Mary J. Roman and Richard B. Devereux

Abstract

Over the past several decades much has been learned about arterial stiff-
ness and central blood pressure (BP) and their relations to left ventricular
(LV) remodelling and hypertrophy. In addition, the impact of central
hemodynamics on LV performance and the development of clinical heart
failure is under active investigation and is of particular importance from a
public health and therapeutic standpoint. The ability to examine these top-
ics has been vastly accelerated by the development of reliable, noninvasive
technology to permit evaluation of cardiac and vascular structure and
function on an epidemiologic scale. The present review will discuss data
regarding the interaction of arterial stiffness and central BP with LV struc-
ture and function; the impact of arterial stiffness on the development of
heart failure, particularly with preserved ejection fraction, will also be
discussed.
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Over the past several decades much has been
learned about arterial stiffness and central blood
pressure (BP) and their relations to left ventricu-
lar (LV) hypertrophy and geometry. Central arte-
rial BP and measures of arterial stiffness derived
therefrom are of particular importance because
central BP represents the load placed on the LV
and large coronary and cerebral arteries that
develop stenosis and occlusion, and because cen-
tral BP is variably lower than brachial BP due to
the invasively-documented phenomenon of
pulse-pressure amplification [1-3]. In addition,
the impact of central hemodynamics on LV per-
formance and the development of clinical heart
failure is under active investigation and is of par-
ticular importance from a public health and ther-
apeutic standpoint. The ability to examine these
topics has been vastly accelerated by the develop-
ment of reliable, noninvasive technology to per-
mit evaluation of cardiac and vascular structure
and function on an epidemiologic scale. The
present review will discuss data regarding the
interactions of arterial stiffness and central BP
with LV structure and function. The impact of
arterial stiffness on the development of heart fail-
ure, particularly with preserved ejection fraction,
will also be discussed.

Relation of Central BP and Arterial
Stiffness to LV Remodelling

Methodologic Considerations

LV remodelling may be characterized an increase
in LV mass (hypertrophy) and/or abnormal rela-
tive wall thickness (concentric geometry). LV
mass and relative wall thickness can be deter-
mined by a variety of methods, with almost all
data derived from transthoracic echocardiogra-
phy. LV mass can be accurately calculated from
linear measurement of LV wall thicknesses and
internal diameter at mid cavity using an autopsy-
validated formula [4, 5]. In view of the strong
dependence of LV mass on body size in normal
individuals, it is optimal to adjust absolute LV
mass for differences in body size. Although body
surface area is most commonly used, adjustment
of LV mass for its allometric relation to height
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(ht*>7) better detects increases in LV mass related
to obesity [6].

Relative wall thickness is calculated as poste-
rior wall thickness/chamber radius. It is used to
classify LV geometry into one of four patterns
(normal, eccentric hypertrophy, concentric
hypertrophy, and concentric = remodeling
[Fig. 24.1]). These patterns reflect differences in
underlying hemodynamic abnormalities related
to hypertension [7]. Recently, it has been sug-
gested that further subdivision of concentric and
eccentric LV hypertrophy into subgroups with or
without LV chamber dilatation helps stratify LV
function and systemic hemodynamics more pre-
cisely [8, 9]. However, whether this classification
strengthens relations between arterial stiffness
and LV geometry has not yet been evaluated.

Normative values for LV mass vary according
to gender. Greater LV mass in men cannot be
fully accounted for by larger body size and may
relate to differences in fat-free mass [10, 11].
Based on refinements in image quality and cumu-
lative analyses in large international populations,
116 g/m? or 48 g/ht*>7 in men and 96 g/m? or 44 g/
ht>” in women are currently recommended as the
upper limits of normal for LV mass index [5].
The upper normal limit for relative wall thickness
is 0.42 [5].

Although the importance of blood pressure as a
stimulus to LV hypertrophy has long been known,
measures of brachial BP account for a relatively
modest amount of variability in LV mass. Thus
alternate indices of ventricular afterload have been
developed, validated, and examined. Central BP,
i.e., BP in the ascending aorta, differs from bra-
chial BP to a variable extent based on pulse pres-
sure (PP) amplification. Because central BP more
closely reflects loading conditions of the LV myo-
cardium and coronary and cerebral vasculature, it
better predicts cardiovascular target organ damage
and clinical disease than does brachial BP, as dis-
cussed below. Similarly, arterial stiffness and
selected measures of pulse wave transmission may
better represent changes in physical properties of
the conduit arteries. However, the extent to which
arterial stiffness promotes LV hypertrophy is
strongly influenced by the method by which arte-
rial stiffness is estimated, i.e., the extent to which
the stiffness parameter varies with changes in
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distending pressure. This phenomenon will be
considered as different measures of arterial stiff-
ness are discussed.

Central BP and LV Remodelling

It has been firmly established that brachial sys-
tolic BP (including ambulatory) is more strongly
related to LV mass than is brachial PP [12-14].
Similarly, we demonstrated in the Strong Heart
Study a stronger relation of central systolic BP
than central PP to LV remodelling (both LV mass
index and relative wall thickness) [15].
Importantly, central systolic BP bore a signifi-
cantly stronger relation with LV remodelling than
did brachial systolic BP. Central systolic BP was
likewise found to correlate better than brachial
systolic BP with LV mass in a large Taiwanese
population [16], and central PP was found to
relate to LV mass independent of brachial PP in a
South African population-based study [17].

Arterial Stiffness and LV Remodelling
A variety of techniques are available for non-

invasive assessment of arterial stiffness [18]. The
extent to which estimates of arterial stiffness

promote LV remodelling is largely a function of
their dependence on distending pressure. Thus
we have found that elastic modulus, a pressure-
dependent measure, is significantly related to LV
mass index, whereas the arterial stiffness index
(B), a pressure-independent measure, is not [19].
However, the arterial stiffness index was directly
related to relative wall thickness and thereby to
concentric LV geometry. Although younger and
older hypertensive subjects had comparable over-
all LV mass, relative wall thickness was signifi-
cantly higher in older hypertensive subjects
associated with higher arterial stiffness [19]. Asa
corollary, among 271 untreated hypertensive sub-
jects, we found elastic modulus to track with sys-
tolic blood pressure and therefore to be highest in
the group with concentric LV hypertrophy [20].
The pattern of LV concentric remodelling
(high relative wall thickness and normal LV
mass) in hypertensive individuals is also associ-
ated with abnormally high effective arterial elas-
tance (Ea), higher peripheral resistance, and
lower LV systolic function. In addition,
ventriculo-vascular coupling, calculated as Ea/
Ees (where Ees is the ratio of end-systolic pres-
sure to LV end-systolic volume), is increased
among hypertensive patients with increased
effective arterial elastance, indicative of subopti-
mal mechanical efficiency [21]. Concentric LV
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remodelling was also directly related to pulse
wave velocity — influenced by the level of arterial
distending pressure — among middle-aged and
older hypertensive patients studied by Schillaci
et al. [22].

Among 1,315 normotensive and untreated
hypertensive subjects, Chen et al. found echocar-
diographic LV mass to be directly related to arterial
compliance calculated as LV stroke volume/bra-
chial pulse pressure [12], consistent with the known
importance of stroke volume as a stimulus to LV
hypertrophy [23] but also possible autocorrelation
between mass and stroke volume as both were cal-
culated from similar measurements. In addition,
LV mass was directly related to elastic modulus
and inversely to arterial elastance, similar to our
findings [21]. Importantly, in multivariate analyses
in this study, the measures of arterial stiffness
examined (elastic modulus, carotid augmentation
index, and pulse wave velocity) were only indepen-
dently related to LV mass when blood pressure was
excluded from the analyses, underscoring the pres-
sure-dependence of these parameters.

Relations of Arterial Stiffness
and Central BP to LV Systolic
and Diastolic Function

Invasive measurement of LV pressure and vol-
ume and determination of arterial elastance
document an age-associated increase in arte-
rial stiffness which is mirrored by an increase
in ventricular stiffness, even in the absence of
hypertrophy [24]. Although ventriculo-vas-
cular coupling is maintained on average, there
is a much greater sensitivity of systolic BP to
changes in LV preload. In a rat model of aortic
stiffness (induced elastocalcinosis), prolonged
exposure to increased aortic stiffness (character-
istic impedance) led to LV hypertrophy, fibrosis
reflected as increase in collagen content, and a
shift in the myosin heavy chain isoform pattern
[25]. This latter phenomenon prolongs systolic
ejection to maintain contractile performance but
shortens diastole in the setting of increased myo-
cardial stiffness. These important experimental
observations have been followed by a number
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of non-invasive investigations of the chronic
impact of arterial stiffness on LV function and
its clinical implications.

Using non-invasive echocardiographic param-
eters and estimated end-systolic pressure,
Redfield et al. examined ventricular and vascular
stiffening in 2,042 participants in a population-
based (Olmstead County, Minnesota) study
(Rochester Epidemiology Project) [26]. Similar
to the earlier invasive study, both ventricular and
vascular stiffening—estimated from Doppler
echocardiography and brachial BP as vascular
(Ea) and ventricular (Ees) elastances—increased
with age. Notably, values were higher in women
than in men, and ventricular stiffness increased
more steeply in women. These findings were
independent of symptom status and provided
support for the authors’ hypothesis that parallel
arterial and ventricular stiffening might account
for age-related heart failure with preserved
ejection fraction (HFPEF), especially in women.
Of note, the authors also confirmed age-associ-
ated concentric remodelling (increase in relative
wall thickness), particularly in women.

As further evidence of a potential link between
arterial stiffening and diastolic dysfunction as a
potential mechanism for HFPEF, aortic and bra-
chial PPs, but not carotid-femoral pulse wave
velocity (influenced by mean arterial pressure),
were related to the grade of diastolic dysfunction
as well as left atrial volume index, a marker of
chronic LV diastolic dysfunction, in older patients
at risk for development of atrial fibrillation [27].
In an Austrian study of patients with normal LV
systolic function undergoing coronary angiogra-
phy for suspected coronary artery disease,
invasively-determined pulse wave velocity was
negatively associated with echocardiographic tis-
sue Doppler measures of diastolic relaxation
(septal and lateral E’) and directly related to E/E’,
an estimate of LV filling pressure (as well as to
measured LV end-diastolic pressure) [28]. Of
note, pulse wave velocity was directly related to
plasma levels of amino terminal pro-brain natri-
uretic peptide (NT-proBNP, secreted in response
to elevated LV filling pressure) and, along with
age and female gender, was an independent pre-
dictor of the presence of exertional dyspnea.
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Fig.24.2 Schematic diagram of potential mechanisms linking arterial stiffness to congestive heart failure (HFPEF)

In a subset (n=983) of the population-based
Northern Manhattan Study in whom non-invasive
pulse wave analysis and echocardiography were
performed, “global arterial stiffness” was calcu-
lated as: central PP/LV stroke volume index [29].
In confirmation of the Austrian patient-based
study, arterial stiffness was negatively related to
velocity of myocardial relaxation (E’) and
directly related to LV filling pressure (E/E’). In
multivariable analyses, arterial stiffness was
independently related to the presence of diastolic
dysfunction.

Regional LV systolic and diastolic strains
were determined using cardiac magnetic reso-
nance imaging in 1,100 asymptomatic partici-
pants in the Multi-Ethnic Study of Atherosclerosis
(MESA Study) who additionally underwent
carotid ultrasound study [30]. Carotid artery
compliance (calculated using brachial BP) was
directly related to both systolic and diastolic

regional performance, even following adjustment
for blood pressure, supporting a role for arterial
stiffening in the development of ventricular
dysfunction.

Relation of Arterial Stiffness
and Central BP to Clinical Heart
Failure

The interaction between arterial and ventricular
stiffening and associated consequences as well as
the association between arterial stiffness and
abnormal LV function described above has led to
the consideration of arterial stiffness as a contribu-
tor to heart failure with preserved ejection fraction
(HFPEF), particularly when it occurs in the
absence of significant epicardial coronary artery
disease (Fig. 24.2). Thus, arterial stiffening, in the
presence or absence of hypertension, leads to
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compensatory LV stiffening and remodelling to
maintain systolic performance at the expense of
diastolic relaxation. Increased pulse wave velocity
results in augmentation of late-systolic pressure
and reduction of early diastolic aortic pressure.
The resultant combination of reduced coronary
perfusion pressure during diastole, increased met-
abolically active myocardial mass, and elevated
LV filling pressure may promote subendocardial
ischemia. Elevation in left atrial pressure may
result in atrial fibrillation, pulmonary hypertension
and signs and symptoms of HFPEF may ensue.
Understanding the pathophysiology and improv-
ing treatment of HFPEF is of major public health
importance as recent as HFPEF is now the cause
of at least 50 % of congestive heart failure, with
outcomes similar to patients with heart failure with
reduced ejection fraction [31].

The observation in the Framingham Heart
Study [32], the East Boston Senior Health Project
[33], the Established Populations for
Epidemiologic Study of the Elderly [34], and the
Systolic Hypertension in the Elderly Program
(SHEP) [35] that brachial PP, a surrogate for arte-
rial stiffness, is independently related to incident
clinical heart failure supports the importance of
conduit artery stiffness as a marker, if not a cause,
of heart failure risk. However assessment of LV
function was not systematically included in the
evaluation of heart failure in these reports.

In addition, the extent to which pulse pressure
is primarily generated by arterial stiffness vs. LV
stroke volume may vary based on ejection frac-
tion. Thus in the Studies of Left Ventricular
Dysfunction (SOLVD) trials (LV ejection frac-
tion <35 % required for study entry), brachial PP
was directly related to both ejection fraction and
cardiovascular mortality, resulting in the conclu-
sion that arterial stiffness was the mechanism of
risk [36]. Similarly, in 135 patients with chronic
heart failure over a wide range of ejection frac-
tion, brachial PP was related to ejection fraction
in those with reduced and preserved (>40 %)
ejection fraction, whereas carotid-femoral pulse
wave velocity, a direct measure of arterial stiff-
ness, was related to ejection fraction in the low
ejection fraction group but not in the preserved
ejection fraction group [37].
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Subsequent invasive and non-invasive studies
in patients with HFPEF have supported the contri-
bution of arterial stiffness to overt heart failure, in
addition to evidence of abnormal diastolic func-
tion. In a small invasive study of 10 patients with
HFPEF, Kawaguchi et al. found increased ven-
tricular and vascular stiffness and an upward shift
in the diastolic pressure-volume curve in patients
compared to control groups [38]. These findings
were confirmed in 244 patients with HFPEF stud-
ied at the Mayo Clinic [39]. Both asymptomatic
hypertensive patients and HFPEF patients had
increased ventricular and arterial stiffness (end-
systolic ventricular and arterial elastance calcu-
lated using estimated end-systolic pressure and
Doppler echocardiography) compared to control
subjects, whereas diastolic stiffness (curve-fitting
constants derived from Doppler echocardiogra-
phy) was increased in the HFPEF patients com-
pared to the other two groups.

Two studies from Weber and colleagues have
provided important data regarding hemodynamic
underpinnings of HFPEF as well as diagnostic
utility of non-invasive markers [40, 41]. Two hun-
dred and seventy-one patients referred for cardiac
catheterization for suspected coronary artery dis-
ease were categorized as having definite diastolic
dysfunction (LV end-diastolic pressure >16 mmHg
with normal end-diastolic volume and NT-proBNP
>125 pg/ml; n=44), possible diastolic dysfunction
(increased LV end-diastolic pressure or elevated
NT-proBNP; n=109), or normal diastolic function
[40]. The group with definite diastolic dysfunction
had the typical demographic profile of being older
and more often female and hypertensive. Patients
with diastolic dysfunction had prolonged LV ejec-
tion time indexed for heart rate (LVETi) and
increased wave reflection (increase in augmenta-
tion index and augmented systolic pressure) com-
pared to the other two groups, whereas those with
possible diastolic dysfunction had intermediate
values (Fig. 24.3). The augmented pressure was
directly related to LVETi as well as invasive LV
end-diastolic pressure. LVETi was an independent
predictor of diastolic dysfunction, as were hyper-
tension, LV mass index, decreased creatinine
clearance, and E:E’ ratio from echocardiography.
Furthermore, in receiver operating characteristic
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Fig. 24.3 Comparisons of LV ejection time index
(LVETi), augmentation of central systolic pressure (AP),
and augmentation index (Aix) in normal controls, patients

(ROC) curve analyses, LVETi and E:E’ ratio were
comparable in their ability to detect diastolic
dysfunction.

In a subsequent larger study (n=359), cardiac
catheterization, pulse wave analysis and echocar-
diography were again performed, and HFPEF
was defined as LV EF >50 % with end-diastolic
pressure >16 mmHg and NT-proBNP >220 pg/
ml [41]. In ROC analyses, the areas under the
curve (AUC) for brachial PP, E:E’ ratio, central
PP from tonometry and invasively-determined
aortic pulse wave velocity were 0.816, 0.823,
0.851, and 0.867, respectively (not significantly
different). Importantly, in multivariable models,
E:E’ correctly classified 77 % as having HFPEF
or not, with significant improvement when a
measure of arterial function was added to the
model. The addition of central PP to E:E’ was
significantly superior to the addition of brachial
PP (AUC: 0.901 vs. 0.875; Fig. 24.4).

with possible diastolic dysfunction, and patients with
definite diastolic dysfunction. See text for definitions
(Reproduced with permission from Ref. [40])
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Vascular stiffness and impaired ventriculo-
arterial coupling are exaggerated with exercise in
patients with HFPEF. Among 23 patients with
HFPEF compared to 15 normal controls, exercise
resulted in significant increases in elastic modu-
lus, pulse wave velocity, and arterial elastance
(calculated using central pressures derived from
carotid applanation tonometry) and a lesser
increase in stroke volume measured by echocar-
diography [42]. Of note, for a given end-diastolic
volume, E/E’ ratio, an estimate of LV filling pres-
sure was higher at rest (20 vs. 11, p<0.001) and
remained elevated with exercise in the HFPEF
group.

These results are complemented by a study of
15 patients with HFPEF and 15 matched control
subjects who underwent rest and exercise echo-
cardiography and radial applanation tonometry
[43]. Exercise in HFPEF patients resulted in an
increase in E:E’ which was independently associ-
ated with an increase in central pressure augmen-
tation but not with change in brachial systolic or
pulse pressure. In contrast, exercise in control
subjects resulted in decreases in E:E’, augmenta-
tion index and augmented pressure.

In a small study of 10 patients with HFPEF
who underwent cardiac magnetic resonance
imaging at rest, pulsatile changes in aortic area
and distensibility (calculated using brachial
blood pressures) were lower than in age-matched
controls [44]. Subsequent exercise showed
diminished peak exercise oxygen consumption in
the patient group that was associated with lower
distensibility of the thoracic aorta.

In summary, there is strong support for the
importance of increased arterial stiffness and
central blood pressure in the development of
LV remodelling, abnormal LV function (par-
ticularly diastolic relaxation), and clinical mani-
festations of heart failure, most notably in the
presence of apparently preserved systolic func-
tion. The inability thus far to identify pharma-
cologic approaches of clear benefit in patients
with HFPEF supports the need to better treat
hypertension in the general population, to bet-
ter identify patients in whom arterial stiffness is
a leading pathophysiologic mechanism for dia-
stolic dysfunction and for clinical heart failure,
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and to identify therapies that are more effective in
ameliorating arterial stiffening than current heart
failure regimens that have been proven to benefit
heart failure patients with systolic dysfunction.
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