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Abstract
Some consider the measurements of arterial elasticity and flow-mediated dilation to be an indirect
“biomarker” of endothelial dysfunction. As such, we describe the various uses of these techniques
in the evaluation of the natural history of vascular disease. These measures are potential markers
of disease, as abnormalities reflect changes in the integrity of vascular structure but occur prior to
the manifestation of symptomatic cardiovascular events. In this review, the natural history of
arterial elasticity is discussed, and the effects of aging and inflammation are reviewed. The role
that arterial elasticity and flow-mediated dilation have in predicting future cardiovascular disease,
and the effects of pharmacologic agents on these measures, is also reviewed.
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Introduction
Cardiovascular disease (CVD) is the leading cause of mortality and morbidity in most
industrialized countries, and arterial pathology is the major contributor to CVD. However,
the initiation and progression of the pathologic changes in the arterial wall is only partially
understood. A distinct characteristic of the alterations in arterial wall integrity is arterial
stiffness or its inverse, arterial elasticity. The ability to characterize elastic behavior of
arteries has become increasingly important, but the mathematical constructs and terminology
are not understood by most clinicians, limiting the applicability of arterial elasticity
measures in clinical practice. Terminology such as Peterson’s elastic modulus, Young’s
modulus, Moens-Korteweg equation, and the differences between stiffness, elasticity,
compliance, distensibility, stress, and strain are not part of the clinician’s usual jargon. A
review by Lee and Kamm [1] is helpful in this regard. For the purposes of this article, we
use the term “arterial elasticity” to represent the changes in structure and function of the
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large and small arteries, although the use of the term “arterial stiffness” is used in some
descriptions.

There are a number of validated techniques to measure arterial elasticity, and a recent review
updated their clinical usefulness [2]. The purpose of this current review is to highlight what
is known about techniques that assess the degree of stiffness/elasticity of the arterial system
(pulse contour analysis [PCA], pulse wave velocity [PWV], and flow-mediated dilation
[FMD]) that are indirect novel biomarkers of CVD. We attempt to explain the mathematical
and theoretical aspects of these techniques, but whether or not one understands the theory
behind the technique, its clinical application has been proven in many clinical arenas. All of
the techniques for measuring arterial elasticity require mathematical modeling. For example,
one of the common techniques for assessing arterial elasticity is PWV; a technique based
upon the fact that less elastic vessels transmit pulse waves more rapidly, a concept relatively
easy to understand. However, the conversion of the speed of transmission of the pulse wave
into arterial elasticity terms requires solving the following mathematical formula:

where K is the elastic modulus of luminal volume change per unit length and p is the density
of blood.

Following is a discussion of some of the clinical areas where measures of the functional and
structural integrity of the arterial vasculature have been evaluated.

Natural History of Arterial Elasticity
Because it is well recognized that the vascular changes resulting in CVD events begin in
childhood, there has been increased interest in identifying markers of increased risk in early
life. Arnett et al. [3] assessed the relation between blood pressure (BP) and arterial elasticity
(utilizing the PCA technique) in a healthy sample of young adults. As part of a longitudinal
study of school children (aged 10–14 years at entry in 1977–1978), arterial elasticity was
measured in 179 children at entry and again at age 23 years. Systolic BP (SBP) was
inversely related to small and large artery elasticity after adjustment for gender, height,
weight, insulin, and high-density lipoprotein (HDL) and low-density lipoprotein LDL
(cholesterol). Bhuiyan et al. [4] reported on the Bogalusa Heart Study experience. In 800
African-American (AA) and white subjects (ages 18–44 years), AA individuals had lower
large and small artery elasticity than white individuals and women [4]. In multiple
regression analysis, mean arterial pressure, body mass index (BMI), insulin levels, and age
were inversely, and body surface area was positively, correlated with large artery elasticity
and accounted for 39.2% of the variance. Mean arterial pressure, female gender, age, and
triglyceride levels inversely and cardiac output positively correlated with small artery
elasticity and explained 56.4% of the variance. There has also been a recent analysis of the
year 15 data of the Coronary Artery Risk Development in Young Adults (CARDIA) study
assessing biomarker correlates of arterial elasticity [5]. With adjustment for demographic,
behavioral, and physiologic characteristics, mean small artery elasticity was 0.084 mL/mm
Hg in those with urine albumin/creatinine ratio ≤4 versus 0.075 mL/mm Hg for those with
microalbuminuria (ratio >25; P=0.0003). Mean large artery elasticity was 2.59 mL/mm Hg
in the lowest P-selectin quintile versus 2.40 mL/mm Hg in the highest quintile (P=0.0003);
soluble intercellular adhesion molecule 1 (sICAM-1) was unrelated to either. Plasma
triglycerides were inversely related to large artery elasticity (P=0.02). Cigarette smokers had
lower mean small artery elasticity than nonsmokers (P=0.006). Arterial elasticity was not
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significantly related to alcohol consumption or physical inactivity and was positively related
to BMI.

Arterial elasticity has become an increasingly important “risk factor” to predict CVD events
[6]. In fact, it could be argued that reduced arterial elasticity is not a risk factor at all but an
actual marker of early vascular disease, and that changes in smaller vessel elasticity is a
“biomarker” of endothelial dysfunction [7]. There is ample evidence to support the
hypothesis that endothelial dysfunction with resultant decrease in arterial elasticity precedes
the development of clinical vascular disease including hypertension [6]. The Atherosclerosis
Risk in Communities (ARIC) study (using a variety of measures of arterial elasticity) did
demonstrate that incident hypertension was predicted in those in the highest tertile of arterial
stiffness at baseline [7]. However, ARIC is a population study of men and women aged 45
to 64 years. Whether the ARIC findings would apply to a younger cohort is less well
studied. In addition, most published studies have used PWV or augmentation index, whereas
ARIC used ultrasound-derived indices, as indirect measures of arterial stiffness. Generalized
narrowing in smaller arteries has long been recognized as the major pathophysiologic in
essential hypertension. The identification of those at risk to develop hypertension may have
increased importance given the results of the TROPHY study that demonstrated that
treatment of prehypertension decreased the development of hypertension [8]. Early
identification of those at risk can also help to prevent clinical manifestations of CVD.
Individuals at risk for coronary heart disease (CHD) events are currently identified by
screening for risk factors such as cholesterol, glucose, smoking, obesity, and BP. These
aforementioned variables are risk factors or correlates of CHD, but do not indicate that
subclinical disease is present. Evidence of early vascular disease, evidenced by reduced
arterial elasticity in asymptomatic individuals, should provide additional information about
future risk (Fig. 1) [9].

The abnormalities of the arterial vasculature that precede CHD events are likely to occur in
temporal sequence. The proposed sequence includes an earlier phase in which reduced
elasticity, especially in the small arteries, leads to functional changes in those arteries, and a
developmental phase in which the arterial system further denigrates arterial structure. The
early phase begins in youth, especially in smaller arteries, initially with a defect or injury of
arterial endothelial protective function, and progresses with structural remodeling. The late
phase is characterized by cellular and lipid accumulation in conduit (larger) arteries
followed by calcification and plaque formation, leading ultimately to plaque rupture as the
precipitating factor for clot formation and acute morbid and mortal events [10].

Aging and Arterial Elasticity
In recent years, emphasis has been placed on the role of arterial elasticity in the development
of CVD. To an increasing extent, various measures of arterial elasticity have begun to be
used clinically. However, much remains to be learned about how the different measures
change with age, and about the ability of the different measures of elasticity to predict future
CVD. Najjar et al. [11••] reviewed extensive evidence that links many biochemical,
enzymatic, and cellular alterations, as well as their modulating signals, to accelerated
vascular aging and the pathogenesis and progression of arterial diseases such as
hypertension and atherosclerosis. The underlying basis for these age-dependent changes is
not completely known, but pathologically, fracture and fragmentation of elastin fibers has
been observed. Cellular ionic changes (involving calcium and magnesium) have also been
reported. It has been shown that aging is associated with an increasing systolic and
decreasing diastolic BP, whereas arterial elasticity demonstrates a somewhat linear decrease
after the age of 20 years or so, although there is some acceleration of stiffening after the age

Glasser and Dudenbostel Page 3

Curr Cardiovasc Risk Rep. Author manuscript; available in PMC 2013 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of 50 years. On average, women have 5% to 10% greater elasticity than men of the same
age.

Studies that have shown decreasing arterial elasticity with aging also suggest that the
decrease is less for small artery elasticity, and that these changes were independent from BP
[12]. The reduced arterial elasticity with aging has been associated with endothelial
dysfunction [13, 14]. Weinberger et al. [15] studied 272 participants (50% men, 26% AA,
age range of 33–80 years) in a long-term follow up study [15]. They observed an age-related
decrease in large and small vessel arterial elasticity with no apparent effect of race or
estrogen use. A problem in regard to the issue of decreasing arterial elasticity with aging is
that a number of diseases also increase with advancing age, diseases that may alter vascular
integrity (eg, atherosclerosis, hypertension). Takeuchi et al. [16] evaluated the association of
age (and hypertension) and small vessel elasticity, and the influence of coronary artery
disease (CAD) risk factors on that association. They also found an age-related decline in
elasticity [16].

Association of Inflammation with Arterial Elasticity
Currently, the association of high-sensitivity C reactive protein (hsCRP) and other
inflammatory markers with CVD is under intense investigation. The association of hsCRP
and reduced arterial elasticity is also being evaluated in a number of studies as reviewed by
Duprez et al. [17], who found in an asymptomatic population undergoing primary
prevention cardiovascular screening that hsCRP was associated with reduced large (but not
smaller) artery elasticity. Saijo et al. [18•] studied the relationship of another inflammatory
protein, gamma-glutamyltransferase (GGT), and found it to be independently associated
with increased hsCRP (in both males and females); in males, GGT was related to decreased
arterial elasticity. Mahmud and Feely [19], in a hypertensive population, evaluated other
markers of inflammation including tumor necrosis factor (TNF)-α, interleukin-6 (IL-6), and
hsCRP, finding them all independently associated with arterial elasticity. In a treated, non-
diabetic hypertensive population, Kim et al. [20] found hsCRP to be associated with
decreased arterial elasticity independent of age, systolic BP, gender, heart rate, glucose, lipid
profiles, and medications in treated hypertension.

To further document the role of inflammation and its association with arterial elasticity,
Booth et al. [21] studied 31 patients (15 with active disease and 16 in remission) with
systemic vasculitis (anti-neutrophil cytoplasmic antibody-associated systemic vasculitis
[AASV]) and compared them to 32 age-matched controls. The hsCRP was associated with
active AASV and decreased arterial elasticity compared to AASV in remission and controls.
Vlachopoulos et al. [22] evaluated 100 healthy individuals each receiving either Salmonella
typhi vaccination or sham vaccination in a randomized, double-blind design. Active
vaccination was associated with increases in inflammatory markers (CRP, IL-6, and matrix
metalloprotienase-9) and decreased arterial elasticity [22]. With aspirin pre-treatment, the
arterial elasticity decrease was ameliorated. These data suggest a cause-and-effect
relationship of arterial elasticity with acute systemic inflammation. Finally, Tuttolomondo et
al. [23••] evaluated in patients with acute ischemic stroke the relationship between immune-
inflammatory markers and arterial stiffness indexes in 107 subjects with acute ischemic
stroke and 107 controls without stroke. They observed a significant positive relationship,
corrected for age and gender between PWV and CRP, TNF-α, IL-1β, von Willebrand factor
(vWF), and IL-6. Augmentation index was significantly related to vWF, IL-6, and TNF-α
levels. Among lacunar strokes, PWV was significantly related to CRP, IL-1β, IL-6, TNF-α,
and vWF. In large artery atherosclerosis subjects, PWV was significantly related to CRP,
IL-1β, IL-6, and TNF-α but not with vWF. Among cardioembolic infarcts, PWV was
significantly and positively related to CRP, IL-1β, TNF-α, and vWF. They concluded that
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both aortic stiffness and wave reflection are related to the degree of systemic inflammation
in stroke subjects, suggesting that circulating inflammation mediators can influence the
stiffness of vessels distant to those involved in the disease process [23••].

Arterial Elasticity and CVD
Numerous cross-sectional studies have shown that the various approximations to arterial
elasticity are associated with increased CVD or all-cause mortality risk scores, as well as
with presence of CHD, as previously discussed. There have been studies of pressure
augmentation due to the reflection wave during systole in CHD patients undergoing cardiac
catheterization and procedures such as percutaneous coronary intervention (PCI), balloon
angioplasty, and stent placement finding that augmentation index, indicating greater wave
reflection and therefore arterial stiffness, predicted adverse cardiovascular events in patients
with established CHD.

Longitudinal studies have assessed PWV, large and small artery elasticity, augmentation
index, and central pulse pressure on their ability to predict incident CVD. Mitchell et al.
[24••] assessed various measures of arterial stiffness and wave reflection and prognosis.
Only higher stiffness assessed by PWV was associated with increased risk for first
cardiovascular events, and it was additive to standard risk factors. Additionally, PWV has
been found to predict subsequent events, including all-cause and cardiovascular mortality,
fatal and non-fatal coronary events, and fatal strokes in both the general population and the
elderly; however, PWV was not related to incident heart failure in the elderly [11••]. PWV
was also predictive of subsequent events in subgroups with various conditions, including
patients with acute CHD, patients undergoing PCI, patients with uncomplicated essential
hypertension, impaired glucose intolerance, and end-stage renal disease [25]. The Conduit
Artery Function Evaluation (CAFE) study indicated that an anti-hypertensive drug regimen
can have a different effect on cardiovascular outcome due to its effect on central aortic
pressure, despite a nearly equal effect on brachial arterial BP [26]. In a study with self-
reported events, it was found that in an asymptomatic population small artery elasticity was
associated with future CVD outcomes independent of age, whereas large artery elasticity
was not related [27••]. Recent work from the Multi-Ethnic Study of Atherosclerosis
(MESA), found that, even after risk factor adjustment, small artery elasticity was predictive
of incident CHD, whereas both large artery elasticity (LAE) and small artery elasticity
(SAE) were predictive of incident heart failure [28].

Atherosclerosis begins in childhood, and studies such as the Bogalusa Heart Study have
demonstrated fatty streaks (the hallmark of future atherosclerotic plaques) in infants [29]. By
the time one is in their 20s, over 50% have actual atheromas. But the origins and natural
history of vascular disease is still evolving. The current paradigm suggests that changes in
endothelial cell function presage measureable vascular abnormalities (Fig. 1). Endothelial
cell dysfunction does induce functional changes in smaller vessel vascular elasticity,
changes that may well become structural [30]. The role of inflammation at this early point in
the natural history of CVD is still under investigation, but abnormal levels of hsCRP may be
detected at this early time. As smaller vessel elasticity decreases, microalbuminuria may
appear and changes in exercise-induced BP responses may be detected. For example, in a
number of studies exaggerated SBP response to exercise was related to the risk of
hypertension, total mortality, cardiovascular death, stroke, endothelial dysfunction, and
myocardial infarction. Individuals with an exaggerated exercise BP response are not only
more likely to develop future hypertension, but it may portend a greater risk for CVD events
and death [31••]. Weiss et al. [31••] studied 6578 asymptomatic participants followed for 20
years in the Lipid Research Clinics Prevalence Study. They found that Bruce stage 2 BP
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>180/90 mmHg identified non-hypertensive individuals at a higher risk of CVD death
[31••].

Pulse pressure is also an indirect measure of vascular elasticity. The natural progression with
aging is a rise in SBP. After middle age, as age-related decreases in arterial elasticity occur,
the SBP continues to rise and the diastolic BP falls, resulting in an increased pulse pressure
(PP). Because increased PP is a later manifestation of reduced arterial elasticity, it is not
surprising that a number of studies have demonstrated an association of increased PP with
CVD, even independent of SBP or DBP. Toward the end of the natural history of arterial
elasticity are the clinical manifestations that are the result of changes in vascular integrity
(eg, myocardial infarction, sudden cardiac death, hypertension, kidney disease, and stroke).

Arterial Elasticity and Vascular Disease
A number of different techniques for measuring arterial elasticity have shown that a
decrease is associated with diseases known to adversely affect the vasculature. In cross-
sectional analyses of patients with diabetes mellitus, hypertension, congestive heart failure,
and CAD, measures of arterial elasticity have shown decreased values compared to normal
subjects [6]. In 24 elderly patients, Duprez et al. [32] found low small and large vessel
elasticity to be associated with MRI-diagnosed cerebral white matter lesions. Duprez et al.
[32] also found an association of reduced small artery elasticity and carotid intimal-medial
thickening as assessed by carotid ultrasound, and in a separate study also found an
association of reduced arterial elasticity with peripheral vascular occlusive disease [33].
Small and large artery elasticity is reduced in diabetic patients, and Beltran et al. [34]
compared a normotensive population to patients with essential hypertension and a group
with isolated systolic hypertension. Small vessel elasticity was reduced in both hypertensive
groups but a profound decrease in large vessel elasticity was observed in the isolated
systolic hypertension group [34].

Beside the above-mentioned cross-sectional studies that associate abnormal elasticity with
vascular disease, there are a number of longitudinal studies that predict future outcome from
baseline measures, or measure changes in arterial elasticity with interventions. One
longitudinal study using percutaneous coronary angioplasty (PCA) was conducted by Grey
et al [35]. Baseline arterial stiffness measures were obtained and 419 high-risk patients
returned questionnaires 1 to 7 years after the baseline measurement. Of the 419 patients, 168
had suffered a cardiovascular event. Large artery elasticity was related to age, but only
reduced small artery elasticity was predictive of future events [35].

Pharmacologic Agents and Arterial Elasticity
Glasser et al. [36] reviewed the data of the effect of a variety of pharmacologic agents on
arterial elasticity up to 1997. Since that time, a variety of agents have been additionally
studied, including angiotensin receptor blockers (ARBs), angiotensin-converting enzyme
inhibitors (ACEI), calcium channel blockers (CCBs), beta blockers (BBs), and alpha
blockers [30]. One recent study evaluating the pharmacologic effect of drug therapy on
arterial wall elasticity was the Atorvastatin and Amlodipine in Patients With Elevated Lipids
and Hypertension–Arterial Wall Compliance (AVALON-AWC) trial, a substudy of the
AVALON trial [37•]. Of 847 patients randomized in the main trial, 667 (404 men and 263
women) people at 103 centers participated in the arterial wall compliance substudy. The
patients were between the ages of 23 and 76 years and all had concomitant hypertension and
dyslipidemia. After 8 weeks of treatment, BP and lipids were reduced, and small and large
vessel elasticity increased. Small vessel elasticity improved most with the combination of
atorvastatin and amlodipine compared to placebo or either treatment alone. Other studies
have compared the effects of enalapril to amlodipine in normotensive elderly subjects (>60
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years) who had reduced small vessel elasticity at baseline. A differential effect of the agents
on large versus small vessel elasticity was observed, with enalapril increasing large vessel
elasticity (but not amlodipine) whereas amlodipine increased small vessel elasticity (but not
enalapril) [38]. Resnick et al. [39] evaluated four classes of agents and found equal
improvement in large vessel elasticity from ACE, ARB, and CCBs but no effect to
worsening with BBs, whereas a more disparate effect occurred with small vessel elasticity.
The greatest effect on small vessel elasticity was induced by CCBs and ARBs, less with
ACEs and again there was no effect to a negative effect from BBs [39].

Flow-Mediated Dilation
Since its first description in 1992 as a non-invasive ultrasound method to measure
endothelial-dependent dilation, FMD has been established and widely used as a research
tool. Measurement of ultrasound-based FMD in the brachial artery is a non-invasive and
relatively repeatable and reproducible method. Endothelial dysfunction is an early event in
CVD and is positively correlated with atherogenesis, hypertension, heart failure,
cardiovascular events, and CVD outcomes. Endothelium exposed to increased shear stress
dilates as a physiologic response. This phenomenon is known as FMD and is non-invasively
assessed with ultrasound.

FMD is currently the gold standard in clinical research for the non-invasive assessment of
conduit artery endothelial function. In this method, brachial artery diameter is measured
before and after an increase in shear stress that is induced by reactive hyperemia (FMD).
When a sphygmomanometer cuff is placed on the forearm distal to the brachial artery and is
inflated to 200 mm Hg and subsequently released 5 min later, FMD occurs predominantly as
a result of local endothelial release of nitric oxide. As in the coronary circulation, this
brachial artery response can be contrasted to the endothelium-independent dilator response
to sublingual nitroglycerine. FMD is assessed by Doppler ultrasound with a high-resolution,
multifrequency linear ultrasound Doppler probe, thus allowing for a direct assessment of
endothelial-dependent vascular function.

Despite its widespread application in a variety of studies, the absolute values obtained using
FMD vary considerably and mean FMD differs widely between studies. The technical
aspects of the measurement, the location, and the duration of the occlusion may explain
some of these differences, whereas type of equipment, location of the measurement, and
occlusion pressure do not. The technique of FMD also has other challenges due to variations
in technique and individual subject characteristics (preparation, vessel size). With the intent
to standardize the method, the International Brachial Artery Reactivity Task Force published
guidelines in 2002 [40].

The majority of studies investigating flow-mediated dilation focus on the ability of the
endothelium to dilate. However, the endothelium has multiple functions and the
measurement of endothelial-dependent dilation might be only one functional aspect of
vasomotion. The endothelium regulates different physiologic and pathophysiologic
mechanisms by secreting numerous thromboregulatory factors growth factors, and
vasoactive substances, including prostacyclins, endothelins, endothelin cell growth factors,
plasminogen inhibitors, interleukins, and nitric oxide(NO). NO seems to be the major
mediator of vasodilation. NO has been intensely studied, and the reduced ability of the
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endothelium to release NO has been accepted as a surrogate marker of endothelial
dysfunction.

There are a variety of cross-sectional studies published that have investigated the impact of
major risk factors like aging, male gender, heredity (including race), nicotine,
hypercholesterolemia, hypertension, physical inactivity, obesity, and diabetes mellitus on
endothelial function and dysfunction as measured by FMD. For example, Celermajer et al.
[41] found that increased FMD is associated with progressive endothelial dysfunction in
normal humans, and it seems to occur earlier in men than in women [41]. In another
controlled study, Celermajer et al. [42] investigated the association of passive and active
smoke exposure and endothelium-dependent dilation in asymptomatic young adults [42].
Endothelium-dependent dilation was impaired in healthy young adult passive and active
smokers. Endothelial dysfunction has been also demonstrated in patients with uncomplicated
hypertension. Gokce et al. [43] investigated the effects of race and hypertension on flow-
mediated dilation and found in a controlled study impaired endothelial function in the
hypertensive subjects.

Numerous clinical trials were conducted to investigate the effect of commonly used
antihypertensive medications like angiotensin-converting enzyme inhibitors (ACEIs),
angiotensin receptor blockers (ARBs), and beta-blockers. To investigate the role of ARBs
on endothelial function, Koh et al. [44] compared losartan, irbesartan, and candesartan in a
placebo-controlled study with 122 subjects [44]. Compared with placebo, angiotensin II
type-1 receptor blockers significantly improved the percent flow-mediated dilation. A study
conducted by Rajagopalan et al. [45] randomized 35 healthy elderly individuals in a double-
blind, placebo-controlled trial. Subjects treated with valsartan in this study showed no
alteration in FMD. In a recently published study by Yilmaz et al. [46] in 108 type 2 diabetic
hypertensive patients with proteinuria randomized to amlodipine, valsartan or a combination
of both, an improvement of FMD and reduced proteinuria was observed in a 12-week
intervention. Yilmaz et al. [47] also analyzed data of 49 persons with diabetic chronic
kidney disease (stage 1) and 32 healthy subjects in a prospective controlled study. FMD was
studied at baseline and after 12 weeks of ramipril therapy [47]. Ramipril treatment
significantly improved FMD and normalized urinary protein excretion. Pasini et al. [48]
compared the effect of nebivolol and atenolol on endothelial function measured by FMD in
40 essential hypertensive patients matched with 40 healthy subjects. The nebivolol, but not
the atenolol, group showed significant improvement in FMD. An improvement in FMD was
also observed in a study by Merchant et al. [49] in 43 obese, hypertensive AA patients
treated with nebivolol for 8 weeks.

To shed more light on these often conflicting results, Ghiadoni et al. [50] compared effects
of antihypertensive drugs in a prospective, randomized study with 168 subjects. Subjects
were randomly assigned to nifedipine, amlodipine, atenolol, nebivolol, telmisartan, and
perindopril. Interestingly, only perindopril increased flow-mediated dilation. Souza-Barbosa
et al. [51] evaluated 63 hypertensive patients in a controlled study. Subjects were divided
into four groups (hydrochlorothiazide, irbesartan, quinapril, or irbesartan and quinapril) and
followed for 12 weeks. Antihypertensive treatment improved the endothelium-dependent
function after renin-angiotensin-aldosterone system blockade. In a further finding, the
combined effect of angiotensin-converting enzyme inhibition and angiotensin II type 1
receptor blockade was not superior to the action of either of these treatments separately [51].

In resistant hypertension (BP >140/90 mm Hg, ≥3 antihypertensive medications),
hyperaldosteronism is found in approximately 20% of patients. Nishizaka et al. [52] found
an impaired endothelium-dependent dilation in resistant hypertensive subjects with
hyperaldosteronism. After 3 months of follow-up, treatment with spironolactone resulted in
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increased FMD. Diabetes is another major risk factor for CVD, and in a controlled study
conducted by Singh et al. [53] in 31 diabetic teenagers and 35 age-matched healthy children,
endothelium-dependent vasodilation was significantly lower in diabetic children compared
with healthy children, and impaired endothelial function was positively correlated with
cardiovascular outcome. Interestingly, children with insulin-dependent DM developed
endothelial dysfunction within the first decade after the onset of diabetes. These changes
were manifest before an increase in carotid intima-media thickness could be identified [53].
CAD is the leading cause of morbidity and mortality in most industrialized countries, and
cardiovascular risk factors were shown to impair endothelial function. In order to evaluate
the outcome in patients with mild CAD, Suwaidi et al. [54] examined 157 patients with non-
obstructive (<40%) CAD in a prospectively designed study, and demonstrated a greater
incidence of cardiovascular events during 2.3-year follow-up in patients with impaired
endothelium-dependent vasodilation in the coronary resistance and conduit arteries. These
data suggest a possible role of endothelial dysfunction in the progression of coronary
atherosclerosis [54].

Conclusions
Given the multi-factorial nature of CVD and the increasing burden of CVD, three general
preventive strategies apply: 1) population-wide public health measures (eg, national
smoking cessation programs), 2) identifying and targeting higher-risk subgroups for
preventive interventions, and 3) delivering acute and chronic higher-cost treatments and
secondary prevention to those with clinically manifest disease. Issues such as whether we
will be able to alter risk factors and behaviors during this phase in order to limit the increase
in clinical CVD will be a major challenge. The following facts speak for themselves: 61.8
million Americans have CVD; 50 million have high BP; 12.6 million have CHD; 1 in 5 men
and women have some form of CVD; 1 in 3 men will develop major CVD before age 60
years, and the odds for women are 1 in 10; CVD claims more lives than the next seven
leading causes of death combined; about one sixth of people killed by CVD are under age 65
years; and the lifetime risk of CHD after age 40 years is 49% for men and 32% for women.
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Fig. 1.
The top arrow is a hypothetical example of a 20% (high Framingham Risk Score) 10–20
year risk of suffering a cardiovascular event, whereas the bottom arrow indicates someone
with a low Framingham Risk Score. The risk markers indicate an approximation of where,
along the evolution of the natural history of coronary artery disease, the risk markers may
become abnormal. Art artery; BNP B-type natriuretic peptide; BP blood pressure; hsCRP
high-sensitivity C-reactive protein
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