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A B S T R A C T

Chronic heart failure (HF) is a clinical syndrome of myocardial dysfunction characterized by inadequate cardiac output or preserved output that can only be
achieved by sustaining abnormal loading conditions. Morphologically, HF with reduced left ventricular function results in progressive chamber remodeling,
meaning the ventricle dilates, operating at larger end-diastolic and end-systolic volumes, and takes on an abnormal, spherical shape that increases wall
stress. Reverse remodeling is the goal of HF-directed therapies and can be achieved by biological means, ie, altering the loading conditions that, at a cellular
level, promote myocardial dysfunction, or physical means, ie, directly altering myocardial mass or shape. In this review, we highlight the existing and
emerging device-based mechanisms for biologically and physically reverse remodeling the left ventricle in chronic HF.
Introduction

Left ventricular (LV) dysfunction that results in chronic heart failure
(HF) syndromes is associated with stereotypical changes in LV chamber
geometry and structure. For example, the ventricular cavity assumes a
spherical shape and the orientation of key ventricular structures such as
the papillary muscles are altered. These changes—referred to as LV
remodeling—perpetuate a vicious cycle that precipitates further ven-
tricular dysfunction and, as a consequence, more pronounced changes
in ventricular size and structure.

The goal of contemporary HF therapies is to interrupt this cycle by
either targeting the biological mechanisms of ventricular dysfunction
and dilation or physically altering LV size and geometry or a combina-
tion of both strategies. Although contemporary guideline-directed
medical therapy (GDMT) can dramatically improve clinical outcomes,
critical treatment gaps remain for patients who are unable to tolerate
such therapies (ie, limitations in renal function or blood pressure) or only
experience a partial response to therapy. Therefore, transcatheter
therapies to reverse the LV remodeling process associated with chronic
HF syndromes may play a substantial role in future management of
patients with HF. In this review, we highlight some of the key devices
that have been developed for this purpose.
Abbreviations: EDV, end-diastolic volume; GDMT, guideline-directed medical therapy; H
sociation; PV, pressure-volume.
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The physiology of LV remodeling

The pressure-volume (PV) diagram is a useful tool for understanding
the hemodynamic consequences of ventricular remodeling in HF
(Figure 1). Furthermore, the PV diagramwill be used to highlight the key
mechanisms of action for many of the transcatheter devices described
in greater detail later in this review.

Recall that the LV PV loop depicts pressure and volume changes in
the ventricle during 1 cardiac cycle, proceeding in 4 discrete phases in
a counterclockwise fashion from the bottom right corner (end-dias-
tole, closure of the mitral valve): isovolumic contraction, ejection,
isovolumic relaxation, and relaxation (Figure 1A). The shape of the
normal LV PV loop is roughly rectangular with a domed top, reflecting
the rise in pressure during systolic contraction. The LV PV loop is al-
ways contained within the end-systolic pressure-volume relationship
(ESPVR) and the end-diastolic pressure-volume relationship (EDPVR)
(Figure 1B). The ESPVR is roughly linear and connects the point of
end-systole with the volume-axis intercept (ie, the unstressed blood
volume of the left ventricle), and the slope of the line (end-systolic
elastance, Ees) provides a load-independent assessment of LV con-
tractile function (Figure 1C). The EDPVR, unlike the ESPVR, is
nonlinear and reflects the extent (but not the rate) of relaxation of the
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Figure 1.
Basic elements of the left ventricular pressure-
volume (PV) diagram. (A) The normal PV loop has 4
discrete phases. Beginning at end-diastole, when the
mitral valve closes, in the bottom right hand corner of
the loop is isovolumic contraction. During this phase,
ventricular pressure increases without any changes in
ventricular volume because both the mitral and aortic
valves are closed. Then comes the ejection phase when
the aortic valve opens as ventricular pressure exceeds
diastolic pressure. At the end of ejection, the point of
end-systole is reached (top left corner of the loop), and
isovolumic relaxation begins. This gives way to the filling
phase when ventricular pressure falls below left atrial
pressure and the mitral valve opens. (B) The PV loop is
bound by 2 fundamental relationships such that the top
left corner of the loop (end-systole) is determined by the
end-systolic pressure-volume relationship (ESPVR), while
the bottom portion of the loop is bound by the nonlinear
end-diastolic pressure-volume relationship (EDPVR). (C)
The ESPVR’s slope—called end-systolic elastance (Ees),
provides a load-independent estimate of contractility. A
larger Ees, indicating a steeper ESPVR, implies greater
contractility and vice versa. (D) The PV loop is also a
helpful tool for visualizing myocardial energetics. The
area within the loop, or stroke work (SW), represents the
energy exerted during each cardiac cycle to eject blood
into the systemic circulation. The potential energy is the
energy stored in myofilaments after systolic contraction
and is represented by the area bound by the ESPVR and
EDPVR, but outside the PV loop. PV area is the sum of
potential energy and SW and is linearly related to
myocardial oxygen consumption. Figure produced with
BioRender.
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left ventricle during diastole. Figure 2 depicts the characteristic PV
loop changes associated with chronic HF with reduced ejection frac-
tion (EF), where systolic function declines, as evidenced by a shallow
ESPVR. As the ventricle dilates and end-diastolic volume (EDV) in-
creases, the EDPVR shifts rightward and the ventricle becomes more
compliant (ie, larger changes in volume are associated with smaller
changes in pressure). These shifts may preserve stroke volume but
come at the expense of dramatically increased energy expenditure,
which is reflected by PV area (which is the area bound by the ESPVR,
EDPVR, and systolic portion of the PV loop) (Figure 1D).
A complete discussion of the LV PV loop in HF and its subtleties is
outside the scope of this discussion. However, a number of excellent
resources provide further explanation for readers to take a deeper dive
into the subject.1,2 Broadly speaking, however, from a hemodynamic
perspective, HF therapies attempt to improve systolic function (increase
the slope of and left-shift the ESPVR), reduce afterload (ie, the imped-
iment to forward flow, or effective arterial elastance, Ea, which is high-
lighted in Figure 1B), and reduce LV dimensions by shrinking ESV and
EDV. These hemodynamic changes are the basis for the magnitude of
clinical effect of various HF therapies (Table 1).2–16
Figure 2.
Pressure-volume (PV) loop changes in chronic heart
failure with reduced ejection fraction (HFrEF). In
chronic HFrEF, end-systolic elastance (Ees; a surrogate of
contractility) declines. To compensate, the PV loop shifts
to the right because the end-diastolic pressure-volume
relationship (EDPVR) flattens, causing the ventricle to
operate at higher volumes. This maintains stroke volume
(SV) at the expense of significantly increased PV area and
myocardial oxygen consumption. Systolic blood pres-
sure (SBP) also declines as Ees decreases, so afterload
(represented by the slope of the effective arterial ela-
stance, Ea, line) may increase (typically as a function of
increased adrenergic tone) to maintain perfusion pres-
sure. Figure produced with BioRender.



Table 1. Summary of HF-focused devices and their effect on left ventricular remodeling and clinical outcomes.

Device Description Remodeling
mechanism

Remodeling effect Clinical outcomes Pivotal evidence

Percutaneous valve-based therapies
MitraClip Percutaneous edge-to-edge mitral valve

repair
Biologic LVESV ↓ 6.3 mL vs control,

but ↑ 6.5 mL vs baseline
↓ Mortality and heart failure
hospitalizations at 24 mo

COAPT4

Carillon Reproduces surgical annuloplasty with
CS-based device with shaping ribbon

Biologic LVESV ↓ 6.2 mL; LVEDV ↓
10.4 mL at 12 mo

↑ 6MWT time and KCCQ score at 12
mo

REDUCE-FMR,5

TITAN-I/II6,7

ARTO CS device that tethers the
anteroposterior dimension of mitral
annulus

Biologic LVEDVi ↓ 16 mL at 24 mo ↓ NYHA class and ↓ HF
hospitalizations at 24 mo

MAVERICK8

TAVR Transcatheter aortic valve replacement Biologic LVEDVi ↓ 15.3 mL/m2 ↓ Long-term mortality and HF
hospitalizations

Kato et al9

Mechanical heart failure therapies
CCM Nonexcitatory stimulation to enhance left

ventricular contractility
Biologic LVEDV ↓ 7.4 mL

LVESV ↓ 11.3 mL
↑ Peak VO2, ↑ 6MWT, ↓ MLWHFQ,
NYHA class, HF hospitalizations

FIX-HF-4,10

FIX-HF-5/5C11,12

Partitioning devices
Revivant
TC

Minimally invasive device to exclude
scarred myocardium from the left
ventricle

Physical LVESVi ↓ 20.0 mL/m2

LVEDVi ↓ 26.0 mL/m2
↑ 6MWT and ↓ NYHA class Klein et al13

Parachute Percutaneous ventricular partition device Physical LVESVi ↓ 13.5 mL/m2

LVEDVi ↓ 18.2 mL/m2
↑ 6MWT and ↓ or stable NYHA class
in 85% of patients

PARACHUTE III14

Reshaping devices
AccuCinch Subvalvular cinch deployed through

anchors into the left ventricle
Physical LVESVi ↓ 21% at 12 mo ↑ KCCQ score and ↑ 6MWT CorCinch-HF15

MIRTH Intramyocardial catheter based
ventricular reshaping

Physical NA NA Bruce et al16

Reproduced with permission from Brener et al.2

6MWT, 6-minute walk test; CCM, cardiac contraction modulation; HF, heart failure; KCCQ, Kansas City Cardiomyopathy Questionnaire; LVEDD, left ventricular
end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVEDVi, indexed LVEDV; LVESV, left ventricular end-systolic volume; LVESVi, indexed LVESV;
MIRTH, Myocardial Intramural Remodeling by Transvenous Tether; NA, not available; NYHA, New York Heart Association; TAVR, transcatheter aortic valve replacement.
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The paradigm of biological and physical reverse remodeling

We have previously advocated that LV reverse remodeling can be
achieved through 2 fundamental mechanisms: biological and physical
means (Central Illustration).2,17 Biological reverse remodeling refers to
changes in ventricular structure and function that occur as a byproduct
of alterations in loading conditions or neurohormonal activation. The
most readily understood form of HF treatments that target biological
reverse remodeling are pharmacotherapies that affect ventricular
preload (ie, diuretics), afterload (ie, vasodilators), and neurohormonal
activity (ie, β-blockers). Device-based therapies can also actuate bio-
logical reverse remodeling by modulating loading conditions in a
similar fashion, such as LV assist devices, which unload and take over
for the work of the heart, aortic valve replacement in the setting of
severe aortic stenosis (AS) (which reduces afterload), or mitral valve
repair in the context of severe mitral regurgitation (MR) (which can
reduce preload). Device-based biological reverse remodeling has
been demonstrated in multiple settings to achieve favorable re-
ductions in LV volumes, similar to what has been described with
components of contemporary GDMT.

Physical reverse remodeling directly reduces LV mass or alters LV
geometry (ie, not as a secondary consequence of therapy). Surgical
ventricular restoration with various techniques (ie, the Dor or Batista
procedures) constituted the firstmajor attempt to physically remodel the
ventricle. Broadly speaking, these procedures restored normal ventric-
ular volumes and geometry by resecting or excluding portions of
diseased myocardium.18 However, clinical outcomes with these early
techniques demonstrated considerable variability depending on the
properties of the myocardium that was removed. Favorable remodeling
was achieved only when dyskinetic, aneurysmal tissue was removed (ie,
what was achieved with the Dor procedure), whereas excising hypo-
kinetic myocardium (ie, the Batista procedure) precipitated restrictive
physiology, which translated into poorer clinical outcomes. Although
surgical reverse remodeling has largely been abandoned, a number of
emerging transcatheter devices show greater potential and will be the
subject of the discussion further. As a general principle, physical reverse
remodeling cannot be a stand-alone treatment for HF and must be
paired with some form of biological reverse remodeling because the
abnormal loading conditions that drive remodelingmust bemitigated in
some fashion.

It is also important to note that the processes of biological and
physical reverse remodeling do not always directly target the left
ventricle; rather, they can influence function of other key cardiac
structures, which, in turn, improves LV function. The most developed
examples of such treatments target the left atrium and left atrial annular
function (ie, transcatheter annular restoration devices), which serves a
key role in transiting blood to the left ventricle.
Biological reverse remodeling devices

As described earlier, biological reverse remodeling targets the
loading conditions that perpetuate the vicious cycle of HF. Although
pharmacologic approaches are the first-line means for achieving bio-
logical reverse remodeling, a number of devices—many targeted at
specific valvular lesions that influence LV loading conditions—have a
role alongside contemporary GDMT.
Mitral valve interventions

Functional MR occurs frequently in individuals with HF and is a
major driver of disease progression, symptoms, and adverse out-
comes.19–21 The revolutionary effect of mitral transcatheter
edge-to-edge repair (mTEER) was affirmed in the Cardiovascular
Outcomes Assessment of the MitraClip Percutaneous Therapy for
Heart Failure Patients with Functional Mitral Regurgitation (COAPT)
trial, which compared mTEER plus GDMT with GDMT alone in in-
dividuals with significant MR. mTEER achieved a reduction in the
primary end point of HF hospitalizations or mortality at the 24-month



Central Illustration.
Biological and physical mechanisms for reverse remodeling. Left ventricular reverse remodeling can target biological pathways that aberrate ventricular loading conditions and
cause cavity enlargement and distortion. Alternatively, it can immediately address changes in left ventricular size and shape, as with physical reverse remodeling. *Therapies that have
combined biological and physical reverse remodeling mechanisms. Courtesy of Alkhunaizi et al.17 ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ARNI,
angiotensin receptor–neprilysin inhibitor; CRT, cardiac resynchronization therapy; fMR, functional mitral regurgitation; LVAD, left ventricular assist device; MIRTH, Myocardial Intramural
Remodeling by Transvenous Tether; MVr, mitral valve repair; MVR, mitral valve replacement.
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follow-up. Despite these obvious clinical benefits, LV volumes
actually increased during follow-up for individuals randomized to
mTEER, albeit to a far lesser extent than in individuals assigned to
GDMT alone.4 Of note, these “beneficial” effects to slow LV
remodeling may depend heavily on the patient cohort undergoing
mTEER. The complementary MITRA-FR (Percutaneous Repair with
the MitraClip Device for Severe Functional/Secondary Mitral
Regurgitation) trial, for example, where participants tended to have
worse LV function, more advanced LV remodeling, and less severe
MR than COAPT trial participants, reported no significant differences
in LV reverse remodeling between mTEER and GDMT.22,23

Aside from mTEER, a number of therapies directed at MR reduction
have shown promising early results in LV reverse remodeling. The
predominant mechanism for MR reduction mimics surgical annuloplasty
through devices implanted in the coronary sinus (CS), which wraps
around the mitral valve annulus. The Carillon Mitral Contour System
(Figure 3) (Cardiac Dimensions) is a nitinol ribbon that is fixed in the CS
by 2 anchors at each end of the device. Delivered through a 10F
catheter transvenous access, the device’s natural bend reshapes the
annulus and decreases its dimension to reduce functional MR. The
Carillon device received CEmark in 2011 and has undergone a rigorous
clinical trial evaluation in the REDUCE-FMR,5 TITAN-I,6 and TITAN II7

studies. Consequently, it was endorsed in the European Society of
Cardiology guidelines for treatment of MR (IIb recommendation) and is
currently being evaluated as an adjunct to GDMT in patients with HF
and EF of <50% in the randomized EMPOWER trial (NCT03142152).
However, a recently published pooled analysis from the 3 published
trials evaluating the Carillon device demonstrated significant reductions
in LV volumes for individuals with proportionate MR (a median of 20 mL
reduction in left ventricular end-diastolic volume [LVEDV]; interquartile
range, 7-33 mL; and a median of 18 mL reduction in left ventricular
end-systolic volume [LVESV]; interquartile range, 6-30 mL) but not those
for individuals with disproportionate MR.24

The ARTO device (MVRx) is a 12F catheter system that is implanted
transvenously and is intended to reduce the minor axis (ie, ante-
roposterior length) of the mitral annulus with a suture-based method
(Figure 4). Similar to the Carillon system, the ARTO device is delivered
by cannulating the CS and implanting a “t-bar” into the lateral wall of
the heart through the greater cardiac vein. Then, a tether is inserted into
the ventricle and grasped through a transseptal implant. The tether is
shortened to reduce the degree of MR and has the theoretical advan-
tage of not causing any compression of the circumflex artery by altering
the entire CS course. Two-year outcomes from the MAVERICK trial
demonstrated the device was safely implanted in 45 patients, with only
2 of the 45 experiencing adverse procedural events at the 30-day
mark.8,25 MR reduction was sustained, as was evidence of LV reverse
remodeling (indexed left ventricular end-diastolic volume [LVEDVi], 106
� 26 mL/m2 at baseline to 90 � 30 mL/m2 at 2-year follow-up).

A myriad of transcatheter mitral valve replacement devices (ie,
Tendyne valve, Abbott; Intrepid, Medtronic; and SAPIEN M3,
Edwards Lifesciences) and other valvular therapies (ie, Half-Moon
posterior mitral leaflet repair system, Half-Moon Medical; and



Figure 3.
The Carillon Mitral Contour System. (A) The Carillon Mitral Contour System (Cardiac Dimensions) is a device with 2 anchors at the terminal portion of the device that sit in the coronary
sinus. (B, C) The changes in mitral annular dimensions that result with device placement.
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NeoChord, Neochord) are also currently under development and
may be a promising transcatheter technology for patients with LV
dysfunction. A full review of these devices is discussed in greater
detail elsewhere.26
Aortic valve interventions

Transcatheter aortic valve replacement (TAVR) revolutionized the
treatment landscape for individuals with aortic valve pathology, providing
a minimally invasive means to avoid traditional open heart surgery.27–29

Multiple elegant cardiac magnetic resonance studies demonstrated a
reduction in LVEDVi and indexed left ventricular end-systolic volume
(LVESVi) post-TAVR, which is sustained through intermediate follow-up
and independent of the specific type of TAVR prosthesis used (ie,
balloon vs self-expandable transcatheter valve).30 Furthermore, the car-
diac magnetic resonance–based studies demonstrated TAVR has the
ability to regress diffuse myocardial fibrosis and reduce myocyte hyper-
trophy.31 This was further elucidated in the collective experience from the
PARTNER (Placement of Aortic Transcatheter Valves) I, II, and S3 trials,
which included individuals across the surgical risk spectrum from inter-
mediate to inoperable risk AS and showed a 14.5% decline in LV mass
index at 1 year.32 Moreover, the degree of LV mass reduction was asso-
ciated with less all-cause mortality and HF hospitalization 5 years
post-TAVR. Although TAVR provides widespread symptomatic benefit for
patientswithAS, individuals with uniqueASphenotypes, similar toAS that
occurs in the context of transthyretin cardiac amyloidosis,33 or individuals
post-TAVR who have residual aortic regurgitation,9,34 experience less LV
reverse remodeling and may not enjoy similar degrees of clinical benefit.
Although the TAVR experience for pure aortic regurgitation is still
in early stages, LV reverse remodeling is a critical end point in this
clinical scenario, considering contemporary guidelines use thresh-
olds for LV dimensions to trigger therapy in asymptomatic in-
dividuals.35 Data specifically addressing reverse remodeling are
lacking, for both currently available and approved prostheses and
newer-generation devices, which are designed specifically for aortic
regurgitation. The upcoming release of results from the ALIGN-AR
(A Study to Assess Safety and Effectiveness of the JenaValve Tril-
ogy Heart Valve System in the Treatment of High Surgical Risk Pa-
tients With Symptomatic, Severe Aortic Regurgitation) trial, which
evaluated the Trilogy Heart Valve System (JenaValve) will shed light
on this important topic.
Cardiac contractility modulation

Cardiac contractility modulation (CCM) is a device-based treatment
for HF that enhances native contractility by applying a high-voltage
(7.5-V) biphasic signal over a 20-ms period to the right ventricular
septum during the absolute refractory period of ventricular excitation
(Figure 5A).36 By initially altering calcium cycling within myocytes and
during longer-term treatment, inducing beneficial posttranslational
modification of key proteins involved in determining contractile force
and a shift of myocardial gene expression profile from the fetal geno-
type typical of chronic HF to a more normal adult genotype,37–40 CCM
treatment has been associated with improved cardiac contractility
(Figure 5B). CCM has been studied in the context of 3 randomized
trials—FIX-HF-4,10 FIX-HF-5,11 and FIX-HF-5C12

—and shown to



Figure 4.
The ARTO System. The ARTO System (MVRx) shortens mitral annular dimensions by
applying a tether, extending from the coronary sinus (single arrow) through the ventricle
(double arrow) to reduce functional mitral regurgitation and reverse remodel the
left ventricle.
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increase exercise tolerance and improve quality of life and decrease
all-cause mortality and HF hospitalizations. In a study using 3-dimen-
sional echocardiography at the 3-month follow-up, LVESV decreased
(11.5% � 10.5%) and EF improved (4.8% � 3.6%), illustrating the de-
vice’s capacity to reverse remodel the left ventricle,41 and longer-term
observational studies have shown sustained improvements in LV EF.42
Figure 5.
Cardiac contractility modulation mechanism of action. (A) A pulse generator delivers high-v
this alters the local biology of myocardium and eventually effects left ventricular reverse remo
after CCM (magenta), illustrating the increase in end-systolic elastance. CCM, cardiac contrac
New York Heart Association. Courtesy of Abraham et al12 and Mohri et al.43
Physical reverse remodeling devices

The original experience with physical reverse remodeling began with
adjunctive surgical procedures to improve LV function in the context of
surgical revascularization or valve-directed procedures. Broadly speaking,
these efforts fall into the following 3 categories: interventions that (1)
partition the ventricle and essentially exclude diseased myocardium, (2)
reshape the ventricle and attempt to restore the normal elliptical LV form,
and (3) constrain the ventricle and attempt to reduce cavity size and wall
stress by externally compressing the left ventricle. A variety of trans-
catheter therapies for partitioning and reshaping the left ventricle have
been developed, which will be the focus of the review’s subsequent
discussion. Two notable constraint devices—CorCap (Acorn) and Heart-
Net (ParaCor)—were developed but they were associatedwith safety and
efficacy concerns such that they are no longer under evaluation and, thus,
will not be mentioned further.
Partitioning devices

The partial success of surgical ventricular restoration has motivated
the development of various devices that can achieve similar results
without incurring the risks of traditional, open heart surgery. The most
developed technology for this purpose is the Revivant TC System
(BioVentrix), which is a transcatheter ventricular enhancement system
that is intended to exclude scarred anterior wall myocardium from
viable myocardium, thereby reducing LV volume and restoring the
normal elliptical shape of the left ventricle (Figure 6).11,43 The device
features a pair of polyester-coated titanium microanchors, one that sits
in the right ventricle abutting the interventricular septum and another
that sits on the exterior surface of the left ventricle. A guide wire is
placed through minithoracotomy across the border zone of the
infarcted, akinetic myocardium and passed through the interventricular
septum into the right ventricle. Then, the guide wire is exteriorized
through the internal jugular vein, and one anchor is inserted into the
right ventricle while another anchor is inserted along the exterior sur-
face of the left ventricle. Furthermore, the anchors are brought
together, plicating the left ventricle and excluding the desired area of
myocardium. The procedure can be repeated multiple times to extend
the area of excluded myocardium. Transesophageal echocardiographic
oltage biphasic impulses directly to the right ventricle to enhance contractility. Over time,
deling. (B) A representative example of pressure-volume loops from baseline (black) and
tility modulation; MLWHFQ, Minnesota Living With Heart Failure questionnaire; NYHA,



Figure 6.
The Revivant TC System. (A) The BioVentrix Revivent TC myocardial anchoring system (B) attaches to the exterior surface of the left ventricle and the right ventricular side of the
interventricular septum to plicate the diseased myocardium. Courtesy of Brener et al.2
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guidance during insertion of the guide wire and anchors is critical, as is
preprocedural cross-sectional imaging.

The technical feasibility of the procedure was evaluated in an ovine
(n ¼ 8) preclinical model with anterior wall infarction where Cheng et
al44 described a 40% reduction in LVEDV and a 17% increase in LVEF.
Afterward, the procedure—branded Less-Invasive Ventricular Enhan-
cement—was performed in vivo.13,45,46 The largest series reported
successful implantation in 86 of the 89 (96.6%) patients, resulting in
significant LV reverse remodeling at 1 year (LVESVi declined from 74 �
28 to 54 � 23 mL/m2, and LVEDVi declined from 106 � 33 to 80 � 26
mL/m2). Patient-reported outcome measures were also favorable; the
average New York Heart Association (NYHA) HF class symptoms
decreased from 2.6 � 0.5 to 1.9 � 0.8 (P < .001) and the Minnesota
Living with Heart Failure Questionnaire score declined from 39 � 21 to
26 � 22 (P < .001). There were 3 procedure-related deaths (n ¼ 1 each
for myocardial necrosis, LV injury, and pulmonary artery injury), but,
overall, 1 year survival was 90.6%.13 An investigation device exemption
was granted by the US Food and Drug Administration-based on these
results, and a pivotal study—the American Less-Invasive Ventricular
Enhancement trial—is ongoing. The trial is projected to recruit 126
patients with NYHA class III/IVa symptoms, LVEF of �45%, and LVESVi
of �50 mL/m2 to treatment with the device vs GDMT (NCT02931240).
A similar study, REVIVE-HF (Randomized Evaluation and Verification of
Ventricular Enhancement), is underway in Europe with a planned
enrollment of 180 patients with similar inclusion and exclusion criteria
(NCT03845127).

The Parachute device (CardioKinetix) is an entirely percutaneous
mechanism that is delivered to the LV apex and is intended to exclude
akinetic or aneurysmal apical tissue (Figure 7). The device consists of a
polytetrafluoroethylene membrane draped on a self-expanding nitinol
frame. The device is implanted through a 14F or 16F catheter trans-
femoral access point and is manufactured in 4 sizes (diameter ranging
from 65.0-95.0 mm). The initial pilot study reported a technical success
rate of 83% (15/18 patients; the device was explanted in 1 patient) and
improvements in LVESV, LVEDV, LV EF, and clinical parameters, such as
NYHA class and 6-minute walk test (6MWT) distance at 12 months.47 A
mechanistic study confirmed that when applied to patients with true
aneurysms, this devices resulted in leftward shifts of the PV loop and
improved overall pump function (Figure 7C).48 Mazzaferri et al14 con-
ducted the single-arm PARACHUTE study in 39 individuals with
anteroapical myocardial infarction, LV EF of <40%, and NYHA II-IV HF
symptoms, where the device was implanted in 31 subjects (79%; n ¼ 5
implantation not attempted, n ¼ 3 with unsuccessful implants). NYHA
class improved (2.5� 0.6 to 1.3� 0.6; P<.001) but 6MWT distance was
unchanged at the 6-month follow-up. The subsequent PARACHUTE III
trial, which enrolled 100 individuals, reported a 97% successful im-
plantation rate and significant reductions in LV volumes at the 12-month
follow-up (LVESVi 84.0 � 24.2 to 70.5 � 24.5 mL/m2; LVEDVi 117.3 �
26.4 to 99.1 � 27.3 mL/m2; both P < .0001).49 A subset of 6 patients
underwent LV PV analysis before and after device implantation, illus-
trating many of the aforementioned changes (Figure 7C). However, the
3-year follow-up analysis of the original PARACHUTE study showed that
the favorable changes in LV size were not sustained (LVESVi was 89.6
mL/m2 at baseline and 77.1, 76.7, 76.7, and 87.0 mL/m2 at 6, 12, 24,
and 36 months, respectively; LVEDVi was 125.7 mL/m2 at baseline and
109.4, 108.9, 108.9, and 114.4 mL/m2 at 6, 12, 24, and 36 months).50

This finding, in addition to safety concerns with device implantation,
halted a pivotal study.51

The Heart Damper (Eucardia) is currently under development and
features a percutaneously delivered device that partitions the apex from
the rest of the LV cavity but does so with a flexible diaphragm that flattens
duringdiastole and contracts during systole to propel blood out of the left
ventricle. In addition to physically remodeling the ventricle, the device
also uses energy transferred from ventricular contraction to potentially
augment stroke volume and increase cardiac output. Additional studies
are currently underway to test the safety and feasibility of the device.
Reshaping devices

The other predominant percutaneous strategy for physical reverse
remodeling involves ventricular reshaping to optimize chamber perfor-
mance. The genesis for developing these devices was the original
Coapsys device (Myocor), which was a surgically implanted subvalvular
tether that reducedmyocardial wall stress by helping the ventricle resume
its normal elliptical shape.52 Although the device was associated with a
1-year survival advantage over the standard of care in the RESTOR-MV
(Randomized Evaluation of a Surgical Treatment for Off-Pump Repair of
the Mitral Valve) study,53 the need for surgical implantation and various
financial considerations prompted the discontinuation of the device (even



Figure 7.
The Parachute device. (A) The Parachute device (B) as it is placed in the left ventricular apex. (C) Pressure-volume loops from 6 patients illustrate favorable leftward shifting of the
pressure-volume loop and changes in the end-systolic pressure-volume relationship. Courtesy Brener et al.2
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the second iteration of the device, which was a transcatheter system54)
and the search for other fully percutaneous approaches.

The AccuCinch ventricular restoration device (Ancora) addresses
this treatment gap (Figure 8). The device features a polyethelene cable,
which is inserted into the LV retrograde (transaortic) through a 20F
transfemoral system and is deployed 1.0 to 2.0 cm below the mitral
valve annulus and affixed to the endocardial surface by 12-16 anchors.
Once the device is attached to the endocardial surface by the anchors,
the cable is tightened to “cinch” the left ventricle and reduce its basal-
to-midfree wall circumference. This reduces mitral annular dimensions
to attenuate the amount of functional MR and reduces the radius of
curvature of the left ventricle to decrease wall stress.55 The device has
completed preclinical and early feasibility testing56 and is being eval-
uated in the pivotal randomized CorCinch-HF (Clinical Evaluation of the
AccuCinch Ventricular Restoration System in Patients Who Present With
Symptomatic Heart Failure With Reduced Ejection Fraction) trial
(NCT04331769), where 400 participants with symptomatic dilated car-
diomyopathy with EF between 20% and 40%, LV end-diastolic diameter
of �55.0 mm, and MR of �2þ will be randomized in a 1:1 fashion to
GDMT vs GDMT plus AccuCinch implantation.

An initial report at Technology and Heart Failure Therapeutics 2023
by Hamid et al15 from 51 trial participants from 3 US early feasibility
studies (CorCinch-HF with reduced EF, NCT03533517; CorCinch-FMR
NCT02806570; CorCinch-PMVI NCT03560167) and 1 European
pivotal trial (CorCinch-EU, NCT NCT03183895) demonstrated prom-
ising early results. The median time for device implantation was 131
minutes, and an average of 13 anchors were successfully deployed.
There was an immediate reduction in LVEDV (�11.2 � 2.7 mL) after im-
plantation, which was not only sustained but progressed out to 12
months’ follow-up (�33.6 � 5.4 mL; n ¼ 41/51), implying the device
actuated an acute physical reverse remodeling effect, compoundedby a
later biological reverse remodeling effect. Therewere similarly favorable
improvements in HF symptoms (change in Kansas City
CardiomyopathyQuestionnaire score frombaseline to12months¼16.4
� 2.7) and 6MWT (þ45.9� 12.7 feet), with 65%of participants reporting
a �1þ improvement in NYHA class.15

A new procedure— myocardial intramural remodeling by trans-
venous tether (MIRTH)—uses many of the same principles as the
AccuCinch device to reshape the ventricle.16 MIRTH involves the
percutaneous implantation of a cable circumferentially within the LV
wall, which is then tightened to reduce LV diameter (Figure 9). The
procedure is executed by placing a stiff guide wire (Astato XS), orig-
inally purposed for penetrating chronic total occlusions in the coro-
nary arteries, into the CS and using it to pierce the myocardium. To be
successful, the wire must be placed in the mid-myocardial layer, and
this is achieved by connecting it to a novel navigational system called
Electrocardiogram radial Depth Navigation (EDEN). EDEN produces a
unipolar intramyocardial electrogram that generates a unique signa-
ture when the guide wire is in the mid-myocardial layer. This
allows the operator to redirect the wire away from the endocardial
and epicardial surfaces and traverse the LV circumference within
the mid-myocardial layer. Then, the guide wire is externalized
after reentering the ventricle and exchanged for an ultra-
–high-molecular-weight polyethylene-braided suture through a stan-
dard, coaxial coronary microcatheter. Tension is subsequently applied
to the tether to decrease the LV radius of curvature and perimeter.

Bruce et al16 performedMIRTH in a preclinical model with 12 healthy
swine and 13 swine with a fibrotic myocardium from an iatrogenic



Figure 8.
The AccuCinch device. (A) Short-axis and (B) long-axis views of the AccuCinch device after it is implanted in the subvalvular position. Courtesy Brener et al.2
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myocardial infarction. MIRTH was successfully executed in 11 of the 12
healthy swine. Septolateral and anteroposterior end-diastolic and
end-systolic diameters decreased afterMIRTHandwere sustainedout to
90 days’ follow-up (7/11 swine), but changes in EDV index and
end-systolic volume index were not sustained. The authors also con-
ducted an elegant LV PV study to determine the optimal degree of
Figure 9.
Myocardial intramural remodeling by transvenous tether (MIRTH) ventriculoplasty proce
placement of a coronary guide wire into the mid-myocardium, navigating it using a novel tech
that can be cinched to perform ventriculoplasty and reduce left ventricular dimensions. EDE
tension on the cable to achieve favorable hemodynamic responses
(defined by the LVEDP). This revealed an inflection point at 21% short-
ening, suggesting that overshortening may produce some degree of
systolic and diastolic dysfunction. Although this technique appears
promising, it requires considerablymore refinement, especially for safety
and feasibility.17
dural details. Myocardial Intramural Remodeling by Transvenous Tether (MIRTH) involves
nique around the left ventricular circumference and replacing the guide wire with a cable
N, electrocardiographic radial depth navigation. Courtesy of Bruce et al.16
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Finally, a percutaneous ventricular reshaping device that encir-
cles the papillary muscles, called the V-sling (Cardiac Success), at-
tempts to recapitulate many of the favorable effects reported with
surgical papillary muscle approximation.57–59 The V-Sling is deliv-
ered through 14F catheter transfemoral access to the left ventricle
and deployed around the papillary muscles using a steerable
sheath. The device brings the papillary muscles together to reduce
ventricular dimensions and has a favorable effect on the degree of
functional MR in preclinical models. Preliminary data from the
first-in-human experience with V-sling were presented by Sievert et
al60 at THT 2023, demonstrating feasibility of implantation.
Conclusion

HF in the setting of reduced EF is a clinical syndrome characterized
by changes in LV structure and geometry, which promote further
myocardial dysfunction and dilation over time. These morphologic
changes are the treatment target for HF-directed therapies, which
either seek to directly alter LV size and shape, that is, physically reverse
remodel the left ventricle, or secondarily change LV size and shape by
affecting loading conditions, that is, biologically reverse remodel the
left ventricle. Both reverse remodeling strategies have roles to play in
the treatment armamentarium for HF, but additional research is
required to determine which patients will benefit the most from these
interventions and how to integrate such interventions into the evolving
landscape of GDMT.
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