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Arterial-Cardiac Interaction:
The Concept and Implications
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Vascular stiffening of the large arteries is a common feature of human aging. Increased aortic stiffness with age may contribute to
pathological changes in the left ventricle and this can induce ventricular stiffening. Vascular-ventricular stiffening combined with
abnormal arterial-cardiac interaction is considered an important pathophysiology of heart failure with a preserved ejection
fraction. Here, I briefly review the concept and implications of arterial-cardiac interaction and this will pave the way to
understanding and controlling heart failure with a preserved ejection fraction, which is more prevalent in the elderly.
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Introduction
The circulatory system is a closed system. The heart and the
vascular system interact to provide adequate blood flow
throughout the body. This interaction of properties of the systolic ventricle, as a pump, and the vascular system, as a load,
plays a critical role in determining cardiac output. Therefore,
arterial-cardiac interaction, also known as ventricular-vascular
interaction or ventricular-vascular coupling, is considered a
central deteminant of net cardiovascular performance.1-3) There
has been much interest in the relationship among vascular stiffness, cardiac function, and cardiovascular diseases. The concept of arterial-cardiac interaction is important to understanding the pathophysiologies of heart failure, especially in patients
with preserved ejection fraction. This review will focus on the
concept and implications of arterial-cardiac interaction and
the non-invasive methods available for its clinical assessment.
Vascular Aging and Stiffening
Vascular stiffening of the large arteries is a common feature
of human aging and is exacerbated by many common disorders such as hypertension, diabetes mellitus, and renal disease.4-6) The normal aorta delivers blood from the heart to the
capillaries and cushions pulsations.5) The arterial system in
youth is a very effective conduit and a very efficient cushion.5)6)
In young subjects, the wave travels slowly in the distensible
tube so that the reflected wave from the resistance artery
boosts pressure during diastole. As the aorta ages and stiffens,

blood travels faster, returns earlier, and boosts pressure in late
systole. Therefore, vascular stiffening results in widening of
the arterial pulse pressure (PP), high augmentation pressure,
high augmentation index (AIx) and high pulse wave velocities
(PWV). Because young subjects have good pressure amplification from the central to the peripheral, and elderly subjects do
not, their central blood pressures (BP) differ even when they
have the same peripheral BPs.7-9) Elderly subjects have higher
central BPs in similar peripheral BPs with younger sujects, that
can cause pulsatile stress on the left ventricle (LV). There are
several different methods of assessing arterial stiffness, some of
which are more widely applicable than others.10) The representative indices and surrogates of arterial stiffness are summerized in Table 1 and shown on Fig. 1. PWV is the speed at which
the forward pressure wave is transmitted from the aorta through
the vascular tree.11) It is calculated by measuring the time taken for the arterial waveform to pass between two points a measured distance apart. The PWV has been validated and is reproducible, and has been widely applied as the gold standard
of arterial stiffness measurement.11) Pulse waveform analysis
permits measurement of central systolic BP, central PP and
AIx.11)12) The arterial pressure waveform is a composite of the
forward wave created by LV contraction and a reflected wave
generated in the periphery, returning towards the heart. AIx is
calculated as the ratio between augmentation pressure and
central PP and is expressed as a percentage.11) It is a complex
composite measurement, derived from many important dy-
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namic variables. It is influenced by PWV, the reflectance
point, and LV ejection characteristics.10) The age-related changes
in central AIx and aortic PWV follow different patterns.9) AIx
might provide a more sensitive marker of arterial aging in
younger individuals, whereas aortic PWV might be a more
sensitive marker in older individuals.9) Recently, PP amplification has been suggested as a mechanical biomarker of cardiovascular diesase and risk, together with global arterial properties.13) Normally, differences in vessel stiffness and reflection of
pressure waves within the arterial tree result in considerable
amplification of PP between the aorta and brachial artery. This
so-called PP amplification is a well-established hemodynamic
phenomenon and reduced PP amplification is related to increased cardiovascular risks and poor outcomes superior to the
values of brachial or central arteries alone.13)14)
Ultrasound-based measurements of arterial stiffness are also in
use. It is necessary to simultaneously measure BP. The stiffness
index β is less affected by arterial pressure changes and could be
more useful than other parameters, being easily determined using ultrasound.10) Carotid stiffness index β has been used to assess arterial stiffness in various cardiovascular diseases.10)15)
Influence of Vascular Stiffening
on Left Ventricular Function
The pathophysiological and clinical implications of arterial

stiffness should be considered together with LV function. Several possible pathways exist whereby aortic stiffening may
contribute to pathological changes in the LV, which can be the
substrate of diastolic dysfunction.16) Aortic stiffening leads to
augmentation of the central aortic systolic BP, thus increasing
LV afterload. Increased afterload may promote myocyte hypertrophy and slow LV relaxation. Concomitant reduction in central aortic diastolic BP may compromise coronary perfusion
and aggravate subendocardial ischemia. This can further impair myocardial relaxation and promote myocardial fibrosis
leading to diastolic dysfunction. Fig. 2 illustrates the mechanisms that predispose the LV to ischemia and to dysfunction
with aortic stiffening.16)17) A vicious cycle becomes relevant in
the development of heart failure with preserved ejection fraction, probably the most common form of heart failure in the
elderly.5) In a recent study, we demonstrated the gender differences in the association between the indices of arterial stiffness
and LV diastolic functional parameters in age-matched men
and women with preserved LV ejection fraction.18) In women,
despite similar peripheral pressures to those of men, there were
significant differences in central pressures and indices of wave
reflections.18)19) LV diastolic function significantly correlated
with parameters representing arterial stiffness in women but
not in men.18) The effect of earlier wave reflection on central
pressure and stronger relation to LV diastolic function could be

Table 1. Indices and surrogates of arterial stiffness
Methods

Parameter

Definition

Pulse wave velocity

Pulse wave velocity

Velocity of the traveling pulse along a length of artery
Distance/∆t (cm/s)

Pulse wave analysis

Central pulse pressure

The difference between the central systolic and central diastolic pressures

Augmentation index

The difference between the second and first systolic peaks as a percentage of the pulse pressure

Pulse pressure amplification

Peripheral pulse pressure/central pulse pressure

Stiffness index β

Ratio of the In (systolic/diastolic pressure) to the relative change in the diameter
β = In (Ps/Pd)/(Ds- Dd/Dd)

Ultrasound
In: natural logarithm

Systolic peak
P1
L

Central systolic pressure
Augmentation pressure (AP)

Aortic stiffening
↑ Central aortic systolic BP

↓ Central aortic diastolic BP

Central pulse pressure (PP)

↑ LV afterload

∆Time

↓ Coronary perfusion

Central diastolic pressure

PWV (m/sec) = L / ∆Time

AIx (%) = AP/central PP × 100 (%)

Myocardial hypertrophy

Subendocardial ischemia

M-mode of Aorta
Ps (Systolic BP)
Pd (Diastolic BP)

+

Dd

Ds

Impaired relaxation

Myocardial fibrosis

β Stiffness index = Ln (Ps-Pd) / [(Ds-Dd)/Dd]

Diastolic dysfunction

Fig. 1. Indices and surrogates of arterial stiffness. PWV: pulse wave
velocity, AIx: augmentation index, BP: blood pressure.

Fig. 2. Pathophysiological pathways: Relation of arterial stiffness to
diastolic dysfunction in hypertensive patients.16) BP: blood pressure, LV:
left ventricular.
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a possible contributor of hemodynamic liability prone to heart
failure in women.
Ventricular-Vascular Coupling
The concept and assessment
of ventricular-vascular coupling

The interaction of ventricular and vascular properties, or coupling, is an important determinant of cardiac performance.1-3)
Several groups of systems-physiology investigators have studied and clarified currently accepted frameworks of ventricularvascular coupling.1)3)20)21) Many investigators have sought ways
to characterize both the heart and vascular system and their
interaction using common variables. Fig. 3 shows a schematic
diagram of the pressure-volume loop for LV, with ventricular
systolic and diastolic elastances, and effective arterial elastance.
•Ventricular systolic elastance (Ees)
= end-systolic pressure/end-systolic volume
(ESP/ESV)
•Effective arterial elastance (Ea)
= end-systolic pressure/stroke volume (ESP/SV)
•Ventricular-vascular coupling index
= Ea/Ees

LV pressure (mmHg)
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Eed
V0
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80

Noninvasive assessment
of ventricular-vascular coupling

Based on this concept, ventricular systolic elastance, effective
arterial elastance, and the ventricular-vascular coupling index
can be assessed noninvasively using echocardiography and simultaneously assessed BPs. LV end-systolic and end-diastolic
volumes are measured from apical 4-chamber and 2-chamber
views using the biplane method of disks (modified Simpson’s
rule).22) Stroke volume can be calculated by substrating the
end-systolic volume from the end-diastolic volume. End-systolic pressure is approximated by [(2 × systolic BP + diastolic
BP) / 3]. This noninvasive assessment of end-systolic pressure
accurately predicts LV pressure-volume loop measurements of
end-systolic pressure.23) The Ea is estimated as the end-systolic
pressure/stroke volume. The Ees of LV is calculated as end-systolic pressure/end-systolic volume. Ventricular-vascular coupling is generally assessed by the Ea/Ees ratio, termed the ventricular-vascular coupling index.3)4)
Age-related changes in ventricular-vascular
coupling
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0

Ees defines ventricular systolic stiffness, while Eed is diastolic
stiffness. Ea equals the ratio of end systolic pressure over stroke
volume, and reflects arterial loading. The ratio of effective arterial elastance to LV end-systolic elastance (Ea/Ees) is used to index
relative coupling between the heart and vascular systems.3)4)
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LV volume (mL)
Fig. 3. Schematic diagram of the pressure-volume loop for the left
ventricle.

Fig. 4A and B display typical pressure-volume data, along
with Ees and Ea, for young and elderly subjects. In comparison with the younger subjects, the older subects display marked
increases in both elastances, reflecting vascular stiffening and
ventricular stiffening.24) The result is that both parameters remain relatively matched. The matched increase in arterial and
cardiac stiffness with aging can maintain ventricular-vascular
coupling within a normal range.3)24) However, diastolic cham-
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Fig. 4. Relationship between effective arterial elastance (Ea) and ventricular systolic elastance (Ees) in young (A) versus old subjects (B).24) A: In young
subject. B: A matched increase in arterial and ventricular stiffness in elderly subjects.
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ber stiffness (Eed) commonly increases with age.3)
Dynamic changes of ventricular-vascular
coupling

Although maintenance of ventricular-vascular coupling with
age would be somewhat beneficial, the rise in both vascular
and ventricular stiffening becomes apparently problematic
when the system is stressed by exercise. In normal subjects, effective arterial elastance is nearly one half of LV elastance2)25)
and the ventricular-vascular coupling index decreases with exercise, indicating augmented pump efficiency.26)27) Najjar et
al.27) demonstrated that the ventricular-vascular coupling index during exercise decreased by a smaller degree in older subjects than in younger subjects even though there was no difference by age in resting ventricular-vascular coupling index
(Fig. 5A). These findings might suggest that aging is associated with less reserve capacity, or an inability to attain maximal
efficacy, manifested by a smaller reduction in the coupling index. The different responses of ventricular-vascular coupling
to exercise can be related to exercise intolerance. In addition,
higher ventricular and vascular stiffness has important implications regarding BP liability and loading sensitivity even
though coupling is maintained with age.24) In the elderly, even
a small increase in blood volume can substantially raise systolic BP24) (Fig. 5B). Therefore, enhanced BP sensitivity to circulating volume and diuretics is common in elderly subjects and
the mechanism of rapid-onset pulmonary edema in elderly subjects can be explained. In summary, when the ventricular-vascular system is stressed with exercise or faced with volume
overload, the coupling response may be abnormal, and it may
be difficult to maintain effective cardiovascular performance.
In conclusion, abnormal arterial-cardiac interaction and stiffening of the ventricular and vascular systems may contribute to
the pathophysiology of heart failure with preserved ejection
fraction. Combined ventricular-vascular stiffening may have
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