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REVIEW

Aging and Arterial Stiffness

Hae-Young Lee, MD, PhD; Byung-Hee Oh, MD, PhD

Arterial walls stiffen with age. The most consistent and well-reported changes are luminal enlargement with wall
thickening and a reduction of elastic properties at the level of large elastic arteries. Longstanding arterial pulsation
in the central artery causes elastin fiber fatigue and fracture. Increased vascular calcification and endothelial dys-
function are also characteristic of arterial aging. These changes lead to increased pulse wave velocity, especially
along central elastic arteries, and increases in systolic blood pressure and pulse pressure. Vascualar aging is
accelerated by coexsiting cardiovascular risk factors, such as hypertension, metabolic syndrome and diabetes.
Vascular aging is an independent risk factor for cardiovascular disease, from atherosclerosis to target organ dam-
age, including coronary artery disease, stroke and heart failure. Various strategies, especially controlling hyper-
tension, show benefit in preventing, delaying or attenuating vascular aging. (Circ J 2010; 74: 2257 -2262)
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well-reported changes are luminal enlargement with

wall thickening (remodeling) and a reduction of
elastic properties (stiffening) at the level of large elastic
arteries, namely arteriosclerosis.! Interestingly, this aging
process in the arterial tree is heterogeneous, with distal mus-
cular arteries not exhibiting these stiffening changes, which
is different from the atherosclerotic process.>

The media of large arteries is mainly composed of an inte-
grated assembly of vascular smooth muscle cells and elastic
and collagen fibers, comprising functional musculoelastic
sheets. Cross-links between extracellular matrix components
and smooth muscle cell-matrix interactions confer adequate
mechanical properties.® The principal structural change with
aging is medial degeneration, which leads to progressive
stiffening of the large elastic arteries. Longstanding arterial
pulsation in the central artery has a direct effect on the struc-
tural matrix proteins, collagen and elastin in the arterial wall,
disrupting muscular attachments and causing elastin fibers to
fatigue and fracture.

Accumulation of advanced glycation endproducts (AGE)
on the proteins alters their physical properties and causes stiff-
ness of the fibers. Another major change in the arterial wall
is calcium deposition. The calcium content of the arterial wall
increases with age, particularly after the 5th decade, which
might also contribute to the loss of arterial distensibility.*

Though the struture of the peripheral muscular arteries/
arterioles is only minimally affected by aging, impaired vaso-
motor function associated with endothelial dysfunction leads
to thickening of the intima—media layer, and can contribute
to peripheral resistance.>¢ Endothelial dysfunction is charac-
teristic of arterial aging, triggered by a decrease in antioxida-
tive capacity and an increase in oxidative stress.”$

!- rterial walls stiffen with age. The most consistent and

Moreover, Qiu et al recently suggested that, as well as
changes in the extracellular matrix, increased stiffness of the
vascular smooth muscle cells themselves also mediates aging-
associated vascular stiffness by increasing adhesion molecule
expression.”10

Finally, various comorbid risk factors, which are invariably
highly prevalent among the elderly, accelerate the atheroscle-
rotic process. Age-related changes in the arterial structure
may create a vicious cycle of arterial stiffness. Wide pulse
pressure is transmitted to other arteries, such as the carotid,
which further aggravates the process of large artery remod-
eling to reduce wall stress, leading to intima—media thicken-
ing.1!

The causes of vascular aging are summarized in Figure 1.

Assessing Arterial Stiffness

Several non-invasive methods are currently used to assess
vascular stiffness.!? Pulse wave velocity (PWV) and the aug-
mentation index (Al) are the 2 major non-invasive methods
of assessing arterial stiffness.

PWYV reflects the elasticity of the segmental artery. Cardiac
contraction generates a pulse wave, which is propongated dis-
tally to the the extremities. PWV is calculated as the distance
traveled by the pulse wave divided by the time taken to travel
the distance.'® Increased arterial stiffness results in increased
speed of the pulse wave in the artery. PWV can be measured
in any arterial segment between 2 regions. Carotid—femoral
PWYV is considered as the gold standard for assessing central
arterial stiffness,'* and is an independent predictor of cardio-
vascular mortality and morbidity in elderly subjects,!>1¢ as
well as in the general population.!”-'®8 However, a relatively
high level of skill combined with the need to expose the
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Figure 1. Causes of arterial aging.
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inguinal region are barriers to its wide clinical use. In con-
trast, the brachial-ankle PWV is easy to measure and has
potential for screening purposes. In small studies, brachial—
ankle PWV was an independent predictor of cardiovascular
death and events in elderly community dwelling people! and
in patients with coronary artery disease.?’ Though brachial—
ankle PWYV refects not only elastic central arterial stiffness
but also muscular peripheral arterial stiffness,?! it shows a
close correlation with aortic or carotid—femoral PWV.?2 The
main limitation of PWYV interpretation is that the PWV is
significantly influenced by blood pressure (BP). Because
increased BP increases the arterial wall tension, thus adding
functional stiffening of the arteries, BP becomes a confound-
ing variable when comparing the degree of structural arterial
stiffening. The stiffness index, /3, can be derived with mini-
mal influence of BP; however, 3 is a marker of regional and
not segmental arterial stiffness.!> Because 3 is estimated at
the same site of PWV measurement, but with an adjustment
for BP, it cannot be used to obtain segmental arterial stiffness
when the BP differs between the proximal and distal parts of
the measured segment. Recently, a new arterial stiffness index,
the cardio-ankle vascular index (CAVI), has been suggested
as a marker of arterial stiffness independent of BP.2* CAVI is
derived by measuring PWV and then adjusted by the stiffness
parameter, /3, thus enabling BP-independent measurement of
arterial stiffness. Indeed, early results show good reproduc-
ibility, BP-independence, and risk predictability;** however,
further studies are warranted for wide acceptance.

Al reflects stiffness of the systemic arterial tree.?> The
arterial pressure wave is a composition of the forward pres-
sure wave arising from left ventricular ejection and the back-
ward (reflected) pressure wave. Backward pressure occurs
mainly as a consequence of wave reflection and wave reflec-
tion is mainly created by impedance mismatch at the branch
point of the arterial system and very small resistance arteri-
oles. The interaction between the forward and reflected pulse
waves is assessed by pulse wave analysis and expressed as the
Al The pressure waveform from the radial artery is recorded

non-invasively with applanation tonometry, and then the
aortic pressure waveform is derived by a generalized transfer
function (Sphygmocor, AtCor, Sydney, NSW, Australia).2
Therefore, central arterial stiffness and peripheral reflectance
are important determinants of the Al. Normally, the reflected
wave arrives at the aortic root during diastole and augments
the coronary circulation. Increased stiffness of the aorta
increases the aortic PWV and the reflected wave returns ear-
lier to the aortic root during late systole when the ventricle is
still ejecting blood, adding the reflected wave to the forward
wave and augmenting the central systolic pressure. Increased
central systolic pressure and pulse pressure result in an
increase in arterial wall stress, progression of atherosclerosis
and the development of left ventricular hypertrophy because
of increased left ventricular afterload.?”-?® Early return of the
reflected wave also causes a decrease in central diastolic pres-
sure, resulting in reduced coronary artery perfusion pres-
sure.? Al is also influenced by BP* and, importantly, by
heart rate.3! Though brachial systolic BP is not influenced by
heart rate, central BP is significantly increased by heart rate
reduction, which can be a confounding factor.

Age-Sex Effects on Arterial Stiffness

A number of studies have investigated the effects of age on
aortic PWV and AI.23%33 Most studies suggest a linear, age-
related increase in both PWV and Al; however, central Al
and aortic PWV do not always show a linear correlation, but
rather they are differentially affected by aging.’? Data from
a large cohort of healthy individuals in the Anglo-Cardiff
Collaborative Trial (ACCT) showed these different patterns
in age-related changes between central Al and aortic PWV.
Changes in Al were more prominent in younger individuals
(<50 years), whereas the changes in aortic PWV were more
marked in those older than 50 years. Therefore, central Al
might be a more sensitive marker of arterial aging in younger
individuals, and aortic PWV is more sensitive in those over
50 years of age. Similarly, Mitchell et al reported that central
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Figure 2. Means of augmentation index, regional pulse wave velocity and pulse pressures by sex and quartile of age (results
from the Korean Arterial Aging Study presented at the 23th Scientific Meeting of International Society of Hypertension, 2010).

Al changes less with age in older individuals and actually
declines after the age of 60 years.? McEniery et al suggested
a hypothesis for those discrepant responses.®? In younger
individuals, the rise in augmented pressure is because of an
increase in the magnitude of wave reflection rather than
increased wave velocity, whereas in older individuals, the rise
in augmented pressure is driven by an earlier return of the
reflected wave and a less compliant aorta rather than predomi-
nant changes in the magnitude of wave reflection. Age-related
dilatation usually occurs in large arteriosclerotic arteries,
thus increasing PWV, but minimally affecting impedance.35-36
Though it is still controversial, there is a reported greater
increase in aortic stiffness with age among women, par-
ticularly with the menopause. In particular, Al is higher in
women than in men by approximately 7% after menopause, in
part because of women’s shorter height and therefore closer
physical proximity between the heart and reflecting sites.>
Another report found a steeper age-related rise in pulse pres-
sure among women after menopause.®® Central PWV also
increases more rapidly with age in women than in men,
crossing over around the age of 45 years, whereas there is no
significant difference across the sexes in femoral PWV.¥
Recently, a Korean vascular research working group per-
formed the Korean Arterial Aging Study (KAAS) to deter-
mine the effect of aging on the stiffness parameters such as
Al and PWV in apparently healthy individuals with or with-
out CV risk factors.*’ That study enrolled 1,750 subjects aged
17-87 years (mean, 46.5 years) who were apparently healthy
and not taking any medication for hypertension, diabetes or
dyslipidemia. We observed the same tendency in the aging
and sex effects. In younger ages (age quartile 1 and 2), both

central and peripheral pulse pressures were lower in women
than in men, but around 45 years, the pulse pressures of the
women sharply rose, so that in their 50s and over, women
had higher pulse pressures than men. The same tendency of
a rapid increase was observed in central pulse wave velocity
(Figure 2).

Clinical Significance of Aging-Associated
Arterial Stiffness

Once, the aging-associated changes in arterial structural and
functional changes were thought to be part of normative
agings, but this concept changed when data emerged show-
ing that these changes are acclerated with coexistent cardio-
vascular disease. For example, patients with hypertension,*!
metabolic syndrome,*? or diabetes*} exhibit increased carotid
wall thickness and stiffness even after adjusting for age. And
this ‘accelerated’ arterial aging is well confirmed to be a risk.

Stiffening of large arteries results in various adverse hemo-
dynamic consequences. Aging-associated arterial stiffness
leads to a rise in pulse pressure and isolated systolic hyper-
tension. Following aging, systolic BP increases linearly,
while diastolic BP increases until approximately age 50 then
declines.** Mean arterial pressure increases until approxi-
mately age 50 then reaches a plateau, while pulse pressure is
constant until approximately age 50 and then increases. In
individuals over 60 years of age, isolated systolic hyperten-
sion affects more than 50%, and results in excess morbidity
and mortality. Increased pulsatile pressure and flow stresses
extend to the vulnerable microcirculation of vasodilated
organs, such as the brain and kidneys, and can predispose to
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cerebral lacunar infarction and albuminuria. Indeed, isolated
systolic hypertension caused by widening of pulse pressure is
the most common form of hypertension among the elderly,*
and carries a 3-fold increase in the risk of stroke. Moreover,
arterial stiffness correlates with cognitive function in the very
elderly over 80s.*5 Elevated systolic BP because of large
arterial stiffening also promotes left ventricular hypertrophy
and ventricular stiffening, thus leading to diastolic dysfunc-
tion and heart failure, the incidence of which doubles among
isolated systolic hypertensive patients.**#” In addition, low
diastolic pressure reduces coronary blood flow, aggravating
the situation and predisposing to ischemia.

Management of Arterial Aging

There are a large number of studies reporting changes in arte-
rial stiffness and wave reflection after various interventions,
either non-pharmacological or pharmacological.’® Non-phar-
macological treatments that are able to reduce arterial stiff-
ness include exercise training, weight loss, and various dietary
modifications, including low-salt diet, moderate alcohol con-
sumption, garlic powder, «-linoleic acid, dark chocolate, and
fish oil.*® Pharmacological treatments include (1) antihyper-
tensive treatment such as diuretics, a-blockers, angiotensin-
converting enzyme (ACE) inhibitors, angiotensin-receptor
blockers (ARB), and calcium-channel antagonists;* (2) treat-
ment of congestive heart failure, such as with ACE inhibitors,
nitrates,® and aldosterone antagonists;*! (3) lipid-lowering
agents such as statins;*>%3 (4) antidiabetic agents, such as
thiazolidinediones;>* and (5) AGE breakers.5>

It is still debated whether the reduction in arterial stiffness
after antihypertensive treatment is only attributable to BP
lowering, or if additional BP-independent effects are in-
volved.*8 However, renin—angiotensin—aldosterone system
(RAAS) inhibitors, such as the ACE inhibitors and ARBs,
have been widely suggested to have a BP-independent effect
on arterial stiffness.5-%* Those observations are relevant to
the widely reported fibrosis-inducing effect of the RAAS. In
contrast, 3-blockers has been suggested to be inferior to
other classes of drugs in reducing vascular stiffness because
[3-blockers devoid of vasodilating properties are less effec-
tive for reducing central pulse pressure and Al than other anti-
hypertensive drugs.'® Indeed, non-vasodilating /3-blockers
may increase vasoconstriction and facilitate the return of
wave reflection in late systole rather than in diastole, thereby
increasing the Al. All of these factors contribute to an im-
pedance mismatch between the heart and the arterial system,
raising central pulse pressure in the case of $-blockers.

The roles of arterial stiffness and wave reflections in the
mechanisms of central BP reduction in subjects under anti-
hypertensive drug therapy might be best demonstrated in
the ASCOT and CAFE studies. In both trials, an ACE inhibi-
tor, perindopril, was used with a calcium-channel blocker,
amlodipine, and compared with an association of diuretic
and j3-blockers. In the ASCOT study, amlodipine-based treat-
ments proved to be more effective than atenolol-based treat-
ments for reducing cardiovascular events.%> The CAFE study
showed that the reduction in central systolic BP and pulse
pressure was higher in the amlodipine- than in the atenolol-
based treatment group, despite similar reductions in both
pressures at the brachial level.%¢

The results of the REASON study (Preterax in Regression
of Arterial Stiffness in a Controlled Double-Blind Study),
which compared the antihypertensive effects of the very-low-
dose combination of indapamide (0.625 mg) and perindopril

Circulation Journal

(2mg) with the j3-blocking agent atenolol (50 mg), showed a
superior effect of the ACE inhibitor, perindopril, to atenolol
in reducing both aortic PWV and wave reflections.®’ In
the primary results of 1-year follow-up for the same diastolic
BP reduction, perindopril/indapamide lowered brachial and
carotid systolic BP and thus pulse pressure more than ateno-
lol. This difference was significantly more pronounced for
the carotid artery than for the brachial artery. Also, the wave-
reflection changes resulting from the reduction of peripheral
(arteriolar) reflection coefficients were the principal factor to
consider in explaining the difference between atenolol and
perindopril/indapamide with regard to systolic BP reduction.

Finally, the effect on central BP reduction by the ARB,
olmesartan, in combination with either a calcium-channel
blocker or a diuretic was compared in hypertensive patients
(mean age, 68.4 years).®” Though brachial systolic BP was
similar between the 2 groups, the reduction in central systolic
BP in the olmesartan/calcium-channel blocker group was
significantly greater than in the olmesartan/diuretic group.
In addition, aortic PWV was significantly more reduced in
the olmesartan/calcium-channel blocker group. Again, these
results suggest that the regulating capacity of arterial stiffness
and wave reflections might differ among antihypertensive
patients.

Conclusions

Though arterial walls stiffen with age, it is not solely nor-
mative. Vascular aging is accelerated by the coexistence of
cardiovascular risk factors and well confirmed to be a risk
factor for cardiovascular disease. Various strategies, espe-
cially controlling hypertension, show benefit in attenuating
vascular aging. Currently, reducing pulse pressure is the most
effective strategy to prevent arterial stiffness and decrease
wave reflections in elderly patients with systolic hyper-
tension. In addition, the roles of newer therapies targeting at
breaking collagen cross-links or preventing their formation
should be investigated.

References

1. Izzo JL Jr, Shykoff BE. Arterial stiffness: Clinical relevance, mea-
surement, and treatment. Rev Cardiovasc Med 2001; 2: 29-34, 7—
40.

2. Mitchell GF, Parise H, Benjamin EJ, Larson MG, Warner E, Keaney
JF Jr, et al. Changes in arterial stiffness and wave reflection with
advancing age in healthy men and women: The Framingham Heart
Study. Hypertension 2004; 43: 1239—-1245.

3. Jacob MP. Extracellular matrix remodeling and matrix metallo-
proteinases in the vascular wall during aging and in pathological
conditions. Biomed Pharmacother 2003; 57: 195-202.

4. Atkinson J. Age-related medial elastocalcinosis in arteries: Mech-
anisms, animal models, and physiological consequences. J Appl
Physiol 2008; 105: 1643—1651.

5. Taddei S, Virdis A, Ghiadoni L, Salvetti G, Bernini G, Magagna A,
et al. Age-related reduction of NO availability and oxidative stress
in humans. Hypertension 2001; 38: 274—-279.

6. Hayoz D, Rutschmann B, Perret F, Niederberger M, Tardy Y,
Mooser V, et al. Conduit artery compliance and distensibility are
not necessarily reduced in hypertension. Hypertension 1992; 20:
1-6.

7. Csiszar A, Wang M, Lakatta EG, Ungvari Z. Inflammation and
endothelial dysfunction during aging: Role of NF-kappaB. J Appl
Physiol 2008; 105: 1333-1341.

8. Zhou X, Bohlen HG, Unthank JL, Miller SJ. Abnormal nitric oxide
production in aged rat mesenteric arteries is mediated by NAD(P)H
oxidase-derived peroxide. Am J Physiol Heart Circ Physiol 2009;
297: H2227-H2233.

9. Intengan HD, Schiffrin EL. Structure and mechanical properties of
resistance arteries in hypertension: Role of adhesion molecules and
extracellular matrix determinants. Hypertension 2000; 36: 312—-318.

Vol.74, November 2010



Vascular Aging

2261

10.

11.

12.

13.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Qiu H, Zhu Y, Sun Z, Trzeciakowski JP, Gansner M, Depre C, et al.
Short communication: Vascular smooth muscle cell stiffness as a
mechanism for increased aortic stiffness with aging. Circ Res 2010;
107: 615-619.

Dao HH, Essalihi R, Bouvet C, Moreau P. Evolution and modula-
tion of age-related medial elastocalcinosis: Impact on large artery
stiffness and isolated systolic hypertension. Cardiovasc Res 2005;
66: 307-317.

Tomiyama H, Yamashina A. Non-invasive vascular function
tests: Their pathophysiological background and clinical application.
Circ J 2010; 74: 24-33.

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio
C, Hayoz D, et al. Expert consensus document on arterial stiffness:
Methodological issues and clinical applications. Eur Heart J 2006;
27:2588-2605.

Mancia G, De Backer G, Dominiczak A, Cifkova R, Fagard R,
Germano G, et al, ESH-ESC Task Force on the Management of
Arterial Hypertension. 2007 Guidelines for the Management of Arte-
rial Hypertension: The Task Force for the Management of Arterial
Hypertension of the European Society of Hypertension (ESH) and
of the European Society of Cardiology (ESC). J Hypertens 2007;
25:1105-1187.

Meaume S, Benetos A, Henry OF, Rudnichi A, Safar ME. Aortic
pulse wave velocity predicts cardiovascular mortality in subjects
>70 years of age. Arterioscler Thromb Vasc Biol 2001; 21: 2046—
2050.

Inoue N, Maeda R, Kawakami H, Shokawa T, Yamamoto H, Ito C,
et al. Aortic pulse wave velocity predicts cardiovascular mortality
in middle-aged and elderly Japanese men. Circ J 2009; 73: 549 —
553.

Mattace-Raso FU, van der Cammen TJ, Hofman A, van der
Cammen TJ, Westerhof BE, Elias-Smale S, et al. Arterial stiffness
and risk of coronary heart disease and stroke: The Rotterdam Study.
Circulation 2006; 113: 657 -663.

Willum-Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S,
Thijs L, Ibsen H, et al. Prognostic value of aortic pulse wave velocity
as index of arterial stiffness in the general population. Circulation
2006; 113: 664-670.

Matsuoka O, Otsuka K, Murakami S, Yamanaka G, Kubo Y,
Matsuoka O, et al. Arterial stiffness independently predicts cardio-
vascular events in an elderly community: Longitudinal Investigation
for the Longevity and Aging in Hokkaido County (LILAC) study.
Biomed Pharmacother 2005; 59(Suppl 1): S40—S44.

Tomiyama H, Koji Y, Yambe M, Shiina K, Motobe K, Yamada J, et
al. Brachial-ankle pulse wave velocity is a simple and independent
predictor of prognosis in patients with acute coronary syndrome.
Circ J 2005; 69: 815-822.

Yamashina A, Tomiyama H, Takeda K, Tsuda H, Arai T, Hirose K,
et al. Validity, reproducibility, and clinical significance of non-
invasive brachial-ankle pulse wave velocity measurement. Hyper-
tens Res 2002; 25: 359 -364.

Sugawara J, Hayashi K, Yokoi T, Cortez-Cooper MY, DeVan AE,
Anton MA, et al. Brachial-ankle pulse wave velocity: An index of
central arterial stiffness? J Hum Hypertens 2005; 19: 401-406.
Kubozono T, Miyata M, Ueyama K, Nagaki A, Otsuji Y, Kusano
K, et al. Clinical significance and reproducibility of new arterial
distensibility index. Circ J 2007; 71: 89—94.

Izuhara M, Shioji K, Kadota S, Baba O, Takeuchi Y, Uegaito T, et
al. Relationship of cardio-ankle vascular index (CAVI) to carotid
and coronary arteriosclerosis. Circ J 2008; 72: 1762—-1767.
Nichols WW. Clinical measurement of arterial stiffness obtained
from noninvasive pressure waveforms. Am J Hypertens 2005; 18:
3S5-10S.

Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD,
Cockeroft JR, et al. Reproducibility of pulse wave velocity and
augmentation index measured by pulse wave analysis. J Hypertens
1998; 16: 2079-2084.

Sako H, Miura S, Kumagai K, Saku K. Associations between aug-
mentation index and severity of atheroma or aortic stiffness of the
descending thoracic aorta by transesophageal echocardiography.
Circ J2009; 73: 1151-1156.

Nichols WW, O’Rourke MF, Avolio AP, Yaginuma T, Murgo JP,
Pepine CJ, et al. Effects of age on ventricular-vascular coupling.
Am J Cardiol 1985; 55: 1179-1184.

Nichols WW, O’Rourke MF. Wave reflections. In: Nichols WW,
O’Rourke MF, editors. MacDonald’s blood flow in arteries: Theo-
retical, experimental and clinical principles. 4th edn. London:
Arnold, 1998; 201 -222.

Wilkinson IB, MacCallum H, Hupperetz PC, van Thoor CJ,
Cockceroft JR, Webb DJ. Changes in the derived central pressure

Circulation Journal

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

waveform and pulse pressure in response to angiotensin Il and nor-
adrenaline in man. J Physiol 2001; 530: 541-550.

Williams B, Lacy PS. Impact of heart rate on central aortic pressures
and hemodynamics: Analysis from the CAFE (Conduit Artery Func-
tion Evaluation) study: CAFE-Heart Rate. J Am Coll Cardiol 2009;
54: 705-713.

McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cock-
croft JR. Normal vascular aging: Differential effects on wave
reflection and aortic pulse wave velocity: The Anglo-Cardiff Col-
laborative Trial (ACCT). J Am Coll Cardiol 2005; 46:
1753-1760.

Franklin SS, Gustin W 4th, Wong ND, Larson MG, Weber MA,
Kannel WB, et al. Hemodynamic patterns of age-related changes
in blood pressure: The Framingham Heart Study. Circulation 1997;
96: 308-315.

Vasan RS, Larson MG, Levy D. Determinants of echocardiographic
aortic root size: The Framingham Heart Study. Circulation 1995;
91: 734-740.

Mitchell GF, Lacourciere Y, Ouellet JP, Izzo JL Jr, Neutel J, Kerwin
LJ, et al. Determinants of elevated pulse pressure in middle-aged
and older subjects with uncomplicated systolic hypertension: The
role of proximal aortic diameter and the aortic pressure-flow rela-
tionship. Circulation 2003; 108: 1592—1598.

1zzo JL Jr, Mitchell GF. Aging and arterial structure-function rela-
tions. Adv Cardiol 2007; 44: 19-34.

Fantin F, Mattocks A, Bulpitt CJ, Banya W, Rajkumar C. Is aug-
mentation index a good measure of vascular stiffness in the elderly?
Age Ageing 2007; 36: 43—48.

Hayward CS, Kelly RP. Gender-related differences in the central
arterial pressure waveform. J Am Coll Cardiol 1997; 30: 1863—
1871.

Vermeersch SJ, Rietzschel ER, De Buyzere ML, De Bacquer D,
De Backer G, Van Bortel LM, et al. Age and gender related pat-
terns in carotid-femoral PWV and carotid and femoral stiffness in a
large healthy, middle-aged population. J Hypertens 2008; 26: 1411—
1419.

Park JB, Kim DS, Jeong JW, Chae SC, Park JC, Oh BH, et al. Gender
difference of arterial stiffness in apparently healthy subjects; The
Korean Arterial Aging Study (KAAS)-Gender (abstract). The 23th
Scientific Meeting of International Society of Hypertension (2010).
Arnett DK, Tyroler HA, Burke G, Hutchinson R, Howard G, Heiss
G. Hypertension and subclinical carotid artery atherosclerosis in
blacks and whites: The Atherosclerosis Risk in Communities Study
(ARIC Investigators). Arch Intern Med 1996; 156: 1983 —1989.
Scuteri A, Najjar SS, Muller DC, Andres R, Hougaku H, Metter EJ,
et al. Metabolic syndrome amplifies the age-associated increases
in vascular thickness and stiffness. J Am Coll Cardiol 2004; 43:
1388-1395.

. Amar J, Ruidavets JB, Chamontin B, Drouet L, Ferrieres J. Arterial

stiffness and cardiovascular risk factors in a population-based study.
J Hypertens 2001; 19: 381-387.

Burt VL, Whelton P, Roccella EJ, Brown C, Cutler JA, Higgins M,
et al. Prevalence of hypertension in the US adult population: Re-
sults from the Third National Health and Nutrition Examination
Survey, 1988-1991. Hypertension 1995; 25: 305-313.

Fukuhara M, Matsumura K, Ansai T, Takata Y, Sonoki K, Akifusa
S, et al. Prediction of cognitive function by arterial stiffness in the
very elderly. Circ J 2006; 70: 756-761.

Nielsen WB, Vestbo J, Jensen GB. Isolated systolic hypertension as
a major risk factor for stroke and myocardial infarction and an unex-
ploited source of cardiovascular prevention: A prospective popula-
tion-based study. J Hum Hypertens 1995; 9: 175—-180.

Lakatta EG, Levy D. Arterial and cardiac aging: Major share-
holders in cardiovascular disease enterprises: Part I: Aging arteries:
A “set up” for vascular disease. Circulation 2003; 107: 139—146.
Laurent S, Boutouyrie P. Recent advances in arterial stiffness and
wave reflection in human hypertension. Hypertension 2007; 49:
1202-1206.

Park JB, Intengan HD, Schiffrin EL. Reduction of resistance artery
stiffness by treatment with the AT(1)-receptor antagonist losartan
in essential hypertension. J Renin Angiotensin Aldosterone Syst
2000; 1: 40—45.

Stokes GS. Nitrates as adjunct hypertensive treatment. Curr Hyper-
tens Rep 2006; 8: 60—68.

Savoia C, Touyz RM, Amiri F, Schiffrin EL. Selective mineralo-
corticoid receptor blocker eplerenone reduces resistance artery stiff-
ness in hypertensive patients. Hypertension 2008; 51: 432—439.
Ferrier KE, Muhlmann MH, Baguet JP, Cameron JD, Jennings GL,
Dart AM, et al. Intensive cholesterol reduction lowers blood pres-
sure and large artery stiffness in isolated systolic hypertension.

Vol.74, November 2010



2262

LEE HY et al.

53.

54.

55.

56.

57.

58.

59.

60.

J Am Coll Cardiol 2002; 39: 1020—1025.

Smilde TJ, van den Berkmortel FW, Wollersheim H, van Langen
H, Kastelein JJ, Stalenhoef AF. The effect of cholesterol lowering
on carotid and femoral artery wall stiffness and thickness in patients
with familial hypercholesterolaemia. Eur J Clin Invest 2000; 30:
473-480.

Kim SG, Ryu OH, Kim HY, Lee KW, Seo JA, Kim NH, et al.
Effect of rosiglitazone on plasma adiponectin levels and arterial
stiffness in subjects with prediabetes or non-diabetic metabolic syn-
drome. Eur J Endocrinol 2006; 154: 433 —-440.

Kass DA, Shapiro EP, Kawaguchi M, Capriotti AR, Scuteri A,
deGroof RC, et al. Improved arterial compliance by a novel ad-
vanced glycation end-product crosslink breaker. Circulation 2001;
104: 1464—1470.

Tropeano Al, Boutouyrie P, Pannier B, Joannides R, Balkestein E,
Katsahian S, et al. Brachial pressure-independent reduction in carotid
stiffness after long-term angiotensin-converting enzyme inhibition
in diabetic hypertensives. Hypertension 2006; 48: 80— 86.

Ting CT, Chen CH, Chang MS, Yin FC. Short- and long-term
effects of antihypertensive drugs on arterial reflections, compliance,
and impedance. Hypertension 1995; 26: 524 —530.

Topouchian J, Brisac AM, Pannier B, Vicaut E, Safar M, Asmar R.
Assessment of the acute arterial effects of converting enzyme inhi-
bition in essential hypertension: A double-blind, comparative and
crossover study. J Hum Hypertens 1998; 12: 181-187.
Topouchian J, Asmar R, Sayegh F, Rudnicki A, Benetos A, Bacri
AM, et al. Changes in arterial structure and function under tran-
dolapril-verapamil combination in hypertension. Stroke 1999; 30:
1056-1064.

Asmar RG, London GM, O’Rourke ME, Safar ME. Improvement
in blood pressure, arterial stiffness and wave reflections with a very-
low-dose perindopril/indapamide combination in hypertensive pa-
tient: A comparison with atenolol. Hypertension 2001; 38: 922—
926.

61.

62.

63.

64.

65.

66.

67.

Mahmud A, Feely J. Reduction in arterial stiffness with angiotensin
II antagonist is comparable with and additive to ACE inhibition. Am
J Hypertens 2002; 15: 321-325.

Lacourciere Y, Beliveau R, Conter HS, Burgess ED, Lepage S,
Pesant Y, et al. Effects of perindopril on elastic and structural prop-
erties of large arteries in essential hyperitension. Can J Cardiol
2004; 20: 795-799.

Mitchell GF, Arnold JM, Dunlap ME, O’Brien TX, Marchiori G,
Warner E, et al. Pulsatile hemodynamic effects of candesartan in
patients with chronic heart failure: The CHARM Program. Eur J
Heart Fail 2006; 8: 191-197.

Mitchell GF, Dunlap ME, Warnica W, Ducharme A, Arnold JM,
Tardif JC, et al. Long-term trandolapril treatment is associated with
reduced aortic stiffness: The prevention of events with angiotensin-
converting enzyme inhibition hemodynamic substudy. Hypertension
2007; 49: 1271-1277.

Dabhlof B, Sever PS, Poulter NR, Wedel H, Beevers DG, Caulfield
M, et al. Prevention of cardiovascular events with an antihyperten-
sive regimen of amlodipine adding perindopril as required versus
atenolol adding bendroflumethiazide as required, in the Anglo-
Scandinavian Cardiac Outcomes Trial-Blood Pressure Lowering
Arm (ASCOT-BPLA): A multicentre randomised controlled trial.
Lancet 2005; 366: 895—-906.

Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A,
Collier D, et al. Differential impact of blood pressure-lowering
drugs on central aortic pressure and clinical outcomes: Principal
results of the Conduit Artery Function Evaluation (CAFE) study.
Circulation 2006; 113: 1213-1225.

Matsui Y, Eguchi K, O’Rourke MF, Ishikawa J, Miyashita H,
Shimada K, et al. Differential effects between a calcium channel
blocker and a diuretic when used in combination with angiotensin II
receptor blocker on central aortic pressure in hypertensive patients.
Hypertension 2009; 54: 716-723.

Circulation Journal Vol.74, November 2010



