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Special Review: Clinical Cardiology: New Frontiers

Arterial and Cardiac Aging: Major Shareholders in
Cardiovascular Disease Enterprises
Part |: Aging Arteries: A “Set Up” for Vascular Disease

Edward G. Lakatta, MD; Daniel Levy, MD

The Demographic Imperative and the Risk of
Vascular Diseases in Older Persons

Our population is aging; in the United States today there are
35 million people 65 years of age or older. That number will
double by the year 2030 (Figure 1). Although epidemiologi-
cal studies have discovered that lipid levels, diabetes, seden-
tary lifestyle, and genetic factors are risk factors for coronary
disease, hypertension, congestive heart failure, and stroke, the
quintessential cardiovascular diseases within our society,
advancing age unequivocally confers the major risk. The
incidence and prevaence of these diseases increase steeply
with advancing age (Figure 2). Not only does clinically overt
cardiovascular disease increase dramatically with aging, but
so do subclinical or occult diseases, such as silent coronary
atherosclerosis. Figure 3 (top) shows that a substantial per-
centage of older, community-dwelling, otherwise healthy
volunteers have evidence of inducible ischemia during com-
bined thallium/ECG treadmill stress testing, and their prog-
nosis is poor compared with their counterparts without
subclinical coronary disease (Figure 3, bottom).

Advancing Age: The Major Risk Factor for
Vascular Disease
There are severa possible explanations for the dominant
effect of age on the likelihood for occurrence of these
cardiovascular diseases. One is that aging is synonymous
with disease; however, many people achieve “old age”
without evidence of these diseases. Another explanation for
the “epidemic” of cardiovascular disease in older persons is
that other defined risk factors co-vary in number or severity
with increasing age. A related, but distinct, idea is that
increasing age contributes to an increased exposure time to
these other age-dependent risk factors. According to this
view, time indirectly confers an increased risk for the occur-
rence and increased severity and extent of pathophysiological
manifestations of these diseases in older persons. A some-
what different view is that cardiovascular structure and
function change with time because an “aging process,” and
that, over time, this process alters the substrate on which

specific pathophysiological disease mechanisms, such as
those that have been linked to experimental atherosclerosis,
become superimposed. According to this view, the enhanced
risk for older persons to encounter the above diseases is due
to age—disease interactions. In other words, age impacts the
severity of disease manifestations for a given time at risk.
Thus, age-associated changes in cardiovascular structure and
function become “partners’ with pathophysiological disease
mechanisms to determine the threshold, severity, and prog-
nosis of cardiovascular disease occurrence in older persons.
Of course, the true interactions are more complex and involve
age, multiple risk factors, and genetics. Whereas we have
begun to understand some aspects of the former two, the latter
most likely involves complex genetic traits that, by and large,
remain elusive. With the sequencing of the human genome
and the availability of high-throughput genotyping to detect
polymorphic allele variation on a population-wide basis,
however, breakthroughs may be on the horizon.

To define why age (or an aging process X exposure time
interaction) is so risky with respect to the aforementioned
vascular diseases, the specific components of the risk asso-
ciated with age must be identified. Two complimentary
approaches have evolved. On the one hand, epidemiologists
are searching for novel measures of “subclinical disease” (in
addition to the more established risk factors that have already
been well characterized) in large, unselected study cohorts
composed of persons both with and without cardiovascular
disease. In contrast, gerontologists are attempting to develop
quantitative information on cardiovascular structure and
function in apparently healthy individuals to define and target
the specific characteristics of aging that render it such amajor
risk factor for cardiovascular disease, even in the absence of
clinically apparent comorbidity. The latter approach consists
of identifying and selecting community-dwelling individuals
who do not have (or have not yet experienced) clinical disease
and who do not have occult disease that can be detected by
noninvasive methods. These individuals are then grouped by
age and stratified according to the level of a given variable,
which may include some of the novel measures of subclinical
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Figure 1. The demographic imperative. Numbers of persons 65
years of age or older (light bars) and 85 years of age or older in
the United States from 1900 through 2030. Data taken from the
US Census Bureau data with projections for 2030.

disease identified by the epidemiologists. If the variable is
perceived as beneficial or deleterious with respect to cardio-
vascular structure or function, those with extreme measures
are considered to be aging “successfully” or “unsuccessful-
ly,” respectively. “Unsuccessful” aging in this context is not
synonymous with having clinical disease, as individuals with
defined overt or occult clinical disease have been excluded
from consideration a priori. Instead, unsuccessful aging, ie,
falling within the poorest category with respect to the
measure viewed as del eterious, may be viewed as arisk factor
for future clinica cardiovascular disease. In this regard,
unsuccessful aging is a manifestation of the interaction of the
vascular aging process and specific aspects of vascular
disease pathophysiology. Thus, gerontologists and epidemi-
ologists have become part of a joint effort in the quest to
define why aging confers enormous risk for cardiovascular
disease.

The centra thesis of this review is that quintessential
clinical cardiovascular diseases of older persons and age-
associated changes in cardiovascular structure and function,
heretofore not defined as disease, become intertwined and
interdependent. Therole of specific age-associated changesin
cardiovascular structure and function in this age—disease
interaction has formerly been, and largely continues to be,
unrecognized by those who shape medical policy. Thus,
specific aspects of cardiovascular aging have remained out-
side the bailiwick of clinical cardiology, and, until recently,
have not been considered in most epidemiological studies of
cardiovascular disease. Our main goal is to promote a new
research frontier by defining our current understanding of the
age-associated changes in cardiac and vascular structure and
function that occur in apparently healthy persons and how
these are relate to the risk of subsequent cardiovascular
disease occurrence. This goal is pursued in this and the
additional two articles of this series that will occur in
subsequent issues of Circulation®2 to provoke thought re-
garding the new and important research efforts to design
basic experiments that elucidate these mechanisms and clin-
ical trials that evaluate strategies aimed at reducing or
preventing those aspects of aging, such as age-associated
increasesin large vessel lumen, wall thickening, and stiffness,
that occur in apparently healthy persons but confer risk for
overt clinical cardiovascular disease.
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Figure 2. A, Prevalence of hypertension, defined as systolic
blood pressure =140, diastolic blood pressure =90, or current
use of medication for purposes of treating high blood pressure.
Data are based on National Health and Nutrition Examination
Survey Il (1988-1991) (Burt VL, Whelton P, Roccella EJ, et al.
Prevalence of hypertension in the US adult population: results
from the Third National Health and Nutrition Examination Sur-
vey, 1988-1991. Hypertension. 1995;25:305-313). B, Incidence
of atherothrombotic stroke (per 1000 subjects per year) by age
in men (light bars) and women (dark bars) from the Framingham
Heart Study. Data from Wolf PA. Lewis A. Conner lecture: con-
tributions of epidemiology to the prevention of stroke. Circula-
tion. 1993;88:2471-24783. C, Incidence of coronary heart dis-
ease by age in men (light bars) and women (dark bars) from the
Framingham Heart Study. Data from Kannel WB, Wolf PA, Garri-
son RJ, eds. Framingham Study: An Epidemiological Investiga-
tion of Cardiovascular Disease. Section 34. NIH Publication
No.87-2703. Bethesda, Md: National Heart, Lung and Blood
Institute; 1987.

Age-Associated Changes in Vascular Structure
and Function in Apparent Health
During the past 2 decades, a sustained effort has been
ongoing to characterize the effects of aging on multiple
aspects of cardiovascular structure and function in a single
study population in the Baltimore Longitudina Study on
Aging (BLSA).? These community-dwelling volunteers are
rigorously screened to detect both clinical and occult cardio-
vascular disease and are characterized with respect to lifestyle
(eg, diet and exercise habits) in an attempt to identify and
clarify the interactions of these factors and those changes that
result from aging.3 Perspectives gleaned from these studies,
as well as relevant information regarding cardiovascular
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Figure 3. Top, The prevalence of silent ischemia in apparently
healthy asymptomatic BLSA volunteer subjects. Silent ischemia
is defined as both a positive thallium scan (T1-201) and a posi-
tive ECG during maximal exercise. N indicates the number of
test performed. From Fleg JL, Gerstenblith G, Zonderman AB,
et al. Prevalence and prognostic significance of exercise-
induced silent myocardial ischemia detected by thallium scintig-
raphy and electrocardiography in asymptomatic volunteers Cir-
culation 1990;81:428-436, and Fleg JL, et al, Gerontology
Research Center, National Institute on Aging, Baltimore, Md,
unpublished data. Bottom, The event free survival rates in those
with a double positive (ECG + TI-201) is markedly reduced
compared with all other volunteers tested. Within 5 years, 50%
of those with a double-positive test for silent ischemia devel-
oped their initial clinical manifestation of coronary artery dis-
ease. Numbers in the lower part of the figure represent the
number of subjects monitored during the follow-up period; lower
numbers indicate all double positive test; top numbers, all oth-
ers. Reprinted from Fleg JL, Gerstenblith G, Zonderman AB, et
al. Prevalence and prognostic significance of exercise-induced
silent myocardial ischemia detected by thallium scintigraphy and
electrocardiography in asymptomatic volunteers Circulation
1990;81:428-436.

aging from other studies in humans and in animal models, are
revisited here in the context of the findings of large epide-
miological studies that have sought to define risk factors for
cardiovascular disease morbidity and mortality.

Age-Associated Changes Central Arterial
Structure of Humans

Age-associated changes in the arterial properties of individ-
uals who are considered otherwise healthy may have rele-
vance to the steep age-dependent increase in vascular dis-
eases (Figure 4 and Figure 5). Cross-sectional studies in
humans have found that wall thickening and dilatation are
prominent structural changes that occur within large elastic
arteries during aging.# Postmortem studies indicate that the
aortic wall thickening that occurs with aging consists mainly
of intimal thickening, even in populations with a low inci-
dence of atherosclerosis.> Noninvasive measurements made
within the context of several epidemiological studies indicate
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that the carotid wall intimal media (IM) thickness increases 2-
to 3-fold between 20 and 90 years of age, which aso is the
case in BLSA individuals rigorously screened to exclude
carotid or coronary arterial stenosis (Figure 4A). Note,
however, the marked heterogeneity in IM thickness among
individuals of a given age. Although arterial remodeling with
aging in otherwise healthy humans occurs in the context of
age-associated endothelia dysfunction,® there is presently no
detailed information regarding the factors involved in pro-
gressive IM thickening with aging in humans.

Increased Intimal Thickening as a Risk Factor
for Atherosclerosis
It has been argued that the age-associated increase in IM
thickness in humans represents an early stage of atheroscle-
rosis. Indeed, excessive IM thickening at a given age predicts
the co-existence of silent coronary artery disease (CAD)
(Figure 4B). Because silent CAD often progresses to overt
clinical CAD, it is not surprising that increased IM thickness
predicts future clinical cardiovascular disease events. A
plethora of other epidemiological studies of individuas who
were not initially screened to exclude the presence of occult
cardiovascular disease have indicated that increased IM
thicknessis an independent predictor of future cardiovascular
events. Note in Figure 4C that the degree of risk varies with
degree of vascular thickening, and that the risk gradation
among quintiles of IM thickening is non-linear, with the
greatest risk occurring in the upper quintile. Thus, older
persons in the upper quintile of IM thickness may be
considered to have aged unsuccessfully or to have “subclin-
ical” vascular disease. The potency of IM thickness as a risk
factor in other individuals equals or exceeds that of most
other, more “traditional” risk factors (Figure 4D). Note,
however, in Figure 4B that the difference between older
and younger persons without evidence of coronary disease
far exceeds the difference between older persons free of
coronary disease and those with disease. Similar IM
thickening occurs with aging in non-human primates and
rodents in the absence of atherosclerosis,2 and age-
dependent IM thickening has also been documented in
humans in the absence of atherosclerosis.®

The subclinical disease of excessive IM thickening is not
necessarily early atherosclerosis. Rather, subclinical M
thickening is strongly correlated with intrinsic arterial aging.
Viewed in this way, the increase in IM thickness with aging
is analogous to intimal hyperplasia in aortocoronary saphe-
nous vein graphs that serves as the foundation for the later
development of atherosclerosis.” Age-associated endothelial
dysfunction, arterial stiffening, and arterial pulse pressure
widening can aso be considered similarly (see below).
Combinations of these processes occurring to varying degrees
determine the overall vascular aging profile of a given
individual. Worse combinations may lead to the most unsuc-
cessful aging within a vessel wall. In humans in Western
society, additional risk factors, including hypertension, smok-
ing, dyslipidemia, diabetes, diet, and heretofore unidentified
genetic factors, interact with vascular aging (as described
above) to activate an atherosclerotic plague. According to this
view, atherosclerosis, which increases with aging, is not a
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specific disease but rather an interaction of atherosclerotic
plaque with intrinsic features related to vascular aging mod-
ulated by atherosclerotic risk factors. Evidence in support of
this view comes from studies in which an atherogenic diet
resulting in the same elevation of plasma lipids caused
markedly more severe atherosclerotic lesions in older versus
younger rabbits and non-human primates.8® Hence, it is
possible that atherosclerosis occurring at younger ages may
be attributable not only to exaggerated traditional risk factors,
but also to accelerated aging of the vascular wall. Of course,
the traditional risk factors may themselves accel erate aging of
the vascular wall.

Studies in various populations with clinically defined
vascular disease have demonstrated that pharmacological
interventions, with or without lifestyle (diet, physical activ-
ity) interventions, can retard the progression of IM thicken-
ing.1°-14 There have be no such studies in persons at high risk
for cardiovascular events solely due to unsuccessful vascular

aging.

Increased Arterial Stiffening

Age-associated increase in IM thickening is accompanied by
both lumina dilatation and a reduction in compliance or
distensibility, with anincreasein vessel stiffness.2 Pulse wave
velocity (PWV), a relatively convenient, noninvasive index
of vascular stiffening, increases with age both in men and
women (Figure 5A). PWV is determined in part by the
intrinsic stress/strain relationship (stiffness) of the vascular
wall and by the mean arterial pressure. Increased PWV has
traditionally been linked to structural alterations in the vas-
cular media, including increased collagen, reduced elastin
ontent, elastin fractures, and calcification. Prominent age-
associated increases in PWV have been demonstrated in
populations with little or no atherosclerosis, indicating that
vascular stiffening can occur independently of atherosclero-
sis.’s> However, more recent data emerging from epidemio-
logical studies indicate that increased large vessel stiffening
also occurs in the context of atherosclerosis and diabetes.16:17
The link may be that stiffness is governed not only by the
structural changes within the matrix, as noted above, but also
by endothelial regulation of vascular smooth muscle tone and
of other aspects of vascular wall structure/function. Abnor-

Figure 4. A, The common carotid intimal medical thickness in
healthy BLSA volunteers as a function of age. B, Common carotid
intimal medial thickness as a function of age, stratified by coronary
artery disease (CAD) classification. CAD 2 indicates that group in
Figure 3 with double positive tests (see Figure 3 legend). Data for A
is from Nagai Y, Metter J, Earley CJ, et al. Increased carotid artery
intimal-medial thickness in asymptomatic older subjects with
exercise-induced myocardial ischemia. Circulation 1998;98:1504-
1509. B is reprinted from that same article. C, Common carotid
intimal medial thickness predicts future cardiovascular events in
Cardiovascular Health Study (CHS). D, Comparison of the associa-
tions of age- and sex-adjusted risk factors with the combined
event of stroke or myocardial infarction in Cox proportional-
hazards models in the CHS study. Note that intimal medical thick-
ness is a potent risk factor for future cardiovascular events. Both C
and D reprinted from O’Leary DH, Polack JF, Kronmal RA, et al.
Carotid-artery intima and media thickness as a risk factor for myo-
cardial infarction and stroke in older adults: Cardiovascular Health
Study Collaborative Research Group. N Engl J Med
1999;340:14-22.
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Figure 5. A, Aortic pulse wave velocity
as a function of age in healthy BLSA vol-
unteer subjects. From Vaitkevicius PV,
Fleg JL, Engel JH, et al. Effects of age
and aerobic capacity on arterial stiffness
in healthy adults. Circulation
1993;88:1456-1462. B, Reduced arterial
elasticity in normotensive persons, inde-
pendent of blood pressure, predicts the
future development of hypertension.
AADC, EP, YEM, and B are indices of
elasticity as defined in sources.
Reprinted from Liao D, Arnett DK, Tyroler
HA, et al. Arterial stiffness and the devel-
opment of hypertension: the ARIC Study.
Hypertension 1999;34:201-206.
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malities of the endothelium have been identified to occur
early on in the pathophysiology of atherosclerosis, diabetes,
and hypertension.18 Thus, there is evidence of avicious cycle:
atered mechanical properties of the vessel wall influence the
development of atherosclerosis and the latter, via endothelia
cell dysfunction and other mechanisms, influences vascular
stiffness.

As the walls of large arteries become stiffer, central
systolic arterial pressure increases, diastolic arterial pressure
decreases, and the pulse pressure increases for a given pattern
of left ventricular gection. A longitudina study of a large
population of relatively aged subjects has shown that elevated
levels of pulse pressure are associated with progression of IM
thickening and that IM thickening, in turn, is associated with
widening of pulse pressure® Numerous additional recent
studies have concurred that elevated pulse pressure is an
independent risk factor for future cardiovascular events.16-30
Thus, an increased PWV reflects 3 potential risk factors:
increased systolic pressure, widened pulse pressure, and
atered vascular wall properties. Recent studies!”-31-33 indicate
that elevated pulse wave velocity and reduced total systemic
compliance assessed by stroke volume/pulse pressure, over
and above blood pressure, are independent predictors of
cardiovascular events. This suggests that atered structure/
function of the stiff vessel wall, in addition to the associated
increase in systolic and pulse pressures, is a risk factor for
future vascular events. It has been hypothesized that cross-
links, due to nonenzymatic glycation, that increase with age
and increase markedly in diabetes contribute to age- and
disease-related increases in large artery dtiffening. In this
regard, a novel drug that breaks such cross-links has been

shown to reduce indices of arteria stiffness measures in
rodents, dogs, non-human primates, and humans.34-37

In fact, recent studies have demonstrated that increased
vascular stiffness precedes the development of hypertension
(Figure 5B). This concept has been overshadowed by the idea
that an increase in mean arterial pressure or peripheral
resistance is the predominant cause of increased large artery
stiffness. In other words, while the “secondary” increase in
large artery stiffness is attributable to an increase in mean
pressure that occurs in hypertension, evidence now exists that
the “primary” increase in large artery stiffness that accompa-
nies aging gives rise to an increase in large vessel stiffness
that proceeds an elevation of arterial pressure. Figure 5B
illustrates this point. Normotensive individuals who fall
within the upper quintiles for measures of arterial stiffnessare
more likely to develop hypertension (Figure 5B). Observa
tions such as this give rise to the notion that hypertension is
in part a disease of the arterial wall. There are compensatory
mechanisms to normalize blood pressure that fail with ad-
vancing age. For example, endothelial function becomes
apparently altered at about the 6th decade (Figure 6A), atime
when pulse pressure begins to appreciably elevate (Figure
6B). Thus, the altered endothelial function that occurs with
aging may be amechanism that not only permits arterial pulse
pressure to rise but that also underlies the importance of pulse
pressure as arisk factor for cardiovascular events, even when
systolic pressure is accounted for.

Arterial Pressure

Asour definition of disease continues to evolve, we may find
that many subjects who were formerly thought to be healthy
are not. For example, systolic pressure =140 mm Hg is now

Downloaded from http://circ.ahajournals.org/ by guest on May 16, 2014


http://circ.ahajournals.org/

144 Circulation January 7/14, 2003

A Flow mediated dilation Glyceryl Trinitrate Induced Dilation
& s[. a
= 8 | ] "
E ; e
E ? E®| boeaye
w 2 . . |
° ° I ' |

]SO _‘5?‘ g ‘ 2

2 J"h gu ty | 8 | i
E?—' 3 i lEﬁ |t T 4

w | 2
e . ] o | |
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Age (years) Age (years)
B a0 . _ .

Pulse Pressure (mmHg)

SBP
—_— 160+
o
x
E 140-159
£ 120-139
o
(] <120
L 120
©
g‘ 100 5

30-34 3530 40-44 45-40 50-54 5550 BO-64 6560 70-74 75-79 80-B4
Age
Tracking of DBP with Age
D 100

z - ¥
£, B - =
o M_‘\
&
L 70 k120
2
[}
&
(=]

30-34 35-39 40-44 45-49 50-54 55-50 60-64 65-60 70-T4 75-79 BO-84
Age

Figure 6. A, Endothelial (flow) mediated and non-endothelial
(glyceryl trinitrate) induced arterial dilatation in apparently
healthy persons. Note that the marked age-associated decline
occurs about a decade later in females versus males. Reprinted
from Celermajer DS, Sorensen KE, Spiegelhalter DJ, et al. Aging
is associated with endothelial dysfunction in healthy men years

considered to be hypertension, and hypertension is considered
to be a disease. Individuals with a systolic pressure between
140 and 160 mm Hg, who a decade ago were thought to be
free from disease, are now identified as being diseased.
Larger studies have shown that individuals who manifest
modest elevations in systolic and pulse pressures are more
likely to develop clinical disease or die from it.38

In addition to stroke volume, arterial pressure is deter-
mined by the interplay of peripheral resistance and central
artery stiffness; the former raises both systolic and diastolic
pressure to a similar degree, whereas the latter raises systolic
but lowers diastolic pressure. Pulse pressure is a useful
hemodynamic indicator of conduit artery vascular stiffness.
Framingham investigators and others have reported an age-
dependent rise in average systolic blood pressure across al
adult age groups (Figure 6C). In contrast, average diastolic
pressure was found to rise until 50 years of age, level off from
ages 50 to 60, and decline thereafter (Figure 6D). The
age-dependent changes in systolic, diastolic, and pulse pres-
sure are consistent with the notion that in younger people,
blood pressure is determined largely by peripheral vascular
resistance, whereas in older individuals, it is determined to a
greater extent by central conduit vessel stiffness.

Owing to the decline in diastolic pressure in older men and
women in whom systolic pressure is increasing, isolated
systolic hypertension emerges as the most common form of
hypertension in individuals over the age of 50.38 Isolated
systolic hypertension, even when mild in severity (stage 1), is
associated with an appreciable increase in cardiovascular
disease risk.2t22 Based on long-term follow up of middle-
aged and older subjects, however, Framingham researchers
have found pulse pressure to be a better predictor of coronary
disease risk than the systolic or diastolic pressure.22 When
considered jointly with the systolic blood pressure in older
subjects, diastolic blood pressure is inversely related to
coronary risk. Consideration of the systolic and diastolic
pressures jointly may be preferable to consideration of either
value alone.21.23.39

An emerging concept in the treatment of hypertension
recognizes that progressive vascular damage can continue to
occur even when arterial pressure is controlled. It is conceiv-
able that drugs that retard or reverse age-associated vascular
wall remodeling and increased stiffness will be preferable to
those that lower pressure without affecting the vascular wall
properties.

before the age-related decline in women. J Am Coll Cardiol
1994;24:471-476. B, Pulse pressure in healthy BLSA individu-
als. Reprinted from Pearson JD, Morrell CH, Brant LJ, et al.
Age-associated changes in blood pressure in a longitudinal
study of healthy men and women. J Gerontol Med Sci.
1997;52:M177-M183. C, Tracking of systolic blood pressure
with age in Framingham Heart Study subjects. Subjects were
stratified in 4 groups according to their systolic blood pressure
(SBP) in middle age: <120 mm Hg, 120 to 139 mm Hg, 140 to
159 mm Hg, and =160 mm Hg. D, Tracking of diastolic blood
pressure (DBP) with age in Framingham Heart Study subjects
(same grouping were used as in C). Both C and D adapted from
Franklin SS, Gustin W IV, Wong ND, et al. Hemodynamic pat-
terns of age-related changes in blood pressure: the Framingham
Heart Study. Circulation 1997;96:308-315.
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Relationship of Vascular Human Aging in Health to Vascular Diseases

Age-Associated Changes

Plausible Mechanisms

Possible Relation to Human Disease

Vascular structural remodeling

A Vascular intimal thickness
by VSMC

A Migration of and &Yacute; matrix production

Promotes development of atherosclerosis

Possible derivation of intimal cells from other

sources
A\ Vascular stiffness Elastin fragmentation

A\ Elastase activity

Systolic hypertension
Left ventricular wall thickening

A\ Collagen production by VSMC and 1) Cross Stroke

linking of collagen

Altered growth factor regulation/tissue repair

mechanisms
Vascular functional changes
Altered regulation of vascular tone  {} NO production/effects

Reduced physical activity Learned lifestyle

Frailty

Atherosclerosis
Left ventricular hypertrophy

Vascular stiffening; hypertension
Early atherosclerosis

Exaggerated age changes in some aspects of
vascular structure and function, eg, arterial stiffening
Negative impact on atherosclerotic vascular disease,
hypertension and heart failure

VSMC indicates vascular smooth muscle cell.

Summary

There is a growing body of evidence that increased large
artery thickening and stiffness and endothelia dysfunction in
apparently otherwise healthy older persons, along with the
ensuing increase in systolic and pulse pressure that was
formerly thought to be part of “normal” aging, precede
clinical disease and predict a higher risk for developing
clinical atherosclerosis, hypertension, and stroke (Table).
Some of these vascular changes that occur with aging in
normotensive humans, including endothelial dysfunction,
have been observed in hypertensive patients at an earlier age
and are more marked than in normotensive subjects. Such
otherwise asymptomatic individuals might be considered to
manifest unsuccessful vascular aging. When stated in this
context, unsuccessful vascular aging becomes the risk factor
for eventual clinical disease manifestations. Some epidemi-
ologists will perceive the risk of unsuccessful vascular aging
as synonymous with subclinical cardiovascular disease; how-
ever, evidence ismounting that subclinical vascular diseasein
older persons represents specific aspects of vascular aging
and is not synonymous with low-grade atherosclerosis or
hypertension. Rather, vascular aging and vascular disease are
partners, each contributes specific components to what is
presently referred to as “vascular disease.” Thus, what clin-
ical medicine and epidemiology now refer to as vascular
disease should be regarded as the “vascular aging—vascular
disease interaction.” Aging blood vessels provide the milieu
in which vascular diseases can flourish. If vascular aging is a
risk factor for disease, then age-associated vascular changes
represent a potential target for treatment and prevention. The
vascular changes due to aging in persons who do not have a
diagnosis of clinical cardiovascular disease have remained
largely outside the bailiwick of clinical cardiology, however,
and until recently have not been the focus of preventive
measures.

Lifestyle intervention or pharmacotherapy to retard the rate
of progression of subclinical disease might be considered
before the clinical disease becomes manifest. With respect to
lifestyle, therisk factor of lack of vigorous exercise increases
dramatically with age in otherwise healthy persons.#® It is
noteworthy that pulse pressure, PWV, and carotid augmen-
tation index are lower4142 and baroreceptor reflex function is
improved® in older persons who are physically conditioned
compared with sedentary persons. Exercise conditioning also
improves endothelial function in older persons.# In addition,
there is evidence to indicate that diets low in sodium are
associated with reduced arterial stiffening with aging.#> With
respect to pharmacotherapy, angiotensin-converting enzyme
inhibitors have been shown to retard vascular aging in
rodents.#647 Retardation or reduction in IM thickness in
humans has been achieved by drug/diet intervention.2>-20 It is
thus far unproved if such treatment can “prevent” unsuccess-
ful aging of the vasculature in individuals of younger-middie
age who exhibit excessive subclinical evidence of unsuccess-

ful aging.

Acknowledgments
The authors would like to thank Christina R. Link, Denise L.
Dunaway, and Sandra Stoddard for their secretarial support.

References

1. Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in
cardiovascular disease enterprises. Part |1: the aging heart in health: links
to heart disease. Circulation. In press.

2. Lakatta EG. Arterial and cardiac aging: major shareholdersin cardiovas-
cular disease enterprises. Part 111: cellular and molecular clues to heart
and arteria aging. Circulation. In press.

3. Fleg JL, O’Connor FC, Gerstenblith G, et al. Impact of age on the
cardiovascular response to dynamic upright exercise in healthy men and
women. J Appl Physiol. 1995;78:890-900.

4. Lakatta EG. Cardiovascular regulatory mechanisms in advanced age.
Physiol Rev. 1993;73:413-465.

Downloaded from http://circ.ahajournals.org/ by guest on May 16, 2014


http://circ.ahajournals.org/

146

5.

10.

11

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Circulation January 7/14, 2003

Virmani R, Avolio AP, Mergner WJ, et a. Effect of aging on aortic
morphology in populations with high and low prevalence of hypertension
and atherosclerosis: comparison between occidental and Chinese com-
munities. Am J Pathol. 1991;139:1119-1129.

. Celermajer DS, Sorensen KE, Spiegelhalter DJ, et al. Aging is associated

with endothelia dysfunction in healthy men years before the age-related
decline in women. J Am Coll Cardiol. 1994;24:471—-476.

. Stary HC, Blankenhorn DH, Bleakley CA, et a. A definition of the intima

of human arteries and its atherosclerosis-prone regions: a report from the
Committee on Vascular Lesions of the Council on Arteriosclerosis,
American Heart Association. Circulation. 1992;85:391—-405.

. Spagnoli LG, Orlandi A, Mauriello A, et a. Aging and atherosclerosisin

the rabbit: distribution, prevalence, and morphology of atherosclerotic
lesions. Atherosclerosis. 1991;89:11-24.

. Clarkson TB. Nonhuman primate models of atherosclerosis. Lab Animal

Sci. 1998;48:569-572.

Hodis HN, Mack WJ, LaBree L, et a. Reduction in carotid arterial wall
thickness using lovastatin and dietary therapy: a randomized, controlled
clinical trial. Ann Intern Med. 1996;124:548-556.

Heblad B, Wikstrand J, Janzon L, et a. Low-dose metoprolol CR/XL and
fluvastatin slow progression of carotid intima-media thickness: main
results from the B-blocker cholesterol-lowering asymptomatic plaque
study (BCAPS). Circulation. 2001;103:1721-1726.

Furberg CD, Adams HP, Applegate WB, et a. Effect of lovastatin on
early carotid atherosclerosis and cardiovascular events. Circulation.
1994;90:1679-1687.

Lonn EM, Yusuf S, Dzavik V, et al .Effects of ramipril and vitamin E on
atherosclerosis: the study to evaluate carotid ultrasound changes in
patients treated with ramipril and vitamin E (SECURE). Circulation.
2001;103:919-925.

deGroot E, Jukema JW, van Swijndregt, et a. B-mode ultrasound
assessment of pravastatin treatment effect on carotid and femoral artery
walls and its correlations with coronary arteriographic findings: a report
of the regression growth evaluation statin study (REGRESS). J Am Caoll
Cardiol. 1998;31:1561-1567.

Avolio A. Genetic and environmental factorsin the function and structure
of the arterial wall. Hypertension. 1995;26:34-37.

Dart AM, Kingwell BA. Pulse pressure: a review of mechanisms and
clinical relevance. 3 Am Coll Cardiol. 2001;37:975-984.

Blacher J, Asmar R, Djane S, et a. Aortic pulse wave velocity as amarker
of cardiovascular risk in hypertensive patients. Hypertension. 1999;33:
1111-1117.

Gimbrone MA Jr. Vascular endothelium, hemodynamic forces, and
atherogenesis. Am J Pathol. 1999;155:1-5.

Zureik M, Touboul P-J, Bonithon-Kopp C, et a. Cross-sectional and
4-year longitudina associations between brachial pulse pressure and
common carotid intima-mediathickness in ageneral population: the EVA
Study. Stroke. 1999;30:550-555.

lzzo JL, Levy D, Black HR. Importance of systolic blood pressure in
older Americans. Hypertension. 2000;35:1021-1024.

Franklin SS, Larson MG, Khan SA, et a. Does the relation of blood
pressure to coronary heart disease risk change with aging? The Fra-
mingham Heart Study. Circulation. 2001;103:1245-1249.

Sesso HD, Stampfer MJ, Rosner B, et a. Systolic and diastolic blood
pressure, pulse pressure, and mean arterial pressure as predictors of
cardiovascular disease risk in men. Hypertension. 2000;36:801—807.
Franklin SS, Khan SA, Wong ND, et al. Is pulse pressure useful in
predicting risk for coronary heart disease? The Framingham Heart Study.
Circulation. 1999;100:354-360.

Blacher J, Staessen JA, Girerd X, et al. Pulse pressure not mean pressure
determines cardiovascular risk in older hypertensive patients. Arch Intern
Med. 2000;160:1085-1089.

Glynn RJ, Chae CU, Guranik JM, et a. Pulse pressure and mortality in
older people. Arch Intern Med. 2000;160:2765-2772.

Franklin SS, Gustin IV W, Wong ND, et al. Hemodynamic patterns of
age-related changes in blood pressure. The Framingham Heart Study,
Circulation. 1997;96:308—315.

27.

28.

29.

30.

31

32

33.

35.

36.

37.

39.

40.

41.

42.

45.

46.

47.

Benetos A, Zureik M, Morcet J, et a. A decrease in diastolic blood
pressure combined with an increase in systolic blood pressure is asso-
ciated with a higher cardiovascular mortality in men. J Am Coll Cardiol.
2000;35:673-680.

Blacher J, Guerin AP, Pannier B, et al. Impact of aortic stiffness on
survival in end-stage rena disease. Circulation. 1999;99:2434-2439.
Fagard RH, Pardaens K, Staessen JA, et a. The pulse pressure-to-stroke
index ratio predicts cardiovascular events and death in uncomplicated
hypertension. J Am Coll. 2001;38:227-231.

Domanski MJ, Davis BR, Pfeffer MA, et a. Isolated systolic hyper-
tension: prognostic information provided by pulse pressure. Hyper-
tension. 1999;34:375-380.

Safar ME, Balcher J, Mourad JJ, et al. Stiffness of carotid artery wall
material and blood pressure in humans: application to antihypertensive
therapy and stroke prevention. Sroke. 2000;31:782—790.

Boutouyrie P, Tropeano Al, Asmar R, et al. Aortic stiffness is an inde-
pendent predictor of primary coronary events in hypertensive patients: a
longitudinal study. Hypertension. 2002;39:10-15.

deSimone G, Roman MJ, Koren MJ, et al. Stroke volume/pulse pressure
ratio and cardiovascular risk in arterial hypertension. Hypertension. 1999;
33:800—805.

. Wolfenbuttel BHR, Boulanger CM, Crijns FRL, et a. Breakers of

advanced glycation end products restore large artery properties in exper-
imental diabetes. Proc Natl Acad Sci U SA. 1998;95:4630—-4634.

Asif M, Egan J, Vasan S, et a. An advanced glycation endproduct
cross-link breaker can reverse age-related increases in myocardial
stiffness. Proc Natl Acad Sci U SA. 2000;97:2809-2813.

Vaitkevicius PV, Lane M, Spurgeon, HA, et a. A cross-link breaker has
sustained effects on arteriad and ventricular properties in older rhesus
monkeys. Proc Natl Acad Sci U SA. 2001;98:1171-1175.

Kass DA, Shapiro EP, Kawaguchi M, et a. Improved arterial compliance
by a novel advanced glycation end-product crosslink breaker. Circu-
lation. 2001;104:1464-1470.

. Sagie A, Larson MG, Levy D. The natural history of borderline isolated

systolic hypertension. N Engl J Med. 1993;329:1912-1917.

Miura K, Dyer AR, Greenland P, et a. Pulse pressure compared with
other blood pressure indexes in the prediction of 25-year cardiovascular
and all-cause mortality rates: the Chicago Heart Association Detection
Project in Industry Study. Hypertension. 2001;38:232-237.

Talbot LA, Metter EJ, Fleg JL. Leisure-time physical activities and their
relationship to cardiorespiratory fitnessin healthy men and women 18-95
years old. Med Sci Sports Exer. 2000;32:417-425.

Vaitkevicius PV, Fleg JL, Engel JH, et a. Effects of age and aerobic
capacity on arterial stiffness in healthy adults. Circulation. 1993;88:
1456-1462.

Tanaka H, DeSouza CA, Seals DR. Absence of age-related increase in
central arterial stiffness in physically active women. Arterioscler Thromb
Vasc Biol. 1998;18:127-132.

. Hunt BE, Farquhar WB, Taylor JA. Does reduced vascular stiffening

fully explain preserved cardiovagal baroreflex function in older, phys-
ically active men? Circulation. 2001;103:2424-2427.

. Rywik TM, Blackman R, Yataco AR, et a. Enhanced endothelia vaso-

reactivity in endurance trained older men. J Appl Physiol. 1999;87:
2136-2142.

Avolio AP, Clyde KM, Beard TC, et al. Improved arterial distensibility in
normotensive subjects on a low salt diet. Arteriosclerosis. 1986;6:
166-169.

Michel JB, Heudes D, Michel O, et al. Effect of chronic ANG
I-converting enzyme inhibition on aging processes: |1: large arteries. AmJ
Phyisol. 1994;267:R124-R135.

Levy BI, Michel JB, Salzmann JL, et a. Remodeling of heart and arteries
by chronic converting enzyme inhibition in spontaneously hypertensive
rats. Am J Hypertension. 1991;4:240S-245S.

Key Worps: aging B cardiovascular disease B epidemiology M remodeling
W risk factors

Downloaded from http://circ.ahajournals.org/ by guest on May 16, 2014


http://circ.ahajournals.org/

