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Abstract

Despite significant advances in pharmacological, electrophysiological and valve therapies for heart failure
with reduced ejection fraction (HFrEF), the associated morbidity, mortality and healthcare costs remain
high. With a constantly growing heart failure population, the existing treatment gap between current and
advanced heart failure therapies (e.g., left ventricular [LV] assist devices, heart transplantation) reflects
a large unmet need, calling for novel therapeutic approaches. Left ventricular remodelling and dilatation,
with or without scar formation, is the hallmark of cardiomyopathy and is associated with poor prognosis.
In the era of exciting advances in structural heart interventions, the advent of minimally invasive, device-
based therapies directly targeting the LV geometry and promoting physical reverse remodelling has created
a new frontier in the battle against heart failure. Interventional heart failure therapy is a rapidly emerging
field, encompassing structural heart and minimally invasive hybrid procedures, with two left ventriculo-
plasty devices currently under investigation in pivotal clinical trials in the US. This review addresses the
rationale for left ventriculoplasty, presents the prior surgical and percutaneous attempts in the field, pro-
vides an overview of the novel transcatheter left ventriculoplasty devices and their respective trials, and
highlights potential challenges associated with establishing such device-based therapies in our armamen-
tarium against heart failure.
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Abbreviations

CMR cardiac magnetic resonance

GDMT  guideline-directed medical therapy

HFrEF  heart failure with reduced ejection fraction
v left ventricle/ventricular

LVEDV  left ventricular end-diastolic volume

LVEF left ventricular ejection fraction
LVESV  left ventricular end-systolic volume
Mi myocardial infarction

MR mitral regurgitation

NYHA  New York Heart Association

SVR surgical ventricular reconstruction

Introduction: the unmet heart failure needs
According to recent data from the American Heart Association,
heart failure (HF) is an epidemic of our era, with an estimated
6.2 million affected people in the US and a projected 46% increase
in its prevalence by 2030'. Despite advances in pharmacologic
and device therapies for heart failure with reduced ejection frac-
tion (HFrEF), the associated morbidity, mortality, and health-
care expenditures remain high?. Furthermore, currently available
advanced therapies are either too invasive (left ventricular assist
devices; LVAD) or limited by donor availability (heart transplanta-
tion), patient age, and comorbidities.

Adverse left ventricular (LV) remodelling and dilatation is the
hallmark of cardiomyopathy, both ischaemic and non-ischaemic.
Preventing and/or reversing the naturally progressive remodelling
process remains the main target of contemporary pharmacologic
and device therapies, as improvements in left ventricular ejection
fraction (LVEF) and volumes are associated with improved sur-
vival in HFrEF®. While these therapies focus mainly on biologic
mechanisms (neurohormonal pathways, electrical conduction and
loading conditions) associated with pathologic remodelling, there
is a paucity of interventional therapies that can lead to immediate
and direct physical reverse remodelling of the LV.

With the exponential growth of transcatheter interventions for
structural heart disease, novel applications of minimally inva-
sive, device-based therapies that directly modify the adversely
remodelled LV have been developed. Percutaneous left ventric-
uloplasty encompasses transcatheter procedures that accomplish
direct, physical reverse remodelling of the LV by excluding non-
viable scar/aneurysmal tissue, reducing the LV circumference
through endocardial cinching or scaffolding of the LV myocar-
dium (Central illustration).

This review focuses on the rationale for the development of two
transcatheter left ventriculoplasty devices that are currently being
assessed in pivotal randomised trials and provides a brief over-
view of some emerging novel LV reshaping therapies for HFrEF.

Current HF therapies and rationale for
ventriculoplasty

The microscopic changes at the myocyte and extracellular matrix
level during LV remodelling ultimately lead to macroscopic

changes in LV function, geometry, and volumes. The LVEF, LV
end-systolic volume (LVESV) and end-diastolic volume (LVEDV)
are all used as markers of remodelling and provide important
information on prognosis and response to therapy in HFrEF-,
Therapies to reverse LV remodelling can be classified into two
major categories based on their principal mechanism of action:
biologic and physical. Biologic therapies target the neurohor-
monal pathways associated with HF, optimise LV preload and/
or afterload, or modify the electrical substrate with the potential
to indirectly achieve reverse remodelling and improve prognosis
(Table 1)%'2. On the contrary, physical reverse remodelling refers
to therapies that exert a direct and immediate mechanistic effect
on LV size and geometry, leading to secondary biologic changes

in the long term.

Table 1. Effect of current pharmacologic and device therapies on
mortality and LV remodelling of HFrEF patients compared to
placebo.

Average Average Average Mortalit
Treatment delta EF | delta EDV delta ESV (%) y
(%) (mL) (mL) °

Carvedilol 6.9 -26.7 -33.9 -38.0
izl 45 276 308 -33.0
succinate
Bisoprolol 12.0 -52.5 -63.0 -36.0
Enalapril 3.7 -11.1 -19.6 -18.0
Candesartan 4.0 -8.2 -11.3 —18.0**
SAI 9.4 1225 15.29* _16.0%+
valsartan
Spironolactone 3.0 -26.9 =21.7 -38.0
Empagliflozin 0.3 -8.2* —6.0* —25.0%*
Hydralazine-ISDN 2.9 -5.6 -8.8 -43.0"
CRT 11.0 —52.2(=26.2%) | =57.3 (=28.7%) | —17.0-21.0*
*Indexed volume (mL/m?). **Cardiovascular death or heart failure hospitalisation.
***Compared to enalapril. “In African Americans. *Decrease in mortality per 10% decrease
in LVEDV/LVESV. CRT: cardiac resynchronisation therapy; EDV: end-diastolic volume;
EF: ejection fraction; ESV: end-systolic volume; HFrEF: heart failure with reduced ejection
fraction; ISDN: isosorbide dinitrate; LV: left ventricular

Left ventriculoplasty encompasses surgical and minimally
invasive procedures that directly modulate the LV geometry
and promote an immediate and direct physical effect, followed
by ongoing reverse remodelling as a result of reduced cham-
ber size and wall tension. According to Laplace’s law, LV wall
stress is directly proportional to the internal radius and pressure
and inversely proportional to wall thickness (Central illustration).
Interventions that optimise this relationship and restore the ellip-
tical shape of the ventricle should theoretically improve chamber
compliance, reduce wall stress, and ultimately enhance contractile
performance.

Furthermore, the observation that myocardial infarction can
indirectly affect the function of remote, non-infarcted areas of
the myocardium™'S supports further the hypothesis that exclud-
ing the non-functional scar tissue post-myocardial infarction (MI)
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CENTRAL ILLUSTRATION Novel transcatheter ventriculoplasty procedures and their effects on reverse left ventricular
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h: wall thickness; LV: left ventricular; MV: mitral valve; P: pressure; R: radius; o: wall tension

may improve global LV function through secondarily affected,
remote areas of the myocardium. Castelvecchio and colleagues
found improved LV fibre shortening and function in the remote
mid- and basal LV regions with 3-dimensional speckle-tracking
echocardiography after surgical LV apical reconstruction, sug-
gesting the important role of remote myocardium in LV function
recovery's. Similarly, in non-ischaemic dilated cardiomyopathy,
a direct reduction of LV volumes after ventriculoplasty may ini-
tiate a more global reverse remodelling process with sustained
results.

Such interventions have been attempted both surgically and
percutaneously, by either resecting, compressing, or isolating
non-functional myocardium. Understanding the historical devel-
opment and efficacy of, as well as the lessons learned from, sur-
gical ventricular reconstruction (SVR) is important to gain insight
into the contemporary era of transcatheter-based LV remodelling
techniques.

Surgical ventricular reconstruction and previous
percutaneous attempts

The first SVR procedure was described by Cooley in 1958, when
he performed a left ventricular aneurysmectomy using a dacron
patch!’. This technique was further developed by Dor, who used
a circular endoventricular patch and published the first SVR
results in 1989'8. As a result of the increasing interest in SVR,
the Surgical Treatment for Ischemic Heart Failure II (STICH II)
randomised trial was conducted, comparing SVR plus coronary
artery bypass grafting (CABG) to CABG alone in patients with

ischaemic cardiomyopathy, obstructive CAD, and a large anterior
wall scar'. The study did not show reduction in all-cause mortal-
ity or hospitalisation for cardiac causes; however, one of the main
criticisms was that the 19% LVESV index (LVESVi) reduction in
the SVR group was insufficient to show an improvement in clini-
cal outcomes (average decrease of 16 mL/m?, from 83 to 67 mL/
m?) compared to previous observational studies, possibly attenuat-
ing the potential benefits of SVR. Further analysis of LV volume
subgroups showed that SVR resulted in improved long-term sur-
vival when the postoperative LVESVi was 70 mL/m? or less®. In
addition, data from the RESTORE registry suggested that a more
drastic LVESVi reduction, to the lowest achievable LVESVi (less
than 45-60 mL/m?), was associated with improved outcomes?'**.

Based on these data, the most recent European Society of
Cardiology/European Association of Cardio-Thoracic Surgery
(ESC/EACTS) guidelines include SVR as a reasonable surgical
option combined with CABG in selected HF patients with a scar
in the left anterior descending (LAD) territory, especially if a post-
operative LVESVi <70 mL/m? can be achieved (class of recom-
mendation IIb; level of evidence B)*.

Given the enduring belief in the potential benefits of SVR, more
devices were developed focusing on SVR optimisation and transi-
tion to less invasive approaches, as summarised in Supplementary
Figure 121,22,24-29.

The Parachute device (CardioKinetix), consisting of a self-
expanding nitinol frame with an expanded polytetrafluoroethyl-
ene (ePTFE) membrane placed in the LV apex via the femoral
artery, was the first percutaneous device tried in patients with
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ischaemic cardiomyopathy and an anterior-apical scar. The
device was intended to partition the non-contractile anterior-
apical scar, create a new apex, and restore the elliptical shape
of the LV. Despite promising early data from 19 patients
(Supplementary Figure 2)*, a phase III randomised controlled
trial was terminated in 2017 after enrolling 338 patients without
published results?!.

On the whole, the above studies demonstrated improvements
in quality-of-life metrics and functional status but did not consist-
ently show a substantial survival benefit. Their data were mostly
limited to observational cohorts or patients undergoing surgery
for a separate indication, such as CABG or mitral valve repair/
replacement. Thus, the question remains whether patients with
dilated cardiomyopathy who receive optimal guideline-directed
medical therapy (GDMT) but continue to demonstrate sympto-
matic HF could benefit from an isolated structural intervention
targeting the LV. Because of the complexity and highly invasive
nature of SVR in this high-risk patient population, percutaneous
ventriculoplasty procedures may be more feasible.

Transcatheter left ventriculoplasty devices
currently in pivotal trials

REVIVENT MYOCARDIAL ANCHORING SYSTEM

The Revivent TC system (BioVentrix) offers a minimally invasive
strategy for LV reconstruction in HF patients with an LV antero-
apical scar and/or aneurysm. Instead of surgically resecting the LV
scar/aneurysm, this procedure excludes the non-functional tissue
through the application of pairs of titanium anchors on the beat-
ing heart. The reduced LV radius lowers myocardial wall stress
(according to Laplace’s law), leading to more efficient contrac-

tile function. Preprocedural planning with multimodality imaging

Implant Revivent anchors
Revivent anchors
and tether

Pre- procedure

Dilated cardiomyopathy
due to post-MI scarring

Tether across the scar

Catheter for tether /
anchor delivery

(transthoracic echocardiography [TTE] to screen and computer-
ised tomography [CT] or magnetic resonance imaging [MRI] to
assess LV volumes and scar location) is key.

While the first-generation Revivent TC delivery system required
a median sternotomy, the second-generation system allows
a hybrid approach via a mini-thoracotomy and right internal jug-
ular (IJ) access, which is performed off-pump. The mini-thora-
cotomy provides direct access to the anterolateral LV epicardial
surface, where a needle enters the LV through the scar and trav-
erses the interventricular septum into the right ventricular (RV)
apex. A guidewire is then delivered to the RV and retrieved by
a prepositioned snare through the 14 Fr right 1J venous sheath,
creating a continuous track rail over which the internal anchor
can be advanced and applied against the RV side of the septum.
A tether along the same rail through the LV wall is then affixed
with a locking anchor on the LV epicardial surface and is used
to draw the two anchors towards each other until sufficient con-
tact between the two opposing walls is achieved, resulting in the
exclusion of a portion of the LV chamber. This action is repeated
along the long axis of the LV, until a portion of the anterolateral
wall is in contact with the corresponding portion of the septum,
resulting in the exclusion of the non-functioning scar tissue from
the rest of the myocardium (Figure 1). Transoesophageal echocar-
diography (with deep transgastric views) and fluoroscopy are used
to guide crucial steps of the procedure, such as ventricular septal
puncture and wire snaring in the RV.

A prospective, multicentre, single-arm study was conducted in
Europe between 2010 and 2016 to evaluate the safety and effi-
cacy of the Revivent TC system in 86 patients with dilated ischae-
mic cardiomyopathy (LVEF 25-45%, LVESVi 60-120 mL/m?
New York Heart Association [NYHA] Class II-IV) and an akinetic

Post-procedure

Scaris excluded, LV wall
stress decreased

External
anchor

Figure 1. The Revivent TC system. Implantation of the Revivent TC anchor pairs across the right side of the septum and anterolateral left

ventricular wall, resulting in the exclusion of the aneurysmal and/or akinetic scar tissue. Reproduced with permission from BioVentrix. LV: left

ventricular; MI: myocardial infarction



or dyskinetic scar in the anteroseptal, anterolateral and/or apical
regions. Fifty-one patients received the first-generation system
through median sternotomy and 35 received the hybrid procedure,
with 4.5% 30-day in-hospital mortality and a 90.6% survival rate
at 12 months. Haemodynamic and clinical data showed significant
improvements in LVEF, LVESVi, LVEDVi, secondary mitral
regurgitation (MR), NYHA class, 6-minute walk test (6MWT) dis-
tance and Minnesota Living with Heart Failure (MLHF) score®.
The adverse event rates were relatively low: ventricular arrhyth-
mias (14%), bleeding (8.1%), increase in tricuspid regurgitation
(5.8%), pleural effusion (5.8%), stroke (4.7%), atrial fibrillation
(3.5%) and ventricular septal defect (2.3%). Based on the above,
CE marking was awarded, and the Revivent TC system has been
available in Europe since 2016.

To further assess the clinical benefit of the Revivent TC sys-
tem, the Randomized Evaluation and Verification of Ventricular
Enhancement (REVIVE-HF) randomised controlled trial is cur-
rently being conducted in Europe, where 120 patients with ischae-
mic cardiomyopathy will receive the investigational device and
60 will remain on GDMT. Preliminary data have demonstrated
significant improvement in LVESVi, LVEDVi, LVEF and car-
diac output assessed with cardiac magnetic resonance (CMR) at
12 months ([Hennig F, et al. Impact of Less Invasive Ventricular
Enhancement TM (LIVE TM) Compared to Optimal Medical
Therapy on Cardiac Output in Patients with HFREF - Preliminary
Results of a 12-month Multi-center CMR Trial. ] Am Coll Cardiol.
2019;73:810] and [Stoiber L, et al. Abstract 20772: In a multi-
center trial Less Invasive Ventricular Enhancement (LIVETM)
Technique with the Revivent TM system (Bioventrix) significantly
improves LV function in HFrEF patients. A 12 months-CMR-fol-
low-up study. Circulation. 2017;136:A20772]). Furthermore, long-
itudinal data from Revivent TC recipients in Europe demonstrated
sustained LVESVi reduction at 5 years (from 73.2+27 ml at base-
line to 56.1+16 ml, p=0.047), along with improvement in NYHA
class and 6MWT distance®. Various refinements of the procedure
over time, as well as imaging advances resulting in better identi-
fication of suitable pathology and intraprocedural guidance, have
been associated with more effective LV volume reduction and bet-
ter safety outcomes.

The American Less Invasive Ventricular Enhancement (ALIVE)
study is a prospective, multicentre, non-randomised, dual-arm piv-
otal trial of the Revivent TC system being conducted at US and
European sites. A total of 126 patients will be allocated in a 2:1
fashion to the study device and GDMT groups, respectively. The
key qualifying criteria are LVEF <45%, LVESVi >50 mL/m?
NYHA III-IVa symptoms despite GDMT, and presence of a con-
tiguous, akinetic scar involving the septum, anterior, apical or
anterolateral LV walls. The control group will consist of patients
who meet the inclusion criteria, except for the LV aneurysm/scar
location, or patients with previous sternotomy or left thoracotomy,
and patients who elect to be enrolled in the control group. Safety
data from patients treated with the Revivent TC system will be
compared with surgical outcomes from the Society of Thoracic

Left ventriculoplasty

Surgeons database on LV aneurysm repair. The primary endpoint
is freedom from device-related major adverse events including all-
cause death, myocardial infarction, stroke, prolonged mechanical
ventilation, renal failure, non-elective cardiac surgery, and wors-
ening HF requiring mechanical support (e.g., intra-aortic balloon
pump, ventricular assist device, or extracorporeal membrane oxy-
genation). Secondary endpoints include improvement in quality
of life and clinical parameters (NYHA class, 6SMWT distance and
MLHF score) and reduction in HF-related hospitalisation rates.
Supplementary Table 1 summarises the key aspects of ALIVE.

ACCUCINCH VENTRICULAR RESTORATION SYSTEM

The AccuCinch Ventricular Restoration System (Ancora Heart)
consists of anchors, radiopaque sliders, locks, and a cable that
connects the anchors in the endocardial surface of the basal LV
wall. It is delivered through the femoral artery and aortic valve
retrogradely into the LV under fluoroscopic and echocardiographic
guidance. A tracking catheter with a semi-circular shape is posi-
tioned at the basal aspect of the LV, serving as a guide for device
deployment. The anchors and sliders are placed in series approxi-
mately 10-20 mm below the mitral annulus in the basal to mid-LV
wall, starting under the medial aspect of the posterior mitral leaflet
(P3). Special caution is applied to avoid entanglement in the sub-
valvular mitral apparatus. Tension is finally applied on the cable,
which is cinched, leading to a reduction of the basal LV wall
radius and volume (Figure 2). This results not only in a reduction
of wall stress, but also in the approximation of the papillary mus-
cles and reduction of mitral leaflet tethering, leading to improved
LV systolic performance and secondary MR reduction.

Initial experience with the AccuCinch was described in a multi-
centre, single-arm, prospective early feasibility study in 19 patients
with HF and functional MR (CorCinch-FMR). Preliminary results
showed a 40% reduction in LV systolic and diastolic volumes,
reduction in mitral regurgitation, and improvements in LVEF,
NYHA class and quality of life (Kansas City Cardiomyopathy
Questionnaire [KCCQ]) at 6 months, without any major safety
concerns (Reisman M, et al. TCT-88 6-Month Outcomes of an
Early Feasibility Study of the AccuCinch Left Ventricular Repair
System in Patients With Heart Failure and Functional Mitral
Regurgitation. JACC. 2019;74:B88).

The Clinical Evaluation of the AccuCinch Ventricular Restoration
System in Patients Who Present with Symptomatic Heart Failure
with Reduced Ejection Fraction (HFrEF) (CORCINCH-HF) study
is a prospective, randomised, controlled, open-label, multicentre
trial intending to evaluate the safety and efficacy of the investi-
gational device in patients with dilated cardiomyopathy. The trial
intends to randomise 400 patients to the investigational device
and GDMT groups. Key inclusion criteria are LVEF 20-40%, left
ventricular end-diastolic diameter (LVEDD) >55 mm and persis-
tent NYHA II-IVa symptoms, despite optimal GDMT and car-
diac resynchronisation therapy (if indicated) for at least 90 days.
Similar to ALIVE, patients with more-than-moderate functional
or degenerative MR are excluded. The primary endpoints are
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CABLE SLIDER
- Braided high molecular  _poyester-covered nitinol
\ivglghtdpogeﬂgylfne 4 Evenly distributes force
ANCHOR X redundant streng amongst anchors
- Nitinol anchors placed LOCK
radially into LV wall - Nitinol lock secures
- Provides eyelets for cable and maintains
cable cinch

Figure 2. The AccuCinch ventricular restoration system.

A) AccuCinch implant configuration. B) The AccuCinch device is
implanted 10-20 mm below the mitral valve annulus. Tension is
applied on the cable connecting the anchors, leading to a reduction
of basal lefi ventricular diameter. Reproduced with permission_from
Ancora Heart. LV: left ventricular

freedom from device-related major adverse events, changes in the
KCCQ score, the 6MWT distance, and the composite of all-cause
death, LVAD implant or heart transplant, and HF hospitalisations.
Figure 3 outlines the patient selection process for the Revivent TC
and AccuCinch ventriculoplasty devices.

Emerging dedicated LV reshaping technologies
ALGISYL-LVR

Left ventricular augmentation with intramyocardial injection
of Algisyl (Algisyl-LVR; LoneStar Heart), a calcium alginate
biopolymer, increases the LV wall thickness, resulting in reduc-
tion of the LV cavity diameter, volume, and ultimately wall stress
according to Laplace’s law (Central illustration). The biopolymer
serves as a prosthetic scaffold that reduces the size and spheric-
ity of the LV, leading to a more efficient contractile function. The
AUGMENT-HF safety and efficacy trial randomised 78 patients
with advanced dilated cardiomyopathy (LVEF <35%, peak VO2 of
9.0-14.5 mL/min/kg, and LVEDD index [LVEDDIi] 30-40 mm/m?)
to Algisyl and GDMT versus GDMT alone. Algisyl was adminis-
tered by a series of circumferential injections in the mid-LV wall
from the anterior to posterior intraventricular groove via a limited
left anterior thoracotomy. Treatment with Algisyl was associated
with significant improvements in peak VO2, 6MWT distance, and
NYHA Functional Class at 12 months, compared with the con-
trols*. The development of a completely percutaneous, catheter-
based delivery system for intramyocardial administration of Algisyl
with fluoroscopic and echocardiographic guidance is currently
underway. This novel technology may expand the interventional

Dilated cardiomyopathy
Reduced LVEF
Optimal GDMT for at least 90 days
NYHAlI-IVa

v

- LVEF <45%, LVESVi >50 mL/m?
- Anterior, septal and/or apical
contractile scar or aneurysm

- LVEF 20-40%
- LVEDD >55 mm, with or
without scar

!

Key exclusions
—Miwithin 90 days

.

—LVthrombus or mass

—MR >moderate

— Unrevascularised CAD

—PASP >60 mmHg

—Cr>2.5 mg/dl, eGFR
<30 ml/min/1.73 m?

—Prior open heart surgery or
thoracotomy

— Life expectancy <1 year due to
non-cardiac conditions

| ReviventTC System |

CORCINCH-HF Key exclusions
—MI, PClor CTS within 90 days
— Unrevascularised CAD

AccuCinch Ventricular

. —Intracardiac mass or thrombus
Restoration System

—MR, TR >grade 3

—Moderate-severe AS or AR

—Prior MV or AV replacement

— Severe RV dysfunction

—PASP >70 mmHg

— Hypertrophic, infiltrative or
restrictive CM

—eGFR <25 ml/min/1.73 m?

—Life expectancy <1 year due to
non-cardiac conditions

Figure 3. Algorithm for the appropriate selection of patients for the Revivent TC and AccuCinch ventricular repair systems. AR: aortic
regurgitation; AS: aortic stenosis; AV: aortic valve; CAD: coronary artery disease; CM: cardiomyopathy; Cr: creatinine; CTS: cardiothoracic
surgery; eGFR: estimated glomerular filtration rate; GDMT: guideline-directed medical therapy, LV: left ventricular; LVEDD: left
ventricular end-diastolic diameter; LVEF: left ventricular ejection fraction;, LVEFi: LVEF index; LVESVi: lefi ventricular end-systolic volume
index; MI: myocardial infarction; MR: mitral regurgitation; MV; mitral valve; NYHA: New York Heart Association; PASP: pulmonary arterial
systolic pressure; PCI: percutaneous coronary intervention; RV: right ventricular; TR: tricuspid regurgitation



treatment options for dilated cardiomyopathy and allow for hybrid

left ventriculoplasty procedures with other devices.

V-SLING
V-sling (Cardiac Success) is a left ventricular transcatheter repair
system that targets the subvalvular mitral apparatus and aims at pap-
illary muscle approximation in patients with dilated cardiomyopathy
and secondary MR. The sling procedure was first performed surgi-
cally in combination with mitral ring annuloplasty, with the place-
ment of a 4 mm polytetrafluoroethylene (Gore-Tex) tube around
the papillary muscles, which is tightened together, thereby reducing
mitral leaflet tethering and the LV diameter (Central illustration).
A single-centre randomised trial of 96 patients with severe ischae-
mic MR and reduced LVEF undergoing CABG showed that surgical
papillary muscle approximation in addition to mitral annuloplasty
was associated with significant reverse LV remodelling (LVEDD,
LVEF), lower major adverse cardiovascular events and lower recur-
rence of moderate-severe MR at 5 years, without a difference in
overall mortality compared to mitral annuloplasty alone®. A fully
dedicated transcatheter device, delivered via a steerable sheath that
is inserted into the LV via retrograde (transfemoral) aortic access was
anticipated to undergo a first-in-human early feasibility evaluation
later in 2022 in Europe and Israel. The study will enrol patients with
an LVEF 20-40%, secondary MR 1-2+, LVEDD >55 mm and end-
systolic interpapillary distance >20 mm. This minimally invasive
transcatheter approach may directly address the underlying mecha-
nism of secondary MR, with the potential to restore the elliptical
LV shape and promote reverse LV remodelling, without precluding
future valvular or other transcatheter ventriculoplasty procedures.
Other devices, such as the Heart Damper (Eucardia), are cur-
rently in preclinical stages. The Heart Damper is a memory-shaped,
dynamic structure implanted in the LV apex. Besides reducing the
effective LV volume, its property of changing shape during sys-
tole (pointing upward) and diastole (flat) is intended to transmit the
energy generated by LV contraction to increase stroke volume®.

Current challenges and future directions
With preliminary data outlining the safety and feasibility of both
the Revivent TC and AccuCinch percutaneous ventriculoplasty
devices, the ALIVE and CORCINCH-HF pivotal trials are posi-
tioned not only to demonstrate safety in a larger number of HFrEF
patients, but also efficacy, beyond the established pharmacologic
and device HF therapies. Safety will be key, followed by reduction
in HF hospitalisations and quality of life/functional improvement,
which are increasingly being shown to correlate with significant
clinical endpoint reductions across a range of device therapies®.
Preprocedural imaging is key for appropriate patient selec-
tion, planning, and device success. The effects of transcatheter
ventriculoplasty on global LV function and the response of the
remote, non-infarct-related myocardium to the geometric changes
of the ventricle may require a more comprehensive assessment
of regional LV function with advanced echocardiographic (3D
speckle tracking) and/or CT/CMR techniques.

Left ventriculoplasty

Despite the potential advantages of transcatheter ventriculo-
plasty, related to its less invasive nature compared to surgery,
there are certain limitations inherent to the current procedures.
For example, the Revivent TC device is intended to treat left
anterior descending territory scars, which need to be transmural.
Post-sternotomy patients, who represent a significant portion of
patients with ischaemic cardiomyopathy, are currently excluded
from ALIVE. The presence of intracavitary RV pacemaker/defi-
brillator leads in close proximity to the interventricular septum
can pose a technical challenge for internal anchor deployment.
A small or trabeculated RV apex poses considerable challenges
for undertaking the traditional LV-to-RV first anchor placement,
which is felt to be the substrate for achieving the greatest LV
volume reduction. In such circumstances, 3 direct LV-LV stitches
are applied by the cardiac surgeon, obviating the need to cre-
ate an LV-RV anchor from the jugular vein. For the AccuCinch
device, the need for large-bore iliofemoral arterial access (20 Fr)
may be a limitation for patients with peripheral vascular disease.
A minimum thickness (5-6 mm) of the basal LV wall is required
to safely deploy and accommodate the anchors of the cinching
device, which may result in the exclusion of a significant num-
ber of patients.

The presence of more-than-moderate secondary MR cur-
rently serves as an exclusion criterion in both the ALIVE and
CORCINCH-HF trials; however preliminary data suggest MR reduc-
tion in certain patients who received the respective investigational
device. Given that secondary MR is considered a left ventricular
disease (present in about 20% of the HFrEF population), patients
may benefit from left ventriculoplasty upfront, possibly obviating
the need for mitral valve intervention. On the other hand, reduc-
ing LV volume with left ventriculoplasty may uncover patients with
“disproportionate” MR who may gain additional benefit from sub-
sequent percutaneous MV repair or replacement. Including patients
with more-than-moderate secondary MR in future trials may be
helpful to adequately formulate the treatment algorithm associated
with best outcomes: upfront transcatheter ventriculoplasty versus
early percutaneous mitral valve intervention.

Another important question is whether certain patients with sig-
nificantly dilated LV and an anterior and/or apical scar might benefit
from combined left ventriculoplasty procedures. Further innovation
in transcatheter left ventriculoplasty devices to address all catego-
ries of dilated cardiomyopathy, irrespective of the presence, size,
and location of the scar or prior open heart surgery, will be impor-
tant to expand the applicability of such procedures to a broader
HFrEF population. Lessons learned from earlier translational mod-
els of surgical ventricular restoration shed important light onto
the potential adverse effects of indiscriminately targeting exten-
sive areas of compliant/potentially contractile myocardium for LV
volume reduction®. Any future hybrid transcatheter LV-reshaping
technique designed to treat a broader HffEF population will need
advanced preprocedural imaging assessment to identify the specific
myocardial regions most likely to serve as a volume reduction target
whilst also promoting reverse remote LV remodelling.
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Conclusions

Despite early challenges with surgical LV reconstruction, there is
growing interest in percutaneous physical reverse remodelling for
dilated cardiomyopathy, with numerous transcatheter devices under
development and investigation. While transcatheter left ventriculo-
plasty appears a promising strategy based on preliminary anatomical,
pathophysiological, and clinical data, the efficacy of these proce-
dures has yet to be proven in the HfrEF population. To that end, two
devices are currently under investigation in pivotal clinical trials in
the US. With the emergence of interventional heart failure ther-
apy — a new field spanning interventional cardiology, heart failure,
imaging, and cardiac surgery — innovative interventional and struc-
tural therapies aimed at physical LV remodelling may expand our
armamentarium against the heterogeneous heart failure syndrome.
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Supplementary data

Supplementary Table 1. The CORCINCH-HF and ALIVE clinical trials.

CORCINCH-HF ALIVE
Study design Multi-center prospective randomized trial Multi-center prospective non-randomized trial
Device AccuCinch® Ventricular Repair System Revivent TC System

No of subjects

400 (1:1 randomization to device vs GDMT)

126 (2:1 allocation to device vs GDMT)

Key inclusion

criteria

1. LVEF 20-40% and LVEDD >55mm

3. NYHA 1I-1V (ambulatory)

4. Able to complete 6MWT distance 100-450m
5. On optimal GDMT and CRT (if indicated)

for at least 90 days

1. LVEF <45% and LVESVi >50mL/m?

2. NYHA 1lI-1V (ambulatory) on GDMT

3. Contiguous acontractile scar or aneurysm
involving the septum, anterior, apical or
anterolateral LV wall

4. Viable myocardium remote from scar area

Key Exclusion

Criteria

1. MI, PClI or CT surgery within 90 days

2. Untreated significant CAD

3. Severe aortic arch calcification, mobile
aortic atheroma, intracardiac mass, thrombus
or vegetation

4. Suboptimal ventricular anatomy

5. MR grade =3 or degenerative MR

6. Prior mitral or aortic valve replacement
7. Planned CT surgery in the next 6 months
8. Non-ambulatory NYHA IV

9. Severe RV dysfunction by RHC and TTE

1. MI within 90 days

2. Intracardiac thrombus or mass

3. Secondary MR greater than moderate
(EROA>20mm?) or degenerative MR

4. Need for coronary revascularization

5. CRT device within 60 days

6. PASP >60mmHg

7. Serum Cr >2.5mg/dl, eGFR <30ml/min
8. Contraindication to anticoagulation

9. CVA or TIA within 6 months




10. PASP > 70mmHg

11. Severe TR (grade =23)

12. Moderate or severe AS or AR

13. HOCM, amyloid, restrictive
cardiomyopathy, constrictive pericarditis

14. eGFR<25 ml/min/1.73m?

15. Stroke within 90 days

16. Contraindication to anticoagulation

17. Life expectancy < 1 year due to noncardiac

conditions

10. Previous open-heart surgery, thoracotomy
or pericardiotomy
11. Life expectancy <1 year due noncardiac

conditions

Follow-up

5 years

5 years

Endpoints

1. Freedom from device related MAEs at 180
and 365 days (all-cause death, MI, stroke,
non-elective cardiac surgery, worsening HF
requiring mechanical support for >24 hours)

2. Change in KCCQ Score

3. Change in 6MWT distance

4. Composite of all-cause death, LVAD
implant or heart transplant, HF

hospitalizations, change in KCCQ score

1. All-cause death, mechanical support,
emergent cardiac surgery, prolonged
mechanical ventilation, renal failure and
stroke at 30 days

2. All-cause death, mechanical support,
operation for HF, bleeding or tamponade at
1-12 months

3. HF hospitalizations and improvement in
HF symptoms (NYHA class, MLHF

quality of life score, 6MWT)




Table abbreviations

AR: aortic regurgitation, AS: aortic stenosis, CVA: cerebrovascular accident, eGFR: estimated
glomerular filtration rate, HOCM: hypertrophic obstructive cardiomyopathy, KCCQ: Kansas
City Cardiomyopathy Questionnaire, MAE: major adverse events, PASP: pulmonary artery
systolic pressure, RHC: right heart catheterization, TIA: transient ischemic attack, TR: tricuspid

regurgitation.



Procedure and Study Design Bascline Data Follow-up Data
Dor procedure (codoventricular circular patch) EF (%) 35+ 13 Mo 39 £19 months
EDVI (ml/m’): 166+ 77 EF (%) 484 12

Prospective, observational, single center study of 207 patients with peior anterior
MI complicated by mmeurysm

ESVI(mlm’) 112 2 64
Induacible VT (n) 75163

EDVI (mben’)y: 86 + 34
ESVI (mlm’): 46 2 26

Indacible VT (n): 17182

Mortality (%): 14.5 (does mot include operative moetality)

Modified Dor precedure CABG CARG + SVR Y

EF (%) 28 23-31) EF (%): 28 24-31) Primary outcome: 59% vs 58% p = 0.90. HR 0.99 (0.84-1.17)
STICH 2 Trial : malticoner, intemational, RCT of 1000 patients with LVEF < ESVI (ml/m): 82 (65-102) ESVI (ml/mr): 82 (66-105) All cause moetality: 25% vs 25% p = 0.98 HR 1 (0.79-1.26)
35%, CAD amenable to CABG, and anterior LV MR: 3§% , 47% mild, MR: 38% tracomonc, 43% mild, | Average improvement in NYHA class: 1 in both groups (p = 0.7)
SVR. Randomized to SVR + CABG vs CABG alome. 14% moderate, 3% severe 14% moderate, 4% severe Average improvement in CCS class: 1.7 in both groups (p = 0.84)

EMWT (m) 350 OMWT (m): 350 EMWT (m): 350 for CABG and 420 for CABG + SVR (p = 0.5)
Primary outcoens: death from amy cause o bospitalization for cardiac cause
Myosplint (tensicn flamenst) Mvospling Myosolint & MV

NHYA29:04 NHYA3.0+02 NHYA 21209 NHYA 21206

21 puticnts with ic dilated cangiomyopathy, NYHA class IV, LVEF <
38%, LVEDM 6.5-12¢m underwent Myosplint + mitral valve repair or Myosplint

LVEDV (mi): 320 = 143
LVESV (mi): 265 » 119

LVEDV (mi): 339 = 149
LVESV (ml): 263 + 128

LVEDV (mi) 296 = 170
LVESV (ml): 233 » 150

LVEDV (mi) 337 = 150
LVESV (ml): 273 2 141

Primary cuscomns: all-cause mortality, primary adverse events, docrease in MR

MR:24+08
NYHA: 1(5%), 11 (41%), 111 (S1%)

NYHA(13%), 11(62%), I
25%)

alone LVEF (%) 17.1 +.4 LVEF (%) 244496 LVEF (%) 231272 LVEF (%):21.1 464
MR (grade): 1.6 £ 0.6 MR (grade): 2.8 £ 0.9 MR (grade): 1.6 £ 1.1 MR (grade): 1.3 4 1.1
Coapsys (temsion filament) =MV, =2 = 2 MR Gesde G4 montiu)
LVEF: 3832103 LVEF: 35287 Survival (all paticats): 77% CABG + MVr: 0.35 = 063
RESTOR-MV: ve, emulticenter, RCT of 300 patients undergoing CABG | MR: 2.54 4 0.804 MR: 20406 (control) vs §7% (Coapsys) HR CABG + Coapsys: 1.24 + 0.97 (p < 0.0001)
with LVEF > 25% and at least moderate MR. NYHA: 1(7%), 1 (41%), 111 (48%) NYHA: 1(0%), 125%), IN62%) | 0.421.p=0.038 CABG: 133+ 058
«Jo CABG + Coapsys: 1.29+ 076
| ABG + MVr (ring “oupsys) vs CABG (CABG CABG + =74 CABG + G 5 | survival (all
1/ o CABG with Coapsys). LVEF:354 2 10 LVEF: 392458 jpaticnts): 63% (control) & 76% MV 2
MR: MR:20+06 (treatment) HR 0.372. p = 0.022 1 year: 66% (control) vs 71% (treatment).

2 year: 72%{control) vs 79% (treatment)
foe time p = < 0.001, between groups p = 0.86

CorCap (lcft ventricular polyester mesh)

Acor': Prospective, multicenter, RCT of 300 paticnts with sympsomatic HF
(NYHA IILIV), LVEF < 3§%, LVED > 60 or LVED! > 30, and 6MWT <
450m on optimal GDMT, Stratified by need for MVR vs 50 MVR. Compared
Corcap + MVR vs MVR aloes and Coecap + GDMT vs GDMT akcn.

Primury endpoiat: composite of sarvival, the need for major cardiac peocedures for
worscaing heart failure, and a change in NYHA class

Trsatmeat

LVEF (%) 26 £9

LVEDd (men): 71.7 102
LVEDV (ml): 271 4 108
LVESV: 203 = 968

MR (grade): 20 £ 1.5

MLHF: 606 +217

Pesk VO2: 138439

NYHA: 11 15% 11 82% IV 3%

2
Primary endpoint 27% vs 38% HR 1.73 C11.07-2.99 p= 0,024

Mortality: 164% v 168%p = 0.5

Freodom from major cardiac  T4% vs 89% p = 0,01
Improvement in NYHA > | class: 36% vs 45% p = 0.049

Scrious adverse events | year: 78% vs 81% p = 043

Treatment effect. LVEF: 3.8% p 045, LVESV: 15 el p 0.013, LVEDV: 18 8mi p
0008

HeartNet (Greumferential nitinol epscardial mess that covers LV and RV)

PEERLESS-HF: Multicenter RCT of 200 patients with symptomatic HF, EF <
38% despite GDMT, 6MWD 150450 m, pesik VO 10-20 mlkg/min, LVEDD <
8Senm, LVEDDI <40 mnven’, and HF duration > 6 months.

Coogrel
NYHA 1 51%
NYHA I11 50%

Trsaseny
NYHA 11 1%
NYHA [11 45%

S months (control vs samcol}

Peak VO2: improvemcst froquency 39% vs 37% (p-0.5)

MLOQHE: impeovement froquency: 49% v 37% (p ~0.184)

EMWT: improvement froquency: 25% vs 36% (p-0.044)

NYHA improvement at 6 months: 29 paticets vs 37 paticnts (p = 0.52)
KOCQ mean change at 6 months: 3.4 vs 126 (p= < 0.001)

Supplementary Figure 1. Surgical ventricular restoration procedures and relevant

studies

21,22,24-29

CABG: coronary artery bypass grafting, CCS: Canadian Cardiovascular Society, FMR:

functional mitral regurgitation, HR: hazard ratio, KCCQ: Kansas City Cardiomyopathy

Questionnaire, MLHF: Minnesota Living with Heart Failure, MVr: mitral valve repair, RCT:

randomized-controlled trial, SVR: surgical ventricular restoration, VO2: oxygen consumption,
6MWT: 6-minute walk test
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LVEDVI (ml/m?)  125.7(3.04)  109.4 (3.04) 108.9 (3.04) 108.9 (3.04)  114.4(3.04)
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Supplementary Figure 2. The Parachute left ventricular partitioning device.

A: The Parachute device consists of a self-expanding nitinol frame, a polytetrafluoroethylene
(ePTFE) impermeable membrane and an atraumatic polymer foot and is implanted in the left
ventricular apex. B: 36-month longitudinal echocardiographic data from patients who received

the Parachute device.



