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Abstract

Background: Vascular age is an emerging health indicator and predictor of end-organ damage to
the heart, brain, and kidney. Although there have been many review publications concerning risk
factors for vascular aging, most include cross-sectional epidemiological studies, limiting
inferences about temporality. There is a need for a review of longitudinal epidemiological studies
with repeat measures of vascular structure and function to allow for a systematic examination of
determinants of vascular age and the association of vascular aging with outcomes.

Content: Arterial stiffness is the most frequently used measure of vascular aging. We report here
results of an extensive literature review of longitudinal cohort studies with repeat measures of
arterial stiffness to characterize determinants of vascular age. Additionally, we summarize
population-based studies which have focused on the association of arterial stiffness with end-organ
damage and adverse cardiovascular outcomes.

Summary: Changes in arterial stiffness are evident in early childhood. In adults, arterial stiffness
has been observed to progress at the average rate of 0.2-0.7 meters per second for every five years
of life. The state of the science is limited by the small number of studies with repeat measures of
arterial stiffness and determinants of arterial stiffness progression, as well as limited studies in
children and diverse race/ethnic groups. Several extant studies suggest that beyond age,
cardiometabolic risk factors and adverse lifestyle behaviors contribute to arterial stiffening.
Avrterial stiffness is therefore, important in the assessment of healthy vascular aging and a possible
target for the prevention of subclinical and clinical disease.
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Vascular aging

Chronic disease, functional limitations, and mortality increase exponentially with age, yet
significant heterogeneity exists among individuals in the extent to which age affects
outcomes. Thus, there is a need to define aging in a way that encompasses the complex
processes occurring with age at the organ, tissue, and cellular levels. Compared with
chronological age, the concept of biological age is a proposed measure that would more
accurately reflect structural and functional changes taking place in the body as it ages and
predict health outcomes.(1)

In the vasculature, biological aging manifests as impairments in endothelial function,
reduced vascular elasticity, and increased stiffness.(2) In addition to age, vascular aging may
be accelerated by the cumulative effect of risk factors, including blood pressure,(3) impaired
glucose homeostasis,(4) adiposity,(5) and hypercholesterolemia.(6) Age and vascular risk
factors lead to biochemical, molecular, and epigenetic alterations that decrease the ratio of
the elastic to load bearing components of the arterial wall.(7) Consequently, the vessel wall
stiffens and is less able to accommodate blood pressure pulsatility. The increased arterial
stiffness leads to excessive blood pressure and pulsatility observed in microvasculature of
organs such as the brain, kidney, and heart, resulting in small vessel injury and functional
impairment of those organ systems.

Although arterial stiffening is not synonymous with chronological aging of the blood
vessels, it is a phenotypic expression of heterogeneous set of biological processes occurring
in the vessel with age and provides insight into vascular function and its impact on other
tissues. Importantly, vascular aging, defined as an increase in arterial stiffness, is associated
with a decrease in physical function event after adjustment for chronological age (8). In this
review, we discuss epidemiological evidence from prospective cohort studies with repeat
measurements of arterial stiffness to identify determinants of vascular aging. We provide a
summary of evidence from population-based studies on arterial stiffness progression that
occur with age and how various risk factors may increase such progression, leading to early
vascular aging. We conclude by providing suggestions for future research to increase our
understanding of the role of age and risk factors in vascular structure and function. This
review aims to provide the context for considering vascular aging as a distinct subclinical
physiological process, which may be targeted in interventions to reduce the burden of end-
organ damage.

Mechanisms associated with vascular aging

To maintain both cyclical pressure and load demands of blood flow, the extracellular matrix
of the vascular wall undergoes continuous remodeling.(9) This remodeling is achieved
through a complex interplay of enzymatic and non-enzymatic modification of matrix
components,(10) de-novo matrix synthesis,(11) as well as changes in smooth muscle cell
phenotype and organization (12) (Figure 1) Age and disease disrupt the highly regulated
homeostasis of the arterial extracellular matrix through imbalances in regulatory pathways,
one of which is the renin-angiotensin system.(13) Upregulation of the renin-angiotensin
leads to activation of the pro-inflammatory pathways and alters the ratio of reactive oxygen
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species relative to antioxidant defenses. The resulting increase in inflammatory cytokines
and in oxidative stress disrupt the balance of synthesis and degradation of the components of
the extracellular matrix of the vascular wall. With age and disease, the vascular elastin fibers
undergo fragmentation due to fatigue, calcification, and enzymatic degradation. At the same
time, de-novo synthesis of vascular wall collagens increases, shifting the arterial wall load
bearing to these stiffer structural matrix components. Vascular smooth muscle cells, which
are the primary cell type responsible for the secretion of the major components of the
vascular extracellular matrix, play a pivotal role in vascular remodeling by adapting their
phenotype to the increased mechanical load on the vessel that occurs with age.(12)

Avrterial aging adversely affects pulsatile hemodynamics. Following systole, forward-
traveling pulse waves are transmitted through conduit vessels and are partly reflected along
the vasculature at sites of impedance mismatch. Such sites occur at points of arterial
branching and changes in arterial diameter and wall properties. The reflected waves merge to
form a net backward traveling pulse wave to the heart. With increasing arterial stiffness, the
reflected wave returns progressively earlier in systole rather than in diastole.(14) This
augments central systolic blood pressure (cSBP) at the expense of central diastolic blood
pressure (cDBP),(15) and widens the central pulse pressure (cPP), estimated as cSBP minus
cDBP.

Avrterial stiffening occurs along the length of the arterial tree, but is most evident in the
aorto-illiac pathway, the highly elastic segment of the central artery (16, 17) and the one
most proximal to the heart; less marked age-related changes are observed in peripheral
arteries.(18)

Estimating arterial stiffness

Avrterial stiffness cannot be easily assessed directly; however, central arterial pressure
waveform parameters provide important indirect information regarding systemic arterial
structure and function allowing for the assessment of wave reflection and amplification.(19)
Pulse wave velocity (PWV), the most commonly used method for the assessment of arterial
stiffness, is measured as the transit time of the forward-traveling pulse wave between two
arterial sites.(15) Carotid-femoral PWV (cfPWV), a measurement based on blood pressures
recorded at the carotid and femoral arteries, is considered the referent standard in the
assessment of central arterial stiffness. The value of measuring cfPWV to predict
cardiovascular health outcomes and longevity has been established in laboratory and
population-based longitudinal studies.(20) International reference norms for cfPWV have
been established for population, age, and risk factor strata.(21) PWV can be assessed using
dedicated equipment, including oscillometric, tonometric, volume plethysmographic, and
photo-plethysmographic devices, of which applanation tonometry is considered the gold-
standard (Table 1). A focused assessment of central arterial stiffness, which allows for
measurement of segmental PWYV, including that of the aortic arch, can be obtained from
magnetic resonance imaging (MRI).(22) Ultrasonographic devices can be used to measure
properties of the superficial arteries, such as the carotid artery.(23)
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Progression of arterial stiffness with age

Longitudinal epidemiological studies with repeat measures of arterial stiffness provide an
important contribution to understanding changes in arterial stiffness that occur with age.
Those studies, conducted in Europe, Asia, and the Americas provide a wide age range and
include children as young as 12.5 years of age (24) and the oldest old (the SardiNIA Study)
(25). Most studies include both men and women, with the exception of the electron-beam
tomography, risk factor assessment among Japanese and U.S. men in the post-World War 11
birth cohort (the ERA JUMP Study),(26) which enrolled Japanese men, and the Study of
Women’s Health Across the Nation (the SWAN) Heart Study,(27) which enrolled African
American and Caucasian women. Differences in study populations and in the assessment of
arterial stiffness limit direct comparisons; however, the studies provide important
information on age-related vascular changes and its determinants. Below, we discuss salient
studies selected from those listed in Tables 2 (children) and 3 (adults) to highlight the age-
related progression of arterial stiffhess.

Central PWV is of most interest to research regarding arterial stiffening. It can be assessed
directly at the level of the aorta, or between the carotid-femoral or brachial-ankle arterial
sites. A limited number of longitudinal studies have incorporated central PWV assessments
in children, including three studies which measured cfPWV in adolescents (mean age 14.5 to
15.4 years),(28-30) and one which measured brachial-ankle PWV (baPWV) in children
(mean age 12.4 years; Table 2).(24) Collectively, the studies reported a cfPWV increase of
0.15-0.18 m/s per year and baPWV increase of 0.70 m/s per year in adolescents aged 12.5 to
17.5 years. These values are in line with the 0.02-0.18 m/s per year increase reported in
cross-sectional studies, which have provided cfPWV reference values for children aged 6—
22.(31) The cross-sectional evidence also suggests that arterial stiffness progression is non-
linear in children and differs by sex, with the progression being flat between age 3-8 years,
and the first major progression occurring at age 12.1 years in boys and 10.4 years in girls.
(32) Further, one of the longitudinal studies in children aged 12.5-16.7 years reported that
PWV increased by 0.26 m/s per year in boys and 0.09 m/s per year in girls.(30) The cross-
sectional cfPWV reference studies support the later findings, indicating an increase of 0.10—
0.19 m/s per year in boys and 0.04-0.16 m/s per year in girls.

In adults, the Baltimore Longitudinal Study of Aging (BLSA) conducted serial cfPWV
measures among 775 men and women 21-94 years of age and free of clinically overt
cardiovascular disease.(33) Study investigators observed a progressive change in cfPWV that
was steeper among men as compared to women. Differences by sex in the rate of change in
PWV per decade of age were pronounced at ages greater than 60 years, with little difference
observed at younger ages. Additionally, study investigators observed a trend of greater,
although not statistically significant, progression of cfPWV in non-white, as compared to
white, study participants.

An increase in the median PWYV at the aortic arch, the highly elastic segment of the aorta,
from 6.7 m/s to 8.1 m/s was observed during 10 years of follow-up among 1160 Multi-
Ethnic Study of Atherosclerosis (MESA) participants, aged 60 years at baseline.(34) In line
with findings from the BLSA, a greater progression in aortic arch PWV was observed during
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this follow-up period in black as compared to white MESA participants free of
cardiovascular events.

Evidence for increasing progression of arterial stiffness with age was reinforced by a larger
study, the Whitehall 11 study, which measured cfPWV 4 years apart in 3789 men and 1383
women with an average age of 65.5 years at baseline.(5, 8) Study investigators observed a
gradient in the 5-year progression in cfPWV with age. Among study participants 55-59
years old at baseline, the 5-year change in cfPWV was 0.18 m/s, increasing to 0.36 m/s in
those 60-64 years at baseline, 0.80 m/s in those 65-69 years old at baseline, and finally 0.99
m/s in those 70 years or older. All estimates were adjusted for mean arterial pressure (MAP).
Similar trajectories showing more pronounced cfPWV progression with advancing age were
seen for men and women in the SardiNIA study, which followed 1810 men and 2548 women
aged 20-101 years old for 2-3 visits across an average 5.4 years of follow-up.(25)

Along with additional studies listed in Table 3, these longitudinal studies show that the
progression of arterial stiffness occurs at approximately 0.2-0.7 m/s per 5 years in adults,
with accelerated progression observed among those 60 years of age or older.(3) Due to
methodological differences between existing studies, such estimates cannot yet be provided
for children and adolescents. Additionally, similar to what has been observed among
children, there is evidence of accelerated progression of arterial stiffness in men versus
women (3) that increases after age 60 years.(33) Studies have shown higher progression
among those of non-white race compared with whites, (34, 35) although findings were not
statistically significant in some studies.(27, 33)

The bidirectional association of arterial stiffness with blood pressure

In addition to age, blood pressure is a major determinant of progression of arterial stiffness.
Although animal studies strongly suggest that increases in arterial stiffness precede increases
in blood pressure, several longitudinal population studies provide evidence of a bidirectional
association between blood pressure and arterial stiffness. Further, longitudinal studies
consistently show greater arterial stiffness in adults with hypertension than in adults with
blood pressure in the normal range,(3) suggesting an acceleration in arterial aging in
hypertension.

In the BLSA, steeper cfPWYV progression was reported in men and women with peripheral
systolic blood pressure (SBP) values 120 mm Hg and higher as compared to those with SBP
below 120 mm Hg.(33) In men, there was a strong dose-response association, whereby those
with a SBP of 2140 mm Hg had the highest cfPWV progression. In MESA, higher baseline
SBP was associated with aortic PWV progression within 10 years of follow-up.(34) Both
higher baseline and increases in MAP and DBP over time were also associated with aortic
PWV progression. MESA participants who reduced their blood pressure from =140 mmHg
at baseline to <140 mmHg at the 10-year follow-up had less aortic PWV progression
compared to those with a consistently high SBP. Other studies have shown that baseline SBP
and annual increases in SBP were associated with an annual increase in cfPWV in men,(26)
baseline SBP was positively associated with cfPWV progression in women,(27) and baseline
and increases in MAP were positively associated with cfPWV progression.(36)
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In contrast, several longitudinal studies have questioned the temporality of the association of
blood pressure with arterial stiffness. During a mean 5.4-year follow-up period, the
SardiNIA study showed no association between change in blood pressure and PWV
progression.(25) Interestingly, during the study follow-up period, blood pressure decreased
in men, but increased in women; while cfPWV increased over time in both men and women.
Similarly, among 1759 participants from the Framingham Offspring study during a mean 6.5
years follow-up period, baseline SBP was associated with an increase in the augmentation
index, a measure of wave reflection,(37) but not with cfPWV progression.(38) Additionally,
in this study, baseline cfPWV was associated with higher SBP, pulse pressure, and incident
hypertension at follow-up, suggesting that arterial stiffness is a precursor to the development
of hypertension.

To address the question of the bidirectional association of blood pressure and arterial
stiffness, investigators from the Bogalusa Heart Study used a cross-lagged panel design, a
method that allows for the analysis of data that have reciprocal relationships over time, to
investigate the association of blood pressure with arterial stiffness over a mean 6.8 years of
follow-up.(39) Based on this method, baseline SBP and DBP had a stronger association with
aortic-femoral PWV at follow-up compared with the association of aortic-femoral PWV
with SBP and DBP at follow-up, suggesting that blood pressure may be a precursor to
arterial stiffening in middle-aged adults.

Factors associated with accelerated progression of arterial stiffness

Adiposity

Beyond age and blood pressure, several metabolic and lifestyle factors contribute to vascular
aging. Here we summarize the evidence from longitudinal studies regarding the association
of adiposity, cardiometabolic factors, and lifestyle factors with vascular aging characterized
as arterial stiffness progression. As we described above, the average expected cfPWV
progression is around 0.2-0.7 m/s per 5 years in healthy adults.

Adiposity has been consistently associated with PWV progression. In the Whitehall 11 study,
each standard deviation increase in body mass index (BMI), waist circumference, waist to
hip ratio, and fat mass percent independently predicted cfPWV progression (range in
increase in cfPWV: 0.14-0.18 m/s per 5-year).(5) The BLSA also demonstrated an
association between higher waist circumference and greater PWV progression that was more
pronounced with age in women.(33) Similarly among a cohort of women, SWAN Heart
found waist circumference to be a strong predictor of cfPWV progression.(27) When
considering change in adiposity, a study of 152 black and white adults 20-40 years old
showed that increases in BMI and weight were associated with 0.053 m/s and 0.056 m/s
greater annual cfPWV progression, respectively.(35) Baseline waist circumference, but not
change, was associated with cfPWV progression.

Cardiometabolic factors

Longitudinal studies with repeat measures of arterial stiffness have shown that
cardiometabolic factors, including impaired glucose homeostasis and the metabolic
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syndrome (MetS) are associated with PWV progression. Among participants without type 2
diabetes, the Whitehall 1l study reported a standard deviation increase in hemoglobin A;.
(HbA) and the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) was
associated with a 0.11 m/s and 0.09 m/s greater 5-year progression of cfPWV, respectively,
representing ~12—-14% of the mean 5-year cfPWV progression.(4) HOMA-IR was not
statistically associated with greater cfPWV progression after adjusting for BMI. Other
longitudinal studies did not show an association between glucose(3, 27, 35), insulin, or
HOMA-IR (26) and arterial stiffness progression in multivariable analyses. Discrepancies
may be due to differences in covariate adjustment, study population, and PWV assessment
methods.

A few longitudinal studies have investigated other cardiometabolic conditions, such as the
metabolic syndrome (MetS), with arterial stiffness progression. The Taichung Community
Health Study measured baPWV 3 years apart in 1518 adults (mean age 56 years; 49%
women).(40) After 3 years, participants with MetS had a 0.36 m/s higher baPWV compared
to those without MetS. A greater baPWV progression was observed with an increasing
number of MetS components. In a multivariable model, where the individual MetS
components were compared with their normal levels, only high blood pressure and high
fasting glucose were associated with baPWV progression. Similar results were obtained in
the Investigations Préventives et Cliniques study of 675 participants, in which the 6-year
cfPWV progression was higher for those with 3 or more MetS compared to those without
any MetS components.(41)

Social and Lifestyle factors

Among men and women civil servants in London from the Whitehall 11 study, low
education, income, and employment grade were associated with a 0.30 to 0.58 m/s higher 5-
year change in cfPWV compared to the respective high category.(42) Also in the Whitehall
Il study, men who were former drinkers had a 0.11 m/s greater 5-year change in cfPWV
compared to stable moderate drinkers.(43) The association between alcohol intake and
cfPWV was not statistically significant among women. Among men 40-49 years old in the
ERA Jump study, drinking =2 drinks/week was associated with a 1.6% greater relative
annual change in cfPWV.(26) Smoking is another lifestyle factor associated with arterial
stiffness. Continuous smoking, defined by current smoking at baseline and 10 years, was
associated with aortic PWV progression over 10 years compared with non-smokers in
MESA.(34)

Only one longitudinal study has investigated the role of physical activity in arterial stiffness
progression. The Whitehall 11 study measured cfPWV in 5196 adults at age 65 and 70 and
evaluated self-reported physical activity measured at age 65 as well as 6 and 11 years before.
(8) Compared to the average 5-year cfPWV progression, each hour/week of sports activity,
moderate-to-vigorous activity, or cycling was associated with a 0.02 m/s lower 5-year
cfPWYV progression, whereas each hour of sedentary time was associated with a 0.007 m/s
greater 5-year cfPWV progression. Additionally, increasing physical activity was associated
with a 0.16 m/s lower 5-year cfPWV progression.
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Longitudinal studies of risk factors associated with the progression of arterial stiffness point
to modifiable cardiometabolic and lifestyle factors in the pathogenesis of arterial stiffness,
offering opportunities for preventing accelerated vascular aging. However, evidence
regarding determinants of arterial stiffness is limited due to the few studies with repeat
measures of arterial stiffness.

Importance of arterial stiffening — effects on end-organs

Large elastic arteries, such as the aorta, absorb and dampen pulsatile flow, creating a steady
flow to the smaller resistance vessels that are incapable of absorbing pulsatile energy. With
arterial stiffening due to age and the cumulative effect of vascular risk factors, increased
pulsatility reaches the smaller resistance vessels in the brain, kidney, and the heart, causing
end-organ damage (Figure 2).

Avrterial stiffness is an emerging risk factor for structural and functional changes in the brain.
(44) Arterial stiffness is hypothesized to contribute to cerebral microvascular damage,
cognitive impairment, and dementia by reducing mean cerebral blood flow and increasing
pulsatile stress in the brain. Chronic cerebral hypoperfusion and repeated occurrences of
microvascular ischemia may lead to structural brain changes and tissue damage,(45)
manifested in the brain as white matter hyperintensities, brain infarcts, and brain atrophy
(46) that are associated with cognitive decline and dementia.(47) PWV (48) and cPP (49) are
associated with these hemodynamic alterations in the middle cerebral artery, supporting the
link between PWYV and cerebral small vessel disease, cognitive impairment, and dementia.

Measures of vascular aging are also strongly associated with kidney dysfunction.
Investigators from the Health, Aging and Body Composition (Health ABC) study observed a
positive association of PWV with the development of chronic kidney disease during a
median 8.9-year follow-up among 2129 men and women (aged 74 years) free of kidney
disease at baseline.(50) Measures of arterial stiffness were also positively associated with a
decline in kidney function in the Rotterdam study (51) and in studies conducted in
populations of patients from Korea and China.(52, 53)

Lastly, arterial stiffness has been consistently associated with cardiovascular disease.
Although earlier studies of the association of arterial stiffness with heart failure were
negative, recent data from MESA (54, 55) and the Framingham Heart Study (56) have
demonstrated an independent association of PWV with incident heart failure. Currently, no
definitive data exist to compare the associations of PWV and heart failure with preserved
ejection fraction versus reduced ejection fraction.

Vascular stiffness has been shown to be a long-term predictor of downstream cardiovascular
events and mortality in various populations. A review and meta-analysis of 17 longitudinal
studies found that a 1 m/s increase in cfPWV was associated with a 14% increased risk of a
cardiovascular event (cardiovascular death and non-fatal events), 15% increased risk of
cardiovascular mortality, and 15% increased risk for all-cause mortality.(57) Similarly, a
study of 1678 Danish adults 40-70 years old found the risk of a fatal or non-fatal
cardiovascular event increased 17% for every 3.4 m/s increase in cfPWV (95% CI: 1.04—
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1.32).(58) Among elderly adults in The Health ABC study, the highest cfPWV quartile was
associated with 2.6 times the risk of stroke (95% CI: 1.19-5.64) compared with the lowest
quartile.(59) Extant studies of baPWV are limited and primarily apply to Japanese
populations. The highest tertile of baPWV (=17m/s) was associated with 6.8 times the risk
of all-cause mortality (95% CI: 1.4-32.8) in 2,480 Japanese adults.(60)

Estimates from studies referenced above were adequately adjusted for age, prevalent disease
status, blood pressure (SBP or mean arterial pressure), use of anti-hypertensive medication
or hypertension, and lifestyle and metabolic factors.

Conclusion and perspectives for future research

Avrterial stiffness has been shown to progress at the rate of approximately 0.2—-0.7 m/s per 5
years in healthy adults. The range in arterial stiffness progression reflects the heterogeneous
set of processes occurring in the arteries with age, normal physiological variation,
differences in population characteristics, including age, sex and ethnicity, and technological
considerations. As we outline in Table 1, several different methodologies to assess PWV
have been used in large population studies. The most commonly assessed arterial segment,
and one recommended by a Scientific Statement from the American Heart Association,(61)
is the carotid-femoral arterial segment. However, a wide range of arterial segments have
been investigated, and a wide range of technologies have been used, making comparisons
between the studies difficult. Additionally, there is a lack of standardization for
measurement of wave path length, which has been demonstrated to account for some of the
discrepancy in PWV values from different devices (62) and not every study considers MAP,
which is an important physiological variable affecting arterial stiffness.(61) Despite these
technical considerations, the evidence clearly indicates that: (a) PWV is a marker of “arterial
aging”; (b) cardiometabolic and lifestyle risk factors contribute to the acceleration of normal
vascular aging; and (c) increased arterial stiffness has a direct and pronounced effect on the
pulsatility at end-organs such as the heart, brain, and kidney, leading to subclinical damage
and adverse outcomes.

From a clinical perspective, arterial de-stiffening is an active area of research in blood
pressure control.(63) Lifestyle interventions, such as habitual physical activity(64) weight
loss, smoking cessation, salt reduction, (65) and dietary interventions (64) have also been
shown to reduce cfPWV. Beyond the management of these modifiable risk factors, several
therapeutic modalities have been shown to reduce vascular aging through regulation of the
vascular smooth muscle cell growth and proliferation, (66) and by inducing changes in the
vessel wall structure.(67) However, targeting structural components of the vascular wall in
pharmacological approaches aimed at attenuating arterial stiffness remains largely
unexplored. Arterial stiffness may thus be a possible target for interventions intended to
prevent and reduce end-organ damage.

Studies of determinants of arterial stiffness are limited, warranting more research.
Additionally, prior studies of risk factors associated with arterial stiffening have been
conducted primarily in Caucasian, Asian, and, to a more limited extent, also African
American populations, with little representation from a range of ethnic groups. It will be
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important to examine and understand processes of vascular aging across multiple
populations and in younger age groups, thus providing information on the development of
vascular sequelae across the lifespan and prevention of end-organ damage later in life.
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Figure 1.
Conceptual framework of vessel wall remodeling that contributes to increase in arterial

stiffness
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Effect of an increase in arterial stiffness on end-organ structure and function
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