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Structured Abstract

Purpose of review: We will highlight the role of ventriculo-arterial (VA) coupling in the
pathophysiology of sepsis and how to assess it.

Recent findings: Most septic patients show a VA uncoupling at the time of diagnosis with
arterial elastance (Ea) greater than left ventricle (LV) end-systolic elastance (Ees), often despite
arterial hypotension. VA coupling levels predict the cardiovascular response to resuscitation in this
heterogeneously responding population.

Summary: VA coupling is quantified as the ratio of Ea to Ees. The efficiency of the
cardiovascular function is optimal when Ea/Ees is near one. When the hydraulic load of the
arterial system is excessive either from increased vasomotor tone, decreased LV contractility

or both, Ea/Ees becomes >1 (i.e. VA decoupling), and cardiac efficiency decreases leading to
heart failure, loss of volume responsiveness and, if sustained, increased mortality. Non-invasive
echocardiographic techniques when linked with arterial pressure monitoring allow for the bedside
estimates of both Ea and Ees. Studies using this approach have documented the key role VA
coupling has defining initial cardiovascular state, response to therapy and outcome from critical
illness. Sequential monitoring of VA coupling at the bedside offers a unique opportunity to assess
relevant cardiovascular determinants in septic patients requiring resuscitation.
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Introduction

Septic shock is a life-threatening disease where the uncontrolled host-response to

the infection leads to acute cardiovascular decompensation and severe haemodynamic
impairment [1]. Septic shock is characterized as an acute cardiovascular dysfunction
where systemic arterial hypotension, vascular dilatation and loss of the vascular tone are
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responsible for impaired peripheral perfusion, inadequate tissue oxygen delivery relative to
metabolic demands with consequent metabolic disturbances and multi-organ dysfunction [2,
3]. Because the cardiovascular function depends on the dynamic interaction between the
heart and the circulation, several mechanisms can be involved in the pathologic processes of
the haemodynamic instability occurring in septic shock. The concept that ventricular-arterial
(\VVA) coupling is one of the main determinant of the cardiovascular function has been
increasingly enforced. As demonstrated many times, cardiovascular function depends on
the dynamic interaction between the heart and the circulation with the purpose to provide
adequate cardiac output (CO) and organ perfusion [4] by sustaining a high enough arterial
pressure to allow for blood flow autoregulation. We and others have documented that

the occurrence of VA decoupling can be one of the most important mechanism of the
haemodynamic failure in septic patients [2].

Defining VA Coupling
VA coupling is the ratio of the arterial elastance (Ea) to the left ventricle (LV) end-systolic
elastance (Ees). Ea/Ees expresses the efficiency of the cardiovascular system in providing
adequate peripheral perfusion and oxygen delivery to the organs through the dynamic
interaction between the heart and the vascular system. Since LV stroke volume in the
steady state is both determined and is limited by arterial pressure, the intersection between
stoke volume and arterial pressure represents the end-product of VA coupling in a given
subject. As previously demonstrated, the cardiovascular function is optimal when the
system is coupled, meaning that Ea/Ees is near the unity (Ea/Ees = 1+0.36) with Ea =
2.2+0.8 mmHg/ml and Ees = 2.3+1 mmHg/ml [2, 5]. This occurs when the continuous
modulation of the LV performance to the arterial load provides adequate cardiac output,
proper perfusion pressure, and flow distribution to the peripheral organs. In addition, Ea/Ees
defines one of the primary determinants of LV energetics, in that mechanical energy needed
by the LV to transfer the stoke volume to the arterial system is optimal. This occurs when
Ea and Ees are equal each other. When the dynamic interaction between the heart and the
vascular system fails, as seen in different acute and chronic pathologic conditions, changes
in Ea and Ees occur and the system becomes uncoupled (Ea/Ees >1) [2, 5].

VA decoupling can lead to severe cardiovascular dysfunction and haemodynamic
impairment leading on circulatory failure, cardiac dysfunction or both. Recent studies
demonstrated that in sepsis, despite hypotension, VA decoupling commonly occurs. The
concept that VA coupling plays a key role in the cardiovascular function in not new, but our
ability to assess in at the bedside is reality new. VA decoupling plays a major role in defining
altered haemodynamic states and response to therapy.

VA decoupling in septic shock

Septic shock is characterized as an acute cardiovascular dysfunction where circulatory and
cardiac failure often coexist leading to severe haemodynamic impairment [2, 5]. Systemic
arterial hypotension, vascular dilatation and loss of the vascular tone often despite a
relatively high or preserved CO are responsible for low peripheral perfusion, inadequate
tissue oxygen delivery with consequent metabolic disturbances and multi-organ dysfunction.
For these reasons, the current Surviving Sepsis Guidelines recommend an early treatment
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aimed at restoring the circulation in order to create an adequate CO and mean arterial
pressure to provide tissue perfusion [6]. Despite prompt initial fluid resuscitation, many
septic patients remain hypotensive with impaired organ perfusion, defining them as in

septic shock. Not surprising because the haemodynamic instability occurring in septic shock
may occur from different pathophysiological mechanisms and in patients with varying
degrees of cardiovascular reserve, the initial response to fluid resuscitation is quite variable
across patients. We hypothesized that VA decoupling was a main determinant of these
response differences across septic patient populations. Thus, treatments aimed at restoring
VA coupling may improve cardiovascular state independent of their effect of either CO or
arterial pressure [2, 3].

Both Ea and Ees may change in septic shock. Myocardial depression impairing both
diastolic compliance and contractility are well described. Pathological vasodilation, referred
to as vasoplegia, often is a hall mark of septic shock. Presumably this is due to

primary alterations in signally between the vascular endothelium and smooth muscle cells
because endogenous catecholamine levels are usually high. Both adrenergic receptor down
regulation. Smooth muscle cell hyperpolarization and loss of endogenous vasopressin have
bene implemented in the pathophysiological process of septic vasoplegia. However, the
most common hemodynamic profile of septic shock in treated critically ill patients is an
increase in Ea, usually consequently to the pharmacological vasoconstriction induced by the
infusion of exogenous vasoactive drugs, and an associated decrease in Ees, due to septic
cardiomyopathy. Although in the majority of the septic shock patients Ea/Ees is >1 and the
system is uncoupled, some patients show a normal Ea/Ees because of either an appropriate
therapeutic approach restored this coupling or the presence of a normal cardiac function
despite sepsis [2]. In this context, the assessment of VA coupling in septic shock is useful
not only to evaluate the underlying pathophysiology of the haemodynamic failure, but to
also predict the response therapy and to assess the effectiveness of the therapeutic strategies
once given.

How to assess VA Coupling

To assess VAC in the critically ill patients, requires using diagnostic tools that can be
brought to the bedside and then used to measure function repeatedly if necessary. Since VA
coupling is defined by the ratio of Ea to Ees, the tools need to be able to measure both Ea
and Ees. Figure one describes the relation between arterial pressure and LV performance of
one heart beat using the LV pressure-volume relationship as its basic structure.

Ea is the net afterload imposed to the LV at end-ejection. Ejecting LV stroke volume into
the central aorta increases arterial pressure primarily as a function of the rate of ejection,
central aortic compliance, mean vascular impedance and initial diastolic arterial pressure of
for that beat. Ea can be defined as the capability of the arterial system to increase pressure
when stroke volume (SV) increases; Ea is the slope of the line running from the LV end-
diastolic volume (LVEDV) to the LV end-systolic pressure (LVESP) end-systolic volume
point on the LV pressure/volume (PV) loop [Fig. 1]. Ees is the slope of the end-systolic
pressure-volume relationship (ESPVR) created by a series of LV beats as stroke volume is
varied by rapidly changing LVEDV. LV Ees is a load independent index of LV contractile
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function exploring both the intrinsic myocardial contractility and the LV inotropic efficiency.
Actually, although the intrinsic myocardial contractility is the main determinant of the LV
function, other parameters such as global myocardial contraction synchrony, LV geometry
and the biochemical properties of the cardiac cells contribute to the global ventricular
performance. For purposes of this illustration we drew an ESPVR line without changing
preload for Figure 1. However, below we describe how this can be indirectly measured using
the single beat approach.

VA coupling, or Ea/Ees, is calculated by the pressure/volume loop analysis as was

first demonstrated by Suga and Sugawa and later Suganawa et al. [7, 8]. Because this
method requires invasive ventricular catheterization, several non-invasive approaches to

the assessment of the VA coupling have been explored. Among the several proposed
non-invasive methods, the modified single-beat method proposed by Chen et al. was the
first to be validated against the invasive measurement of the VA coupling [9, 10] and
remains the most accurate method available. During contraction, LV elastance (or stiffness)
increases progressively until end-systole independent of the loading conditions. Chen et al.
assumed that Ees can be estimated through the analysis of the LV PV loop in a single beat.
Echocardiographic investigation of the LV end diastolic and end systolic areas allows the
estimation of the Ees at a single beat through the measurement of the LV ejection fraction
(LVEF), SV, pre-gjection time and systolic time interval when coupled with systolic and
diastolic arterial pressure measurements. The Chen et al. method is based on the assumption
that the end-systolic PV relation is linear over the range of measured values and that

a constant minimal LV volume at zero end-systolic pressure (V) exists as end-systolic
pressure varies [9, 11]. With the increasing use of bedside echocardiography in critical care,
several single-beat methods are available for the measurement of Ees [11] because all the
elements needed in its calculation can be made from the ECG, arterial pressure and routine
echocardiographic recordings. Although the Chen method remains the clinical reference
non-invasive method, Ees estimation can be simplified as in some other single-beat methods.
Ees can be calculated from the ratio of the end-systolic pressure (ESP) to end-systolic
volume (ESV). But this assumes that Vg equals 0 mL, which is often not the case. Ina
recent retrospective, single-center study on 86 consecutive critically ill patients admitted

in intensive care units (ICUs), two non-invasive methods that estimated Ees from the LV
ESP/EVP was compared to the Chen et al. method [11]. Ees was calculated as 0.9 x systolic
arterial pressure (SAP)/ESV in one method and as Ea/(1/LVEF) - 1 in the other method. Ea
was calculated as 0.9 x SAP/SV (mmHg ml~1). Although the recent guidelines [6] support
either the Chen method either the ESP/ESV-based methods to evaluate VAC in critical

care, the authors conclude that the ESP/ESV-based methods cannot substitute the Chen et
al. method both for the assessment and for the evaluation of the changes induced by the
therapeutic intervention of VAC.

In the recent years we have released a mobile application (iElastance) [3] suited for the
bedside calculation of VA coupling using the Chen et al. method. The software employs
echocardiographic measures (SV, Ejection Fraction, Total Ejection Time and Pre Ejection
Time) and haemodynamic parameters (blood diastolic and systolic pressure) to calculate Ea,
Ees and VA coupling. The application is easy to use and, even if it cannot substitute the
clinical evaluation of the collected data, it is helpful, especially in the critically ill patients
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where the rapidity of the clinical assessment of VAC is extremely helpful in both diagnosis
and therapeutic intervention. This is particularly true in the sepsis scenario, where a rapid
assessment and prompt treatment are required.

Existing evidence on the role of VA Coupling in sepsis

The bedside, non-invasive echocardiographic measurement of VA coupling adds insight
into the pathophysiology of the haemodynamic impairment in septic shock. In addition

to being an advanced, dynamic haemodynamic monitoring tool, the non-invasive, bedside
transthoracic echocardiographic approach to evaluate Ea and Ees and, therefore, Ea/Ees has
allowed a better comprehension of the underlying pathophysiological mechanisms of the
haemodynamic instability in sepsis. Guarracino et al. (2) measured Ees and Ea in critically
ill septic patients using the method of Chen et al. to assess Ees. Ees was calculated by
using the single beat method proposed by Chen et al. Ea was calculated as 0.9 x (systolic
arterial pressure/SV), and the Ea/Ees ratio has been then calculated. In the initial study
they measured VA coupling in septic patients after admission to the ICU and compared
the estimated VA coupling of septic patients to other critically ill non-septic patients. They
found that most septic patients had an Ea/Ees >1.2 whereas only one in 20 non-septic
patients had similar levels of decoupling.

In a follow on study Guarracino et al. recruited septic shock patients prior to initial
resuscitation and measured Ea, Ees and a variety of other dynamic hemodynamic parameters
sequentially during the initial course of sepsis resuscitation, based on the Surviving Sepsis
Guidelines. Those guidelines treat all patients using a common protocol of 30 ml-kg™1
crystalloids, followed by norepinephrine (NE), if still hypotensive, and dobutamine if

still unstable on norepinephrine. Although these current guidelines focus on the early
resuscitation in order to restore haemodynamic stability providing an adequate CO and

a sufficient mean arterial pressure to provide tissue perfusion, less is known about the
treatment of the septic patients who are not responsive to the volume expansion. Since
multifactorial pathophysiologic mechanisms underlying the haemodynamic instability occur
in septic shock, using a common approach, even in the initial resuscitation period may not
be as effective as one guided by known pathophysiologic state and the degree of volume
responsiveness with respect to the conventional functional haemodynamic monitoring [12].
Not surprisingly, many studies have documented a wide variability in the cardiovascular
response to the volume expansion in septic shock patients. Guarracino et al. hypothesized
that the pretreatment cardiovascular state (reserve, functionality) would accurately predict
subsequent response to protocolized therapy [3**]. They submitted 55 septic shock patients
to advanced haemodynamic monitoring and bedside echocardiographic assessment of Ea,
Ees and the associated cardiovascular derived dynamic parameters, like pulse pressure
variation (PPV), stroke volume variation (SVV) and dynamic arterial elastance (Eagyp), in
order to achieve a deeper understanding of the underlying mechanisms of the haemodynamic
instability and to investigate the further response to the recommended therapy. Ees was
calculated by the method of Chen et al. and Ea calculated as 0.9 x (systolic arterial
pressure/SV). To get a further understanding of the role VA coupling would have on
myocardial energetics they also calculated LV efficiency estimated as the ratio of external
work to total cardiac work during cardiac cycle, one of the main determinants of the
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cardiac performance, as shown in Figure 1. Impressively, VA coupling was tightly correlated
to LV efficiency, such that inefficiency was associated with VA uncoupling. The results

of the study confirmed the wide variability of the cardiovascular system response to

the treatment in the septic shock patients according to the Surviving Sepsis campaign
recommendation. The majority of the septic patients increased their CO in response to the
initial 30 ml-kg~2 fluid bolus and also increased their mean arterial pressure (MAP) in
proportion to the pre-resuscitation pulse pressure variation value, confirming the predictive
value of the baseline PPV and SVV, as previously [13]. In these patients, the restoration

of the circulating volume was sufficient to increase cardiac output and, although Ees is a
load-independent determinant of LV contractility, both Ees and VAC improved. The reason
why Ees improved is unclear but probably due to reversing hypotension, increasing coronary
perfusion pressure. Furthermore, the assessment of pretreatment VVAC was correlated with
the patients’ response to the use of NE in those patients who remained hypotensive after
volume expansion. Regrettably, the increase in Ea induced by the NE administration lead
to a restoration of VA uncoupling [14]. While, patients with high Ees and normal VA
coupling tolerated the increase in LV afterload induced by NE infusion resulting in higher
cardiac output [15]. The infusion of dobutamine induced an increase in cardiac output and
improved VA coupling, with an effect on MAP emphasizing the role of inotropic support
in septic shock patients. The conclusion was that the cardiovascular function and reserve of
the critically septic shock patients examined prior to treatment can guide an individualized
management of volume expansion in order to predict the response to the fluid resuscitation
and the therapeutic approach to septic shock. VA decoupling occurring in septic shock

can depend on both Ea and Ees changes, and Guarracino et al. [3] demonstrated that

VA decoupling can occur even in patients with normal LVEF, although the majority of

the enrolled septic patients showed a low LVEF. Either preexisting cardiac dysfunction or
sepsis-induced myocardial depression can affect the hemodynamic course in septic shock
[16, 17].

Commonly, LVEF is used as an index of LV systolic function and, indirectly, of myocardial
contractility. An index of intrinsic LV performance should depend on myocardial changes in
contractility without being influenced by changes in loading conditions. Regrettably, LVEF
depends on not only myocardial contractility but also on other determinants of LV function,
such as loading conditions, limiting its effectiveness on expressing global LV performance
[18-21]. The dependence of LVEF on loading changes, especially afterload variation,

has been well documented in septic shock patients [17]. In a recent paper, Guarracino

et al. remarked that in septic shock patients LVEF cannot be considered as an index of
global cardiac performance but mostly as an index of cardiovascular performance [21]. Our
conclusion was that the main determinants of LVEF are Ees and Ea and that L\VEF depends
more on VA coupling than on vascular loading changes and heart rate. According to the
result of the study, LVEF is an index of cardiovascular performance rather than solely of LV
contractility.

Conclusions

The great variability of the cardiovascular response to the resuscitation strategies in the
septic shock patients makes the use of standardized interventional protocols hard to be
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applied. The better understanding of the complex process responsible for the haemodynamic
instability in sepsis can be helpful either for the diagnosis either to predict the cardiovascular
response to treatment. There is strong evidence that non-invasive echocardiographic

bedside assessment of VA coupling is helpful to evaluate the intrinsic mechanisms of the
haemodynamic impairment occurring in human septic shock and to monitor the response

to the therapeutic interventions. As the cardiovascular reserve is often impaired in septic
shock patients, modifying the response to the therapeutic strategies recommended by the
international Surviving Sepsis Guidelines, the more personalized approach to tailoring
therapy based on volume responsiveness and VA coupling should be useful to directing

an effective and efficient therapeutic approach to resuscitation from severe sepsis. Such

a multi-modality approach that links the bedside assessment of Ea and Ees with the
available dynamic indexes of fluid responsiveness are helpful to a deeper understanding

of pathophysiology, and to guide personalized management of the severe haemodynamic
instability of sepsis and septic shock.
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Key points:

. Changes in either arterial, ventricular elastance or both can occur in sepsis
and determine the cardiovascular profile.

. Both arterial and ventricular elastances and their ratio (ventriculo-arterial
coupling) can be assessed non-invasively at the bedside.

. The assessment of ventriculo-arterial coupling allows predicting the response
to treatments in addition to tailoring the resuscitation by timely administering
volume and/or vasoactive drugs.
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Plv
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Ventriculo-Arterial Coupling

Ea Ees

VAC = Ea/Ees
LVef = SW/[SW+PE]

Ees= ESP/[ESV-V,]
Ea= ESP/SV

° Vo Viv

Fig 1. Ventriculo-arterial coupling
Left Ventricle elastance (Ees) is the slope of the line running from End Systolic Pressure

to Vg on the pressure/volume loop (blue line); Arterial elastance (Ea) is the slope of the
line running from the Left Ventricle End-Diastolic Volume to the LV End Systolic Pressure
(LVESP) on the pressure/volume loop (red line).

Plv: left ventricular pressure; VIv: left ventricular volume; ESP: end-systolic pressure; SV:
stroke volume; SW: stroke work; PE: potential energy; LVef: left ventricle ejection fraction.
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Source: adapted from Guarracino et al. Critical Care (2019) 23:118. https://doi.org/10.1186/
513054-019-2414-9
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