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Abstract

Background: Left ventriculo-arterial coupling (VAC) integrates the interaction between
left ventricular contractility and the arterial system, representing a key determinant of
cardiovascular efficiency. In rapidly changing hemodynamic states such as septic or car-
diogenic shock, conventional indices of pressure or flow alone may be misleading. VAC
provides a unified physiological framework to assess global cardiovascular performance
and guide therapy. Objective: To review the physiological foundations, bedside assess-
ment, and therapeutic applications of VAC in critically ill patients with rapidly fluctuating
circulatory conditions. Methods and Content: The article revisits the underlying principles
of VAC, expressed as the ratio between arterial elastance (Ea) and end-systolic elastance
(Ees), and discusses their derivation from the pressure—volume relationship. Practical
echocardiographic methods for bedside estimation, including the non-invasive single-beat
approach, are outlined with illustrative figures. The review further examines how VAC pat-
terns evolve in sepsis, cardiogenic shock, and heart failure and how this integrative index
clarifies paradoxical responses to vasoactive and inotropic therapies. Specific therapeutic
phenotypes are proposed according to Ea/Ees profiles, providing a structured approach to
optimise coupling and restore circulatory efficiency. Summary: VAC offers a physiology-
based perspective on cardiovascular performance, enabling clinicians to interpret complex
hemodynamic changes beyond traditional measures of ejection fraction or mean arterial
pressure. Its dynamic tracking may refine the assessment of therapeutic trajectories and
improve bedside decision-making. Conclusions: By integrating ventricular and arterial
function into a single measure, VAC bridges cardiovascular physiology and clinical prac-
tice. Its incorporation into routine critical care monitoring could enhance individualised
hemodynamic management and serve as a foundation for future outcome-driven studies.
Methodology: This narrative review was conducted using a structured literature search to
ensure comprehensive coverage of contemporary evidence regarding ventriculo-arterial
coupling (VAC) in critical care and shock states. A systematic search of PubMed/MEDLINE,
Embase, and Scopus databases was performed from database inception through October

v, u

2025. The following key search terms were used: “ventriculo-arterial coupling”; “arterial

v, 4

elastance”;

v, ou

end-systolic elastance”; “Ea/Ees”; “pressure—volume loops”; “septic shock”;
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“cardiogenic shock”; “critical care echocardiography”; “point-of-care ultrasound”; “me-
chanical circulatory support”. Reference lists of relevant articles, review papers, and
consensus documents were also manually screened to identify additional pertinent studies.
Only English-language publications were included. Both seminal foundational studies
and recent contemporary investigations were reviewed to provide historical context and
up-to-date clinical applicability.

Keywords: V-A coupling; shock; critical care; echocardiography

1. Introduction

The concept of ventriculo-arterial coupling (VAC) integrates the interaction between
left ventricular contractility and the arterial system, reflecting the efficiency of cardiovascu-
lar energy transfer. In practice, VAC is expressed as the ratio between arterial elastance (Ea),
a lumped measure of the arterial load, and end-systolic elastance (Ees), a relatively load-
independent index of ventricular contractility. When the two are balanced, energy transfer
from ventricle to arteries is optimal, forward flow is preserved, and metabolic cost is min-
imised. Conversely, when Ea and Ees are mismatched—typically when VAC rises above
normal—the system is uncoupled, stroke volume falls, and efficiency deteriorates [1-3].

The physiological foundations of VAC were first described in the 1980s, when pressure-
volume loop studies demonstrated that the balance between ventricular contractility and
arterial load determines cardiac output and energetic efficiency [1]. This framework intro-
duced the idea of VAC as an integrative index, moving beyond the traditional emphasis on
pressure or flow alone. Subsequent investigations confirmed that this relationship is tightly
linked to both stroke work and metabolic efficiency, and that its disruption characterises
the transition from normal to failing hearts [2].

Over the last decades, VAC has been studied across multiple cardiovascular scenarios.
In hypertension and ageing, it captures the impact of increased arterial stiffness; in heart
failure with preserved and reduced ejection fraction, it correlates with exercise capacity
and long-term outcomes; in valvular disease and transcatheter aortic valve implantation
(TAVI), it provides a framework to quantify afterload and predict clinical recovery; and in
cardiac resynchronisation therapy (CRT), it has been associated with reverse remodelling
and symptomatic improvement [4-9]. Across these diverse conditions, VAC has consistently
shown prognostic value and has been proposed as a therapeutic target to guide management.

In the intensive care unit (ICU), however, clinicians face rapidly evolving haemody-
namics in conditions such as septic and cardiogenic shock. In these contexts, pressure or
flow parameters alone can be misleading: blood pressure may remain preserved despite
impaired flow, or the ejection fraction may appear normal in vasoplegia despite depressed
contractility [10]. VAC provides a physiology-based, load-adjusted framework to evaluate
cardiovascular performance beyond these conventional measures, potentially allowing
more precise phenotyping of circulatory failure and more rational tailoring of therapy.

Different approaches have been proposed to measure VAC, ranging from invasive
pressure—-volume loop analysis to non-invasive indices of arterial stiffness (pulse wave
velocity, augmentation index, and valvulo-arterial impedance) and myocardial performance
(global longitudinal strain) [4]. While these methods have value in research and outpatient
settings, they are less feasible in critical care. For bedside use in the ICU, the single-beat
method proposed by Chen et al. in 2001 remains the most practical and reproducible,
having been validated against invasive standards and widely adopted for non-invasive
VAC assessment [11].
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This article will therefore focus on the role of VAC in critical illness, emphasising its
bedside assessment, physiological rationale, and therapeutic implications for clinicians
involved in cardiovascular critical care.

2. Applied Physiological Principles

The foundations of ventriculo-arterial coupling lie in the concept of elastance. Elas-
tance describes the relationship between pressure and volume, essentially reflecting how
“stiff” a chamber or the arterial system is at a given moment. The left ventricle behaves
as a time-varying elastance: it is compliant in diastole, progressively stiffens during sys-
tole, and reaches its maximum at end-systole. This maximum slope of the end-systolic
pressure-volume relationship (ESPVR) defines end-systolic elastance (Ees), a parameter
that reflects intrinsic ventricular contractility and is relatively insensitive to preload or
afterload changes (Figure 1A) [1].
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Figure 1. Panel-by-panel clinical interpretation. (A) Pressure-volume framework. This panel
illustrates the interaction between end-systolic elastance (Ees) and arterial elastance (Ea) using the
pressure-volume loop. The intersection of the ESPVR (Ees) and the arterial load line (Ea) defines
stroke volume and end-systolic pressure. Clinically, this panel explains why blood pressure may remain

https://doi.org/10.3390 /hearts7010010


https://doi.org/10.3390/hearts7010010

Hearts 2026, 7, 10

40f12

preserved despite reduced stroke volume (afterload-driven states) and stroke volume may fall dis-
proportionately when Ea rises relative to Ees (uncoupling). This provides the physiological basis for
understanding paradoxical responses to vasoactive therapy. (B) VAC ratio ranges and physiological
targets. This panel translates physiology into actionable targets: VAC =~ 0.5: optimal energetic
efficiency (healthy hearts). VAC =~ 1.0: maximal stroke work (therapeutic target in acute illness).
VAC > 1.3-1.4: afterload predominance with impaired forward flow. This allows clinicians to rapidly
classify patients into coupled vs. uncoupled haemodynamic states and identify the dominant mecha-
nism (afterload vs. contractility). (C-E) Bedside echocardiographic acquisition. These panels show
how routinely available bedside echocardiography provides the necessary inputs: LVOT-VTI for
stroke volume (C). Biplane Simpson EF (D). ECG-timed pre-ejection and ejection intervals (E). Im-
portantly, this demonstrates that VAC assessment does not require advanced or invasive monitoring,
addressing feasibility in critical care environments. (F) Non-invasive calculation of Ea, Ees, and VAC.
This panel integrates Doppler-derived stroke volume and blood pressure to compute Ea and Ees
using the validated single-beat method. It bridges measurement to interpretation, showing how
numerical values translate into physiological states. (G) VAC-guided therapeutic decision-making
(Clinical Roadmap (adapted from Guarracino et al. [12]).). This panel is the clinical core of the figure,
synthesising physiology into bedside action. It maps common ICU phenotypes to rational therapy:
Low Ea/preserved Ees (vasoplegic sepsis) — vasopressors + heart-rate control. Low Ea/low Ees
(septic cardiomyopathy) — combined vasopressor + inotrope. High Ea/low Ees (cardiogenic shock)
— inotropes or inodilators; avoid pure afterload escalation. High Ea/preserved Ees (afterload-driven
failure) — vasodilators or cautious (3-blockade. This roadmap demonstrates how VAC helps to
explain heterogeneous responses to the same drug, avoid pressure-based overtreatment, and tailor
therapy based on mechanism rather than phenotype alone.

In parallel, the global arterial load can be represented by arterial elastance (Ea), defined
as the ratio of end-systolic pressure to stroke volume (Figure 1A). Ea condenses into a
single value the combined effects of systemic vascular resistance, arterial compliance, and
heart rate (HR). Thus, while Ees represents the ventricle’s ability to generate pressure, Ea
represents the “stiffness” of the arterial tree. The ratio of Ea to Ees defines VAC, which
integrates myocardial performance and arterial load into a single, dimensionless index of
cardiovascular efficiency [13].

Ea can also be expressed mathematically as the product of systemic vascular resistance
and HR, under certain simplifying assumptions. This means that interventions that lower
HR will also reduce Ea. For example, beta-blocker therapy in septic patients with high sym-
pathetic tone can lower Ea without impairing contractility, thereby improving coupling—a
principle that at first glance appears counterintuitive but is physiologically consistent.

From the pressure-volume framework, stroke volume (SV) and end-systolic pressure
(ESP) can be derived by the intersection between the ESPVR and Ea lines. This yields the
following equations:

i.  Stroke volume = (EDV — V0)/(1 + VAC), where EDV represents LV end-diastolic
volume, and VO denotes the volume-axis intercept.

ii.  End-systolic pressure = (EDV — VO0)/[(1/Ea) + (1/Ees)], also approximated by multi-
plying arterial systolic blood pressure by a factor of 0.9.

These relationships convey two key clinical messages. First, SV falls exponentially
as VAC increases, highlighting why uncoupling is associated with impaired forward flow
even when filling pressures are high. Second, ESP rises proportionally with both Ea and
Ees in response to changes in preload. As a result, arterial pressure may appear preserved
despite severe uncoupling and inadequate perfusion. This paradox is often observed in
septic patients treated with pure vasopressors such as phenylephrine: blood pressure
increases, but forward flow and oxygen delivery worsen (Figure 1A).

Normal and failing hearts prioritise VAC differently (see Figure 1B). In healthy hearts,
the VAC ratio is optimised around 0.5, signifying peak LV metabolic efficiency with an
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ejection fraction near 66%. In mild cardiac dysfunction, the VAC ratio revolves around 1,
indicative of maximal LV stroke work for any given EDV. However, in more severe dys-
function, where Ees falls below Ea, both LV stroke work and metabolic efficiency are
compromised [2]. Thus, whereas a VAC ratio of 0.5 is naturally trended towards in health
for metabolic efficiency, in diseased states, the therapeutic aim should shift to achieving a
VAC of 1 to maximise stroke work (see Figure 1G). Additionally, a VAC ratio of 1.4 may
discriminate preload reserve, prompting the use of vasoactive drugs in patients with uncou-
pled VAC to augment cardiac output and mean arterial pressure further (see Figure 1B) [13].

Taken together, these physiological principles explain why VAC is more informative
than blood pressure or ejection fraction alone: it exposes uncoupling, clarifies paradoxical
responses to therapy, and identifies therapeutic targets. By condensing ventricular per-
formance and arterial load into a single framework, VAC bridges physiology and clinical
decision-making in both health and critical illness.

Rather than positioning ventriculo-arterial coupling (VAC) as a replacement for estab-
lished haemodynamic variables, it should be viewed as a complementary physiological
framework that integrates ventricular contractility and arterial load—two determinants of
cardiovascular performance that are not simultaneously captured by cardiac output (CO),
ejection fraction (EF), or mean arterial pressure (MAP) when considered in isolation.

Mean arterial pressure (MAP) reflects the product of cardiac output and systemic
vascular resistance and is therefore a pressure-based surrogate of perfusion. However,
MAP may remain preserved despite impaired forward flow when arterial elastance (Ea) is
elevated, as frequently observed during vasopressor therapy. In such scenarios, pressure is
restored at the expense of stroke volume and cardiovascular efficiency, potentially masking
ongoing circulatory inadequacy. VAC analysis clarifies this apparent paradox by revealing
excessive afterload relative to ventricular contractility, thereby explaining why pressure-
guided resuscitation may fail to improve tissue perfusion.

Ejection fraction (EF) is highly dependent on loading conditions, particularly afterload,
and therefore does not reliably reflect intrinsic myocardial contractility in acute illness.
In vasoplegic states such as septic shock, EF may appear preserved or even supranormal
despite depressed end-systolic elastance (Ees), whereas in afterload-excess states EF may
fall despite preserved contractile function. VAC overcomes this limitation by explicitly
separating ventricular performance (Ees) from arterial load (Ea), allowing a more accurate
interpretation of systolic function in dynamically changing haemodynamic conditions.

Cardiac output (CO) remains a cornerstone variable in haemodynamic monitoring but
represents the final result of multiple interacting determinants, including preload, afterload,
contractility, and heart rate. As such, similar CO values may arise from fundamentally
different pathophysiological mechanisms. VAC analysis differentiates whether a reduced
CO is driven predominantly by impaired contractility (low Ees), excessive afterload (high
Ea), or their combination, thereby providing mechanistic insight that directly informs
therapeutic strategy.

Taken together, VAC does not replace MAP, EF, or CO, but rather contextualises and
integrates them within a unified physiological framework. By exposing the balance—or
imbalance—between ventricular and arterial function, VAC helps to reconcile discordant
haemodynamic signals and supports more rational, mechanism-based haemodynamic
management in critical care.

3. Bedside Assessment

Over the last decades, the evaluation of Ees has evolved from invasive pressure-volume
loop acquisition in the catheterisation lab to more accessible non-invasive techniques. Among
these, the single-beat method proposed by Chen et al. in 2001 has emerged as the most practical
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and reproducible approach, having been validated against invasive gold standards [11]. This
made VAC assessment feasible at the bedside, even in critically ill patients.

This method involves an algorithmic echocardiographic procedure to calculate Ees,
outlined as follows:

i.  Obtain Doppler-derived stroke volume and LV ejection fraction (Figure 1C,D).

ii. ~ Compute the pre-ejection to total ejection time ratio (Figure 1E).

iii. Determine normalised ventricular elastance at ejection onset, integrating the ejection
fraction, the pre-ejection to total ejection time ratio, and systolic and diastolic blood
pressure data, either invasive or non-invasive (Figure 1F).

iv.  Finally, compute Ees using the normalised ventricular elastance at ejection onset,
stroke volume, and the blood pressure readings (Figure 1F).

By contrast, Ea is comparatively straightforward to obtain, as it only requires stroke
volume and systolic arterial pressure (Figure 1F). This relative simplicity underscores why
VAC can be translated into routine practice: although Ees requires a structured algorithm,
Ea can be quickly estimated with widely available parameters.

To further facilitate bedside implementation, the iElastance© application automates
these calculations, providing clinicians with Ea, Ees, and their ratio (VAC) without the need
for manual formulas [11].

The iElastance© application implements the validated non-invasive single-beat
method using routinely available haemodynamic and echocardiographic parameters. Re-
quired inputs include systolic and diastolic arterial pressure, obtained either invasively or
non-invasively, which are used to estimate end-systolic pressure. Stroke volume is derived
from standard Doppler echocardiography using left ventricular outflow tract (LVOT) di-
ameter and LVOT velocity-time integral measurements. Left ventricular ejection fraction
is obtained by biplane Simpson analysis or visual estimation, in accordance with routine
critical care echocardiography practice.

In addition, simple timing intervals—specifically pre-ejection time and total ejection
time—are measured using electrocardiographic and Doppler alignment to derive nor-
malised ventricular elastance at ejection onset, a key component of the single-beat elastance
algorithm. Following manual entry of these parameters, the application automatically
computes arterial elastance (Ea), ventricular end-systolic elastance (Ees), and their ratio,
providing immediate ventriculo-arterial coupling assessment.

All parameters are acquired during a standard focused echocardiographic exami-
nation, without the need for additional imaging, invasive pressure-volume analysis, or
advanced post-processing. Once image acquisition is complete, data entry and calculation
typically require approximately a few minutes, supporting the feasibility and usability of
the application in routine intensive care practice.

The most widely accepted standard values include a VAC ratio of 1.0 £ 0.36, Ees
of 2.3 + 1.0 mmHg/mL, and arterial elastance Ea of 2.2 + 0.8 mmHg/mL. Uncoupled
systems, defined variably, typically exhibit VAC ratios exceeding these normal ranges.
From a practical standpoint, coupled systems are characterised by a VAC ratio nearing
unity, aligning with the therapeutic targets usually set at the bedside (see Figure 1G) [13].

Of final note, although ejection fraction can be derived from VAC (see Figure 1A), its
analysis alone cannot fully reveal the nuances that the assessment of VAC components, Ea
and Ees, can offer, thus differentiating VAC evaluation from mere ejection fraction analysis.

Although ventriculo-arterial coupling has strong physiological rationale and growing
observational support, robust prospective outcome-driven evidence validating VAC as
a prognostic marker or therapeutic guide in critical care remains limited. VAC should
be viewed as a physiological interpretative framework rather than a validated outcome-
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modifying intervention, and that its role is currently hypothesis-generating and comple-
mentary to established haemodynamic indices.

4. Therapeutic Implications

In the late 90s, Chang et al. proposed a paradigm shift in hemodynamic targets, moving
beyond pressure or flow alone to focus on the balance between afterload (Ea) and contractility
(Ees), a concept embodied by VAC. This perspective is clinically actionable in the ICU, where
rapid shifts in vascular tone and myocardial performance fluctuate rapidly. Early work
proposed VAC-oriented targets to enhance stroke work and LV power—metrics more tightly
related to outcomes than pressure or flow in isolation [14]. Since the introduction of Chen'’s
single-beat method in 2001, bedside VAC assessment has become feasible and its widespread
adoption to guide cardiovascular insufficiency in critical care has markedly increased [10].

5. Septic Shock

Sepsis commonly induces decoupling by altering both Ees and Ea: vasoplegia lowers
Ea, while sepsis-related myocardial depression lowers Ees. The resulting profiles are hetero-
geneous, which explains why patients often respond differently to the same therapy. In this
setting, focusing on mean arterial pressure (MAP) alone is misleading: pure vasopressors
may restore pressure but worsen VAC, reducing ejection efficiency and forward flow, partic-
ularly when Ees is already depressed. Furthermore, ejection fraction is unreliable as a guide,
since it is highly afterload-dependent and may appear “normal” despite true contractile
impairment [7]. Bedside VAC tracking provides a physiology-based framework to interpret
these paradoxes and explains heterogeneous MAP/CQO responses to vasopressors, helping
to target therapy more rationally [9].

o Preserved Ees + Low Ea (hyperdynamic vasoplegia): Vasopressors are appropriate
to restore afterload. EF may appear “normal,” but coupling is impaired because the
ventricle ejects against minimal resistance. In tachycardic patients with preserved Ees,
heart-rate control can further reduce Ea (via its HR component) and improve coupling.

e Low Ees + Low Ea (frequent in septic cardiomyopathy with vasoplegia): The Ea/Ees
ratio may appear deceptively “near normal,” but stroke work and efficiency are
reduced. Combined therapy is usually required—vasopressors to restore Ea to an
adequate level plus inotropes to increase Ees. Escalating vasopressors alone worsens
perfusion without improving flow.

e Low Ees + High/Normal Ea (often after vasopressor titration): This produces a
VAC > 1, reflecting afterload predominance. In this setting, simply escalating vaso-
pressors is counterproductive, as it further raises Ea and worsens uncoupling. The
therapeutic priority is to support contractility with inotropes, and—when tolerated—to
carefully down-titrate vasopressors in order to reduce excessive afterload.

In addition, HR control plays a complementary role. The randomised esmolol trial
in septic shock showed that a carefully titrated beta-blockade reduced norepinephrine
requirements without worsening perfusion, consistent with improved coupling when
sympathetic drive is excessive and contractility relatively preserved [15].

Taken together, VAC reframes the management of septic shock. By integrating Ea and
Ees at the bedside, clinicians can decide when to add inotropy, limit afterload escalation, or
consider (3-blockade as an adjunct in selected tachycardic patients.

6. Impaired Cardiac Function

When contractility is severely impaired (low Ees) in the presence of normal or elevated
Ea, the VAC ratio rises above 1 and forward flow falls in the setting of elevated filling pressures.
This pattern characterises cardiogenic shock and advanced decompensated heart failure.
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Drugs such as dobutamine, milrinone [16], or levosimendan [17] are central in this
scenario. At predominantly inotropic doses, they increase Ees and may secondarily lower
Ea through enhanced stroke volume, thereby improving coupling and forward flow. At
higher doses, those agents also exert a vasodilatory effect. In this “inodilator” profile, they
simultaneously increase Ees and reduce Ea, which can be beneficial when afterload is elevated,
facilitating recoupling. However, in vasoplegic states this vasodilatory component may
dominate, potentially worsening hypotension and increasing vasopressor requirements.

Vasopressors alone, by contrast, predominantly raise Ea and worsen the imbalance,
further compromising cardiac output and congestion. Vasodilators (e.g., nitroprusside,
nitroglycerin) can also be valuable in selected patients. In those with preserved or moder-
ately reduced contractility and elevated afterload, vasodilators lower Ea directly, facilitate
LV ejection, and relieve congestion. This strategy is particularly helpful in decompensated
HF with hypertension or elevated systemic vascular resistance, provided systolic blood
pressure is maintained (>90-100 mmHg) and there is no evidence of hypoperfusion.

Thus, VAC assessment helps to differentiate whether uncoupling is primarily due to
impaired contractility or afterload excess, guiding the rational use of inotropic/inodilator
agents versus pure vasodilators, while avoiding indiscriminate escalation of vasopressors.

7. Practical Pearls

Drawing on expert insights, Figure 1 serves as a roadmap for VAC-guided therapy [13].
Several principles can be distilled:

e  Vasopressors should be reserved for vasoplegia with preserved Ees, since otherwise
they may worsen coupling by further increasing afterload.

e  Ejection fraction is misleading in isolation, as it is highly afterload-dependent; a fall in
Ees identifies true contractile impairment even when EF appears normal.

e Inodilators improve coupling when contractility is depressed. At higher doses, their
vasodilatory component may further lower Ea, which is beneficial if afterload is
excessive but harmful if vasoplegia predominates.

e VAC > 1 with preserved Ees (EF < 50%): This phenotype reflects afterload predomi-
nance with maintained contractility [18]. In such cases, lowering Ea with vasodilators,
-blockers, or fluids (if preload responsive) may optimise perfusion more effectively
than introducing inodilators.

e Mixed states require caution: When both Ea and Ees are reduced (as may occur
in septic cardiomyopathy with vasoplegia), the VAC ratio may appear deceptively
“normal”. In these cases, absolute values must be considered, and combined therapy
(vasopressor + inotrope) is often required.

Future studies will be essential to validate VAC-guided therapeutic targets, but these
practical insights already offer a physiology-based framework for individualised hemody-
namic management in the ICU.

Clinical Application and Bedside Phenotypes (Integrated Examples) (Figure 2)

Phenotype 1: Vasoplegic septic shock with preserved contractility.

A 62-year-old patient with septic shock presents with preserved left ventricular ejection
fraction (>60%) but profound hypotension requiring escalating doses of norepinephrine.
VAC analysis demonstrates reduced Ea with preserved end-systolic elastance Ees. Guided
by VAC assessment, the use of pure second-line vasopressors (e.g., vasopressin or an-
giotensin II) is appropriate to restore arterial load, while unnecessary further escalation of
norepinephrine can be avoided.
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Ea = 1.6 mmHg/ml Ea = 1.5 mmHg/ml Ea = 2.8 mmHg/ml

Ees = 2.6 mmHg/ml Ees = 1.5 mmHg/ml Ees = 1.8 mmHg/ml
VAC = 0.64 VAC = 0.95 VAC=1.5
EDV = 68 ml EDV = 100 ml EDV =110 ml
ESV =27 ml ESV = 59 ml ESV = 80 ml
VO=1.4ml VO = 14 ml VO = 30 ml

ESk =08 mmHg ESP = 68 mmHg ESP = 90 mmHg

Figure 2. Ventriculo-arterial coupling (VAC)-guided haemodynamic phenotyping in shock. Abbrevia-
tions: SAP, systolic artery pressure; DAP, diastolic artery pressure; LVEE, LV ejection fraction; SV, stroke
volume; PET, pre-ejection time; TET, total ejection time. These representative bedside scenarios illustrate
how VAC refines haemodynamic interpretation beyond blood pressure or ejection fraction alone and
demonstrates its role in guiding rational, physiology-based therapy in real-world clinical practice.

Phenotype 2: Septic cardiomyopathy with superimposed vasoplegia.

A patient with sepsis exhibits reductions in both Ees and Ea, resulting in a near-normal
VAC ratio and, consequently, a deceptively preserved ejection fraction. However, VAC-
guided evaluation revealing reductions in both the numerator and denominator supports a
combined therapeutic approach (vasopressor plus inotrope), rather than isolated afterload
augmentation, in order to achieve adequate tissue perfusion.

Phenotype 3: Cardiogenic shock with afterload predominance.

This phenotype represents acute-on-chronic heart failure characterised by elevated
arterial load, with VAC exceeding 1 due to increased Ea relative to Ees. In this context,
cautious vasodilation or inodilator therapy is more effective in improving ventriculo-arterial
coupling and forward flow than further vasopressor escalation.

These representative bedside scenarios illustrate how VAC refines hemodynamic
interpretation beyond blood pressure or ejection fraction alone and highlight its role in
guiding rational, physiology-based therapy in real-world clinical practice.

8. Serial Assessment and Therapeutic Trajectories

VAC is not static, particularly in the ICU where vascular tone and contractility may
change hourly. Single-point measurements risk missing this dynamic course. Serial as-
sessment of Ea/Ees can therefore provide valuable information on therapeutic response,
helping to identify whether interventions are effectively restoring coupling or not. For in-
stance, a fall in Ea after heart-rate control, or an increase in Ees following inotropic therapy,
may indicate improvement—whereas persistently elevated Ea/Ees despite intervention
signals ongoing uncoupling. As illustrated in septic and cardiogenic shock, incorporating
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trajectories rather than isolated values into decision-making offers a physiology-driven
way to refine hemodynamic monitoring at the bedside.

9. Future Directions

VAC-guided management in critical illness is an area of rapid growth, with increasing
evidence supporting its clinical relevance. Future studies should also consider integrating
both left- and right-sided coupling to capture the full spectrum of circulatory failure.
Most importantly, prospective interventional trials are needed to determine whether VAC-
guided strategies translate into improved clinical outcomes. Bridging the gap between
physiological insight and patient-centred outcomes remains the central challenge. Although
ventriculo-arterial coupling has strong physiological rationale and growing observational
support, robust prospective outcome-driven evidence validating VAC as a prognostic
marker or therapeutic guide in critical care remains limited. VAC should be viewed
as a physiological interpretative framework rather than a validated outcome-modifying
intervention, and that its role is currently hypothesis-generating and complementary to
established haemodynamic indices. Artificial intelligence (Al) is likely to play a central role
in this evolution. Deep-learning techniques already enable automated echocardiographic
view recognition and beat-to-beat functional assessment, paving the way for operator-
independent, near-continuous VAC quantification at the bedside [19,20].

In parallel, machine-learning analysis of Doppler and arterial pressure waveforms
may uncover haemodynamic signatures of ventriculo-arterial uncoupling that are not
apparent to conventional interpretation, allowing earlier detection of circulatory deteriora-
tion [21,22]. Beyond automation, integrating VAC variables into Al-driven phenotyping
models may refine haemodynamic endotypes in septic and cardiogenic shock, supporting
precision, physiology-anchored therapeutic strategies rather than pressure-based escala-
tion alone [23,24]. Prospective, outcome-driven studies are now required to determine
whether VAC-guided, Al-supported haemodynamic management translates into improved
patient-centred outcomes.

10. Conclusions

VAC holds promise as a predictive and prognostic enrichment marker, capable of
unveiling unique cardiovascular endotypes and enhancing hemodynamic analysis. By
integrating ventricular function and arterial load, it refines hemodynamic assessment and
uncovers new therapeutic targets. With its straightforward bedside implementation now
a reality, there is renewed opportunity to move beyond conventional parameters and
optimally integrate VAC into circulatory therapeutics.
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Abbreviations

DBP, diastolic blood pressure; Ea, arterial elastance; EDPVR, end-diastolic pressure—
volume relationship; EDV, end-diastolic volume; Ees, left ventricular elastance; EF, ejec-
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tion fraction; ENDavg, group-averaged normalised ventricular elastance at ejection on-
set; ENDest, normalised ventricular elastance at ejection onset; ESP, end-systolic pres-
sure; ESPVR, end-systolic pressure—volume relationship; ESV, end-systolic volume; LV,
left ventricle; LVET, left ventricular ejection time; LVOT, left ventricular outflow tract;
PE, potential energy; PET, pre-ejection time; PLAX, parasternal long-axis view; SBP,
systolic blood pressure; SV, stroke volume; SW, stroke work; TET, total ejection time;
V0, intercept of the volume axis; VTI, velocity time integral.
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