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The primary role of the cardiovascular system is
to deliver energy sources and oxygen to the
tissues. The periphery itself has the ability to
autoregulate blood flow to the metabolic activity
of any individual organ, but it needs an adequate
perfusion pressure and a constant flow in the
capillaries. Since the left ventricle functions as a
volume phasic pump, the proximal arterial vas-
cular system (the large arteries) acts as a large
capacitor with a high output resistance (periph-
eral arterioles) to convert the pulsatile flow to a
constant one, like a hydraulic filter (Fig. 41.1).
Thus, optimal cardiovascular function requires
appropriate coupling of the left ventricle and the
arterial system and good interaction of its com-
ponents. To fully appreciate the pathophysiology
of cardiovascular function, we need a diagnostic
and monitoring modality that explains the con-
cept of a pump that generates flow (cardiac
output), ejecting phasically in a pressurized
compartment. In other words, we need an inte-
grated monitoring modality that represents left
ventricular—arterial coupling or the matching of
ventricular elastance with arterial elastance. The
clinical dilemma in a hypotensive patient with
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low cardiac output is whether the pump or the
circuit is working out of the normal range or
whether a combination of both exists.

Functional analysis of this interaction requires
that the left ventricle and the arterial system be
described in similar terms.

The left ventricle is evaluated best by plotting
left ventricular pressure versus volume through-
out the cardiac cycle (Fig. 41.2). With every heart
beat a full loop is described. Starting at end-
diastole, the first part of the loop is the isovolumic
contraction. When the aortic valve opens, ejection
begins and during the ejection period, the volume
decreases and the pressure changes relatively lit-
tle. After closure of the aortic valve, the isovolu-
mic relaxation follows. When the mitral valve
opens, filling starts and the volume increases with
a very small increase in left ventricular pressure
until the end-diastolic volume (EDV) is reached.
The lower right-hand corner of the left ventricular
pressure—volume loop is end-diastole, with EDV
and end-diastolic pressure; the upper left-hand
corner of the left ventricular pressure—volume
loop is end-systole, with end-systolic pressure
(ESP) and end-systolic volume (ESV). This is the
point at which the left ventricle reaches maximal
stiffness. The difference between EDV and ESV is
the stroke volume (SV), and the ejection fraction
(EF)is the relationship between SV and EDV. The
area inside the loop is the ventricular effective
stroke work (SW), which is the product of volume
and pressure. Different loading conditions in dif-
ferent beats determine different SVs, so different
ESVs come across different ESPs (Fig. 41.3).
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Fig. 41.1 Left ventricular-arterial coupling

Connecting the end-systolic points of variable
loaded beats determines the left ventricular ESP—
ESV relation (ESPVR) (Fig. 41.4). The points
along this line indicate how much the left ven-
tricular ESV will increase (and SV will decrease)
in response to an increase of ESP. The slope of
this relation expresses the left ventricular end-
systolic elastance (Egg). This is a property of the
heart linked to the contractility itself, and is very
little affected by the loading conditions. The
original results suggest a linear ESPVR with an
intercept with the volume axis (V). The linear
relation implies that the slope of the ESPVR, the
Egs, with the dimension of pressure over volume
(mmHg/ml), can be determined. An increase in
contractility, as obtained with epinephrine, shifts
the relation to the left and increases Egg, but
leaves the intercept volume (V4) unchanged.
ESPVR can be calculated as the ratio between
ESP and (ESV — V).

On the other side of the aortic valve, the
arterial system can be evaluated in an analogous
manner [1]. Different SVs determine different
expansions of the arterial system with different

ESPs (Fig. 41.5): the higher the SV, the greater
the arterial ESP, depending on compliance and
resistance of the arterial tree (arterial mechanical
properties). In this analysis, the arterial system is
described by the relation between the SV and
ESP. The slope of this relation expresses
the effective arterial end-systolic elastance (E,);
then E, can be calculated as the ratio of ESP
to SV.

Egs (ventricular function) indicates the vari-
ations of left ventricular ESV (and indirectly the
variations of SV) in response to the variation of
ESP (arterial pressure) [ESP/(ESV — Vy)], and
E (arterial mechanical properties) indicates the
variation of arterial pressure (ESP) in response
to the variation of SV (ESP/SV).

The intersection of the FEgg slope (which
represents ventricular function) and the E 5 slope
(which represents arterial mechanical properties)
is the “coupling point” (Fig. 41.6) and expresses
the concept of the left ventricular—arterial cou-
pling (EA/Egs ratio): this coupling point is, from
a hemodynamic point of view, the ESP (arterial
pressure) when the aortic valve has just closed
and the total amount of the corresponding SV at
the end of ejection phase has been ejected in the
arterial tree.

Thus, the SV, the SW, and the ESP (arterial
pressure) are dependent beat-to-beat on the bal-
ance between Egg (describing the left ventricle)
and E, (describing the arterial system) and their
corresponding slopes: different E,/Erg and dif-
ferent slopes determine different ESP (arterial
pressure), different SV, and different SW
(Figs. 41.7,41.8, 41.9).

It has been suggested that this E/Egg ratio is
the left ventricular—arterial coupling parameter
and that when EA/Egs = 1, that is, when the E
slope is equal to the Egg slope, the external work
(mechanical work ) is optimized (Fig. 41.10),
whereas for EA/Egs = 0.5, that is, the E slope
is lower than the Egg slope, cardiac efficiency is
maximal (Fig. 41.11).

To determine these two parameters, several
monitoring simplifications have been used in
clinical practice.
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Fig. 41.2 Cardiovascular
physiology: the pump. AV
aortic valve, EDP end-
diastolic pressure, EDV
end-diastolic volume, ESP
end-systolic pressure, ESV
end-systolic volume, MV
mitral valve

Fig. 41.3 Cardiovascular
physiology: the pump. SV
stroke volume

Fig. 41.4 Cardiovascular
physiology: the pump. LV
left ventricular
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Ea = the

ARTERIAL
end-systolic
ELASTANCE

Fig. 41.5 Cardiovascular physiology: the pump
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Fig. 41.6 Left ventricular—arterial coupling (LVAC). SW stroke work

The arterial elastance (E,) can be approxi-
mated as follows. ESP is close to the mean
arterial pressure (Fig. 41.12), and SV can be
obtained through echocardiography (2D, 3D) or
through continuous cardiac output with nonin-
vasive hemodynamic monitoring systems (pulse
contour methods). We can calculate £, = ESP/
SV =~ (beat-to-beat) P,. /cardiac output/heart
rate.

The left ventricular end-systolic elastance
(Egs) is calculated from Egg = ESP/(ESV — V).
V4 (the intercept volume) is the volume of the
heart at which the left ventricular ESPVR inter-
cepts the x-axis (ideally the volume of the heart at
zero ESP) (Fig. 41.13). ESV can normally be
measured noninvasively by echocardiography
(2D, 3D), but V is hard to estimate. To derive this
intercept volume, at least one other point of the
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ESP

Fig. 41.7 Left ventricular—arterial coupling and stroke
volume, stroke work, and arterial pressure

ESP

Fig. 41.8 Left ventricular—arterial coupling and stroke
volume, stroke work, and arterial pressure

ESPVR should be obtained. This would require
changes in diastolic filling that are often not fea-
sible in very sick patients. In a number of studies,
it has simply been assumed that V4 = 0.

This assumption leads to a very interesting
simplification of the analysis (Fig. 41.14). With
Vq = 0, Egs = ESP/ESV = ESP/(EDV — SV).
The EA/Egs ratio then becomes EA/Ers = (ESP/
SV)/[ESP/(EDV — SV)] = (EDV — SV)/

SV = ESV/SV = (1/EF) — 1.

It is important to underline that the ESP dis-
appears altogether, leaving only the determina-
tion of two volumes, the ESV “inside the heart”
and the SV, or the EF. This implies that the
mechanical work is maximal when E/Egg = 1
and EF = 0.5, or when ESV and SV are
equivalent. Similarly, the cardiac efficiency is
maximal when E/Egg = 0.5 and EF = 0.67, or
when SV is greater than ESV. In contrast, when
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Fig. 41.9 Left ventricular—arterial coupling and stroke
volume, stroke work, and arterial pressure

E, exceeds Egg, that is, when EA/Egg > 1, EF
falls, and ESV is greater than SV.

In patients with systolic heart failure, Egg is
reduced and peripheral vascular resistance (and
thus E,) is increased. In this situation, the left
ventricle and the arterial system are suboptimally
coupled (Ea/Egs > 1). Any increase in heart rate
will further increase E, making the coupling
worse. Vasodilator therapy, which lowers E 5, will
bring the EA/Egs ratio back down toward 1.0,
improving the coupling. Alternatively, or con-
temporarily, inotropic therapy, which increases
Egs, will also improve the E5/Efgg ratio. Thus, in a
patient with a failing heart, the left ventricle and the
arterial system are inappropriately coupled, further
reducing the heart’s mechanical work and effi-
ciency. The coupling and performance in systolic
heart failure can be improved by vasodilator and/or
inotropic therapy and can be monitored by the E»/
Egs ratio by an integrated monitoring, echocardi-
ography and noninvasive hemodynamic monitor-
ing (pulse contour methods).

The assumption of a negligible V4 simplifies
matters. However, negligible V4 values are dif-
ficult to verify, mostly not correct, and certainly
lead to possible large errors in the very sick
patient (dilated cardiomyopathy).

There are multiple potential sources of error in
the noninvasive assessment of left ventricular—
arterial coupling. However, this integrated moni-
toring approach (ESP, SV, ESV) gives appropriate
attention to the concept of left ventricular—arterial
coupling and it demonstrates the feasibility of
monitoring the FEs/Egs ratio throughout the
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Fig. 41.10 Left
ventricular—arterial
coupling and maximum
work and maximum
efficiency

Fig. 41.11 Left
ventricular—arterial
coupling and maximum
work and maximum
efficiency

noninvasive  echocardiographic
Although not ready for routine use in the echo-
cardiographic laboratory or in cardiac intensive
care, this area certainly deserves further investi-
gation and may ultimately improve our patho-
physiologic understanding of cardiac disorders. PP
Further studies may focus on assessing the effect of
pharmacologic intervention on left ventricular—
arterial coupling (improved Egg and/or reduced
E,), on left ventricular function, on arterial com-
pliance, and on left ventricular remodeling, thus
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Fig. 41.12 End-systolic pressure
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Fig. 41.13 Cardiovascular physiology: the pump
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Fig. 41.14 Left ventricular—arterial coupling and ejection fraction
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