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Introduction

The heart and the arterial system are anatomically and
functionally connected, although they are frequently
studied as separate structures with independent func-
tions. The arterial tree does not act solely as mere con-
duits for blood flow distribution to the organs but it also
modulates the ventricular ejection, transforming the pul-
satile stroke volume (SV) into a peripheral continuous
flow (essential for metabolic exchange), and maintaining
blood pressure (BP) during diastole (necessary for coro-
nary perfusion). Therefore, a complete description of the
cardiovascular system should consider not only the car-
diac function but also the arterial system and how both
work with each other [1, 2].

Arterial load as a measure of afterload

When trying to understand how the heart interacts with
the arterial system, one must know the arterial load (AL),
i.e., the external opposition that must be overcome by
the ventricles during ejection [2, 3]. AL, however, does
not represent any specific property of the arterial system
[4]. On the contrary, it gathers all extracardiac factors
opposing the movement of blood out of the heart into the
systemic and pulmonary systems, compromising differ-
ent arterial properties, blood viscosity, and the effects of
arterial wave reflections [5]. Therefore, AL can be consid-
ered as a net measure of cardiac afterload [4].

The importance of AL can be easily understood when
one considers that common pathological situations, such
as heart failure or systemic and pulmonary hypertension,
are profoundly related to a mismatched arterial load [6,
7]. Furthermore, well-established treatments (e.g., nonin-
vasive mechanical ventilation for acute pulmonary edema
or arterial vasodilators for systemic and pulmonary
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hypertension) have proven beneficial through a reduction
in AL [6, 8].

Arterial load as a determinant of arterial pressure
The BP is the result of the interaction between blood flow
and AL [2]. AL modulates the cardiac output in order to
keep constant tisular perfusion pressure. Therefore, BP
depends not only on flow but also on AL (Fig. 1). This
explains why caution should be applied when using BP as
a surrogate for blood flow during fluid challenge [9], since
variations in AL may ultimately determine the effects of
fluids on BP [10].

Similarly, variations in AL are known to affect the reli-
ability of so-called pulse-contour methods for estimation
of SV from the BP [11]. Furthermore, the ability of these
techniques for tracking changes in SV depends on how
AL is assessed in order to establish a valid pressure—flow
relationship.

Arterial load indices

Traditionally, systemic vascular resistance (SVR) has
been used to characterize the arterial system and to
obtain a gross simplification of AL. However, using SVR
as a descriptor of the whole arterial system is clearly
inadequate. SVR represents the opposition to a steady
flow, but neither blood flow and BP are constant but are
cyclic, because of repeated contractions of the heart. Fur-
thermore, the distribution of SVR is not homogenous
along the vascular tree [5], and the assumption that cen-
tral venous pressure as a downstream pressure in classi-
cal calculation of SVR could lead to an overestimation of
the actual resistance [12].

Because of the oscillatory nature of the BP and flow,
the gold standard for assessing AL is the arterial imped-
ance (Z;,) [5]. Unlike SVR, Z, represents the complex
ratio between pulsatile pressure and flow. Z,, provides
the most comprehensive description of the AL, integrat-
ing the mechanical properties of the arterial system and
the effects of arterial wave reflections [5]. Regrettably, Z;,
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Fig. 1 Arterial load: main components and its interaction with blood flow. Arterial load represents all extracardiac factors that oppose ventricular
ejection. It compromises not only mechanical properties of the arterial system, such as compliance or arterial resistance, but also the effects of arte-
rial wave reflections. The interaction between arterial load and blood flow determines the arterial pressure
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can be challenging to measure and to interpret in clini-
cal practice, thus Z;,, has been appropriately simplified in
familiar interpretable surrogates, such as the 3-element
Windkessel model of arterial system [13].

Effective arterial elastance as an index of arterial
load

Back in the early 1980s, Sunagawa et al. published a land-
mark paper in which they proposed that all elements
integrating AL can be characterized into a single variable
called effective arterial elastance (Ea) [2], which is the
change in pressure for a given change in volume. How-
ever, Ea is not a measure of arterial stiffness, but it incor-
porates the principal features of AL, including steady and
pulsatile components [2, 3]. Ea is therefore an integrative
measure of afterload [3].

An advantage of Ea is that it is computed as the ratio
between ventricular end-systolic pressure and SV. End-
systolic pressure can be estimated using 90 % of systolic
BP [3, 6]. SV can be measured using current hemody-
namic monitors or noninvasively by echocardiography.
So, Ea can be calculated at the bedside without requiring
any complex technology. The reliability of Ea for estimat-
ing Z,, has been repeatedly demonstrated, and its useful-
ness for characterizing AL has been recognized over the
last three decades [3, 7, 14]. Moreover, since Ea shares
the same units of ventricular elastance (E,,), the gold
standard for estimating the ventricular contractility, both
parameters can thus be related, allowing the assessment

of right and left ventriculo-arterial coupling, an index of
cardiovascular efficiency [2, 6, 7, 15].

Functional assessment of arterial load: the
dynamic arterial elastance

The dynamic arterial elastance (Eayy,), or the ratio
between pulse pressure variation and SV variation, has
been suggested as a functional assessment of AL [16].
Eag,, represents the dynamic interaction between BP and
SV during a respiratory cycle, and it may be useful for the
prediction of BP response to fluid challenge in preload-
dependent patients [16].

Conclusions

Over recent years, a growing interest in cardiovascu-
lar physiology has been aroused. This interest has been
mostly focused on venous return and cardiac function.
However, our knowledge of the arterial system is still
mostly simplified to the estimation of vascular resist-
ance. A better understanding of AL will lead to enhanced
knowledge of the underlying processes involved in car-
diovascular diseases and will hopefully aid the develop-
ment of new tools and interventions to monitor and treat
these diseases.

Author details

! Unidad de Cuidados Intensivos, Hospital SAS de Jerez, Jerez de la Frontera,
Spain. 2 Corporacié Sanitaria Universitaria Parc Tauli, Sabadell, Spain. * Depart-
ment of Intensive Care Medicine, St. George's Healthcare NHS Trust, London,
UK.



1627

Compliance with ethical standards

Conflicts of interest
The authors declare no conflict of interest regarding this commentary.

Received: 18 November 2015 Accepted: 4 January 2016
Published online: 22 January 2016

References

1.

2.

Starling MR (1993) Left ventricular-arterial coupling relations in the
normal human heart. Am Heart J 125:1659-1666

Sunagawa K, Maughan WL, Burkhoff D, Sagawa K (1983) Left ventricular
interaction with arterial load studied in isolated canine ventricle. Am J
Physiol 245:H773-H780

Kelly RP, Ting CT, Yang TM, Liu CP. Maughan WL, Chang MS, Kass DA (1992)
Effective arterial elastance as index of arterial vascular load in humans.
Circulation 86:513-521

Milnor WR (1975) Arterial impedance as ventricular afterload. Circ Res
36:565-570

Nichols WW, O'Rourke M (2005) McDonald'’s blood flow in arteries:
theoretical, experimental and clinical principles. Oxford University Press,
Oxford

Guarracino F, Baldassarri R, Pinsky MR (2013) Ventriculo-arterial decou-
pling in acutely altered hemodynamic states. Crit Care 17:213

Chantler PD, Lakatta EG (2012) Arterial-ventricular coupling with aging
and disease. Front Physiol 3:90

Ky B, French B, May Khan A, Plappert T, Wang A, Chirinos JA, Fang JC,
Sweitzer NK, Borlaug BA, Kass DA, St John Sutton M, Cappola TP (2013)
Ventricular-arterial coupling, remodeling, and prognosis in chronic heart
failure. J Am Coll Cardiol 62:1165-1172

Cecconi M, Hofer C, Teboul JL, Pettila V, Wilkman E, Molnar Z, Della Rocca
G, Aldecoa C, Artigas A, Jog S, Sander M, Spies C, Lefrant JY, De Backer

D, Investigators F, Group ET (2015) Fluid challenges in intensive care:

the FENICE study: a global inception cohort study. Intensive Care Med
41:1529-1537

Monge Garcia MI, Guijo Gonzalez P, Gracia Romero M, Gil Cano A, Oscier
C, Rhodes A, Grounds RM, Cecconi M (2015) Effects of fluid adminis-
tration on arterial load in septic shock patients. Intensive Care Med
41:1247-1255

. Monge Garcia MI, Romero MG, Cano AG, Rhodes A, Grounds RM, Cecconi

M (2013) Impact of arterial load on the agreement between pulse pres-
sure analysis and esophageal Doppler. Crit Care 17:R113

Maas JJ, de Wilde RB, Aarts LP, Pinsky MR, Jansen JR (2012) Determination
of vascular waterfall phenomenon by bedside measurement of mean
systemic filling pressure and critical closing pressure in the intensive care
unit. Anesth Analg 114:803-810

Westerhof N, Lankhaar JW, Westerhof BE (2009) The arterial Windkessel.
Med Biol Eng Comput 47:131-141

Sunagawa K, Maughan WL, Sagawa K (1985) Optimal arterial resistance
for the maximal stroke work studied in isolated canine left ventricle. Circ
Res 56:586-595

Morimont P, Lambermont B, Ghuysen A, Gerard P, Kolh P, Lancellotti P,
Tchana-Sato V, Desaive T, D'Orio V (2008) Effective arterial elastance as

an index of pulmonary vascular load. Am J Physiol Heart Circ Physiol
294:H2736-H2742

Monge Garcia M, Gracia Romero M, Gil Cano A, Aya HD, Rhodes A,
Grounds R, Cecconi M (2014) Dynamic arterial elastance as a predictor of
arterial pressure response to fluid administration: a validation study. Crit
Care 18:626



	Understanding arterial load
	Introduction
	Arterial load as a measure of afterload
	Arterial load as a determinant of arterial pressure
	Arterial load indices
	Effective arterial elastance as an index of arterial load
	Functional assessment of arterial load: the dynamic arterial elastance
	Conclusions
	References




