from increased total peripheral resistance (TPR) and endothelial
dysfunction, may induce cerebrovascular remodeling to increase the resistance (CVR) and
impedance. The blunted cardiovagal baroreflex sensitivity (BRS) may lead to BP and CBF
instability during extrinsic stimuli (e.g. postural change).
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Background

We are facing the unprecedented aging of population. According to a recent report from the
United Nations, a global share of older adults 60 years and over are expected to more than
double from 2013 to 2050. In addition, the older population itself is aging; persons aged 80
years and over (the “oldest old™) will more than triple by 2050 (United_Nations 2013).
Senescence is a leading cause of non-communicable chronic disease; therefore, population
aging is expected to impose a substantial burden on our healthcare system.

Dementia represents a leading cause of death, disability, and loss of autonomy among older
adults (Kochanek 2016). Alzheimer’s disease (AD) is the dominant type of dementia
(Querfurth & LaFerla 2010), and its incidence doubles every 5 years after age of 65 and
afflicts ~50% of adults aged >85 years (Prince et al. 2013). With the population aging,
patients with AD are expected to triple from 24.3 million in 2001 to 81.1 million in 2040
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(Ferri et al. 2005), if no effective therapy or preventive measures are developed in near
future.

The proposed etiology of AD has been centered on the amyloid hypothesis over the last 3
decades, which states that cerebral accumulations of amyloid-g and hyper-phosphorylated
tau peptides lead to neuronal dysfunction and cognitive impairment (Hardy & Selkoe 2002).
However, mounting evidence indicates multifactorial nature of AD and that cerebrovascular
pathology coexists in most of AD patients (Viswanathan et a/. 2009). In support of vascular
contributions to AD, the presence of midlife cardiovascular risk factors has been shown to
accelerate age-related cognitive decline and increase the risk of AD in later life (Whitmer et
al. 2005).

The brain is limited by intracellular energy substrates to sustain neuronal metabolism and
critically depends on the cardiovascular supply of cerebral blood flow (CBF). Therefore,
age-related impairment of cardiovascular function may impair CBF regulation and disrupt
neuronal homeostasis (de la Torre 2004). In contrast, pharmaceutical and non-
pharmaceutical interventions that can ameliorate age-related cardiovascular dysfunction may
improve CBF supply, thereby decreasing the risk of cognitive impairment. In this regard,
previous studies have demonstrated the potential benefits of aerobic exercise training on
cognitive function (Smith et a/. 2010). In this brief review, we will discuss 1) the effects of
aging on cardiovascular regulation of CBF and 2) the association between regular aerobic
exercise and CBF regulation. This review summarizes the major findings from recent studies
performed in humans and discusses their clinical implications with a particular focus on
cognitive impairment.

Main Determinants of CBF

The brain weighs only ~2% of the body mass while its metabolic rate accounts for ~20% of
the whole body (Elia 1992). Despite a high metabolic rate, the brain contains only 3-4
umol/g of the intracellular glycogen, when compared for example to the liver that contains
200-400 umol/g (Oz et al. 2007). In addition, the rate of glycogen turnover is slow in the
brain and only provides glucose under chronic hypoglycemia (Oz et al. 2009). Therefore, a
stable supply of CBF is critical for normal brain function (Williams & Leggett 1989) which
is regulated by both the local and systemic mechanisms.

Neurovascular coupling

Regional CBF is tightly coupled to neuronal metabolism which is heterogeneous in space
and time. During neuronal activation, synaptic release of neurotransmitters (e.g. glutamate)
leads to an elevation of regional CBF (functional hyperemia) through vasodilation (Attwell
et al. 2010). With advent of neuroimaging technology, functional hyperemia can be assessed
by the blood-oxygen-level-dependent (BOLD) signal using functional magnetic resonance
imaging (MRI) (Moseley & Glover 1995). The BOLD signal is based on T2*-weighted
signal which depends on local changes in the concentration of deoxygenated hemoglobin via
neurovascular coupling (Ogawa et a/. 1992). In a previous study, we measured brain resting-
state BOLD signal while participants quietly laid on the scanner table (Zhu et al. 2015). We
found that under resting conditions, regional BOLD spontaneous fluctuations at the very low
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frequency (<0.05 Hz) exhibit substantial overlap with the oscillations of systemic arterial
blood pressure (BP) and global CBF measured from the middle cerebral artery (Figure 1).
These observations suggest that regional dynamic changes in CBF may be influenced by the
upper-stream changes in cardiovascular function.

Avrterial BP is the determinant of cerebral perfusion pressure (CPP), which is a pressure
gradient between arterial BP and intracranial pressure and represents the driving force for
CBF. While intracranial pressure is largely influenced by body posture or hydrostatic
gradient between the head and heart positions (Chapman et a/. 1990), arterial BP is regulated
by an integrated mechanisms of autonomic, humoral, and vascular factors.

Acrterial BP fluctuates spontaneously at rest and is influenced by extrinsic stimuli (e.g.
postural changes) (Zhang et al. 2000, Claassen et al. 2009). In response to dynamic changes
in BP, cerebrovascular bed behaves as a “high-pass filter” system, which buffers the effects
of BP fluctuations on CBF via cerebral autoregulation (CA) (Lassen 1964, Rickards &
Tzeng 2014). The CA is more or less a frequency dependent phenomenon that operates more
efficiently at very low frequency (<0.05Hz) (Giller 1990, Aaslid et a/. 1989, Zhang et al.
1998, Panerai ef al. 1999) and controlled by myogenic, neurogenic, and metabolic
mechanisms (McHedlishvili 1980). Recently, CA has been shown to interact with
cardiovagal baroreflex function in healthy young adults for maintaining CBF and brain
homeostasis (Tzeng et al. 2010). The baroreceptor reflex controls short-term changes in BP
through the distortion of barosensory arteries (input) and the modulation of autonomic
neural activity of the heart and vascular system (output) (Guo et al. 1982).

Pulse pressure (PP), which represents another dynamic component of arterial BP, is directly
correlated with the amplitude of CBF pulsatility (Tarumi ef a/. 2014). In cardiovascular
system, elevated PP represents a hallmark of vascular aging and results from stiffening of the
central large arteries (e.g. aorta, carotid artery) (Nichols 2005). PP is likely situated outside
the operating frequency range of CA and its transmission is most likely determined by the
impendent property of cerebrovascular bed (Windkessel effect) (Zhu et a/. 2011). With high
elasticity of large cerebral arterial wall, PP may be dampened by the expansion and recoiling
of cerebral arteries during each cardiac cycle.

Carbon dioxide (CO»)

The partial pressure of carbon dioxide in the arterial blood (PaCO,) has potent effects on
cerebral vasomotor tone. Elevated PaCO, (hypercapnia) dilates cerebral arteries leading to
increases in CBF whereas reduced PaCO, (hypocapnia) decreases CBF via vasoconstriction.
These CBF responses to changes in PaCO», termed cerebral vasomotor reactivity (CVMR),
are likely to represent a vital homeostatic function that regulates the brain pH level and
affects respiratory drive via central chemoreceptors (Chesler 2003). Cerebral vasodilation
during hypercapnia increases CBF, washes out the excess CO, from the blood, and
maintains the brain pH level. The mechanism underling CVMR is not fully understood, but
itis likely to involve the release of multiple vasoactive agents such as prostaglandins (Barnes
etal. 2012, Fan et al. 2010) and nitric oxide (Schmetterer et a/. 1997). The reduced
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production of prostaglandins via indomethacin ingestion has been shown to decrease basal
CBF and significantly attenuate CVMR during hypo- and hypercapnia (Barnes et al. 2012,
Fan et al. 2010). The inhibition of nitric oxide synthase has also shown the attenuation of
hypercapnic CVMR that was reversed by administration of nitric oxide donors (Schmetterer
et al. 1997). Finally, elevations of CBF during hypercapnia may be facilitated by the dilation
of upper-stream extracranial arteries via shear-stress mediated release of endothelium-
derived vasodilatory agents (Hoiland et a/. 2017).

Cardiac output (CO)

The brain continuously receives ~15% of CO to meet the metabolic demand of neuronal
activity. Although CO is a key determinant of arterial BP when coupled with total peripheral
resistance, alterations in CO per se may influence CBF (Meng et a/. 2015). In healthy adults,
reduction of CO using lower body negative pressure and elevation of CO via albumin
infusion demonstrated a linear correlation between changes in CO and CBF at rest and
during exercise, independent of changes in arterial BP or PaCO, (Ogoh et a/. 2005). On the
other hand, heart failure patients demonstrated a non-linear relationship between acute
changes in CO and CBF while changing the posture from the supine to sitting (Fraser et al.
2015). Furthermore, heart failure patients with depressed CO showed lower CBF than
normal control subjects, but heart transplantation restored their CBF to the similar level
observed in the control subjects (Gruhn et a/. 2001).

Autonomic neural activity

The autonomic neural activity is likely to have profound impact on dynamic CBF regulation
as cerebral arteries are richly innervated by the adrenergic and cholinergic fibers (Edvinsson
1975). In healthy humans, complete autonomic blockade using trimethaphan impaired CA at
the very low frequencies (Zhang et al. 2002a, Zhang et al. 2002b). Furthermore, recent
studies demonstrated that sympathetic blockade using a-adrenergic antagonist (Hamner et
al. 2010) and cholinergic blockade using muscarinic receptor antagonist (Hamner et al.
2012) impaired CA and enhanced the amplitude of CBF oscillations at the very low
frequencies. Collectively, these findings provide strong evidence that autonomic nervous
system contributes to dynamic CA in healthy adults.

Age and Steady-State CBF

The steady-state level of CBF progressively decreases in normal aging men and women
while women tend to have higher levels of CBF than men (Lu et a/. 2011). This age-related
reduction of CBF may reflect decreased cerebral metabolic rate (Marchal et a/. 1992) and
cerebrovascular dysfunction (Zhu et al. 2011). Across the adult lifespan, age decreases
cerebral metabolic rates for oxygen and glucose by ~5% per decade, and these reductions of
metabolic rate are coupled to the concurrent decrease in CBF (Leenders ef al. 1990, Petit-
Taboue et al. 1998). Mechanistically, age may impair neuronal and glial mitochondrial
metabolism. The /n vivo MR spectroscopy study demonstrated that metabolic rates for
neuronal tricarboxylic acid and glutamate-glutamine cycles are reduced in older adults
(Boumezbeur et al. 2010). Aside from these aging effects, it has been shown that women
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have higher levels of cerebral metabolic rate for glucose (Willis et a/. 2002) and oxygen (Lu
et al. 2011) which may explain why women have higher levels of CBF than men.

Normal aging is associated with gradual increase in mean arterial pressure (Franklin et al.
1997). Mechanistically, heightened sympathetic neural activity and impaired peripheral
vasodilatory function (e.g. endothelial dysfunction) are likely to increase total peripheral
resistance and therefore mean arterial pressure in older adults (Hart et al. 2012). On the other
hand, studies with direct intracranial pressure monitoring using an intra-parenchymal probe
demonstrated a negative correlation between age and intracranial pressure in patients with
head injury (Czosnyka et al. 2005). If this observation can be extrapolated to healthy aging
adults, age may increase CPP due to the effects of both increased mean arterial pressure and
decreased intracranial pressure. In the face of elevated CPP, cerebrovascular bed may
undergo compensatory remodeling by increasing resistance in order to protect the delicate
brain tissues from overperfusion.

Age-related reduction of CBF may also be related to concurrent changes in CO
(Brandfonbrener et al. 1955). The widely accepted dogma suggests that ~15% of CO is
distributed to the brain in healthy adults (Williams & Leggett 1989); however, it is not well
understood whether this proportion can change with the alteration of CO and/or CBF in
aging adults. Therefore, we studied healthy aging adults (20-80 years) who do not have a
history of neurological, cardio- or cerebrovascular disease. CBF was measured from the
bilateral internal carotid and vertebral arteries using phase-contrast MRI and CO was
measured by echocardiography. We found that advancing age is associated with the
decreasing proportion of CO distributed to the brain; however, CO was maintained and only
CBF was decreased in older adults (Xing et al. 2016) (Figure 2). These findings suggest that
age-related reduction of CBF may not be attributed to the reduction of CO.

With regard to clinical perspective, cerebral hypoperfusion may be linked to the pathological
onset of AD. The data-driven analysis of CSF, neuroimaging, and plasma biomarkers
showed that cerebral hypoperfusion, as measured by arterial spin labeling using MRI, is the
earliest event of late-onset AD before the manifestation of traditional biomarker
abnormalities (e.g. CSF amyloid, cerebral hypometabolism) (Iturria-Medina et a/. 2016).
These findings are also supported by animal studies which demonstrated that mild to
moderate cerebral hypoperfusion impairs neuronal protein synthesis which can subsequently
lead to learning and memory dysfunction; ischemia may further impair action potential
generations which can increase cerebral glutamate concentrations and promote the
accumulations of neuronal toxins such as amyloid-g proteins (Zlokovic 2011).

Age and CBF Oscillation

To understand the aging effects on cardio- and cerebrovascular variability, we measured
beat-by-beat changes in heart rate, arterial BP, CBF at rest and during repeated sit-stand
maneuvers in healthy adults (21-80 years) (Xing et al. 2017). The repeated sit-stand
maneuvers were performed at 0.05 Hz (cycles of 10-second sit and 10-second stand) to
augment BP variability at the auto-regulatory frequency. Changes in CBF were measured by
transcranial Doppler (TCD) from the middle cerebral artery. To characterize cardio- and
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cerebrovascular hemodynamics, we used spectral and transfer function analysis that
estimated gain, phase, and coherence of dynamic CA (mean arterial pressure — CBF
velocity) and cardiovagal baroreflex (systolic BP — R-R interval). In short, transfer
function gain reflects a magnitude relation (slope) between input and output signals while
the phase represents their temporal association. The coherence function reflects a strength of
their linear correlation and provides the validity of gain and phase estimation (Zhang et al.
1998).

This study demonstrated that under resting conditions, low frequency oscillations (0.07-0.20
Hz) of mean arterial pressure and CBF variability were reduced in older adults compared
with young and middle-aged adults. In contrast, repeated sit-stand maneuvers (0.05 Hz)
augmented their oscillations to a greater extent in older adults than in younger and middle-
aged adults (Figure 3). With regard to dynamic CA, older adults showed the elevations of
low and high frequency gain (0.07-0.35 Hz) under resting conditions, suggesting impaired
CA. However, these differences were abolished during repeated sit-stand maneuvers. In both
conditions, heart rate variability was substantially reduced and cardiovagal baroreflex
sensitivity was significantly attenuated in older adults compared with young adults (Xing et
al. 2017). We also observed that low frequency CA gain is inversely correlated with the
baroreflex gain in young subjects, as reported from a previous study (Tzeng et al. 2010).

In summary, these findings collectively demonstrate the presence of age-related reductions
in BP, CBF, and heart rate variability in the low frequency range and impaired cardiovagal
baroreflex and dynamic CA in older adults at rest. Furthermore, augmented BP and CBF
variability during repeated sit-stand maneuvers indicate diminished cardiovascular
regulatory capability in older adults and increased hemodynamic stress on the cerebral
circulation with advanced aging (Xing et al. 2017).

Clinically, these observations suggest that postural changes may cause transient cerebral
hypoperfusion and increase the risk of falls and syncope in older adults. Also, chronic
intermittent cerebral hypoperfusion or ischemia is associated with white matter lesions and
cognitive decline (O’Sullivan et a/. 2002). In AD patients, a higher prevalence of orthostatic
hypotension has been reported when compared with cognitively normal adults, and is
associated with worse performance on cognitive assessment (Mehrabian et al. 2010).
Mechanistically, central arterial stiffening may represent a common mechanism underling
short-term BP dysregulation and cognitive decline. The stiffening of barosensory arteries,
such as the aorta and carotid artery, can blunt the sensitivity of baroreceptor function
(Monahan et al. 2001a, Okada et al. 2012), which in turn may contribute to the dysregulation
of arterial BP, CPP, thus CBF. Consistently, our recent study also demonstrated that aortic
stiffening and blunted cardiovagal baroreflex sensitivity are associated with reductions of
brain neuronal fiber integrity and executive function performance in older adults (Tarumi et
al. 2015). Nevertheless, the potential causal effect of arterial stiffening or blunted baroreflex
sensitivity on cognitive impairment requires further research, and it should also be kept in
mind that brain neurodegenerative disease per se may impair the baroreflex function.

J Neurochem. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tarumi and Zhang Page 8

Age and CBF Pulsatility

Advancing age progressively stiffens the proximal aorta and central large elastic arteries
(e.g. carotid artery) via increasing the wall contents of collagen relative to elastin (Zieman et
al. 2005). The aortic stiffening elevates left ventricular afterload, as accompanied by an
earlier return of arterial pressure wave reflection (Nichols 2005). Consequently, systolic BP
and PP progressively increase during adult lifespan while diastolic BP gradually decreases
after middle age (Franklin et al. 1997).

Elevated PP is a strong risk factor for mortality and cerebrovascular disease (Staessen et al.
2000); however, existing data are limited as to the effect of PP on CBF in normal aging
adults. Therefore, we studied healthy subjects (22-80 years) who were rigorously screened
for neurological and vascular disease as well as cardiovascular risk factors, including
hypertension, obesity, diabetes, and smoking. To assess steady-state and pulsatile CBF, we
used phase-contrast MRI and TCD respectively while measuring aortic stiffness, carotid PP,
and arterial pressure wave reflection. In addition, white matter hyperintensity volume, which
reflects the severity of cerebral small vessel disease (Benjamin et al. 2016), was measured
by T2-weighted fluid-attenuation-inversion-recovery imaging (Tarumi et al. 2014).

This study showed several key findings. First, advancing age is associated with an
accelerated increase in CBF pulsatility after midlife (Figure 4) while steady-state CBF
linearly decreases across the adult lifespan. We also observed that diastolic CBF is lower but
steady-state CBF is higher in women than in men of the similar age. Second, the age- and
sex-related differences in CBF pulsatility are independently associated with carotid PP.
Third, higher CBF pulsatility is correlated with the greater volume of white matter
hyperintensities in older adults. Collectively, these findings demonstrated a close link
between cardio- and cerebrovascular hemodynamics in healthy aging adults and suggested
potential clinical implications to structural brain damage (Tarumi et al. 2014).

In response to elevated PP, cerebrovascular bed may undergo a compensatory remodeling to
protect the underling brain tissues from hemodynamic insults. To study this hypothesis, we
tested a group of young (28+4 years) and older (70+6 years) healthy adults by
simultaneously recording carotid PP and CBF velocity from the middle cerebral artery using
TCD. Transfer function analysis was used to quantify their magnitude (modulus) and
temporal (phase) relation, which represent the cerebrovascular impedance. This study
demonstrated that older adults have an increased modulus of cerebrovascular impedance
compared with younger adults while the phase being similar between the groups (Figure 5).
Furthermore, the elevated impedance modulus was correlated with the reduced systolic and
diastolic CBF velocity, suggesting that the elevation of cerebrovascular impedance may
attenuate the transmission of PP into the cerebral microcirculation (Zhu et al. 2011).

Clinically, aortic stiffening and augmentations of carotid PP and flow pulsatility have been
shown to correlate with cerebral small vessel disease (Mitchell ef a/. 2011). Consistent with
our observations, CBF pulsatility measured from the middle cerebral artery using TCD was
positively correlated with the volume of brain whiter matter hyperintensities (Webb et al.
2012). Moreover, CBF pulsatility measured from the large intracranial arteries was elevated
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in AD patients and exhibited the high sensitivity and specificity for detecting AD patients
compared with non-demented control subjects (Roher et al. 2011).

Age and CVMR

Previous research of the aging effects on CVMR generated inconsistent findings which may
be explained by the lack of a standardized protocol for CVMR assessment. We recently
studied young control and older healthy participants using 2 different CVMR protocols: 1)
TCD measurement during hypoventilation and rebreathing (Zhu et a/. 2013) and 2) BOLD
measurement during steady-state hypercapnia (Thomas et a/. 2013). In the first study,
participants hyperventilated to induce a brief period of hypocapnia. Following the recovery
of baseline hemodynamics, modified rebreathing method was used to induce a progressive
increase in PaCO,. During the entire protocol, we measured breath-by-breath changes in
end-tidal CO» and beat-by-beat changes in arterial BP and CBF velocity.

This study demonstrated several key findings. First, older participants had lower CBF
velocity and higher cerebrovascular resistance index at rest than young control participants.
Second, compared with young control participants, hypocapnic CVMR (vasoconstriction)
was significantly attenuated whereas hypercapnic CVMR (vasodilation) was elevated in
older participants. Third, hypocapnic CVMR was inversely correlated with hypercapnic
CVMR across all participants. Collectively, these observations suggest that advancing age is
associated with increased cerebral vasoconstrictor tone at rest which in turn limits the
hypocapnic vasoconstrictor capacity while increasing the relative hypercapnic vasodilator
capacity.

In the second study, we tested a similar group of young and older participants using
functional MRI during steady-state hypercapnia (Thomas et al. 2013). In this study,
alternating blocks of room air (1 min) and hypercapnia (1 min) was inhaled by each
participant while BOLD images were acquired continuously for 7 minutes. Hypercapnia was
induced by having participants to inhale 5% CO, balanced with 21% oxygen and 74%
nitrogen. During the entire protocol, end-tidal CO,, arterial blood oxygen saturation, heart
rate, and breathing rate were monitored. In contrast to the former study, we found no group
difference in hypercapnic CVMR between young and older participants at both global and
regional levels (Thomas et al. 2013).

The inconsistent results from these studies may be explained by different protocols used for
CVMR assessment. First, neither BOLD nor TCD measures CBF per se (please read the
Methodological Considerations section). Second, the steady-state and rebreathing methods
may elicit different autonomic and cardiovascular responses. The rebreathing technique has
been shown to elicit greater chemoreflex sensitivity and sympathetic neural response
compared with the steady-state method (Mohan et a/. 1999, Shoemaker et al. 2002). This
greater level of sympathetic neural response may affect the vasodilatory effect of CO5 on
cerebral arteries and may result in different CVMR between the protocols (Claassen et al.
2007). Third, the magnitude of hypercapnia induced by steady-state (~10 mmHg) and
rebreathing (~16 mmHg) methods was different and the relationship between PaCO, and
CBF may not be linear within these ranges.
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In clinical setting, CVMR assessment may help identify individuals who have elevated risks
for cerebrovascular disease. According to a meta-analysis of patients with carotid arterial
stenosis or occlusion, attenuation of hypercapnic CVMR was associated with the increased
incidence of future stroke or transient ischemic attack (Gupta et a/. 2012). Mechanistically,
carotid arterial stenosis or occlusion may decrease CPP distal to the lesions and exhaust the
autoregulatory vasodilatory reserve; therefore, additional stimuli such as hypercapnia may
not further vasodilate the cerebral arteries (Gupta et al. 2012). In addition to stroke,
attenuated hypercapnic CVMR has been shown to correlate with cognitive decline in AD
patients (Silvestrini et al. 2006), microstructural damage of the cerebral white matter (Sam et
al. 2016), and increased mortality (Portegies et al. 2014).

Aerobic Exercise and CBF

Cerebral perfusion

Regular aerobic exercise may attenuate age-related reductions of CBF. To test this
hypothesis, we used arterial spin labeling technique to measure cerebral perfusion in Masters
Athletes (MA) who have participated in lifelong aerobic exercise training and regularly
competed in endurance events. Our analysis showed that compared with young control
subjects, MAs and sedentary elderly adults have similar reductions of global CBF. However,
when examining regional perfusion normalized against global CBF, MAs had higher
perfusion in the posterior cingulate and precuneus than young control and sedentary elderly
participants (Figure 6) (Thomas et al. 2013). Consistent with these observations, another
study of middle-aged MAs showed the higher occipitoparietal perfusion compared with age-
matched sedentary subjects (Tarumi et a/. 2013).

Furthermore, short-term aerobic exercise training may alter regional cerebral perfusion. An
intervention study of 3 months aerobic exercise training reported the elevation of anterior
cingulate perfusion in the previously sedentary older adults (Chapman et a/. 2013). On the
other hand, a 10-day cessation of aerobic exercise training in MAs decreased regional
cerebral perfusion, including the hippocampus (Alfini et a/. 2016). Taken together, these
findings suggest that aerobic exercise training may increase regional cerebral perfusion,
particularly at the area of default mode network that is known to be affected by the process
of normal aging and AD (Buckner et a/. 2008).

CA and cardiovagal baroreflex function

Regular aerobic exercise may not alter CA in older adults. We studied endurance MAs by
measuring their beat-by-beat changes in CBF velocity from the middle cerebral artery,
arterial BP, and heart rate at rest and during repeated sit-stand maneuvers. The transfer
function analysis of dynamic CA showed that compared with age-matched sedentary
subjects, MAs have an attenuation of the very low frequency gain under resting conditions;
however, repeated sit-stand maneuvers abolished this group difference (Aengevaeren et al.
2013). Consistent with our observations, dynamic CA measured by thigh cuff technique also
showed no difference between young athletes and age-matched sedentary adults (Lind-Holst
et al. 2011, Ichikawa et al. 2013).
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On the other hand, aerobic exercise training has been shown to increase cardiovagal
baroreflex sensitivity in older adults (Aengevaeren et al. 2013, Monahan et a/. 2001b, Deley
et al. 2009). This may improve arterial BP regulation and decrease the contributions of CA
to buffering CBF fluctuations. Mechanistically, exercise-related improvement of the
baroreflex sensitivity may be linked to elevated tonic vagal activity that can decrease heart
rate (Shi et al. 1995) but increase R-R interval variability (Raczak et al. 2006). Aerobic
exercise training can also increase stroke volume and the elasticity of barosensory arteries,
which together may improve the transduction of mechanical stimuli to the baroreceptors
(Monahan et al. 2001b). Finally, endurance training may increase cardiac cholinergic
responsiveness (Poller et al. 1997).

CBF pulsatility

CVMR

The question of whether aerobic exercise training alters CBF pulsatility in older adults
currently remains unknown. To our knowledge, there is only one single study that addressed
this question in healthy young adults (Tomoto et a/. 2015). In this study, collegiate tennis
players underwent 16 weeks of the combined moderate-intensity continuous aerobic exercise
training and high-intensity interval training. In addition to CBF pulsatility assessment using
TCD, they measured carotid arterial stiffness and left ventricular systolic function. After
exercise training, CBF pulsatility did not change; however, the reductions of carotid artery
stiffness were individually associated with the attenuations of CBF pulsatility. Therefore, if
these findings can be extrapolated to older adults, aerobic exercise training that can reduce
carotid arterial stiffness may decrease CBF pulsatility in older adults.

The previous studies investigating the effect of aerobic exercise training on CVMR showed
mixed results. Using TCD during hyperventilation and modified rebreathing, we observed
that both hypo- and hypercapnic CVMRs were similar between endurance MAs and age-
matched sedentary older adults (Zhu et al. 2013). In a similar group of study participants, we
also measured CVMR using functional MRI during steady-state hypercapnia and observed
that MAs have lower CVMR than the sedentary older adults (Thomas et al. 2013). On the
other hand, using TCD during steady-state hypercapnia, aerobic exercise training studies
showed improvements in CVMR in healthy young and older adults (Murrell ef a/. 2013) as
well as in stoke survivors (lvey et al, 2011). Taken together, these studies made inconsistent
observations over the effect of aerobic exercise training on CVMR and suggest that methods
used to measure CBF (TCD, BOLD) or to elicit CO, stimulus (rebreathing, steady-state
hypercapnia) may alter CVMR quantifications.

Methodological Considerations

CBEF is highly variable in space and time, and currently there is no single method that can
measure CBF at the sufficiently high level of spatial and temporal resolutions. For example,
numerous studies investigating CBF regulation have used TCD that is non-invasive,
relatively inexpensive, and readily accessible. TCD has a major strength of recording CBF
velocity at high temporal resolution from the large intracranial arteries, but it can only assess
changes in CBF under the assumption of constant insonated arterial diameter. Although this
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assumption may hold true under the relatively mild stimulus (Giller et al. 1993), recent
studies using high-resolution MRI revealed that moderate to severe hypo- and hypercapnia
can alter the diameter of middle cerebral artery which may have significant impact on CBF
quantification (Verbree et al. 2014).

Recently, color-coded duplex ultrasound imaging of the internal carotid and vertebral
arteries is gaining popularity in CBF research. This technique is strengthened by the ability
to measure global and regional CBF in the anterior and posterior circulations at high
temporal resolution (Liu et a/. 2016). This imaging method is easily accessible at bedside
and can be performed on patients who have contraindications to MRI (e.g. metal implants or
claustrophobia). On the other hand, technical aspect of this method can sometimes be
challenging depending on the individual differences in vascular anatomy. For example, the
bifurcation site of the common carotid artery may be located close to the jaw and make the
placement of an ultrasound probe difficult to accurately measure the diameter and blood
flow velocity in the internal carotid artery. Also, vertebral arteries are relatively small
compared with the carotid arteries and located deep in the neck. In such cases, an alternative
method may be phase-contrast MRI combined with the time-of-flight angiography. In our
previous study, we found that color-coded duplex ultrasonography and phase-contrast MRI
have the similar estimations of volumetric CBF measured from the internal and vertebral
arteries (Khan et al. 2017).

Neuroimaging techniques such as positron emission tomography (PET), single-photon
emission computed tomography (SPECT), and arterial spin labeling have higher spatial
resolution of CBF measurement than TCD, color-coded duplex ultrasonography, or phase-
contrast MRI; however, these methods are limited by lower temporal resolution. In addition,
these imaging modalities are more expensive and require the infusion of radioactive tracer to
blood circulation (PET and SPECT). To avoid tracer infusions, arterial spin labeling
technique using MRI allows non-invasive assessment of regional cerebral perfusion, but this
method is also limited by a low signal-to-noise ratio and requires multiple image
acquisitions for averaging to obtain reliable results. In addition, BOLD signal acquired by
functional MRI has been used to assess regional CVMR; however, this technology depends
on changes in the local concentration of deoxyhemoglobin which is influenced by altered
neuronal activity and/or changes in the total concentration of hemoglobin by altered CBF
(Halani et al. 2015). Thus, a multi-modal approach may complement each method of CBF
measurement and provides a better understanding of cerebral hemodynamics.

Age profoundly alters CBF and its regulatory mechanisms (Figure 7). Specifically, steady-
state CBF progressively decreases across the adult lifespan while CBF pulsatility increases
after midlife (Tarumi et al. 2014). The fluctuations of CBF during postural changes are also
augmented in older adults compared with younger adults (Xing et al. 2016). These age-
related changes in CBF are, at least in part, explained by the concurrent alterations of arterial
BP, primarily the elevations of systolic BP and PP. In addition, although CA may not be
affected by age, older adults have marked reduction of cardiovagal baroreflex sensitivity
which likely augments BP and CBF fluctuations during postural changes. In patients with
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cerebrovascular disease and AD, these age-related alterations of CBF are exaggerated and
may contribute to the disease onset and progression. In particular, cerebral hypoperfusion
(lturria-Medina et al. 2016), augmented CBF pulsatility (Roher et al. 2011), and orthostatic
hypotension (Mehrabian et al. 2010) all have been reported in AD patients compared with
aged-matched cognitively normal adults. In contrast, regular aerobic exercise may attenuate
the age-related reduction of CBF, especially in the default mode neural network. Taken
together, gaining the knowledge of normal age-related changes in CBF may help us identify
the individuals at risk for cerebrovascular disease and dementia, including AD. We now
understand that dementia is a multifactorial disease. Therefore, understanding of vascular
mechanisms, identification of vascular biomarkers, and development of vascular-based
interventions may pave promising avenues to maintain brain health in older adults.
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spectra of beat-by-beat mean arterial pressure and cerebral blood flow velocity recorded
from the same study participants (n=12). Cerebral blood flow velocity was measured from
the middle cerebral artery. Solid line: mean. Dotted lines: standard error. AU=arbitrary unit
and BOLD=blood-oxygen-level dependent. [Adapted from Zhu DC, Tarumi T, Khan MA,
Zhang R. Vascular Coupling in Resting-State fMRI: Evidence from Multiple Modalities. J

Cereb Blood Flow Metab. 2015 Dec;35 (12):1910-20. Copyright © 2015 SAGE

Publications]
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Figure 2.

Oid

Association between age and the proportion of cardiac output distributed to the brain
(n=139). The CCRI represents the cerebral blood flow to cardiac output ratio index. Panel A
shows the linear decline of CCRI with increasing age (CCRI=-0.127%xage+22.72% with
R2=0.13, A<0.001). Panel B shows the association between age and CCRI in men and
women separately (£<0.001 for age group, £<0.001 for sex, and ~£=0.26 for age and sex
interaction). Young=21-45 years; middle age=45-65 years; and 0ld=66-80 years. Error bars
represent standard deviation. [Reprinted from Xing CY, Tarumi T, Liu J, Zhang Y, Turner M,
Riley J, Tinajero CD, Yuan LJ, Zhang R. Distribution of Cardiac Output to the Brain across

the Adult Lifespan. J Cereb Blood Flow Metab. 2016 Jan 1 (doi:
10.1177/0271678X16676826). Copyright © 2016 SAGE Publications]
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Figure 3.

Age-related differences in (A) power spectra of cardio- and cerebrovascular hemodynamics
and (B) transfer function gain of dynamic cerebral autoregulation and cardiovagal baroreflex
sensitivity. All variables were recorded during repeated sit-stand maneuvers performed at
0.05 Hz. CBF velocity was recorded from the middle cerebral artery and normalized to the
mean value before analysis. Young=21-44 years (n=41); middle age=45-64 years (n=50);
and old=65-80 years (n=45). Group-averaged means are presented. [Adapted from Xing CY,
Tarumi T, Meijers RL, Turner M, Repshas J, Xiong L, Ding K, Vongpatanasin W, Yuan LJ,
Zhang R. Arterial Pressure, Heart Rate, and Cerebral Hemodynamics Across the Adult Life
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Span. Hypertension. 2017 Apr;69 (4):712-720. Copyright © 2017 Lippincott Williams &
Wilkins. Used with permission]
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Figure 4.
Association between age and pulsatile indices of cerebral blood flow (CBF) (n=83). The

CBF pulsatile indices were calculated by normalizing the absolute systolic, diastolic, and
pulsatile CBF velocity to the mean value and expressed in percentage. CBF velocity was
recorded from the middle cerebral artery. [Reprinted from Tarumi T, Ayaz Khan M, Liu J,
Tseng BY, Parker R, Riley J, Tinajero C, Zhang R. Cerebral Hemodynamics in Normal
Aging: Central Artery Stiffness, Wave Reflection, and Pressure Pulsatility. J Cereb Blood
Flow Metab. 2014 Jun;34 (6):971-8. Copyright © 2015 SAGE Publications]
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Comparison of cerebrovascular impedance between young (circle with solid line, n=6) and
older (triangle with dashed line, n=9) adults. The modulus, phase, and coherence of
cerebrovascular impedance were calculated by transfer function analysis of carotid blood
pressure and cerebral blood flow velocity that were recorded simultaneously.

cerebral blood flow velocity was recorded from the middle cerebral artery. */£<0.05 vs.
young group. Error bars represent standard error. [Reprinted from Zhu YS, Tseng BY,
Shibata S, Levine BD, Zhang R. Increases in cerebrovascular impedance in older adults. J
Appl Physiol. 2011 Aug;111 (2):376-81. Copyright © 2011 American Physiological

Society]
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Figure®6.
Comparison of cerebral blood flow (CBF) among endurance Masters Athletes (MA, n=10),

sedentary elderly adults (SE, n=10), and young control subjects (YC, n=9). (A) Brain
regions showing greater CBF in MA compared with SE (A<0.005, cluster size=250). These
voxels are located in the posterior cingulate cortex and precuneus. (B) Relative CBF
(normalized against whole-brain value) in the cluster highlighted in (A). (C) Absolute CBF
in the cluster highlighted in (A). CBF was measured by arterial spin labeling using MRI.
*P<0.05, **P<0.005. Error bars represent standard error. [Reprinted from Thomas BP,
Yezhuvath US, Tseng BY, Liu P, Levine BD, Zhang R, Lu H. Life-long aerobic exercise
preserved baseline cerebral blood flow but reduced vascular reactivity to CO,. J Magn
Reson Imaging. 2013; 38(5): 1177-83. Copyright © 2013 Wiley Online Library. Used with
permission.]
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Figure7.

A summary schematic illustrating the effect of normal aging on cerebral and cardiovascular
circulation. BRS=baroreflex sensitivity, CA=cerebral autoregulation, CBF=cerebral blood

flow, CVR=cerebrovascular resistance, CVMR=cerebral vasomotor reactivity, LV=left

ventricular, MAP=mean arterial pressure, PP=pulse pressure, SBP=systolic blood pressure,

and TPR=total peripheral resistance
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