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Pulse Wave Velocity in Association with Cognitive Function
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Dementia is an important public health issue in the ageing society; however the cause of dementia has not
been clear yet except for age and genes. Cardiovascular risk factors have been suggested to contribute to
dementia, such as high blood pressure, but the evidence from clinical trials has not been conclusive. The
biological mechanism of cardiovascular disorders in association with cognitive function needs further
study. Aortic pulse wave velocity (PWYV), a “gold standard” measurement of arterial stiffness, has been
established as an independent predictor of CVD events. Understanding the association of PWV and
cognitive function can further help to understand the role of vascular risk factors in cognitive decline and
dementia. Studies on the association of PWV and cognitive function have emerged recently. This
manuscript introduced the measurement of aortic PWV, summarized the studies of its association with
cognitive function, and commented on the possible mechanism of the association between arterial stiffness
and cognitive function. Because of the link between cardiovascular disorders and dementia, intervention of
cardiovascular risk factors may have additional benefits on cognitive function with ageing.
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INTRODUCTION

Dementia is an important public health issue in the ageing
society. According to the Alzheimer’s Association, 1 in 8
adults aged 65+ years has dementia in the USA (2011
Alzheimer's Disease Facts and Figures,
http://www.alz.org/alzheimers_disease_facts_and_figures.asp
). Worldwide, it was estimated that a total of 35.6 million
people living with dementia in 2010, which would increase to
65.7 million by 2030, and 115.4 million by 2050. The
estimated worldwide costs of dementia were $604 billion in
2010, and if dementia were a company, it would be the
world’s largest by annual revenue exceeding Wal-Mart (see
reference: http://www.alz.co.uk/research/world-report: World
Alzheimer Report 2010). Although such an important
disease, the etiology of dementia is not clear yet. Advanced
age and genes are the two established risk factors, but neither
of them can be modified.

Recent studies now suggested that cardiovascular risk factors
have important roles in cognitive decline and dementia.!
Stroke, a form of CVD, is one of the leading causes of
vascular dementia. In the US, roughly 660,000 persons
experience a stroke each year, and cognition declines usually
culminate in dementia 1-4 years after stroke.> Some
conventional cardiovascular risk factors, such as high blood
pressure and diabetes have been widely studied to assess their
associations with cognitive decline and dementia, and clinical
trials have been conducted, but the results have not been
consistent.®* The link between cardiovascular risk factors and
cognitive decline and dementia remains to be understood.
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Studies on direct vascular measurements, such as
measurements of atherosclerosis and arterial stiffness may
help to further elucidate the relation between cardiovascular
disorders and dementia, but such studies are few compared to
studies of conventional cardiovascular risk factors and
cognitive function. The following is a review of
epidemiological studies on the association of pulse wave
velocity (a measurement of arterial stiffness) and cognitive
function.

PULSE WAVE VELOCITY MEASUREMENT

Pulse wave velocity is one of the many indices (such as
Young’s modulus, characteristic impedance, stiffness index,
and so on) of arterial stiffness. Arterial stiffness, or arterial
compliance, is a mechanical property of arteries, determined
by the smooth muscle cells which composed the arterial wall.
Due to the non-homogeneous structure of arterial wall,
arterial stiffness varies by different arterial segments and
locations. Arterial stiffness changes with age. With
increasing age, the large elastic arteries become “stiff”, and
the orderly arrangement of elastic fibers and laminae is
gradually lost and thinning, splitting, fraying; the collagenous
material is increased in ground substance, often accompanied
by calcium deposition.> Because blood travels through the
vessel forming a forward wave and is reflected back by the
peripheral arteries forming a backward wave, the wave
velocity is related to the compliance of arteries.

Three types of arterial stiffness can be measured: systemic
arterial stiffness, regional arterial stiffness, and local
stiffness.® Systemic arterial stiffness is the measurement of
overall opposition of large arteries to the pulsatile effects of
ventricular ejection. Usually it is calculated based on
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theoretical approximations after a direct measurement of a
single peripheral artery.® Regional arterial stiffness is
measured at arterial sites of major physiologic importance
such as the aorta. Aortic pulse wave velocity (usually
measured from the carotid to the femoral artery) has been the
“gold standard” for arterial stiffness measurement, and has
been established as an independent predictor of CVD
outcomes.” Aortic PWV is also a marker of subclinical organ
damage by the European Society of Hypertension/European
Society of Cardiology.® Local arterial stiffness is the
measurement of cross-sectional arterial distensibility. It’s the
change in pressure driving the change in volume. Because
this measurement requires a high degree of technical
expertise and takes longer than measuring PWV, it is rarely
used in epidemiological studies.’

Different methods and devices can be used to measure the
PWV, including the Complior System device, SphymoCor
System device, ultrasound scanning and so on. Both the
SphymoCor and the Complior system have acceptable
repeatability.® Since the PWV is calculated as the ratio of
artery distance over the pulse transit time, one major source
of error for PWV measurement is from the superficial
measurement of the artery distance. Obesity, especially the
abdominal obese can make the measurement of distance of
the aorta (from carotid artery to the femoral artery)
inaccurate. Other factors should also be controlled when
measuring PWV to standardize the measurement, such as
room temperature, rest, time of the day, smoking, eating,
alcohol, and speaking.

During the lifetime, aortic stiffness decreases sharply with
age in the first decade of life, reaching a minimum at 10
years of age, and thereafter increases with age.® Typical
values of PWV in the aorta range from approximately 5m/s
to >15m/s. A number of CVD risk factors are associated with
arterial stiffness, including obesity, smoking, hypertension,
diabetes, hypercholesterolemia, glucose tolerance, metabolic
syndrome, and inflammation.” More importantly, aortic PWV
has significant implications on the cardiovascular system.
Because the proximal arteries are more elastic than the distal
arteries, waves are reflected and retrograde waves are
generated in various locations, such as peripheral bifurcations
of conducting arteries and smaller muscular arteries. Due to
wave reflections, the pressure wave is progressively
amplified; the amplitude of the pressure wave is higher in
peripheral arteries than central arteries. Thus it is inaccurate
to use brachial pulse pressure as a surrogate for aortic pulse
pressure.

In young adults with distensible arteries and low PWV, the
reflected wave arrives in early diastole, causing an increase
in ascending aortic pressure, which has a boosting effect on
coronary perfusion. However in old adults with increased
arterial stiffness, the reflected wave travels more rapidly
along the arterial tree, thus the reflected wave arrives in early
systole, which increases systolic pressures in the ascending
aorta, causing increased pressure load and myocardial
oxygen consumption, and decreases the diastolic pressure,
causing decreased coronary perfusion.’® These effects are

detrimental, causing left ventricular hypertrophy, low left
ventricular stroke volume, and coronary heart disease. A
recent meta-analysis of 17 longitudinal studies with a total of
15,877 subjects and a mean of 7.7 years’ follow-up
confirmed that aortic PWV is a strong predictor of future
CVD events and all-cause mortality.**

PULSE WAVE VELOCITY AND COGNITIVE
FUNCTION

Recent studies have begun to show that PWV is associated
with cognitive function and may predict cognitive decline
and dementia. In the Baltimore Longitudinal Study of
Ageing, higher PWV was associated with faster decline of
cognitive function in 582 participants (at baseline) followed-
up for an average of 3.7 years, after adjusting for multiple
conventional CVD risk factors including age, sex, education,
cholesterol, smoking, alcohol use, and CVD comorbidities.*
Similar results were found in another population-based study
that PWV at baseline was associated with greater decline in
several cognition domains.™

In a study with 873 nursing home residents older than 80
years, aortic PWV was also associated with the Mini-Mental
State Examination (MMSE) decline.* However, in the
Rotterdam study, a population-based longitudinal study
(n=3714), PWV was not associated with cognitive decline or
diagnosis of incident dementia after adjusting for multiple
CVD risk factors.”® Over-adjustment might be the reason for
the null findings because the carotid intima-media thickness,
a marker of atherosclerosis was adjusted in the study.
Increased arterial stiffness may induce arterial remodeling,
resulting in increased wall thickness,'®" thus further
adjusting for the intima-media thickness might be over-
adjusting for the analysis with pulse wave velocity. Another
population-based study was cross-sectional, including 409
participants aged 24 to 92 free of dementia and stroke. In this
study, PWV interacted with age in a multiplicative way to
have a negative influence on cognitive performance after
adjusting for multiple traditional CVD risk factors including
age, sex, education, weight, mean arterial pressure, anti-
hypertensive treatment.*®

The following table (Table 1) summarized the studies of
aortic arterial stiffness measured by the carotid-femoral PWV
in association with cognitive function. It can be seen that the
studies of PWV and cognitive function emerged in recent
years. The number of studies has been limited, and most
studies were small cross-sectional, patient-based studies, with
a few population-based studies (which have been talked in
the last paragraph).'***!*> Most of the studies measured the
PWYV using the Complior device, while other methods such
as ultrasound and electrocardiography (ECG) have also been
used. Except for a few studies,”** most studies found some
associations between PWV and cognitive function. The
reported effect size of the association was generally small
however, especially among population-based studies in
apparently “healthy” populations. For example, in one cross-
sectional study, a 5 m/s increment in PWV (about 1.8 SD
increment in PWV) was related to a 0.23 SD decrement in
the tracking and scanning composite cognition score. *® In a
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longitudinal study, 1 SD increase in PWV was associated
with -0.11 SD change in global function, -0.09 SD change in
psychomotor speed, and -0.12 SD change in perceptual
speed.”® These may be because the cognitive decline was

subtle among the apparent “healthy” population, and survival
bias might also dilute the association between arterial
stiffness and cognitive decline.

Table 1. Studies on the association of carotid-femoral PWV and cognitive functions.

Study Design Measures Results
Scuteri, etal, | Cross-sectional; patients with PWV by Complior; PWV was associated with MMSE after multiple
2005 * memory problems, n=84, mean Cogpnitive function test: adjustments, beta: -0.3, p<.01.
age: 78 yrs MMSE
Scuteri, et al, Longitudinal; patients with PWYV by Complior; PWYV was the single strongest predictor of
2007 * memory loss, n=102, mean age: | Cognitive function test: cognitive decline after multiple adjustments,
79 yrs, 1 yr follow-up MMSE beta: -0.7, p<.001.
Hannon, etal, | Cross-sectional; patients with PWV by Complior; PWV was associated with MMSE (beta: -0.09,
2007 * memory loss, n=308, mean age: | Cognitive function test: p<.001) and cognitive deficiency score (beta: -
78 yrs multiple 0.03, p<.001) after multiple adjustments.
Muller, et al, Cross-sectional; men, PWV by SphygmoCor; No statistical significant associations were
2007 *° volunteers, n= 400, age: 40-80 Cogpnitive function test: found.
yrs multiple
Triantafyllidi, | Cross-sectional; patients with PWV by Complior; PWV was associated with MMSE after multiple
et al, 2009 * hypertension n=110, age: 40-80 | Cognitive function test: adjustments (beta: -0.3, p=.03).
yrs MMSE
Elias, et al, Cross-sectional; adults no PWV by SphygmoCor; The interaction between PWYV and age was
2009 * dementia and stroke, n=409, age: | Cognitive function test: significant with the cognition domains after
24 t0 92 yrs multiple multiple adjustments.
Poels, et al, Longitudinal; n=3714, mean PWV by Complior; PWV was associated with poorer Stroop test
2007 *° age: 72 yrs, follow-up: 4.4 yrs Cognitive function test: score at baseline. No significant association was
multiple found in longitudinal analyses.
Dhoat et al, Cross-sectional, patients and PWV by Complior; No significant association was found.
2008 % volunteer controls, n=55, mean Cognitive function test:
age: 77-80 yrs VAD, AD diagnosis
Waldstein, et | Longitudinal; n=582, mean age: | PWV by Doppler; PWV was associated with accelerated decline in
al, 2008 *? 54 yrs; follow-up: 8 yrs Cogpnitive function test: multiple tests including memory and
multiple concentration.
Abbatecola, et | Longitudinal; patients with IGT, | PWV by ECG,; PWV associated with MMSE and executive
al, 2008 ¥ age: 70-85 yrs, follow-up: 1 yr Cognitive function test: function in microalbuminuric patients (n=80) at
multiple baseline.
Benotos, et al, | Longitudinal; nursing home PWV by PulsePen; The third tertile of PWYV was associated about -
2010 * residents, n=873, mean age: 87 Cognitive function test: 0.8 (p<.03) more decline in MMSE score
yrs, follow-up: 1 yr MMSE compared to the first tertile.
Triantafyllidi, | Cross-sectional; untreated PWV by Complior; No association was found.
etal, 2010 * hypertensive patients, n=168, Cognitive function test:
mean age: 53 yrs MMSE
Watson, etal, | Longitudinal; n=552, mean age: | PWV by Doppler PWV at baseline was associated with greater
2011% 73 yrs, follow-up: 6 yrs Cogpnitive function test: decline in several cognition domains.
multiple

IGT: impaired glucose tolerance; MMSE; mini-mental state examination; ECG: electrocardiography; VAD: vascular dementia; AD: Alzheimer’s disease
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In previous studies, most included the MMSE in the
cognitive function test, and some studies had only the MMSE
test to measure cognitive function. Because the MMSE is
designed as a screening test for dementia, and measures
general cognitive function, future studies should focus on
multiple cognition tests measuring different aspects of
cognitive function to understand whether arterial stiffness is
particularly related to some specific cognition domains and
specific types of dementia,® and whether some cognition
domains are more susceptible to the effects of arterial ageing,
and decline earlier or faster than other cognition domains.
Such studies can help understanding the complicated
biological mechanism of vascular disorders in association
with cognitive function.

There have been a few other studies focused on the brachial-
ankle PWV mostly in Japan and Korea, which were not
included in this table, and had yielded similar findings of the
association with cognitive function.??” In summary, current
studies suggested that there is some evidence of the
association of PWV and cognitive function, but the evidence
from longitudinal studies with large sample size has been
limited, and more studies are needed to better evaluate this
association.

There may be several mechanisms of the association between
arterial stiffness and cognitive function. First, as discussed
before, increased arterial stiffness has detrimental effects on
the cardiovascular system, and cardiovascular disease
contributes to stroke and dementia,“** thus arterial stiffness
may be associated with cognitive decline and dementia
indirectly through its association with other cardiovascular
risk factors. As a direct measurement of artery wall property,
arterial stiffness may be a synthetic marker of vasculature
health, reflecting the effects of various traditional CVD risk
factors. Hence the association between PWV and cognitive
function remained significant after adjusting for multiple
conventional CVD risk factors in the previous studies.
Secondly, high pulse wave velocity may directly contribute
to cognitive impairment and dementia due to the high
pulsatility. With increased arterial stiffness, the high
pulsation cannot be absorbed well in the large elastic arteries,
and extends to the distal small and micro vessels, and
damages those vessels.”® Brain and kidney are the two most
vulnerable organs because the blood vessel leading down to
the capillary circulation are more dilated than elsewhere, and
would more readily transmit the high pulsation to the
smallest vessels and cause damage.®?® In addition, high
pulsatility from the arterial tree may cause damage to the
integrity of the blood-brain barrier,*> which may increase the
brain’s vulnerability to vicious factors, such as inflammation.
Recent MRI studies found that PWV of large arteries was an
independent predictor of white matter brain atrophy, cerebral
microbleeds and lacunar brain infarcts after adjusting for
conventional CVD risk factors.?”?® The concept of “pulse-
wave encephalopathy” has been proposed recently, which
refers to the association of high pulsatility from the arterial
tree and pathological change in the brain and subsequent
dysfunction.”

Fortunately, unlike age and genes, arterial stiffness can be
modified through pharmacological treatment and intervention
of cardiovascular risk factors, such as physical exercise,
weight loss, and dietary changes.” Habitual exercise may
improve vascular endothelial function, increase NO
bioavailability, and reduce oxidative stress, thus slow down
arterial ageing.* Treatments including anti-hypertensive and
anti-diabetic medicines may decrease PWV independent of
blood pressure reduction.”** Use of statins may also reduce
arterial stiffness although the evidence has been few and
inconclusive.*® Therefore, clinical trials and intervention
studies of PWV may also have cognitive benefits in addition
to the prevention of cardiovascular events. Up to now, there
have been no intervention studies on the cognitive benefits of
reducing arterial stiffness. In the future, assessment of
cognitive function in intervention studies of PWV may
further help to understand the link between cardiovascular
disorders and dementia, and may provide evidence for
prevention of cognitive decline and dementia in ageing
population.

SUMMARY

In summary, aortic PWV, a measurement of arterial stiffness,
is not only a predictor of CVD events, but also may predict
cognitive decline and dementia. Epidemiological evidence
from cross-sectional studies and some longitudinal cohort
studies has been reported. But the number of studies has been
limited, especially of studies with large sample size, and
intervention studies have not been found; more studies are
needed. Studies on the association of arterial stiffness and
cognitive function may help to untangle the complex link
between cardiovascular disorders and cognitive decline, and
provide evidence for possible prevention of dementia in the
future.
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