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Implantable devices form an integral part of the management of patients with heart failure (HF) and provide adjunctive therapies in
addition to cornerstone drug treatment. Although the number of these devices is growing, only few are supported by robust evidence.
Current devices aim to improve haemodynamics, improve reverse remodelling, or provide electrical therapy. A number of these devices
have guideline recommendations and some have been shown to improve outcomes such as cardiac resynchronization therapy, implantable
cardioverter-defibrillators and long-term mechanical support. For others, more evidence is still needed before large-scale implementation
can be strongly advised. Of note, devices and drugs can work synergistically in HF as improved disease control with devices can allow for
further optimization of drug therapy. Therefore, some devices might already be considered early in the disease trajectory of HF patients,
while others might only be reserved for advanced HF. As such, device therapy should be integrated into HF care programmes. Unfortunately,
implementation of devices, including those with the greatest evidence, in clinical care pathways is still suboptimal. This clinical consensus
document of the Heart Failure Association (HFA) and European Heart Rhythm Association (EHRA) of the European Society of Cardiology
(ESC) describes the physiological rationale behind device-provided therapy and also device-guided management, offers an overview of current
implantable device options recommended by the guidelines and proposes a new integrated model of device therapy as a part of HF care.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Introduction
The treatment of heart failure (HF) has evolved tremendously in
the past decades. The most important breakthrough was real-
ized at the end of the previous century with the introduction
of disease-modifying neurohormonal blockers to treat HF with
reduced ejection fraction (HFrEF). These drugs improved survival
and decreased HF hospitalizations significantly. In the same era,
the first left ventricular assist device (LVAD) was approved by
the Food and Drug Administration (FDA) to avoid patients from
dying while waiting for a heart transplant. As the risk of sudden
cardiac death remained high despite drug therapy, a quest for
other treatment options started. This eventually led to the intro-
duction of the first device that was used on a large scale in HF:
the implantable cardioverter-defibrillator (ICD). In the subsequent
decade, cardiac resynchronization therapy (CRT) was shown to
improve prognosis. Since then, device therapy has become an
essential part of HF treatment.

Despite the vastly improved treatment options, up to 20% of
ambulatory HFrEF patients still experience a HF hospitalization or
die within 2 years and 50% of hospitalized HFrEF patients have a
readmission within 6 months despite optimal medical therapy.1–3 In
addition, therapeutic options for patients with HF with preserved ..
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.. ejection fraction (HFpEF) remain limited and only sodium–glucose
cotransporter 2 (SGLT2) inhibitors have been convincingly shown
to reduce HF hospitalizations.4,5 As such, there is an unmet need
for more treatment options to improve the outcomes and improve
quality of life of HF patients.

The last decades have seen leaps in the use of devices in HF,
either to provide monitoring with the aim of improved tailoring
of care, or directly providing therapy in synergistic with med-
ical therapies. This document aims to provide an overview of
guideline-recommended implantable devices currently available
to treat and monitor HF, to summarize the clinical evidence and
how it defines their role in an integrated HF treatment model.
A selection of non-implanted as well as investigational device
therapies that might be used in the future for HF management can
be found in online Supporting Information.

Rationale for the use of device
therapy in heart failure
Haemodynamic alterations
Central (cardiac) and peripheral haemodynamic alterations are
characteristic of HF6 and can be due to both systolic and diastolic
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dysfunction. The impaired contractility of systolic dysfunction
results in elevated left ventricular (LV) end-diastolic pressure
which is compensated for by shifting the pressure–volume rela-
tionship towards higher volumes, initially preserving stroke volume
and cardiac output at rest although in most patients higher filling
pressures become a consistent part of the picture (Figure 1). In
contrast, diastolic dysfunction is characterized by increased filling
pressures due to impaired ventricular relaxation and compliance.
Here too, cardiac output at rest is preserved in the initial stages.
Of note, increased filling pressures and impaired cardiac output
are common to both HFrEF and HFpEF, but both can be normal
(at rest) in a ‘compensated’ state.7 Exercise can unmask haemody-
namic derangements and exercise-based assessment can therefore
be especially helpful in the diagnosis of HFpEF.8 Several devices
have been developed to monitor or intervene upon these central
haemodynamic derangements (Figure 1).

Neurohormonal activation
Heart failure is also characterized by neurohormonal activation.
The most important upregulated pathways include the sympa-
thetic nervous system (SNS), the renin–angiotensin–aldosterone
system (RAAS) and antidiuretic hormone (ADH). Although neu-
rohormonal activation can initially compensate for the impaired
cardiac output by increasing vascular tone, preload and heart rate,
these neurohormones become drivers of the disease process.
The maladaptive neurohormonal activation is counterbalanced by
natriuretic peptides as a response to atrial and ventricular stretch.
In essence, these natriuretic peptides oppose the effects of RAAS
and SNS activation, but cannot halt disease progression. Of note,
there are several other hormones, neurotransmitters, neuromod-
ulators and inflammatory peptides that are up- or downregulated
in HF.9 Neurohormonal activation has been the target of most
successful disease-modifying drug classes in HFrEF, reducing HF
hospitalizations and mortality.10–13 Several devices modulate the
autonomic nervous system14 (Figure 1).

Cardiac remodelling
The haemodynamic alterations and neurohormonal activation are
also accompanied by important structural changes. In HFrEF, the
left ventricle remodels with progressive dilatation, while HFpEF
is associated with LV hypertrophy and atrial dilatation (Figure 1).
The remodelling in HFrEF can impair mitral valve function and
lead to secondary mitral regurgitation (MR) due to increased
tethering forces, decreased closing forces and altered mitral valve
function.15 In addition, atrial dilatation as seen in HFpEF can
also impair mitral valve function and lead to secondary MR by
annular dilatation.16 Both types of secondary MR are associated
with worse outcomes.17 Several device therapies target these
structural changes (Figure 1).

Arrhythmias
Heart failure patients can develop a wide range of arrhyth-
mias during their disease course. These include tachy-arrhythmias
such as atrial fibrillation (AF) and ventricular arrhythmias (VAs), ..
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.. and brady-arrhythmias. AF is the most prevalent supraventricular
tachy-arrhythmia occurring in one third of HF patients, is associ-
ated with worse disease severity,18 and is a common precipitant
of decompensation.19,20 Although AF is a common consequence
of atrial and ventricular remodelling, long standing AF with high
ventricular rates can also cause LV dysfunction and HF.21 VAs can
be a life-threatening complication of HF and VA-related death can
be prevented by ICDs. Brady-arrhythmias and conduction abnor-
malities leading to a standard pacemaker indication occur more
frequently in people with HF, and the presence of important LV sys-
tolic dysfunction often require a personalized approach (Figure 1).

Cardiorenal interaction
Heart failure and chronic kidney disease often coexist and
complicate treatment.22 The physiological age-related decline in
glomerular filtration rate (−0.5 to −1 ml/min/1.73 m2 per year)
is accelerated in HF patients (up to −3 to −5 ml/min/1.73 m2 per
year).23 As chronic kidney disease progresses, sodium and volume
retention remain primarily driven by HF disease processes, but
in severe cases the intrinsic renal dysfunction also contributes.
Importantly, renal dysfunction can also lead to a reduced response
to diuretic therapy.24 Of note, increased central venous pressures,
observed in many acute HF cases, can drive further deteriorations
in renal function.25 In cases of severe renal impairment, diuretics
alone can be insufficient to achieve euvolaemia. Several devices
have been developed to assist in sodium and volume homeostasis
in such patients.

Devices aimed at management of
electrical abnormalities
Implantable cardioverter-defibrillator
How does it work?

An ICD is an implantable electronic device that continuously moni-
tors the ventricular rhythm and can deliver a shock should ventric-
ular fibrillation or fast ventricular tachycardia (VT) occur. As such,
ICDs can reduce the risk of sudden cardiac death caused by VAs.
The defibrillator lead is placed either endovascularly in the right
ventricle or subcutaneously. In contrast to subcutaneous ICDs,
endovascular ICDs also provide anti-tachycardia pacing (ATP). This
pacing mode, which stimulates the ventricle at a rate faster than
the VT, can entrain and convert VT to normal rhythm in order to
obviate shock therapy. Moreover, endovascular ICDs have all the
functionalities of modern pacemakers to treat brady-arrhythmias.
Potential disadvantages are inappropriate tachy-therapies (ATP or
shocks), excess right ventricular (RV) pacing, or device-related
complications (including lead failure and infection).

In whom to implant a cardioverter-defibrillator?

The annual risk of fatal VAs is around 4–5% in primary pre-
vention and 10–20% in secondary prevention indications.26–28

As such, ICDs are indicated in HFrEF with LV ejection fraction
(LVEF) <35% without prior VAs on optimal medical HF therapy in

© 2024 European Society of Cardiology.
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Figure 1 Rationale for device therapy in heart failure. Therapies between brackets have no guideline indications. ADH, antidiuretic hormone;
CCM, cardiac contractility modulation; CRT, cardiac resynchronization therapy; HFpEF, heart failure with preserved ejection fraction; HFrEF,
heart failure with reduced ejection fraction; ICD, implantable cardioverter-defibrillator; LBBB, left bundle branch block; LV, left ventricle;
LVEDP, left ventricular end-diastolic pressure; LVEDV, left ventricular end-diastolic volume; MCS, mechanical circulatory support; MR, mitral
regurgitation; MV, mitral valve; PAP, pulmonary artery pressure; RAAS, renin–angiotensin–aldosterone system; SNS, sympathetic nervous
system; SV, stroke volume; TEER, transcatheter edge-to-edge repair; TV, tricuspid valve; VF, ventricular fibrillation; VT, ventricular tachycardia.

© 2024 European Society of Cardiology.
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primary prevention (as recommended in ischaemic and should be
considered in non-ischaemic, according to guidelines) and in sec-
ondary prevention to reduce risk of all-cause mortality.29,30 In the
DANISH (Danish Study to Assess the Efficacy of ICDs in Patients
with Non-ischemic Systolic Heart Failure on Mortality) trial, ICDs
significantly reduced the rate of sudden cardiac death, but did
not reduce all-cause mortality in non-ischaemic cardiomyopathy,
except in the subgroup of patients younger than 70 years.31 Impor-
tantly, disease-modifying drugs also reduce all-cause mortality and
sudden cardiac death.26,28

How to implement implantable cardioverter-defibrillator
therapy?

Despite the robust evidence and clear guideline recommendations,
ICDs are underutilized in HF, especially in primary prevention set-
tings. While the proportion of the implanted patients is increasing
in recent large trials in HFrEF,13,32,33 registry data indicate there is
still a substantial underuse. For example, only 10% of HF patients
with a guideline indication for a primary prevention ICD actually
have one in a large national Swedish registry.34 While physician
inertia likely plays a role, another possible explanation for the
low uptake of ICDs in clinical practice is the misconception of
low sudden cardiac death risk in HFrEF patients.26 Importantly,
while current HF therapies prolong life significantly,35 life-time
risk of sudden cardiac death accumulates over time, especially
in younger patients.36 The lack of all-cause mortality benefit of
ICDs in non-ischaemic cardiomyopathy in the DANISH trial31

has increased the scepticism about primary prevention ICDs in
such patients. However, the ICD did reduce all-cause mortality
in non-ischaemic patients below 70 years (with competing risk
for mortality in those >70 years) and reduced sudden cardiac
death overall.31 It is likely that in the future multiparametric risk
stratification beyond LVEF, incorporating factors associated with
an increased sudden cardiac death risk such as the presence of scar
on cardiac magnetic resonance37,38 and specific gene mutations39

may improve patient selection. Prediction models such as the
MADIT-ICD benefit score40 and the Seattle prediction model for
sudden cardiac death41 may also be helpful for risk stratification
and discussion with patients and their referring clinicians. Better
organization of HF (multidisciplinary teams) care and access to
cardiology specialists is essential to ensure more appropriate
implementation of ICDs. Finally, the decision to implant an ICD
should be a shared decision with the patient,42,43 also taking into
account the patient’s life expectancy and quality of life.

Cardiac resynchronization therapy
How does it work?

Cardiac resynchronization therapy is a treatment for selected
HFrEF patients with prolonged QRS duration on the surface
electrocardiogram (ECG), indicating electrical dyssynchrony. As
a consequence of disturbed conduction, the activation of the left
ventricle is delayed, leading to inefficient and dyssynchronous
contraction, triggering structural, electrical, and contractile
remodelling processes.44 In contrast to standard RV pacing, CRT ..
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.. requires two ventricular leads. In addition to the RV lead, an LV
lead is implanted in a coronary sinus vein branch or alternatively
a surgically placed epicardial lead is used. By pacing both ven-
tricular leads, electrical activation resynchronizes and ventricular
contraction and relaxation become more effective, improving
haemodynamics.45 As dyssynchrony is a driver of remodelling,
CRT can halt and often reverse HF progression.46 CRT can be
delivered using a device capable of pacing only (CRT-P) or one
that can also deliver ICD function (CRT-D).

In whom to implant a cardiac resynchronization therapy
device?

QRS prolongation (QRS >120 ms) is present in 35–40% of HFrEF
patients and 20–30% have a left bundle branch block (LBBB).43

CRT has unequivocally been shown to improve symptoms, reduce
HF hospitalizations and mortality in HFrEF patients with LVEF
≤35%, sinus rhythm and a wide QRS (>130 ms) in several ran-
domized trials.47–49 The largest benefit is seen in patients with
a LBBB and those with a QRS >150 ms.50,51 In patients with AF,
evidence of benefit is less robust and adequate rhythm control
(e.g. by performing AF ablation52) or, ultimately, atrioventricular
junction ablation is required to ensure effective biventricular
pacing.53–55 CRT-P rather than RV pacing is recommended for
patients with HFrEF (<40%) who have an indication for RV pacing
and high-degree atrioventricular block.4,56 CRT is not indicated in
patients with mechanical dyssynchrony and narrow QRS as it is
associated with increased mortality.57

How to implement cardiac resynchronization therapy?

In spite of the strongest class of recommendation in all guidelines
backed by solid evidence of benefit in selected patients, recent
European data suggest that only one in three eligible patients actu-
ally receive a CRT device.58 The Heart Failure Association (HFA),
European Heart Rhythm Association (EHRA) and European Asso-
ciation of Cardiovascular Imaging (EACVI) recently published a
joint position paper with a call for action for referral and optimiza-
tion of care in CRT.43 Greater penetration of the therapy requires
education of both primary care and secondary care physicians,
nurses and allied professionals. A common misconception that
might hamper referral is the definition of ‘response’. The success
of CRT should not be defined as the degree of reverse remodelling
it induces, but rather as the grade of disease modification it pro-
vides. As HF is a progressive disease, stabilization of the LV function
and the patient’s clinical condition can already be considered as a
treatment success.43 However, the best way to assess response is
to show a decrease in hospitalization rate, an improvement in qual-
ity of life and improved survival. Another inappropriate barrier to
referral and acceptance for implantation is the presence of comor-
bidities. CRT is effective in people with a wide range of comorbidi-
ties.59 Moreover, the implantation of the device should not be seen
as the end of the pathway: post-CRT care is also essential to make
the most of the opportunity and drug titration and device opti-
mization is best delivered by a multidisciplinary ‘post-CRT’ team.
CRT requires sufficient expertise as inappropriate patient selec-
tion, inadequate device implantation, or lack of optimization of

© 2024 European Society of Cardiology.
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device settings, exposes patients to periprocedural risks without
any long-term benefit. Of note, it is very important that the LV lead
is adequately positioned to ensure effective resynchronization.

Conduction system pacing
How does it work?

In conventional pacing, ventricular stimulation is provided in the
RV apex or septum, in addition to right atrial pacing if indicated.
However, RV pacing induces a dyssynchronous activation of both
ventricles and a high pacing burden is associated with a decrease in
LVEF.60 This might especially be particularly deleterious in patients
with HF. Therefore, interest has grown in more physiological pacing
methods. Firstly, His bundle pacing can be performed by implanting
a pacing lead directly in the His bundle. Stimulation at this point
can activate the ventricles over the conduction system even in
a proportion of people with atrioventricular block, inducing a
‘physiological’ activation as evidenced by narrow QRS complexes
on the surface ECG. His bundle pacing requires sufficient training,
is not successful in all patients, often requires a back-up RV lead
because of unstable pacing thresholds with the risk of loss of
capture, and battery longevity may be reduced due to higher
pacing thresholds. A similar approach that does not have these
two limitations but also aims to specifically capture the conduction
system is left bundle branch (LBB) pacing where, in order to
capture the left bundle, the lead must be deployed deeply into the
interventricular septum. Pacing activates the LBB directly inducing
at least a more ‘physiological’ activation of the left ventricle with
narrower QRS complexes than conventional RV pacing.61

In whom to implant a conduction system pacing lead?

The role of conduction system pacing in HF is yet to be determined.
According to guidelines, His bundle pacing may be considered
to prevent pacing-induced cardiomyopathy in patients with a high
pacing burden.6,62 Further, His bundle pacing should be considered
as a treatment option in CRT candidates in whom a coronary
sinus lead implantation is unsuccessful.6,62–64 However, to date,
large randomized data demonstrating efficacy, safety and long-term
durability are lacking. The experience with LBB area pacing is
still limited and randomized outcome trials are equally missing.
A large observational prospective European registry indicated
success percentages of 91% of LBB area pacing in narrow QRS
and only 76% in wide QRS patients with complication rates up
to 8.2%.65 Lastly, His bundle pacing or LBB area pacing may not
be able to induce narrower QRS complexes in HF patients with
diffuse conduction disease. Based upon the available data, European
guidelines only make recommendations about His bundle pacing.

How to implement conduction system pacing?

Further data are needed to guide the use of conduction pacing
in HF patients, beyond a bail-out strategy. If conduction system
pacing proves to be a valid and better alternative to current pacing
techniques, training of physicians will be needed to ensure wide
adoption. Conduction system pacing often requires more guiding ..
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.. by an electrophysiological mapping system, but LBB area pacing
can be performed without. As such, conduction system pacing
could be implemented in many centres experienced in pacemaker
implantations, once clear indications have been established.

Cardiac contractility modulation
How does it work?

A cardiac contractility modulation (CCM) device is comparable
to a pacemaker with similar implantation technique and has two
leads positioned in the RV septum. CCM provides high voltage
(± 7.5 V), long duration (∼20 ms), biphasic stimulation to the RV
septum during the absolute refractory period (∼30 ms after the
beginning of the QRS complex). In contrast to regular pacing, these
signals are non-excitatory and therefore do not generate an action
potential. However, they improve the deficient calcium handling in
the diseased cardiomyocytes of HF patients and therefore increase
contractility without increasing myocardial oxygen consumption.66

In addition, CCM may be beneficial on other disease processes
at the cellular level such as improvement of calcium handling and
reversal the foetal myocyte gene programme.67 Currently, only
the OPTIMIZER device (Impulse Dynamics, Orangeburg, NY, USA)
is commercially available and has a battery that requires weekly
recharging via a transcutaneous system.

In whom to implant cardiac contractility modulation?

Cardiac contractility modulation improved the quality of life
and exercise capacity in symptomatic patients in sinus rhythm
with LVEF <45% and QRS <130 ms in three open-label ran-
domized trials,68–70 but the effect was rather small. There are
no blinded, sham-controlled trials limiting the robustness of the
data to influence guidelines.6 However, the AIM HIGHer clinical
trial is a prospective, multicentre, randomized, quadruple-blind,
sham-controlled, trial in subjects with HF and an LVEF ≥40%
and≤60% (NCT05064709).

How to implement cardiac contractility modulation?

Further evidence is needed to guide the role of CCM in routine
practice, but in general CCM is only advised in selected patients
by experienced operators working within a multidisciplinary HF
service capable of follow-up and trouble shooting.

Telemonitoring
Telemonitoring via implantable cardiac
rhythm management devices
How does it work?

All current cardiac implantable electronic devices (CIED) can be
connected with a wireless telemonitoring system that enables
follow-up of device and lead functioning and monitors arrhythmias.
Different manufacturers also provide additional data such as tho-
racic impedance and patient activity or multiparametric integrated
monitor systems aimed at early detection of worsening HF. If a
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certain threshold is crossed, the monitoring institution receives an
alert upon which an action can follow.

In whom to use cardiac implantable electronic device
telemonitoring?

Several randomized studies investigating the early detection of HF
decompensation have been conducted. In the Diagnostic Outcome
Trial in Heart Failure (DOT-HF), the use of an implantable diagnos-
tic tool to measure intrathoracic impedance with an audible patient
alert did not improve the composite of all-cause mortality and HF
hospitalizations.71 Moreover, the system increased HF hospitaliza-
tions and outpatient visits. The results were similar in a later trial
in higher risk ICD patients when no audible alert was given.72 In
contrast, in the Influence of Home Monitoring on Mortality and
Morbidity in Heart Failure Patients with Impaired Left Ventricu-
lar Function (IN-TIME) trial, automatic, daily, implant-based, mul-
tiparameter telemonitoring improved a composite clinical score
combining all-cause death, overnight hospital admission for HF,
change in New York Heart Association (NYHA) class, and change
in patient global self-assessment in ICD and CRT-D patients after
1 year.73 Of note, there was also a clear reduction in all-cause
mortality. Lastly, the Remote Management of heart Failure Using
Implantable Electronic Devices (REM-HF) trial tested a remote
monitoring strategy across three different manufacturers in 1650
patients with a CIED.74 In REM-HF, telemonitoring did not use man-
ufacturer specific alerts, but monitored trends in measured param-
eters. Telemonitoring with weekly transmissions did not improve
death from any cause or unplanned hospitalization for cardiovascu-
lar reasons. The discrepancy in trial results might be explained by
the differences in the parameters that were used (multiparameter
probably vs. single parameter, e.g. thoracic impedance), frequency
of transmissions (daily vs. weekly) and actions taken by the treating
centre.

How to implement cardiac implantable electronic device
telemonitoring?

Guidelines recommend remote device management to reduce the
number of in-office follow-up visits, and to enable early detection
of actionable events in increased risk patients.6,62 They also clearly
state that the patient and device should be treated as a single entity
and that the underlying cardiac disease should not be overlooked.
Importantly, a structured organization of a remote monitoring
‘unit’ is essential with clear distribution of tasks between all
stakeholders (including doctors, nurses, administration, etc.) and
clearly defined actionable items for different occurring scenarios.
More evidence is needed from randomized trials before large scale
implementation should be organized to also monitor HF status
beyond remotely monitoring device/lead integrity and arrhythmias.

Remote pulmonary artery pressure
monitoring
How does it work?

Pulmonary artery pressure sensors are small implantable devices
without a battery that enable remote monitoring of pulmonary ..
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.. artery pressures. The device is implanted percutaneously via the
femoral or jugular vein. The delivery catheter with the device
on the tip is advanced up to a side branch of the right or left
pulmonary artery. Next, the device is fixed in position by releas-
ing the self-expandable side anchors. The device is energized
through an external source and contains an inductor coil and
pressure-sensitive capacitor that translate pressures in resonance
frequency. Pulmonary artery pressures can be estimated using a
patient electronic system, which detects the resonance frequency
and translates this back to pressures, creating real-time estimates
of pulmonary artery pressure waves. Measurements are saved to
a secured server, accessible to healthcare providers so that pul-
monary artery pressures can be monitored remotely. As increases
in filling pressures precede symptoms and signs of decompen-
sation,75 monitoring pulmonary artery pressures enables early
detection of congestion.

In whom to use remote pulmonary artery pressure
monitoring?

Two large randomized trials have studied the CardioMEMS
system (Abbott, Chicago, IL, USA). In the CardioMEMS Heart
Sensor Allows Monitoring of Pressure to Improve Outcomes
in NYHA Class III Heart Failure Patients (CHAMPION) trial,
haemodynamic-guided therapy with remote pulmonary artery
pressure monitoring reduced the total number of HF hospi-
talizations by 28% after 6 months in NYHA class III patients
with a HF hospitalization in the previous year.76 The bene-
ficial effect persisted up to 18 months in a longer follow-up
study.77 The Haemodynamic-Guided Management of Heart Fail-
ure (GUIDE-HF) trial investigated the CardioMEMS system in a
broader patient population, including NYHA class II–IV patients
with either a previous HF hospitalization or elevated natri-
uretic peptides.78 Haemodynamic management did not reduce
the composite of all-cause mortality and total HF events after
12 months. Of note, in a prespecified pre-COVID-19 sensitiv-
ity analysis, haemodynamic-guided management was beneficial
in the period before the pandemic. Very recently, the Remote
Haemodynamic Monitoring of Pulmonary Artery Pressures in
Patients with Chronic Heart Failure (MONITOR-HF) trial showed
a significant improvement in quality of life and a 44% reduction in
HF hospitalizations with the CardioMEMS system in NYHA class
III patients with a previous HF hospitalization.79 A second pul-
monary artery pressure monitoring device (Cordella, Endotronix
Inc., Woodridge, IL, USA) has shown to also provide reliable
pulmonary artery pressure data, and is designed to be more
user friendly.80 Current guidelines recommend that using these
pulmonary artery pressure sensors in selected HF patients may
be considered, independent of ejection fraction.6

How to implement remote pulmonary artery pressure
monitoring?

A key for successful implementation of haemodynamic-guided man-
agement is proper patient selection. The expected risk of HF hos-
pitalization should be high enough, so that the remote monitoring
might be able to reduce the event rate. However, the benefit of
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monitoring in very high-risk patients with advanced disease and
few treatment options is likely to be less. In addition, these patients
also often suffer from advanced renal dysfunction, which might also
hamper diuretic response. In such patients other technologies such
as mechanical circulatory support (MCS) might be more appropri-
ate. Furthermore, just as is the case with other remote monitoring
tools, patient compliance is essential, as well as adequate reaction
of the HF care team to the observed changes in haemodynamics.
Observational European studies suggest a reduction in HF hospital-
izations81–83 as well as cost benefits for the CardioMEMS device.83

Currently, most studies used the mean pulmonary artery pressure
to guide therapies (mostly changes in diuretics and/or neurohu-
moral blockers), but it is still unclear what action should be taken
upon these pressures. The existing trials did not mandate any spe-
cific treatment adjustment, although most activity centred around
diuretic dose adjustments. Information beyond mean pulmonary
artery pressure can be collected with these sensors and it is likely
that in the future a multiparametric approach integrating different
metrics and using trends rather than ‘cut-offs’ is likely to not only
improve sensitivity and specificity but also to encourage a particular
treatment strategy.

Devices aimed at cardiac reverse
remodelling
Mitral valve transcatheter therapies
How does it work?

Mitral valve transcatheter edge-to-edge repair (TEER) is a percu-
taneous technique aimed at reducing MR, using specially designed
devices. Currently, both the Mitraclip (Abbott, Chicago, IL, USA)
and PASCAL (Edwards Lifesciences, Irvine, CA, USA) devices
are available while many others are under investigation. Both
devices require access through the femoral vein, with a transseptal
puncture offering access for a steerable guiding catheter to the
left ventricle on which the device is loaded. The posterior and
anterior mitral leaflets are grasped, pulled together and fixed
with the device locked in place, creating an artificial double ori-
fice valve, reducing the mitral valve orifice, thus reducing MR.
The devices are available in different sizes and often more than
one is needed to achieve a satisfactory result. The procedure
is performed (typically under general anaesthesia) with transoe-
sophageal echocardiographic guidance. Excessive reduction in
effective orifice area should be avoided to prevent mitral valve
stenosis. Although initially developed to treat primary MR, the
technique can also treat secondary MR which even when mild, is
increasingly recognized as a key driver of deterioration.

Other percutaneous techniques to reduce MR include direct and
indirect annuloplasty. The Carillon device (Cardiac Dimensions,
Kirkland, WA, USA) is inserted in the coronary sinus and externally
clinches the posterior mitral valve annulus84 to reduce annular size
and MR. It reliably reduces LV dimensions even in patients with
marked LV dilatation, in whom a TEER procedure does not.85 The
Cardioband Mitral System (Edwards Lifesciences, Irvine, CA, USA)
was a direct annuloplasty technique with a ring system, that is ..
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.. currently not being marketed anymore, attached to the atrial side
of the posterior annulus.86

In whom to use mitral valve transcatheter therapies?

Mitral valve TEER in the setting of secondary MR has been
investigated in two large trials using the Mitraclip device. In
the Percutaneous Repair with the MitraClip Device for Severe
Functional/Secondary Mitral Regurgitation (MITRA-FR) trial, 304
symptomatic HF patients with severe secondary MR (regurgitant
volume of >30 ml per beat or an effective regurgitant orifice area
of >20 mm2), LVEF 15–40% and who were no candidates for mitral
valve surgery were randomized to Mitraclip plus medical therapy
versus medical therapy alone.87 After 12 months, there was no
difference in the composite of death from any cause or unplanned
hospitalization for HF. The endpoint remained neutral after an
extension up to 24 months of follow-up.88 In the Cardiovascular
Outcomes Assessment of the MitraClip Percutaneous Therapy
for Heart Failure Patients With Functional Mitral Regurgitation
(COAPT) trial,89 614 symptomatic HF patients with moderate to
severe secondary MR (defined according to the American Society
of Echocardiography guidelines,90 including effective regurgitant
orifice area of >30 mm2), LVEF 20–50%, LV end-systolic diam-
eter≤70 mm who were no candidates for mitral valve surgery
were randomized to Mitraclip plus medical therapy versus medical
therapy alone. After 24 months, there was a 47% reduction in the
annual rate of total HF hospitalizations. In addition, there was a
reduction in all-cause mortality and an increase in exercise capacity
and quality of life. The incongruent findings between MITRA-FR
and COAPT have been attributed to differences in patient selec-
tion, concomitant medical and device therapy, echocardiographic
criteria for MR and technical procedural factors.15 MitraClip
has gained considerable popularity despite the diverging results
of the two main studies and evidence from the RESHAPE-HF2
(NCT02444338) and MATTERHORN (NCT02371512) trials
is awaited. Mitral valve TEER should be considered in carefully
selected HF patients fulfilling the COAPT criteria.6 In those not
fulfilling COAPT criteria, the guidelines suggest that a TEER or an
annular approach may be considered and that the choice should be
determined by local skills and patient comorbidities (the indirect
annular approach of the Carillon device can be done under local
anaesthetic without transoesophageal echocardiography).

How to implement mitral valve transcatheter therapies?

Secondary MR is a consequence of LV/atrial remodelling and should
therefore be viewed as a part of the HF disease process. As such,
optimal medical and device treatment of this disease process is a
prerequisite before any intervention can be considered. Hence, a
critical first step is the optimization of volume status since con-
gestion and high filling pressures increase MR severity.91 Second,
it is advised that all guideline-indicated disease-modifying drugs
are uptitrated to the maximal tolerated dose. Neurohormonal
blockers improve survival, lead to reverse remodelling and can
reduce secondary MR.92–94 Third, patients eligible for CRT should
be implanted with a CRT device according to guidelines.4 Dyssyn-
chrony not only contributes to the HFrEF disease process and
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progressive remodelling, but also directly impairs mitral valve func-
tion.95 CRT induces reverse remodelling and reduces secondary
MR, both at rest as well as during exercise.96 According to guide-
lines, only patients with persisting severe secondary MR after med-
ical and device optimization should be considered for mitral valve
TEER.4 Relatively young patients with severe LV dysfunction and
severe MR may also be suitable candidate for advanced HF ther-
apy, including LVAD or heart transplant, and should be considered
according to guidelines before mitral valve TEER is performed.4

Every patient should be discussed in the Heart Team, including a
HF specialist, to ensure optimal treatment and to evaluate eligibility
for surgery and potential indication for additional revascularization.
A more in-depth overview on the treatment of secondary MR in
HF was recently published.15

Tricuspid valve transcatheter therapies
How does it work?

The technique of tricuspid valve TEER is comparable with mitral
valve TEER. However, in contrast to the mitral valve, the tricuspid
valve consists of three leaflets (anterior, posterior and septal). This
implies that with TEER different strategies to place the device are
possible. In general, either anteroseptal devices (‘bicuspidalization
technique’) or a combination of anteroseptal and posteroseptal
devices (‘triple orifice technique’) are used.97 Currently, both
the TriClip (Abbott, Chicago, IL, USA) and PASCAL (Edwards
Lifesciences, Irvine, CA, USA) systems are available. Via a femoral
venous approach and using a long sheath, a catheter with the
device loaded at the tip is guided into the right atrium and right
ventricle. The two leaflets are grasped and approximated by closing
the two arms of the device. Multiple devices are generally needed
to achieve a satisfactory result. The procedure is performed
under fluoroscopy and transoesophageal echocardiographic guid-
ance. Other percutaneous techniques such as annuloplasty, valve
replacement, or implanting bicaval valves are under investigation.98

In whom to use tricuspid valve transcatheter therapies?

Severe tricuspid regurgitation (TR) is associated with worse
survival in HF irrespective of LVEF, MR, pulmonary hypertension
or RV dysfunction.99,100 In addition, surgery for isolated tricuspid
valve disease has been associated with high mortality.101 As such,
percutaneous techniques to reduce TR with lower procedural
risk have gained attention. Despite growing experience with these
percutaneous techniques, especially with TEER, randomized data
on outcomes in general and in HF patients in specific are currently
lacking. In non-randomized multicentre feasibility studies, the Tri-
Clip system and the PASCAL system reduced TR, were safe,102,103

were associated with an improved quality of life and improved
exercise capacity. However, both trials had a small sample size,
had a short follow-up time, included very few patients with LV
dysfunction and had no control arm. For the TriClip system, the
TR reduction persisted up to 1 year during extended follow-up.104

A propensity-matched registry study suggested tricuspid valve
TEER could improve outcomes in patients otherwise treated
with medical therapy alone.105 The recently published Trial to ..
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.. Evaluate Cardiovascular Outcomes in Patients Treated with the
Tricuspid Valve Repair System Pivotal (TRILUMINATE Pivotal) trial
demonstrated that tricuspid valve TEER was safe for patients with
severe TR, reduced the severity of TR, and was associated with an
improvement in quality of life.106 In addition, TEER with the TriClip
system resulted in substantial and sustained health status improve-
ment assessed by the Kansas City Cardiomyopathy Questionnaire
in patients with severe TR compared with medical therapy alone.107

How to implement tricuspid valve transcatheter
therapies?

Before guideline recommendations can be made on how to imple-
ment tricuspid valve TEER or other percutaneous techniques in HF
patients, prospective data on relevant outcomes from randomized
controlled trials with long follow-up are needed. These trials would
also need to report on clinical outcomes in HF patients specifically.
Importantly, surgical tricuspid repair of isolated severe TR has also
not been associated with improved survival compared with medical
therapy.108 Therefore, medical therapy currently remains the cor-
nerstone of treatment, primarily consisting of diuretic therapy to
treat volume overload and treatment of any underlying LV disease
or pulmonary hypertension.

Devices aimed to directly improve
haemodynamics
Short-term mechanical circulatory
support
How does it work?

Short-term MCS devices are designed to temporarily unload the
failing ventricle and/or to increase cardiac output. Current avail-
able devices include the intra-aortic balloon pump (IABP) Impella
(Abiomed, Danvers, MA, USA), TandemHeart (LivaNova, London,
UK), iVAC 2L (PulseCath BV, Amsterdam, The Netherlands) and
venoarterial extracorporeal membrane oxygenation (VA-ECMO).
An overview of the device characteristics is provided in Table 1.

The IABP is an inflatable balloon that is percutaneously inserted
mostly via the femoral artery in the descending thoracic aorta.
During diastole, the balloon inflates, which increases the diastolic
pressure proximal to the balloon and increases coronary perfusion.
During systole, the balloon is actively deflated, creating a vacuum
suction effect, which decreases LV afterload and increases cardiac
output slightly. The Impella device is an axial rotatory pump that is
percutaneously (femoral artery) or surgically (axillary or femoral
artery) inserted retrogradely across the aortic valve. The tip with
the inlet resides in the left ventricle, while the outlet is in the
proximal ascending aorta. The turbine system, contained within the
catheter between the inlet and outlet, continuously ejects blood
into the aorta unloading the left ventricle and directly increasing
forward flow over the aortic valve. The speed of the turbine
is regulated by an externally attached driver system. Different
Impella devices with increasing grades of haemodynamic support
are available. Whilst most can be inserted percutaneously, the
largest, which can provide full cardiac support, require surgical
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Table 1 Comparison of temporary mechanical circulatory support devices

Device IABP Impella TandemHeart iVAC 2L VA-ECMO
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pump system Pulsatile Continuous, axial flow Continuous, centrifugal
flow

Pulsatile Continuous, centrifugal
flow

Catheter size (Fr) 7–8 12–22 Venous: 21

Arterial: 15–19
17 Venous: 18–29

Arterial: 15–21

Access site Femoral artery Femoral/axillary
artery

Venous: femoral vein
Arterial: femoral artery

Femoral artery Venous: femoral vein
Arterial: femoral artery

Fluoroscopic guiding
mandatory

Yes Yes Yes Yes No

Location pump Thoracic
descending aorta

Transvalvular aortic
valve

Extracorporeal Extracorporeal Extracorporeal

Location driver system Extracorporeal Extracorporeal Extracorporeal Extracorporeal Extracorporeal
Inflow – Left ventricle Left atrium Left ventricle Right atrium
Outflow – Ascending aorta Iliac artery Ascending aorta Descending aorta
Aortic flow direction Antegrade Antegrade Retrograde Antegrade Retrograde
Increase cardiac output 0.5–1 L/min 1–6 L/min 2.5–5 L/min 1–2 L/min 3–7 L/min
LV load ↓ afterload ↓↓↓ preload and

afterload
↓↓ preload and afterload ↓↓ preload and

afterload
↓ preload
↑↑ afterload

Maximal duration Weeks 5–30 daysa 30 days 24 h Weeks
Implantation time + ++/++++b +++ + ++
Cost + ++++ ++++ ++ +++
Availability ++++ + + + ++
Complexity − + / ++ ++ + +++

IABP, intra-aortic balloon pump; VA-ECMO, venoarterial extracorporeal oxygenation.
a5 days for Impella 2.5 and CP; 14 days for Impella 5.0; 30 days for Impella 5.5.
bShorter implantation time for percutaneous insertion (Impella 2.5 and CP) vs. surgical insertion (Impella 5.0 and 5.5).

access. Haemodynamically, the Impella device unloads the left
ventricle and directly increases forward flow over the aortic valve.

The TandemHeart device is an extracorporeal pump sys-
tem with an inflow cannula inserted trans-septally into the left
atrium and an outflow cannula in the iliac artery. Both cannu-
las can be inserted percutaneously. The cannulas are connected
to a centrifugal rotator pump with an adjustable pump speed.
If needed, a membrane oxygenator can be added to the circuit
to allow extracorporeal oxygenation. The TandemHeart reduces
ventricular preload by reducing the blood volume in the left
atrium, but increases afterload because of the retrograde flow
in the aorta. Nevertheless, the TandemHeart reduces myocardial
wall stress and oxygen demand109 and increases blood flow to
the organs.

The iVAC 2L device is a relatively new device that provides
pulsatile flow support. It consists of a two-way valve pump system
that is inserted via the femoral artery with its inlet in the left
ventricle and its outlet in the ascending aorta. The bidirectional
flow catheter is connected to an extracorporeal membrane pump,
that is driven by an IABP console. The pump aspirates blood
from the left ventricle during systole and ejects blood in the
ascending aorta during diastole, decreasing preload and afterload
and increasing forward flow modestly.

Venoarterial ECMO provides both oxygenation and full circula-
tory support. The circuit is composed of an inflow cannula at the
right atrium, a centrifugal rotator pump, a membrane oxygenator
with heater and an outflow cannula at the descending aorta. ..
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. The most used cannulas (arterial 15–17 Fr; venous 25 Fr) can be
inserted percutaneously or surgically depending upon local expe-
rience In peripheral ECMO, the venous inflow cannula is mostly
inserted in the femoral vein and advanced into the right atrium.
Likewise, the arterial inflow cannula is most frequently inserted in
the femoral artery. To decrease the risk of limb ischaemia, an addi-
tional small cannula is often inserted in the distal femoral artery
to secure antegrade flow of the limb. Alternatively, the VA-ECMO
system can be inserted centrally in the right atrium and ascending
aorta via sternotomy (‘central VA-ECMO’). The VA-ECMO is the
only device that can provide biventricular support with one config-
uration as it bypasses both the left and right ventricle. VA-ECMO
increases blood flow to the organs, decreases LV preload, but like
TandemHeart, increases LV afterload because of the retrograde
aortic flow that raises aortic pressure without supporting the left
ventricle directly. At high retrograde flow, the rise in aortic pres-
sure might hamper opening of the aortic valve, especially in patients
with severely impaired LV systolic function, which increases LV
volumes, myocardial wall stress, myocardial oxygen consumption,
filling pressures and can induce pulmonary oedema. Therefore,
VA-ECMO requires close monitoring of LV emptying with echocar-
diography and often an LV unloading strategy is needed which
can be inotropes to improve LV emptying, another MCS device
(e.g. IABP or Impella), atrial septostomy, or surgical venting with a
cannula inserted in the left ventricle or the left atrium.

Several devices are available to support the right ventricle,
but experience with their use is limited. The Impella RP is an
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axial rotator pump device that is inserted in the femoral vein
and advanced such that the inlet is at the height of the right
atrium and the outlet in the main pulmonary artery. MCS for
RV support may be provided by a single dual lumen cannula or
two single-lumen cannulas connected to an extracorporeal pump
device. The ProtekDuo (LivaNova, London, UK) provides a dual
flow circuit driven by an extracorporeal pump system in a single
catheter inserted through the jugular vein with its tip and outflow
at the main pulmonary artery and multiple inflow ports at the right
atrium. Both the Impella RP and ProtekDuo can only be used in
case of isolated RV failure or need to be combined with an LV
support device otherwise. In contrast, VA-ECMO can be used in
patients with both LV and/or RV failure and is currently the most
used MCS in the setting of RV failure.

All short-term MCS devices require anticoagulation (mostly
done with unfractionated heparin), exposing the patient to an
increased bleeding risk. In the setting of acute coronary syndromes
and dual antiplatelet therapy, clopidogrel is the preferred P2Y12

inhibitor because of the lower bleeding risk than ticagrelor and
prasugrel.110 Access site complications, limb ischaemia, haemolysis
and thromboembolic complications are persistent risks despite
anticoagulation.

In whom to use short-term mechanical circulatory
support?

Although short-term MCS devices are widely available, the evi-
dence supporting their use is limited. Currently, they are mainly
used to treat cardiogenic shock awaiting either recovery or a
long-term solution (i.e. long-term MCS or transplant). In addition,
short-term MCS is sometimes also used in high-risk percutaneous
coronary interventions and in patients who present with high-risk
myocardial infarction without cardiogenic shock. The Intra-Aortic
Balloon Pump in Cardiogenic Shock II (IABP-SHOCK II) trial
showed that routine use of IABP in patients with myocardial
infarction complicated by cardiogenic shock did not improve
30-day mortality for whom an early revascularization strategy was
planned111 and its routine use is not recommended according
to guidelines.6 However, MCS may be considered as bridge to
transplant or decision in cardiogenic shock. In both observational
studies112–114 as well as small randomized trials115–118 Impella
and TandemHeart devices improved haemodynamics, but did not
improve 30-day mortality in patients with myocardial infarction and
cardiogenic shock. Bleeding risk and vascular access complications
were higher compared with IABP. On the other hand, a propensity
matched meta-analysis of four observational studies in patients
with cardiogenic shock after acute myocardial infarction suggested
a lower 30-day mortality with ECMO compared with IABP, but
similar outcomes to patients managed with Impella and Tandem-
Heart.119 There are currently no prospective data to support the
use of iVAC 2 L. Data on outcome in cardiogenic shock outside
the myocardial infarction setting are lacking for all short-term
MCS devices. Short-term MCS therefore should be considered in
cardiogenic shock patients, according to guidelines.6 Patients with
mechanical aortic valves and severe aortic regurgitation are not
suited for Impella or iVAC 2L. ..
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.. How to implement short-term mechanical circulatory
support?

The limited data and experience means that the use of MCS, patient
selection and outcomes vary widely across Europe and depend on
local expertise. Cardiogenic shock patients should be cared for
in a multidisciplinary setting in expert centres by shock teams.
This arrangement improves appropriate use of short-term MCS
and is associated with lower mortality.120,121 A shock team should
at least consists of intensivists, interventional cardiologists, HF
specialists and cardiac surgeons, who should together weigh the
risk and benefit of interventions. All datasets suggest that early
interventions by such a team are associated with better survival,
such that early referral is a key determinant of outcome. Regions
should develop a pathway of referral and discussion between
smaller hospitals and larger centres that is available 24 h a day. The
decision to initiate short-term MCS is challenging: the therapy is
advised in patients with a reasonable prognosis who are anticipated
to recovery sufficiently to wean off the MCS or who are candidates
for advanced therapies (i.e. long-term MCS or transplant). A
detailed overview of the contemporary management of cardiogenic
shock including MCS was described in a recent position paper.122

Long-term mechanical circulatory
support
How does it work?

Long-term MCS mainly concerns LVADs. These are surgically
implanted devices that have an inflow cannula in the LV apex
and an outflow cannula at the ascending aorta. Current LVAD
systems are fully implantable axial (HeartMate II, Abbott, Abbott
Park, IL, USA) or magnetically levitated centrifugal rotator pumps
(HeartMate 3, Abbott, Abbott Park, IL, USA and HVAD, Medtronic,
Minneapolis, MN, USA) which provide a continuous flow. The
HVAD has been taken off market recently because of numerous
reports of patient injuries and deaths associated with the device,
but there still patients currently being supported by this device.
In contrast to the HeartMate II and the HVAD, the HeartMate
3 also provides intrinsic pulsatility by intermittent short-lived
changes in pump speed every 2 s as a way to reduce the risk of
thrombosis. Whereas the body of the HeartMate II is implanted
in an abdominal pocket, the HeartMate 3 and the HVAD are
fully implanted intrapericardially. For all devices, a driveline is
tunnelled subcutaneously and connected to the extracorporeal
controller and batteries that can provide power for more than 12 h.
LVADs have an adjustable pump speed, which is patient tailored to
maximally optimize haemodynamics. As such, the LVAD unloads
the left ventricle and can increase forward flow up to 10 L/min. At
present, the use of anticoagulation in combination with antiplatelet
therapy is advised in all LVADs. With the currently most used
HeartMate 3 device most common complications are bleeding
(0.71 per patient-year), driveline infection (0.21 per patient-year)
and stroke (0.07 per patient-year), whereas the risk of pump
thrombosis has decreased substantially as compared with other
devices (0.01 per patient-year).123

For patients with biventricular dysfunction, biventricular assist
devices (BiVAD) and total artificial heart devices are available.

© 2024 European Society of Cardiology.
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In BiVAD, two independently working ventricular assist device
systems are implanted. The right-sided ventricular assist device has
its inflow at the right atrium and outflow at the pulmonary artery
and is combined with a ‘classic’ LVAD. The right-sided system
makes use of the same pump devices as the left-sided system, but
two separated pump devices need to be used. Total artificial hearts
are pump systems that replace the patient’s heart and are implanted
in an orthotopic position (‘mechanical transplantation’). Similar
to ventricular assist devices, the total artificial heart requires
drivelines and is connected to an extracorporeal controller. As
both BiVAD and total artificial heart come with high complication
rates, limited improvements in quality of life and are only supported
by observational data, they are only used as a bridge to transplant
in very selected cases.124,125

In whom to implant long-term mechanical circulatory
support?

Left ventricular assist devices were initially intended and designed
to support very advanced HF patients with or without cardiogenic
shock for a short period before transplantation. As the newer
devices have lower complication rates and the shortage of donors
is increasing, the use of LVADs has grown in the past decades.
LVADs are currently approved as a bridge to transplant, a bridge
to recovery (i.e. awaiting anticipated recovery of the left ventri-
cle), bridge to decision (i.e. in case of uncertainty of transplant
candidacy) but practically most are currently used as destination
therapy (i.e. patients who are not eligible for heart transplanta-
tion).6 The current generation LVADs have been studied both as
bridge to transplant as well as destination therapy. Overall, the
newer continuous flow devices increase exercise capacity, improve
quality of life and have lower complication rates in comparison
with older pulsatile devices.126–130 Survival was reported to be
around 70% after 2 years for HeartMate II and HVAD,131 but has
further increased to around 80% after 2 years123,132 and to around
60% after 5 years133 in HeartMate 3. Proposed criteria for LVAD
eligibility are shown in Table 2.6 As LVADs can only support the
left ventricle, they are not suitable for patients with concomitant
severe RV failure. In patients with significant aortic regurgitation,
implanting an LVAD might exacerbate the preexisting valve disease
and therefore additional suture repair or LV outflow tract closure
is often performed, increasing the operative risk of the proce-
dure.134 In addition, mechanical aortic valves need to be replaced
by a bioprosthetic valve or the valve has to be excluded from the
circulation to allow for LVAD therapy.134 Therefore, the presence
of aortic valve pathology and their associated operative risks
needs to be taken into account when selecting patients for LVAD.

How to implement long-term mechanical circulatory
support?

Despite the survival benefits of LVADs in advanced HF patients,
only a minority of eligible patients ultimately receive an LVAD.124

Financial constraints, the need for referral, and underappreciation
of the prognostic and quality of life benefits might be some
important reasons for the low uptake of LVADs in clinical practice.
Patients with HFrEF, without comorbidities resulting in a life ..
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Table 2 Patients for whom implantation of a left
ventricular assist device is advised

Patients with persistence of severe symptoms despite optimal
medical and device therapy, without severe right ventricular
dysfunction and/or severe TR, with a stable psychosocial
background and absence of major contraindicationsa, and who
have at least one of the following:

• LVEF <25% and unable to exercise for HF or, if able to
perform cardiopulmonary exercise testing, with peak
VO2 <12 ml/kg/min and/or <50% predicted value.

• ≥3 HF hospitalizations in previous 12 months without an
obvious precipitating cause.

• Dependence on i.v. inotropic therapy or temporary MCS.

• Progressive end-organ dysfunction (worsening renal and/or
hepatic function, type II pulmonary hypertension, cardiac
cachexia) due to reduced perfusion and not to inadequately
low ventricular filling pressure (PCWP ≥20 mmHg and
SBP≤90 mmHg or cardiac index ≤2 L/min/m2).

HF, heart failure; i.v., intravenous; LVAD, left ventricular assist device; LVEF,
left ventricular ejection fraction; MCS, mechanical circulatory support; PCWP,
pulmonary capillary wedge pressure; SBP, systolic blood pressure; TR, tricuspid
regurgitation; VO2, oxygen consumption.
aStable psychosocial background includes demonstrated understanding of the
technology and patient living in the same household with a caregiver that will
help the patient (i.e. living alone and poor psychosocial background is an LVAD
contraindication). Major contraindications include contraindication to long-term
oral anticoagulation, infection, severe renal dysfunction, ventricular arrhythmias.
Adopted from6

expectancy <1 year, but with persistent severe symptoms (NYHA
class III–IV) despite optimal medical and device therapy, as well as
patients with less severe symptoms (NYHA class II) and risk factors
for progressive pump failure are advised for referral.124 Although
early implantation prior to shock is associated with improved
survival,135 most patients receive an LVAD only after they develop
cardiogenic shock and require short-term MCS or inotropes.136

Hence increased awareness of referral criteria and a 24-h pathway
of referral to the local tertiary centre is required for those working
in secondary care hospitals.

Strategies to improve the care of advanced HF have been out-
lined in another position paper.124 A multidisciplinary evaluation
by the Heart Team at the advanced HF centre is needed to select
candidacy for LVAD, taking into account the patient’s wishes,
cardiac disease, comorbidities, and psychosocial background. Out-
patient follow-up is advised in a multidisciplinary setting including
cardiac surgeons, HF specialists, specialized nurses, nutritionists,
pharmacologists, physiotherapists and psychologists. Currently,
regulatory and reimbursement issues limit the implementation
of LVAD as destination therapy in several European countries.
More outcome data from Europe may enhance and support the
implementation of LVADs.

Other device therapies
Regulatory issues on device therapy and selected device ther-
apies like interatrial shunt devices, non-implantable devices for
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telemonitoring, to treat hypertension, sleep apnoea, and renal dys-
function as well as some devices for autonomic modulation are
discussed in the online Supporting Information. While some of
them are already mentioned in the guidelines, many are still under
investigation.

Integration of implantable device
therapies in heart failure care
Device therapy is currently only considered in HF patients after
drug therapies have been optimized. As such, patients are often
considered only after the period during which the devices could
have their greatest effect in synergy with the medical therapy
has passed. A particular example is CRT. While medical therapy
is clearly linked to improvement in LVEF in HFrEF patients, the
effects on remodelling are significantly less in patients with wide
QRS.137,138 Delaying the CRT implant has been associated with
less reverse remodelling, more HF hospitalizations and increased
all-cause mortality.139–141 Importantly, early use of CRT might
improve the adverse haemodynamics (low cardiac output, low
blood pressure, brady-arrhythmias) seen in HF and facilitate the
optimization of medical therapy.

Therefore, a position statement endorsed by HFA/EHRA/EACVI
and the latest European Society of Cardiology (ESC) guidelines
on pacing encourage clinicians not to postpone CRT, particularly
in patients with LBBB and QRS ≥150 ms.43,62 As a consequence,
physicians treating HF patients should not only be aware of indi-
cated drug treatments, but also have knowledge about available
devices with their indications, expected benefit and limitations.
We propose to move from a commonly used sequential model
to a more integrated model. The evaluation for potential device
therapies is advised at diagnosis to facilitate a clear treatment plan
that initially focusses on drug therapy but incorporates devices
and interventions tailored to the patient phenotype with a clear
strategy on their timing (Figure 2). Such a multi-modality treatment
plan also should allow to initiate drugs and devices simultaneously
as indicated, allowing them to work synergistically. Also, maximal
efforts should be undertaken to further optimize medical therapy
after device placement. Of note, such a treatment plan needs to
be re-evaluated and updated continuously as conditions can change
during the HF disease course.

Before initiating any device therapy, a multidisciplinary team
should discuss all available options to ensure adequate implemen-
tation of the device. The members of such a multidisciplinary
team depend on the type of device being considered, but should
always involve a HF specialist and HF nurse. Other members to
be considered are imaging specialists, interventional cardiologist,
cardiac intensivists, cardiac surgeons, nephrologists, psychologists,
physiotherapists, nutritionists and primary care physicians. In
order to ensure that the next generation of medically-qualified
HF specialists will receive high-quality training, a recent consensus
statement of the HFA outlined the requirements for a European
training and certification programme for such specialists.142 The
primary goal of such a new comprehensive educational programme
is to increase the quality of patient-centred care related to HF ..
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.. including high-quality device care. Importantly, patient empower-
ment for device therapy is extremely important allowing shared
decision-making process.

To facilitate a paradigm shift, which would allow better imple-
mentation of devices in routine care, it is important to raise
awareness of device therapy options among cardiologists, general
practitioners, nurses, allied professionals and patients. Early refer-
ral (or at least advice) and collaboration between primary and
expert centres are of utmost importance to overcome the current
inadequate or delayed care faced by many patients. Therefore,
hospital referral networks should be created to ensure all patients
have timely access to device therapies.

Follow-up of devices should be done by trained healthcare
providers working in an integrated way and embedded in a larger
multidisciplinary HF care programme, led by a HF specialist team
with appropriate support networks for all members of that team.

Role of heart failure nurses
and other allied professionals
in device care
Nurses and allied professionals should be involved in daily device
management in patients with HF. Who exactly is involved depends
on the type of device, but also on national and local resources.
Specialized HF nurses have roles in the different phases of device
management. As such, HF nurses should be familiar with the avail-
able devices, their effects, indications and potential risks.143 As
part of the multidisciplinary HF team, HF nurses play an impor-
tant role in screening patients for device eligibility. In addition, HF
nurses can help patients and their families to prepare for the device
implantation by providing information about implantation proce-
dures, working mechanisms of the device and the associated risks.
Importantly, this information can help patients cope with the device
after implant, set realistic expectations and prevent possible fears
and misconceptions, enabling shared decision-making.144 After
implantation, HF nurses can assist in monitoring for effects and
side-effects/adverse events related to device function as well as fur-
ther optimize HF therapies where appropriate. They should inte-
grate results from remote monitoring or device readings in their
assessment and treatment and discuss consequences of the device
for daily life, e.g. handling alarms, driving restrictions, changes in
body image, sexual function, pregnancy planning, social activities or
self-care.145,146 HF nurses should also identify changes in physical
and emotional functioning resulting from device implantation and
take appropriate action to optimize quality of life.143 During the
further HF trajectory, patients and caregivers might need reassess-
ment of the need for a device, advise on coping with the device
on the long term, the need for continuing telemonitoring, or they
might require further discussion about deactivation and the conse-
quences of having a device in the end-of-life. HF nurses can play an
important role in all of these issues and in advanced care planning.

In addition, allied professionals and healthcare scientists can have
an important role as part of the HF multidisciplinary team, although
these professions currently only exist in a small number of Euro-
pean countries. Some healthcare systems allow for pharmacist-led
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Figure 2 New model for integrated use of device therapy in heart failure. On the left side, a current sequential model is presented, wherein
device therapy is only considered after medical therapy is optimized. On the right side, we suggest a new model for integrated use of devices,
wherein devices are considered early during the heart failure disease course and used in combination with drug therapy, rather than as a last
resort option. Devices with a class I indication in current ESC guidelines are coloured dark blue. Devices with a class II indication are coloured
light blue. CCM, cardiac contractility modulation; CRT, cardiac resynchronization therapy; HF, heart failure; IABP, intra-aortic balloon pump;
LBBB, left bundle branch block; LVAD, left ventricular assist device; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; NYHA,
New York Heart Association; TEER, transcatheter edge-to-edge repair.
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HF clinics that provide opportunities to screen for device eligibil-
ity, optimize medical therapies and provide patient information.147

Cardiac device technicians can have an important role in device
optimization including recognizing patients who require escalation
of care. HF nurses, allied professionals and healthcare scientists
involved in the management of HF should have the appropriate level
of training and competence to improve patient care and appropri-
ate access to HF therapies.143,148,149

Conclusion
An increasing number of medical devices have been added to the
HF management armamentarium. Some of these are supported
by robust clinical evidence, while others are currently undergo-
ing testing in clinical trials. Devices and drugs work synergistically
but due to intrinsic risks associated with the procedure and per-
manence of implantation, a device ‘prescription’ requires careful
and well-documented multidisciplinary decision-making and a coor-
dinated follow-up process embedded into a combined HF-device
care programme.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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References
1. Arrigo M, Jessup M, Mullens W, Reza N, Shah AM, Sliwa K, et al. Acute

heart failure. Nat Rev Dis Primers 2020;6:16. https://doi.org/10.1038/s41572-020
-0151-7

2. Hariharaputhiran S, Peng Y, Ngo L, Ali A, Hossain S, Visvanathan R, et al.
Long-term survival and life expectancy following an acute heart failure hospi-
talization in Australia and New Zealand. Eur J Heart Fail 2022;24:1519–1528.
https://doi.org/10.1002/ejhf.2595

3. Kimmoun A, Takagi K, Gall E, Ishihara S, Hammoum P, El Bèze N, et al. Temporal
trends in mortality and readmission after acute heart failure: A systematic review
and meta-regression in the past four decades. Eur J Heart Fail 2021;23:420–431.
https://doi.org/10.1002/ejhf.2103

4. Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Böhm M, et al.;
EMPEROR-Preserved Trial Investigators. Empagliflozin in heart failure with a
preserved ejection fraction. N Engl J Med 2021;385:1451–1461. https://doi.org
/10.1056/NEJMoa2107038

5. Solomon SD, McMurray JJV, Claggett B, de Boer RA, DeMets D, Hernandez
AF, et al.; DELIVER Trial Committees and Investigators. Dapagliflozin in heart
failure with mildly reduced or preserved ejection fraction. N Engl J Med
2022;387:1089–1098. https://doi.org/10.1056/NEJMoa2206286

6. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm M, et al.
2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart
failure: Developed by the Task Force for the diagnosis and treatment of acute
and chronic heart failure of the European Society of Cardiology (ESC). With
the special contribution of the Heart Failure Association (HFA) of the ESC. Eur
J Heart Fail 2022;24:4–131. https://doi.org/10.1002/ejhf.2333

7. Verbrugge FH, Guazzi M, Testani JM, Borlaug BA. Altered hemodynamics
and end-organ damage in heart failure: Impact on the lung and kidney. Circu-
lation 2020;142:998–1012. https://doi.org/10.1161/CIRCULATIONAHA.119
.045409

8. Pieske B, Tschöpe C, de Boer RA, Fraser AG, Anker SD, Donal E, et al.
How to diagnose heart failure with preserved ejection fraction: The HFA-PEFF
diagnostic algorithm: A consensus recommendation from the Heart Failure
Association (HFA) of the European Society of Cardiology (ESC). Eur Heart J
2019;40:3297–3317. https://doi.org/10.1093/eurheartj/ehz641 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 9. Jankowska EA, Ponikowski P, Piepoli MF, Banasiak W, Anker SD, Poole-Wilson
PA. Autonomic imbalance and immune activation in chronic heart fail-
ure – pathophysiological links. Cardiovasc Res 2006;70:434–445. https://doi.org
/10.1016/j.cardiores.2006.01.013

10. SOLVD Investigators;Yusuf S, Pitt B, Davis CE, Hood WB, Cohn JN. Effect of
enalapril on survival in patients with reduced left ventricular ejection fractions
and congestive heart failure. N Engl J Med 1991;325(5):293–302. https://doi.org
/10.1056/NEJM199108013250501

11. CIBIS-II Investigators and Committees. The Cardiac Insufficiency Bisoprolol
Study II (CIBIS-II): A randomised trial. Lancet 1999;353:9–13. https://doi.org
/10.1016/S0140-6736(98)11181-9

12. Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, et al. The effect
of spironolactone on morbidity and mortality in patients with severe heart
failure. Randomized Aldactone Evaluation Study Investigators. N Engl J Med
1999;341:709–717. https://doi.org/10.1056/NEJM199909023411001

13. McMurray JJV, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, et al.;
PARADIGM-HF Investigators and Committees. Angiotensin-neprilysin inhibi-
tion versus enalapril in heart failure. N Engl J Med 2014;371:993–1004. https:/
/doi.org/10.1056/NEJMoa1409077

14. van Bilsen M, Patel HC, Bauersachs J, Böhm M, Borggrefe M, Brutsaert D,
et al. The autonomic nervous system as a therapeutic target in heart failure:
A scientific position statement from the Translational Research Committee of
the Heart Failure Association of the European Society of Cardiology. Eur J Heart
Fail 2017;19:1361–1378. https://doi.org/10.1002/ejhf.921

15. Coats AJS, Anker SD, Baumbach A, Alfieri O, von Bardeleben RS, Bauersachs J,
et al. The management of secondary mitral regurgitation in patients with heart
failure: A joint position statement from the Heart Failure Association (HFA),
European Association of Cardiovascular Imaging (EACVI), European Heart
Rhythm Association (EHRA), and European Association of Percutaneous Car-
diovascular Interventions (EAPCI) of the ESC. Eur Heart J 2021;42:1254–1269.
https://doi.org/10.1093/eurheartj/ehab086

16. Deferm S, Bertrand PB, Verbrugge FH, Verhaert D, Rega F, Thomas JD, et al.
Atrial functional mitral regurgitation: JACC review topic of the week. J Am Coll
Cardiol 2019;73:2465–2476. https://doi.org/10.1016/j.jacc.2019.02.061

17. Kajimoto K, Sato N, Takano T; investigators of the Acute Decompensated
Heart Failure Syndromes (ATTEND) registry. Functional mitral regurgitation
at discharge and outcomes in patients hospitalized for acute decompensated
heart failure with a preserved or reduced ejection fraction. Eur J Heart Fail
2016;18:1051–1059. https://doi.org/10.1002/ejhf.562

18. Lip GYH, Heinzel FR, Gaita F, Juanatey JRG, Le Heuzey JY, Potpara T, et al.
European Heart Rhythm Association/Heart Failure Association joint consensus
document on arrhythmias in heart failure, endorsed by the Heart Rhythm Soci-
ety and the Asia Pacific Heart Rhythm Society. Eur J Heart Fail 2015;17:848–874.
https://doi.org/10.1002/ejhf.338

19. Arrigo M, Gayat E, Parenica J, Ishihara S, Zhang J, Choi DJ, et al.; GREAT Net-
work. Precipitating factors and 90-day outcome of acute heart failure: A report
from the intercontinental GREAT registry. Eur J Heart Fail 2017;19:201–208.
https://doi.org/10.1002/ejhf.682

20. Fonarow GC, Abraham WT, Albert NM, Stough WG, Gheorghiade M, Green-
berg BH, et al.; OPTIMIZE-HF Investigators and Hospitals. Factors identified
as precipitating hospital admissions for heart failure and clinical outcomes: Find-
ings from OPTIMIZE-HF. Arch Intern Med 2008;168:847–854. https://doi.org/10
.1001/archinte.168.8.847

21. Martin CA, Lambiase PD. Pathophysiology, diagnosis and treatment of tachy-
cardiomyopathy. Heart 2017;103:1543–1552. https://doi.org/10.1136/heartjnl
-2016-310391

22. Mullens W, Damman K, Testani JM, Martens P, Mueller C, Lassus J, et al.
Evaluation of kidney function throughout the heart failure trajectory – a position
statement from the Heart Failure Association of the European Society of
Cardiology. Eur J Heart Fail 2020;22:584–603. https://doi.org/10.1002/ejhf.1697

23. George LK, Koshy SKG, Molnar MZ, Thomas F, Lu JL, Kalantar-Zadeh K,
et al. Heart failure increases the risk of adverse renal outcomes in patients
with normal kidney function. Circ Heart Fail 2017;10:e003825. https://doi.org
/10.1161/CIRCHEARTFAILURE.116.003825

24. Kiernan MS, Stevens SR, Tang WHW, Butler J, Anstrom KJ, Birati EY, et al.;
NHLBI Heart Failure Clinical Trials Network Investigators. Determinants of
diuretic responsiveness and associated outcomes during acute heart failure
hospitalization: An analysis from the NHLBI Heart Failure Network Clinical
Trials. J Card Fail 2018;24:428–438. https://doi.org/10.1016/j.cardfail.2018.02
.002

25. Mullens W, Abrahams Z, Francis GS, Sokos G, Taylor DO, Starling RC, et al.
Importance of venous congestion for worsening of renal function in advanced
decompensated heart failure. J Am Coll Cardiol 2009;53:589–596. https://doi.org
/10.1016/j.jacc.2008.05.068

© 2024 European Society of Cardiology.

https://doi.org/10.1038/s41572-020-0151-7
https://doi.org/10.1038/s41572-020-0151-7
https://doi.org/10.1002/ejhf.2595
https://doi.org/10.1002/ejhf.2103
https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.1056/NEJMoa2206286
https://doi.org/10.1002/ejhf.2333
https://doi.org/10.1161/CIRCULATIONAHA.119.045409
https://doi.org/10.1161/CIRCULATIONAHA.119.045409
https://doi.org/10.1093/eurheartj/ehz641
https://doi.org/10.1016/j.cardiores.2006.01.013
https://doi.org/10.1016/j.cardiores.2006.01.013
https://doi.org/10.1056/NEJM199108013250501
https://doi.org/10.1056/NEJM199108013250501
https://doi.org/10.1016/S0140-6736(98)11181-9
https://doi.org/10.1016/S0140-6736(98)11181-9
https://doi.org/10.1056/NEJM199909023411001
https://doi.org/10.1056/NEJMoa1409077
https://doi.org/10.1056/NEJMoa1409077
https://doi.org/10.1002/ejhf.921
https://doi.org/10.1093/eurheartj/ehab086
https://doi.org/10.1016/j.jacc.2019.02.061
https://doi.org/10.1002/ejhf.562
https://doi.org/10.1002/ejhf.338
https://doi.org/10.1002/ejhf.682
https://doi.org/10.1001/archinte.168.8.847
https://doi.org/10.1001/archinte.168.8.847
https://doi.org/10.1136/heartjnl-2016-310391
https://doi.org/10.1136/heartjnl-2016-310391
https://doi.org/10.1002/ejhf.1697
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003825
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003825
https://doi.org/10.1016/j.cardfail.2018.02.002
https://doi.org/10.1016/j.cardfail.2018.02.002
https://doi.org/10.1016/j.jacc.2008.05.068
https://doi.org/10.1016/j.jacc.2008.05.068


16 W. Mullens et al.

26. Shen L, Jhund PS, Petrie MC, Claggett BL, Barlera S, Cleland JGF, et al. Declining
risk of sudden death in heart failure. N Engl J Med 2017;377:41–51. https://doi
.org/10.1056/NEJMoa1609758

27. Ruwald MH, Ruwald AC, Johansen JB, Gislason G, Lindhardt TB, Nielsen JC, et al.
Temporal incidence of appropriate and inappropriate therapy and mortality in
secondary prevention ICD patients by cardiac diagnosis. JACC Clin Electrophysiol
2021;7:781–792. https://doi.org/10.1016/j.jacep.2020.11.005

28. Curtain JP, Docherty KF, Jhund PS, Petrie MC, Inzucchi SE, Kober L, et al.
Effect of dapagliflozin on ventricular arrhythmias, resuscitated cardiac arrest,
or sudden death in DAPA-HF. Eur Heart J 2021;42:3727–3738. https://doi.org
/10.1093/eurheartj/ehab560

29. Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS, et al. Prophylactic
implantation of a defibrillator in patients with myocardial infarction and reduced
ejection fraction. N Engl J Med 2002;346:877–883. https://doi.org/10.1056
/NEJMoa013474

30. Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R, et al.; Sudden
Cardiac Death in Heart Failure Trial (SCD-HeFT) Investigators. Amiodarone
or an implantable cardioverter–defibrillator for congestive heart failure. N Engl
J Med 2005;352:225–237. https://doi.org/10.1056/NEJMoa043399

31. Køber L, Thune JJ, Nielsen JC, Haarbo J, Videbæk L, Korup E, et al.; DAN-
ISH Investigators. Defibrillator implantation in patients with nonischemic sys-
tolic heart failure. N Engl J Med 2016;375:1221–1230. https://doi.org/10.1056
/NEJMoa1608029

32. McMurray JJV, Solomon SD, Inzucchi SE, Køber L, Kosiborod MN, Mar-
tinez FA, et al.; DAPA-HF Trial Committees and Investigators. Dapagliflozin
in patients with heart failure and reduced ejection fraction. N Engl J Med
2019;381:1995–2008. https://doi.org/10.1056/NEJMoa1911303

33. Packer M, Anker SD, Butler J, Filippatos G, Pocock SJ, Carson P, et al.;
EMPEROR-Reduced Trial Investigators. Cardiovascular and renal outcomes with
empagliflozin in heart failure. N Engl J Med 2020;383:1413–1424. https://doi.org
/10.1056/NEJMoa2022190

34. Schrage B, Uijl A, Benson L, Westermann D, Ståhlberg M, Stolfo D, et al. Associa-
tion between use of primary-prevention implantable cardioverter-defibrillators
and mortality in patients with heart failure: A prospective propensity
score-matched analysis from the Swedish Heart Failure Registry. Circulation
2019;140:1530–1539. https://doi.org/10.1161/CIRCULATIONAHA.119
.043012

35. Vaduganathan M, Claggett BL, Jhund PS, Cunningham JW, Pedro Ferreira J,
Zannad F, et al. Estimating lifetime benefits of comprehensive disease-modifying
pharmacological therapies in patients with heart failure with reduced ejection
fraction: A comparative analysis of three randomised controlled trials. Lancet
2020;396:121–128. https://doi.org/10.1016/S0140-6736(20)30748-0

36. Merchant FM, Levy WC, Kramer DB. Time to shock the system: Mov-
ing beyond the current paradigm for primary prevention implantable
cardioverter-defibrillator use. J Am Heart Assoc 2020;9:e015139. https:/
/doi.org/10.1161/JAHA.119.015139

37. Klem I, Klein M, Khan M, Yang EY, Nabi F, Ivanov A, et al. Relationship of LVEF
and myocardial scar to long-term mortality risk and mode of death in patients
with nonischemic cardiomyopathy. Circulation 2021;143:1343–1358. https://doi
.org/10.1161/CIRCULATIONAHA.120.048477

38. Leyva F, Zegard A, Okafor O, Foley P, Umar F, Taylor RJ, et al. Myocardial fibrosis
predicts ventricular arrhythmias and sudden death after cardiac electronic
device implantation. J Am Coll Cardiol 2022;79:665–678. https://doi.org/10.1016
/j.jacc.2021.11.050

39. Marrow BA, Cook SA, Prasad SK, McCann GP. Emerging techniques for risk
stratification in nonischemic dilated cardiomyopathy: JACC review topic of the
week. J Am Coll Cardiol 2020;75:1196–1207. https://doi.org/10.1016/j.jacc.2019
.12.058

40. Younis A, Goldberger JJ, Kutyifa V, Zareba W, Polonsky B, Klein H, et al.
Predicted benefit of an implantable cardioverter-defibrillator: The MADIT-ICD
benefit score. Eur Heart J 2021;42:1676–1684. https://doi.org/10.1093
/eurheartj/ehaa1057

41. Levy WC, Li Y, Reed SD, Zile MR, Shadman R, Dardas T, et al.; HFACTION
Investigators. Does the implantable cardioverter-defibrillator benefit vary with
the estimated proportional risk of sudden death in heart failure patients? JACC
Clin Electrophysiol 2017;3:291–298. https://doi.org/10.1016/j.jacep.2016.09.006

42. Zeppenfeld K, Tfelt-Hansen J, de Riva M, Winkel BG, Behr ER, Blom NA,
et al. 2022 ESC Guidelines for the management of patients with ventric-
ular arrhythmias and the prevention of sudden cardiac death. Eur Heart J
2022;43:3997–4126. https://doi.org/10.1093/eurheartj/ehac262

43. Mullens W, Auricchio A, Martens P, Witte K, Cowie MR, Delgado V, et al.
Optimized implementation of cardiac resynchronization therapy: A call for
action for referral and optimization of care: A joint position statement from the
Heart Failure Association (HFA), European Heart Rhythm Association (EHRA), ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. and European Association of Cardiovascular Imaging (EACVI) of the European
Society of Cardiology. Eur J Heart Fail 2020;22:2349–2369. https://doi.org/10
.1002/ejhf.2046

44. Nguyên UC, Verzaal NJ, van Nieuwenhoven FA, Vernooy K, Prinzen FW.
Pathobiology of cardiac dyssynchrony and resynchronization therapy. Europace
2018;20:1898–1909. https://doi.org/10.1093/europace/euy035

45. Auricchio A, Stellbrink C, Block M, Sack S, Vogt J, Bakker P, et al. Effect of pacing
chamber and atrioventricular delay on acute systolic function of paced patients
with congestive heart failure. The Pacing Therapies for Congestive Heart Failure
Study Group. The Guidant Congestive Heart Failure Research Group. Circulation
1999;99:2993–3001. https://doi.org/10.1161/01.cir.99.23.2993

46. Steffel J, Ruschitzka F. Superresponse to cardiac resynchronization therapy.
Circulation 2014;130:87–90. https://doi.org/10.1161/CIRCULATIONAHA.113
.006124

47. Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA, De Marco T, et al.;
Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure
(COMPANION) Investigators. Cardiac-resynchronization therapy with or with-
out an implantable defibrillator in advanced chronic heart failure. N Engl J Med
2004;350:2140–2150. https://doi.org/10.1056/NEJMoa032423

48. Cleland JGF, Daubert JC, Erdmann E, Freemantle N, Gras D, Kappenberger L,
et al.; Cardiac Resynchronization-Heart Failure (CARE-HF) Study Investiga-
tors. The effect of cardiac resynchronization on morbidity and mortality
in heart failure. N Engl J Med 2005;352:1539–1549. https://doi.org/10.1056
/NEJMoa050496

49. Moss AJ, Hall WJ, Cannom DS, Klein H, Brown MW, Daubert JP, et al.;
MADIT-CRT Trial Investigators. Cardiac-resynchronization therapy for the
prevention of heart-failure events. N Engl J Med 2009;361:1329–1338. https:
//doi.org/10.1056/NEJMoa0906431

50. Sipahi I, Chou JC, Hyden M, Rowland DY, Simon DI, Fang JC. Effect of QRS
morphology on clinical event reduction with cardiac resynchronization therapy:
Meta-analysis of randomized controlled trials. Am Heart J 2012;163:260–267.e3.
https://doi.org/10.1016/j.ahj.2011.11.014

51. Sipahi I, Carrigan TP, Rowland DY, Stambler BS, Fang JC. Impact of QRS duration
on clinical event reduction with cardiac resynchronization therapy: Meta-analysis
of randomized controlled trials. Arch Intern Med 2011;171:1454–1462. https:/
/doi.org/10.1001/archinternmed.2011.247

52. Marrouche NF, Brachmann J, Andresen D, Siebels J, Boersma L, Jordaens L, et al.;
CASTLE-AF Investigators. Catheter ablation for atrial fibrillation with heart fail-
ure. N Engl J Med 2018;378:417–427. https://doi.org/10.1056/NEJMoa1707855

53. Doshi RN, Daoud EG, Fellows C, Turk K, Duran A, Hamdan MH, et al.; PAVE
Study Group. Left ventricular-based cardiac stimulation post AV nodal ablation
evaluation (the PAVE study). J Cardiovasc Electrophysiol 2005;16:1160–1165.
https://doi.org/10.1111/j.1540-8167.2005.50062.x

54. Brignole M, Botto G, Mont L, Iacopino S, De Marchi G, Oddone D, et al.
Cardiac resynchronization therapy in patients undergoing atrioventricular junc-
tion ablation for permanent atrial fibrillation: A randomized trial. Eur Heart J
2011;32:2420–2429. https://doi.org/10.1093/eurheartj/ehr162

55. Brignole M, Pentimalli F, Palmisano P, Landolina M, Quartieri F, Occhetta E,
et al.; APAF-CRT Trial Investigators. AV junction ablation and cardiac resyn-
chronization for patients with permanent atrial fibrillation and narrow QRS:
The APAF-CRT mortality trial. Eur Heart J 2021;42:4731–4739. https://doi.org
/10.1093/eurheartj/ehab569

56. Curtis AB, Worley SJ, Adamson PB, Chung ES, Niazi I, Sherfesee L, et al.;
Biventricular versus Right Ventricular Pacing in Heart Failure Patients with Atri-
oventricular Block (BLOCK HF) Trial Investigators. Shinn T, St John Sutton M
Biventricular pacing for atrioventricular block and systolic dysfunction. N Engl
J Med 2013;368(17):1585–1593. https://doi.org/10.1056/NEJMoa1210356

57. Ruschitzka F, Abraham WT, Singh JP, Bax JJ, Borer JS, Brugada J, et al.; EchoCRT
Study Group. Cardiac-resynchronization therapy in heart failure with a narrow
QRS complex. N Engl J Med 2013;369:1395–1405. https://doi.org/10.1056
/NEJMoa1306687

58. Raatikainen MJP, Arnar DO, Zeppenfeld K, Merino JL, Levya F, Hindriks G,
et al. Statistics on the use of cardiac electronic devices and electrophysiological
procedures in the European Society of Cardiology countries: 2014 report from
the European Heart Rhythm Association. Europace 2015;17:i1–i75. https://doi
.org/10.1093/europace/euu300

59. Zeitler EP, Friedman DJ, Daubert JP, Al-Khatib SM, Solomon SD, Biton Y,
et al. Multiple comorbidities and response to cardiac resynchronization therapy:
MADIT-CRT long-term follow-up. J Am Coll Cardiol 2017;69:2369–2379. https:
//doi.org/10.1016/j.jacc.2017.03.531

60. Wilkoff BL, Cook JR, Epstein AE, Greene L, Hallstrom AP, Hsia H, et al.; Dual
Chamber and VVI Implantable Defibrillator Trial Investigators. Dual-chamber
pacing-or ventricular backup pacing in patients with an implantable defibrillator:
The Dual Chamber and VVI Implantable Defibrillator (DAVID) trial. JAMA
2002;288:3115–3123. https://doi.org/10.1001/jama.288.24.3115

© 2024 European Society of Cardiology.

https://doi.org/10.1056/NEJMoa1609758
https://doi.org/10.1056/NEJMoa1609758
https://doi.org/10.1016/j.jacep.2020.11.005
https://doi.org/10.1093/eurheartj/ehab560
https://doi.org/10.1093/eurheartj/ehab560
https://doi.org/10.1056/NEJMoa013474
https://doi.org/10.1056/NEJMoa013474
https://doi.org/10.1056/NEJMoa043399
https://doi.org/10.1056/NEJMoa1608029
https://doi.org/10.1056/NEJMoa1608029
https://doi.org/10.1056/NEJMoa1911303
https://doi.org/10.1056/NEJMoa2022190
https://doi.org/10.1056/NEJMoa2022190
https://doi.org/10.1161/CIRCULATIONAHA.119.043012
https://doi.org/10.1161/CIRCULATIONAHA.119.043012
https://doi.org/10.1016/S0140-6736(20)30748-0
https://doi.org/10.1161/JAHA.119.015139
https://doi.org/10.1161/JAHA.119.015139
https://doi.org/10.1161/CIRCULATIONAHA.120.048477
https://doi.org/10.1161/CIRCULATIONAHA.120.048477
https://doi.org/10.1016/j.jacc.2021.11.050
https://doi.org/10.1016/j.jacc.2021.11.050
https://doi.org/10.1016/j.jacc.2019.12.058
https://doi.org/10.1016/j.jacc.2019.12.058
https://doi.org/10.1093/eurheartj/ehaa1057
https://doi.org/10.1093/eurheartj/ehaa1057
https://doi.org/10.1016/j.jacep.2016.09.006
https://doi.org/10.1093/eurheartj/ehac262
https://doi.org/10.1002/ejhf.2046
https://doi.org/10.1002/ejhf.2046
https://doi.org/10.1093/europace/euy035
https://doi.org/10.1161/01.cir.99.23.2993
https://doi.org/10.1161/CIRCULATIONAHA.113.006124
https://doi.org/10.1161/CIRCULATIONAHA.113.006124
https://doi.org/10.1056/NEJMoa032423
https://doi.org/10.1056/NEJMoa050496
https://doi.org/10.1056/NEJMoa050496
https://doi.org/10.1056/NEJMoa0906431
https://doi.org/10.1056/NEJMoa0906431
https://doi.org/10.1016/j.ahj.2011.11.014
https://doi.org/10.1001/archinternmed.2011.247
https://doi.org/10.1001/archinternmed.2011.247
https://doi.org/10.1056/NEJMoa1707855
https://doi.org/10.1111/j.1540-8167.2005.50062.x
https://doi.org/10.1093/eurheartj/ehr162
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1093/eurheartj/ehab569
https://doi.org/10.1056/NEJMoa1210356
https://doi.org/10.1056/NEJMoa1306687
https://doi.org/10.1056/NEJMoa1306687
https://doi.org/10.1093/europace/euu300
https://doi.org/10.1093/europace/euu300
https://doi.org/10.1016/j.jacc.2017.03.531
https://doi.org/10.1016/j.jacc.2017.03.531
https://doi.org/10.1001/jama.288.24.3115


Device therapy in heart failure 17

61. Zhang S, Zhou X, Gold MR. Left bundle branch pacing: JACC review topic of
the week. J Am Coll Cardiol 2019;74:3039–3049. https://doi.org/10.1016/j.jacc
.2019.10.039

62. Glikson M, Nielsen JC, Kronborg MB, Michowitz Y, Auricchio A, Barbash IM,
et al. 2021 ESC Guidelines on cardiac pacing and cardiac resynchronization ther-
apy. Eur Heart J 2021;42:3427–3520. https://doi.org/10.1093/eurheartj/ehab364

63. Vinther M, Risum N, Svendsen JH, Møgelvang R, Philbert BT. A randomized
trial of his pacing versus biventricular pacing in symptomatic HF patients
with left bundle branch block (His-Alternative). JACC Clin Electrophysiol
2021;7:1422–1432. https://doi.org/10.1016/j.jacep.2021.04.003

64. Vijayaraman P, Ponnusamy SS, Cano Ó, Sharma PS, Naperkowski A, Subsposh
FA, et al. Left bundle branch area pacing for cardiac resynchronization therapy:
Results from the International LBBAP Collaborative Study Group. JACC Clin
Electrophysiol 2021;7:135–147. https://doi.org/10.1016/j.jacep.2020.08.015
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