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ABSTRACT
Left ventricular remodeling refers to a series of structural, cellular, molecular, metabolic, and functional changes that occur when
the myocardium is subjected to abnormal mechanical and neurohormonal stresses. In chronic heart failure with reduced ejection
fraction, remodeling is characterized at the whole heart level by left ventricular dilation and transition of chamber shape from
elliptical to spherical. These morphological changes are associated with distortion of the natural ventricular architecture and
shifting of key structures; notably, the papillary muscles and mitral valve apparatus, into abnormal positions. Thus, remodeling is
not only a consequence of the initial hemodynamic and metabolic insults that lead to heart failure but also serves to propagate
the very same process, contributing to the progressive loss of ventricular function over time. Accordingly, restoring the normal
ventricular size and halting or reversing the remodeling process has been an important target for many different heart failure
therapies. This review discusses these different treatment options and highlights the need to combine treatments directed at the
structural and hemodynamic abnormalities associated with heart failure in order to effectively reverse remodel the left ventricle.
ARTICLE HISTORY Received 6 March 2020; Revised 22 May 2020; Accepted 29 May 2020
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Introduction
Left ventricular remodeling is the process that describes progres
sive cavity dilation, distortion of the normal elliptical shape, and
contractile dysfunction of the left ventricle (LV). LV remodeling is
the hallmark of both ischemic and non-ischemic cardiomyopa
thies; although the nature of the initial insult differs (regional vs
global; primary muscle loss vs primary muscle dysfunction), the
ensuing process is similar. LV function deteriorates as the ventricle
dilates in accordance with Laplace’s law, which states that ventri
cular pressure generation (LVP) is proportional to myocardial
force generation per unit cross-sectional area of wall thickness
(i.e., wall stress, σ) and wall thickness (h), but is inversely propor
tional to the radius of curvature of the LV cavity (r): LVP = 2·σ·h/r.
This also means that for a given ventricular pressure, the myocar
dium is under greater stress as the heart dilates: σ = (LVP·r)/(2 h).
Increased myocardial wall stress during systole results in myocyte
hypertrophy (sarcomeres laid down in parallel), while increased
stress during diastole results in myocyte elongation (sarcomeres
laid down in series) which increases ventricular diastolic volume;
both result in increased LV mass.1
In addition to alterations of myocardial stress, remodeling
is driven by systemic neurohormonal activation induced by
decreased systemic perfusion2 and by local stretch-related
paracrine effects which contribute to myofibroblast prolifera
tion, collagen matrix disruption, myofiber reorganization,
interstitial fibrosis, apoptosis, necrosis, and all of the
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associated shifts of gene expression and altered protein func
tion (due to changes of phosphorylation status) characteristic
of chronic heart failure (HF).3 Accordingly, remodeling is
a self-propagating, time-dependent, progressive process. For
this reason, LV remodeling has been described as a biomarker
for the cellular, structural, metabolic, molecular, and func
tional derangements associated with HF.3 While the heart
also remodels in other settings, such as hypertension, infiltra
tive diseases (e.g., amyloid), and in the setting of HF with
preserved ejection fraction (HFpEF),4 the focus of this review
is on HF with reduced ejection fraction (HFrEF).
The impactful role of LV remodeling in HF syndromes has
been well recognized for decades. Numerous treatments,
including pharmacotherapy, percutaneous procedures, mini
mally invasive operations, and ventricular reconstruction
requiring cardiopulmonary bypass, have been developed to
arrest or reverse the adverse remodeling process. Herein we
review these treatments and provide a comprehensive view of
state-of-the-art therapies directed at LV remodeling.

Discussion
Ventricular manifestations of remodeling
Changes in myocyte width and length underly, in large part,
changes in LV end-systolic and end-diastolic volume (ESV
and EDV) that are characteristic of remodeling. First and
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foremost, these changes reflect rightward shifts of the enddiastolic pressure–volume relationships (EDPVR), toward lar
ger volumes. This phenomenon was initially demonstrated by
Fletcher et al. who demonstrated that by 4 weeks following
experimental myocardial infarction in rats, the EDPVR
shifted rightward by an amount related to infarct size
(Figure 1(a)).5 These and related experiments6,7 formed the
theoretical foundation upon which the concept and terminol
ogy of “remodeling” were established, including its link to the
pressure-volume diagram. Furthermore, based on Laplace’s
law, the changes in LV size and structure that result in shifts
of the EDPVR also result in rightward shifts and decreased
slope (Ees) of the end-systolic pressure–volume relationship
(ESVPR), which is a direct reflection of how remodeling
decreases LV chamber contractility (Figure 2(a), arrows).
Together, the EDPVR and ESPVR form the lower and
upper boundaries, respectively, that constrain the ventricular
pressure–volume loop. These relationships have further
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significance, since it is the distance between the EDPVR and
the ESPVR, quantified by the pressure–volume area (PVAiso)
as a function of filling pressure,8 that further illustrates the
reduced work-generating capability of the heart due to remo
deling (Figure 2(b)). PVAiso is the area between the ESPVR
and EDPVR as a function of EDP and indexes the workgenerating potential of the left ventricle.
On a cellular basis, it is important to recognize that
although the end-diastolic volume is increased, end-diastolic
sarcomere length in the remodeled LV (which dictates where
the heart resides on its Starling curve) does not increase
significantly above its maximum possible in situ myocardial
value of ~2.3 μm, even at high filling pressures.9 The often
referenced “descending limb” of the Starling curve (i.e., reduc
tion of cardiac output with excessive increases in end-diastolic
pressure) due to overstretching of sarcomeres beyond the
point of optimal thick- and thin-myofilament overlap was
debunked several decades ago and is not an important

Figure 1. Left ventricular dysfunction leads to increased end-systolic and end-diastolic volumes. Panel A illustrates the progressive right-ward shifting of the enddiastolic pressure–volume relationship, which forms the lower boundary of the pressure-volume loop, with larger infarct size. These harmful changes in left
ventricular geometry may be mitigated, as is demonstrated in Panel B where the ESPVR shift is less pronounced, in response to captopril administration. From
Fletcher, et al. Circ Res. 1981, and Pfeffer, et al. Circ Res. 1985; borrowed with permission.

Figure 2. Left ventricular dysfunction and changes in the end-diastolic pressure–volume relationship negatively impact contractility. Panel A features two pressurevolume loops, one in a heart with normal ventricular function (blue) beside the loop from a patient with left ventricular dysfunction (red). Note that the end-systolic
pressure–volume relationship (gray line, Ees) has a lower slope as the loop shifts rightward. Panel B highlights the deleterious impact of left ventricular dilation on the
work-generating capacity of the left ventricle. PVA = pressure-volume area, EDP = end-diastolic pressure. Images courtesy of Mir Basir, Mohammad Alqarqaz, Michael
Brener, Amirali Masoumi, Dimitri Karmpaliotis, and Daniel Burkhoff.
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consequence of remodeling or excessive preloading of the
chronically failing heart.9–12 That is not to say that cardiac
output does not decrease with excessive increases in preload,
it is simply that the evidence indicates that the mechanism is
not myofilament overstretch. Other factors may be contribu
tory, such as worsening of mitral regurgitation, induction of
subendocardial ischemia or blood oxygen desaturation due to
pulmonary edema.
Changes in LV mass are also a fundamental aspect of
remodeling. Even with constant wall thickness, or even slight
decreases thereof, myocardial mass generally increases as the
heart remodels. This has important implications for the bal
ance between energy supply and demand since the degree of
hypertrophy generally outstrips capillary growth; both the
quantity of oxygen delivery and the diffusion distance for
oxygen from capillaries to myocytes increases, which can
result in relative hypoperfusion and ischemia at times of
high energy demands.13,14 This may explain in part why
there are troponin leaks in HFrEF patients, especially during
HF exacerbations with increased end-diastolic pressures, even
in the absence of epicardial coronary disease.15
Based on the fundamental concepts outlined above, signif
icantly increased LV size evidenced on chest x-ray or echo
cardiography is the consequence of remodeling and rightward
shifts of the EDPVR (Figure 3, red line); large LV volumes are
not just due to an increased diastolic filling pressures driving
volume up a normal EDPVR which, along with pericardial
constraints,16 allows for only relatively small increases in
EDV. Having acknowledged this, it is important to recognize
that in states of acute HF with pulmonary edema, heart size
can be relatively normal (Figure 3, blue line).

LV remodeling and correlation with outcomes
While clinical outcomes are frequently correlated with LVEF,
this parameter does not tell the entire story and other para
meters relating to LV structure such as EDV and ESV provide
valuable complementary information (Figure 4).3 For exam
ple, Migrino and colleagues demonstrated a continuous asso
ciation between LVESV indexed to body surface area

Figure 3. Changes in the end-diastolic pressure–volume relationship over time
are necessary to drive increased left ventricular volumes.
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(LVESVi) and mortality among patients following myocardial
infarction treated with thrombolytics in GUSTO-1 (Global
Utilization of Streptokinase and tPA for Occluded Coronary
Arteries-1).17 LVEDV after MI in the VALIANT (Valsartan in
Myocardial Infarction) study also demonstrated a graded rela
tionship with adverse cardiovascular outcomes (Figure 5).18
Kramer and colleagues provide arguably the most sound
evidence for the association between LV remodeling and
clinical outcomes in their analysis of 88 randomized clinical
trials of HF therapies that reported parameters relevant to LV
remodeling (LV EF, LVEDV, and LVESV).19 Irrespective of
the intervention, the magnitude of long-term clinical benefit
(principally judged by mortality) was correlated to the extent
of remodeling according to the aforementioned parameters.
The authors were careful to note that LV remodeling assessed
by changes in LV function or geometry are not surrogates for
long-term clinical outcomes but are useful data to determine
the probability of such favorable outcomes.
Given the strong correlation with outcomes, there is
great interest in assessing whether preventing/limiting LV
remodeling following an insult or reversing it once it is
present can reduce cardiovascular morbidity. Two funda
mental therapeutic approaches for achieving these goals
have been explored (Figure 6): (1) those that rely primarily
on biological mechanisms; and (2) those that rely primarily
on physical mechanisms. The boundary between these
classes can be blurred and, indeed, most therapies ulti
mately rely on both mechanisms to achieve full long-term
effects. However, as will be detailed, the nature of how
volume and mass change over time, as well as the clinical
substrate to which a therapy is applied, contributes to the
success or failure of a specific method. As will be demon
strated, simply making the heart smaller does not guarantee
improved outcomes. Indeed, some of the noted therapeutic
approaches to be reviewed are well established, some have
been disproved and abandoned and several are currently
under investigation.
Biological prevention and reversal of remodeling:
pharmacology-based therapies
Therapies that primarily rely on biological means of pre
venting or reversing remodeling generally have favorable
effects on ventricular preload, afterload resistance, contrac
tility, and/or neurohormonal activity that secondarily lead
to reductions of myocyte size, myocardial mass, ventricular
chamber size, and interstitial fibrosis.
This approach was first evaluated with angiotensinconverting enzyme (ACE) inhibitors. Administration of cap
topril early following myocardial infarction in rats limited the
degree of the rightward shift of the EDPVR (Figure 1(b)).6 In
humans, captopril was found to significantly reduce pulmon
ary capillary wedge pressure (a correlate of diastolic wall
stress) and attenuate the increase in EDV).20 This was fol
lowed by a randomized study showing clinical benefits in
patients with LV dysfunction following acute MI in the
SAVE (Survival and Ventricular Enlargement) study in
which patients prescribed captopril post-MI experienced
a 19% reduction in mortality at 4 years follow-up.21 In an
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Figure 4. Impact of interventions on indices of left ventricular remodeling (Panel A – ejection fraction, Panel B – end-diastolic volume, Panel C – end-systolic volume)
and relation to the odds of death from multiple large-randomized control trials. From Konstam, et al. JACC Cardiovasc Imaging, 2011; reproduced with permission.

Figure 5. Associations between baseline left ventricular end-diastolic volume and mortality, HF hospitalizations, and adverse cardiovascular events from the
“Valsartan in Myocardial Infarction” study (VALIANT). From Solomon, et al. Circulation, 2005; borrowed with permission.

echocardiographic sub-study conducted 1 year post-MI, cap
topril attenuated the increase in LV area in systole and dia
stole relative to placebo. Furthermore, adverse clinical
outcomes occurred less frequently in patients who

experienced a reduction in LV area, independent of whether
they were in the captopril treatment or control group.22
Taking this concept one step further, SOLVD (Studies of
Left Ventricular Dysfunction) demonstrated the ability of
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Figure 6. Mechanisms to address left ventricular remodeling may be principally biological, as in therapies that address the various molecular pathways that drive
ventricular dilation, or physical, as in therapies that primarily and abruptly reduce left ventricular size. The asterisk denotes therapies that have some mechanistic
overlap. Regardless of the primary mechanism, each class of therapies has secondary effects that feed a cycle of biological and physical changes which lead to
ventricular remodeling.

ACE-inhibition to reverse remodel the heart of patients with
established HF, chamber dilation, and LVEF ≤35% (71%
ischemic, 29% non-ischemic; Figure 7).23–26 These findings
were also extended to patients post-MI treated with angioten
sin receptor blockers (ARB) in VALIANT.27 The study com
pared the effect of an ACE-inhibitor (captopril), ARB

(valsartan), and the combination of the two against placebo,
and the echocardiographic sub-study showed no substantial
differences in the potency of ACE-inhibitors and ARBs to
reverse remodel the LV.18
Modulation of neurohormonal activity with beta-blockade
has also shown the capacity to reverse remodel the dilated

Figure 7. Pressure-volume analysis from patients enrolled in the “Studies of Left Ventricular Dysfunction” (SOLVD) showing that ACE inhibitors not only attenuated
negative remodeling, but actually appeared to reverse it and restore ventricular volumes toward baseline. From Konstam, et al. Circulation, 1993; borrowed with
permission.
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heart. Early studies of beta-blockade in patients with low LVEF
showed that carvedilol improved LVEF and LV fractional
shortening.28,29 Groenning and colleagues, working with the
MERIT-HF (Metoprolol CR/XL Randomized Intervention
Trial in Heart Failure) study, first demonstrated the reverseremodeling effects of beta-blockade in a randomized clinical
trial. Patients who received metoprolol experienced a 24 mL/
m2 decline in indexed LVEDV (LVEDVi) and a 26 mL/m2
decline in indexed LVESV (LVESVi) relative to placebo at
6 month follow-up as assessed by cardiac magnetic resonance
(CMR) imaging.30 Similar effects were demonstrated for carve
dilol using noninvasive pressure-volume analysis (Figure 8).31
These beneficial effects are associated with changes in expression
for myocardial genes relevant to contractile function, including
increased expression of α-myosin heavy chain and sarcoplasmicreticulum calcium ATPase, and decreased expression of βmyosin heavy chain.32 The benefit of beta-blockade also appears
to be dose-dependent; the MOCHA (Multicenter Oral
Carvedilol Heart Failure Assessment) study showed incremental
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increases in LVEF with escalating doses of carvedilol, which
translated to graded improvements in 6-month survival.33
Tsutamoto and colleagues demonstrated reductions in
LVESVi and LVEDVi in conjunction with the use of the
mineralocorticoid receptor antagonist (MRA) spironolactone
among patients with LVEF ≤45% and NYHA II/III HF
symptoms.34 Background use of ACE-inhibitors, ARBs, and
beta-blockers in this study was low, however. Udelson and
colleagues evaluated the effects of 9 months of eplerenone
therapy in a similar patient population (LVEF ≤35% and
NYHA II/III HF symptoms), albeit with high background
rates of guideline-directed medical therapy (≥90% use of
ACE-inhibitors and beta-blockers), and found no significant
changes in LVEDVi, LVESVi, or LVEF.35 Thus, the reverseremodeling effects of MRAs, particularly in the context of
significant neurohormonal blockade, remain uncertain.
More recently, there has been great interest in assessing
the impact of combined angiotensin blockade and neprily
sin inhibition (ARNI) therapy on LV remodeling consider
ing its beneficial effect on mortality. Two recently
published studies – PROVE-HF (Prospective Study of
Biomarkers, Symptom Improvement, and Ventricular
Remodeling During Sacubitril/Valsartan Therapy for Heart
Failure) and EVALUATE-HF (Effect of Sacubitril-Valsartan
vs Enalapril on Aortic Stiffness in Patients With Heart
Failure and Reduced Ejection Fraction) – showed small
but statistically significant reductions in LVEDVi and
LVESVi in patients with symptomatic HFrEF (LVEF) in
as little as 12 weeks of treatment.36,37
Despite the aforementioned successes, there have also
been many failures with different pharmacotherapies that
showed no effect on LV remodeling in patients with
HFrEF.38,39 Furthermore, a number of promising HF treat
ments, including SGLT-2 (sodium glucose transport pro
tein-2) inhibitors,40 have not yet been comprehensively
assessed for their capability to impact LV remodeling in
patients with HFrEF. Initial reports, however, indicate no
effect of the SGLT-2 inhibitor, empagliflozin, on LV size or
function in patients with type-2 diabetes without HF.41
Biological prevention and reversal of remodeling:
device-based therapies

Figure 8. Noninvasive pressure-volume diagrams highlighting left-ward shifts in
the loop and evidence of reverse remodeling in patients with a hemodynamic
response to Carvedilol. From Maurer, et al. Circulation Heart Fail, 2009; borrowed
with permission.

Left ventricular assist devices (LVADs)
Left ventricular assist devices (LVADs) mechanically unload the
ventricle and also reduce systemic neurohormonal activation.
Via both effects, LVADs have been shown to induce a profound
degree of reverse remodeling (Table 1 and Figure 9).46,60,61 At
the cellular level, the direct and indirect effects of LVADs
decrease the number of myocardial fibers in histologic analyses
compared to pre-LVAD support in bridge-to-transplant
patients; such results were obtained by comparing analysis of
myocardium removed from the LV apical core during LVAD
implantation to tissue obtained from the same patient at the time
of heart transplantation.62 Both continuous- and pulsatile-flow
devices have been shown to effectively and comparably reduce
ventricular volumes and induce leftward shifts of the EDPVR
toward lower volume.63 This was first demonstrated by Levin
et al. who demonstrated such shifts in response to an average of

Biologic

Percutaneous ventricular partition device

Parachute

LVESV ↓ 23.5 mL
LVEDV ↓ 25.7 mL
LVEDD ↓ 0.3 cm
LVESD ↓ 0.3 cm

Physical

Modified Dor procedure
Partial left ventriculectomy

Physical
Physical

Pivotal Evidence

Klein, et al.56

AUGMENT-HF55

PEERLESS-HF54

Mann, et al.53

PARACHUTE III52

RESTOR-MV51

Zhang et al.48
FIX-HF-5C49
CCM-Reg25-4550

MIRACLE47

Madigan, et al.46

Lamb, et al.44
Kato, et al.45

Acker, et al.43

EVOLUTION II*

↔ exercise capacity and
Sun, et al.57
heart failure hospitalizations
↔ exercise capacity, all-cause mortality or hospitalizations STITCH58
↑ heart failure hospitalizations
Starling, et al.59
and mortality

↑ 6MWT and ↓ NYHA class

↑ Peak VO2 and 6MWT and
↓ NYHA class

↔ mortality, heart failure symptoms, or 6MWT

↓ NYHA class and, in selected patients, ↑ survival

↑ survival and freedom from stroke, MI, and valve reoperation
↑ 6MWT and ↓ or stable NYHA class in 85% of patients

↓ short-term mortality balanced with substantial long-term
complications
↑ 6MWT and ↓ NYHA class, heart failure hospitalizations,
mortality
↑ Peak VO2, ↑ 6MWT, ↓ MLWHFQ and ↓ NYHA class, ↓ heart
failure hospitalizations

↑ peri-operative mortality,
↔ long-term mortality, NYHA class
↑ peri-operative mortality,
↓ long-term mortality

↓ in ≥ 1 reported NYHA class in 55.3% of patients

↓ mortality and heart failure hospitalizations at 24 months COAPT42

Clinical Outcomes

Notes: *Study stopped prematurely. fMR = functional mitral regurgitation, MVR = mitral valve replacement, MVr = mitral valve repair, AVR = aortic valve replacement, LVAD = left ventricular assist device, CRT = cardiac
resynchronization therapy, CCM = cardiac contraction modulation, SAVER = surgical anterior ventricular endocardial restoration, 6MWT = 6-minute walk test, NYHA = New York heart association, LVEDV = left ventricular enddiastolic volume, LVESV = left ventricular end-systolic volume, LVEDVi = indexed LVEDV, LVESVi = indexed LVESV, LVEDD = left ventricular end-diastolic diameter, LVV30 = left ventricular volume indexed to when a ventricular
pressure of 30 mmHg is reached.

SAVER
Batista procedure

LVESVi ↓ 20.0 mL/m2
LVEDVi ↓ 26.0 mL/m2
LVEDV ↓ 60.3 mL
LVESV ↓ 63.8 mL
LVESV ↓ 16.0 mL
LVEDD ↓ 2.0 cm
LVEDV ↓ 62.0 mL

LVEDV ↓ 28.9 mL

LVESVi ↓ 13.5 mL/m2
LVEDVi ↓ 18.2 mL/m2

LVEDD ↓ 0.6 cm

LVEDV ↓ 27.2 mL
LVESV ↓ 25.6 mL
LVEDV ↓ 7.4 mL
LVESV ↓ 11.3 mL

LVV30 ↓ 125.0 mL

LVEDVi ↓ 15.3 mL/m2

LVESV ↓ 6.3 mL vs control, but ↑
6.5 mL vs baseline
LVESV ↓ 17%
LVEDV ↓ 8%
LVESVi ↓ 6.7 mL/m2

Remodeling Effect

Physical

Physical

Physical

Biologic

Biologic

Percutaneously delivered inert implant that acts as
Physical
a prosthetic scaffold
Exclusion Procedures and Devices
Bioventrix Revivant
Minimally invasive device to exclude scarred myocardium Physical
from the LV
Dor procedure
Endoventricular patch plasty
Physical

Alginate-Hydrogel

Constraint Therapies and Devices
CorCap CSD
Surgically implanted fabric mesh ventricular constraint
device
HeartNet
Surgically implanted nitinol ventricular constraint device

Intracavitary cord that changes ventricular shape

Restoration of normal electrical conduction and
ventricular synchrony
Nonexcitatory cardiac contractility modulation signals to
enhance LV strength

Partitioning Devices
Coapsysis

CCM

CRT

Surgical (SAVR) or transcatheter aortic valve replacement Biologic
(TAVR)
Mechanical Heart Failure Therapies
LVAD
Durable mechanical support to offload the LV
Biologic

AVR

MVR and MVr

Biologic

Coronary sinus device that shortens to ↓ septo-lateral
dimension of mitral annulus
Surgical mitral valve repair or replacement

MONARC

1° Remodeling
Mechanism
Biologic

Description

Valve-Based Therapies
MitraClip
Percutaneous edge-to-edge mitral valve repair

Device

Table 1. Summary of non-pharmacologic therapies with effects on left ventricular remodeling.
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new genes are expressed (referred to as “reverse remodeling
genes”) during reverse remodeling.66 Second, improvement of
LV structure (i.e., reverse remodeling) does not necessarily
equate with improved LV function.69–71 These findings empha
size the reality that once HF is established, there is currently no
known cure.

Figure 9. Normalized end-diastolic pressure–volume relationships in patients
with left ventricular assist devices (red), similar to healthy controls (blue dia
mond), and in contrast to patients with chronic heart failure (pink). From Levin,
et al. Circulation, 1995; borrowed with permission.

6 month unloading by a pulsatile LVAD (Figure 9).64
Concomitantly, reversal of molecular, metabolic, extracellular,
and functional aspects of negative remodeling was
demonstrated.65,66 Interestingly, the time course over which
these different aspects of cell and chamber biology improve
during LVAD support differs, with molecular effects improving
with a time constant of ~2 weeks, while extracellular matrix
aspects improving with a time constant of ~60 to 90 days.46
Also, interactions between drugs and LVAD-induced reverse
remodeling were also identified for the extracellular matrix,
with collagen content and stiffness increasing with LVAD sup
port alone, but both decreasing when ACE-inhibition was added
to LVAD support.67
While LVADs unload the left ventricle during both sys
tole and diastole, they typically increase RV filling pressure
with less effect on pulmonary artery systolic pressure.
However, the RV also receives the potential benefits of
LVAD support to quench neurohormonal activation.
Accordingly, the examination of different aspects of LV
and RV responses to LVAD support allows assessment of
which aspects of reverse remodeling are mechanistically
dominant in the remodeling and reverse-remodeling pro
cess. For example, shifts of the EDPVR appear to be pre
dominantly regulated by reductions of preload filling
pressure; normalization of beta-adrenergic responsiveness
appears to be primarily regulated by improved systemic
neurohormonal status; regression of cellular hypertrophy is
primarily regulated by reduced afterload pressure; and
reverse remodeling of at least some aspects of gene expres
sion and myocardial function appear to be more related to
unloading.60,68
At least two other major concepts have emerged from studies
of LVAD-induced reverse remodeling. First, while LVADs have
a profound effect to improve LV size and make the heart and
myocardial cells appear structurally more normal, there are
many molecular changes that are not normalized and, in fact,

Cardiac resynchronization therapy (CRT)
Another device-based therapy associated with biological
reverse remodeling is cardiac resynchronization therapy
(CRT). This therapy improves ventricular contractility acutely
without increasing myocardial oxygen consumption.72,73 CRT
also reduces neurohormonal activation and often reduces the
degree of functional mitral regurgitation (fMR, discussed
further below), the latter through different mechanisms
including more appropriately timed activation of the papillary
muscles, more prompt force generation in the LV and promo
tion of mitral valve leaflet closure. As a result of some or all of
these effects, CRT induces reverse remodeling as seen in
multiple studies. For example, in the MIRACLE (Multicenter
InSync Randomized Clinical Evaluation) study, CRT was
associated with an average 25.6 mL reduction in LVESV and
27.2 mL reduction in LVEDV at 6 months.47,74,75
Cardiac contractility modulation
Cardiac contractility modulation (CCM) is a therapy that
employs relatively high voltage pulses delivered to the RV
septum during the absolute refractory period.49 These pulses
are “nonexcitatory” since they do not elicit a new contraction.
In the short term, these signals have been shown to enhance
myocardial contractility in the region of signal delivery by
increasing calcium cycling; the impact on regional contracti
lity is sufficient to enhance global left ventricular
contractility.76,77 Additionally, favorable changes in gene
expression profile have been documented near the region of
signal delivery, including upregulation of HF-associated
downregulated genes such as SERCA2a and α-myosin heavy
chain and downregulation of HF-associated upregulated genes
such as ANP and BNP.78 Over longer periods of time, these
signals have been shown to induce such effects on gene
expression in areas remote from the region of signal
delivery.78,79 Studies in animals with experimentally induced
HF and in HF patients treated with CCM for 3 months have
documented reductions of LVEDV and increases of
LVEF.48,78 Clinical trials in patients NYHA Class III with
LV ejection fractions between 25% and 45% have focused on
CCM’s positive effects on exercise tolerance (peak VO2 and
6-minute walk test [6MWT] distance) and quality of life.49
There is also evidence the CCM treatment reduces the rate50
and time to first HF hospitalization though.49
Therapies for functional mitral regurgitation (fMR)
The presence of fMR plays an important role in promoting
remodeling associated with chronic HF. As the left ventricle
dilates, fMR develops as a consequence of (1) the mitral valve
annulus circumference increasing, creating a larger mitral
orifice, and (2) the mitral valve (MV) leaflets becoming teth
ered by shifts in the papillary muscles, which causes abnormal
leaflet motion, impaired leaflet coaptation, and eccentric
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regurgitant jets.80 MR presents a new volume load to the LV,
inducing remodeling and shifting the LVEDV rightward, and
creating a substantial energetic cost as a fraction of LV work is
directed into the left atrium and does not contribute to for
ward cardiac output. Considering this pathophysiology, there
has been great interest in reducing MR in order to improve
outcomes and to reverse or at least halt further LV dilation.
Many of the therapies discussed above – including ACEinhibitors, ARBs, beta-blockers, CRT – in addition to diure
tics and vasodilators like hydralazine, have been shown to
reduce leaflet tethering and reduce the severity of MR and
are associated with decreases of LVEDV.81–83 However, sur
gical trials of mitral replacement and repair, which essentially
eliminate MR, have shown relatively small reductions of ESV
at 1 and 2 years (Table 1).84–86
The impact of percutaneous edge-to-edge repair on LV remo
deling has also been studied. The EVEREST II (Endovascular
Valve Edge-to-Edge Repair Study II) study, in which 27% of the
study population had fMR, MitraClip achieved similar rates of MR
reduction at 12 months compared with surgical repair (MitraClip
21% vs. surgical MV repair 20%). Significant reductions in LVESV
and LVEDV were achieved with both repair strategies.87 This
concept was more thoroughly studied specifically as it relates to
treating patients with HF in the landmark COAPT
(Cardiovascular Outcomes Assessment of the MitraClip
Percutaneous Therapy for Heart Failure Patients with Functional
Mitral Regurgitation) trial which only included patients with fMR.
This was the first study to definitively address the question
whether and the degree to which treatment of fMR influences
ventricular remodeling. Clinically, the study demonstrated that
MitraClip achieved marked reductions (though not elimination)
of fMR and this was associated with a reduction of HF hospitaliza
tions and cardiovascular mortality at 24 months relative to guide
line-directed medical therapy (MitraClip 29.1% vs. control 46.1%,
hazard ratio [HR] 0.62, 95% confidence interval [CI] 0.46–0.82,
p < 0.001). Very importantly, however, the reduction of fMR was
not associated with reverse remodeling.88 Rather, LVEDV and
LVESV increased and LVEF declined following treatment.
However, the reduction of fMR was associated with a reduced
rate of LV enlargement and decline of LVEF compared to the
control group (Table 1). Thus, while there were significant treat
ment effects on LV size and function and clinical events were
reduced, the progressive dilation and dysfunction following
MitraClip may be reflected in the still high mortality and hospita
lization rates in the treatment group. These data contrast to the
reported reduction of LVEDV from surgical repair and replace
ment. One possible explanation for the discrepancy is that more
complete elimination of fMR is achieved with the surgical
approaches compared to that which can be achieved by MitraClip.
Also noteworthy is that the MITRA-FR (Percutaneous
Repair with the MitraClip Device for Severe Functional/
Secondary Mitral Regurgitation) study provided seemingly
conflicting data to COAPT, because that study was neutral
and showed no clinical benefit to MitraClip over optimizing
guideline-directed medical therapy.89,90 However, compared
to COAPT, subjects recruited into the study had relatively
worse LV function, more dilated ventricles (baseline LVEDVi
135 mL/m2 vs. 101 mL/m2), and less severe MR.89,90 One
interpretation of the differences in outcomes is that patients
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with severe MR despite pre-procedure optimization of medi
cal therapy are the ones who benefit most from this therapy,
both clinically and in terms of delaying remodeling.
A number of other catheter-based devices for percutaneous
mitral annuloplasty are in varying phases of development and
investigation.91–97 Results from the EVOLUTION I (Clinical
Evaluation of the Edwards Lifesciences Percutaneous Mitral
Annuloplasty System for the Treatment of Mitral Regurgitation)
study of the MONARC coronary sinus mitral annuloplasty device
looked encouraging regarding reverse remodeling (Table 1)97 but
the EVOLUTION II follow-up study was terminated prematurely,
reportedly due to difficulty with recruitment and complexity of the
study. Provided other devices under development are able to
deliver similar degrees of MR reduction as MitraClip, results
would be expected to be similar. A number of devices for percu
taneous mitral valve replacement are also in development. In
contract to annuloplasty, valve replacement is expected to com
pletely eliminate MR and it is possible that effects on reverse
remodeling could be more potent.
Surgical and transcatheter therapies for aortic stenosis
Aortic stenosis and the ensuing obstruction to left ventricular
outflow produce a pressure-overload stress that results in dele
terious remodeling in the form of compensatory left ventricular
hypertrophy. This increase in LV mass is associated with poor
outcomes, including death, HF hospitalizations, and need for
aortic valve intervention, even among individuals with severe
aortic stenosis in the asymptomatic period of the disease.98 This
maladaptation is not permanent, however, and surgical aortic
valve replacement (AVR) has been shown to lead to LV mass
regression. Treibel et al. describe a series of patients who pre
dominantly underwent surgical AVR and report a 19% reduc
tion in LV mass 1 year following the operation.99 In patients
with more substantial mass regression (i.e. >150 g), others have
reported an increased mortality benefit from the procedure
relative to those patients with more modest remodeling postAVR.100 Similar findings have been demonstrated in patients
who underwent transcatheter aortic valve replacement (TAVR).
A recent report of 1,434 patients from the PARTNER
(Placement of AoRTic TraNscathetER) trials and registries, for
example, suggested that patients experienced a mean reduction
in LV mass of approximately 15% 1-year post-procedure. As in
the surgical literature, the magnitude of LV mass reduction was
associated with a lower risk of all-cause mortality, cardiovascular
death, rehospitalizations, and improved quality of life among
TAVR recipients.101 A complete discussion of the negative remo
deling associated with aortic valve interventions is outside the
scope of this text, but further attention can be drawn to the cited
references for more information.102–104
Physical reverse remodeling
As detailed above, the primary mechanism(s) of reduced
ventricular size and mass achieved through biological reverse
remodeling are mediated via responses of the myocardium to
alterations in load, contractility, or neurohormonal activation.
In contrast, the second class of therapies to be discussed
physically and directly impact myocardial mass, chamber
size, and/or chamber geometry. Initial approaches in this
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class involved open-chest surgical procedures; more recently,
percutaneous and hybrid approaches have been investigated.
Ventricular reconstruction
Surgical ventricular restoration (SVR) encompasses a broad class
of procedures that physically reverse remodel the hearts of patients
with dilated cardiomyopathy by removing non-viable or diseased
myocardium with the intention of restoring more normal ventri
cular dimensions. While multiple surgical techniques exist, the
fundamental effects on LV function and determinants of clinical
benefits depend on the underlying pathology and the nature of the
myocardium which is excluded or removed (Figure 10). For
example, the Batista procedure was applied to patients with non
ischemic-dilated cardiomyopathy. The Dor procedure was mainly
applied to post-infarction patients with akinetic apical scar, though
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the surgical techniques are also applied to dyskinetic aneurysms.
Aneurysmectomies are used, by definition, in patients with dyski
netic anterior and apical walls.
The Batista operation, or partial left ventriculectomy, was first
described in 1996 in a patient with NYHA IV HF and dilated, nonischemic cardiomyopathy.105 The procedure removes a section of
functioning, though hypokinetic myocardium between the papil
lary muscles from the apex to the mitral annulus (Figure 10(a)).
Thus, the heart is instantly reduced in size and mass. Starling and
colleagues published a series of 59 patients who underwent the
Batista procedure, and they observed that mean LVEDVi declined
substantially immediately post-procedure (167 mL/m2 to 105 mL/
m2) with significant increases in LVEF, apparently signifying
increased ventricular contractility.59 However, theoretical consid
eration indicated,106 and clinical study later confirmed,107 that

Figure 10. Following surgical ventricular reconstruction, the end-systolic and end-diastolic pressure–volume relationships that arise depend on the compliance and
tissue characteristics of the myocardium removed (Panel A – Batista operation removing portions of globally diseased myocardium, leading to disproportional benefit
in the end-diastolic pressure–volume relationship; Panel B – Dor procedure excising stiff, non-compliant scar with no resultant change on either end-systolic or enddiastolic pressure–volume relationships; Panel C – Anuerysectomy leading to increases in the end-systolic pressure–volume relationship and overall benefits to
ventricular function). Adapted from Artrip, et al. J Thorac Cardiovasc Surg 2001; borrowed with permission.
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removal of functioning myocardium caused greater rightward
shift of the EDPVR than of the ESPVR, reducing the area between
these two curves, and thus reducing the effective pumping capacity
of the newly reconstructed chamber, in essence inducing iatro
genic diastolic HF (Figure 10(a)). Clinical study subsequently
showed that clinical outcomes are worsened by this procedure59
and it has been completely abandoned.
When applied to akinetic scars, the Dor procedure, also
known as endoventricular circular patch plasty, was first
described in 1989 and involves resection and/or exclusion of
the affected region using a Dacron graft to reconstruct
a smaller, geometrically more normal (elliptical) ventricular
chamber.108 Theoretical considerations suggested that if truly
akinetic regions were excluded, ventricular size would be
decreased and LVEF increased but, due to comparable shifts
of ESPVR and EDPVR, no net improvement of LV pump
function would be achieved (Figure 10(b)).106 However, if
portions of hypokinetic myocardium are removed, restrictive
physiology would be induced as with the Batista operation. In
a large series of 715 patients, in-hospital mortality was 7% and
LVEF increased by 10% in patients who survived the
procedure.109 The Dor procedure was later refined with
a number of technical adjustments to create the SAVER
(Surgical Anterior Ventricular Endocardial Reconstruction)
technique, which was studied in 439 patients by
Athanasuleas and colleagues. Patients experienced a marked
reduction in mean LVESVi from 109 mL to 69 mL/m2, with
freedom from HF hospitalizations in 85% of patients and
survival in 84% of patients at 18 months.110 However, Dor
and others described low-output states developing in some
patients who had too much myocardium resected, as well as
diastolic dysfunction in others who experienced impaired
myocardial relaxation as a consequence of the reduced LV
size and inflexible sutures.
The SAVER technique was subsequently appraised on
a large scale in the landmark STICH (Surgical Treatment for
Ischemic Heart Failure) trial, which randomized 1,000 sub
jects with ischemic cardiomyopathy (LVEF ≤35%) to coronary
artery bypass grafting (CABG) with or without SVR. SVR
reduced LVESVi by 19% compared with a 6% reduction
seen with CABG alone, but all-cause mortality and HF
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hospitalizations at 48 months of follow-up were not signifi
cantly different between the two groups.58 Michler and col
leagues analyzed a cohort of 555 patients from the 1,000
patients enrolled in STICH who had echocardiography imme
diately post-procedure and again at 4-months post-procedure
and found that patients with a post-operative LVESVi
≤70 mL/m2 saw a survival benefit associated with CABG
plus SVR relative to CABG alone.111 The authors postulated
that SVR may be beneficial in patients with HFrEF, but
extensive remodeling at baseline could prevent clinical benefit
from being realized. Accordingly, this procedure has also been
largely abandoned.
Aneurysmectomy (also frequently performed with the same
surgical techniques of the Dor procedure), involving surgical
resection of a truly dyskinetic apex and anterior wall, is the only
of these three settings that have not been studied in any systematic
manner. Most reports are from single-center experiences112 and
many compare outcomes between different surgical techniques.113
Theoretical considerations indicate that when dyskinetic scars are
excised/excluded, leftward shifts of the ESPVR are greater than the
shifts of the EDPVR, resulting in a smaller chamber with increased
ejection fraction and increased area between ESPVR and EDPVR,
indicating increased pump function (Figure 10(c)).106 Though the
incidence of true apical aneurysms due to large anterior myocar
dial infarcts has decreased in the modern era of rapid revascular
ization, and there are limited data concerning its clinical impact,
this procedure is still considered in appropriately selected patients,
especially in combination with coronary artery bypass.
Percutaneous ventricular reconstruction
The move toward minimally invasive procedures to avoid the risk
associated with SVR resulted in the development of two percuta
neous device-based approaches to LV reconstruction. The first in
this class of devices is the Bioventrix Revivant TC System
(Bioventrix, San Ramon, CA) (Figure 11). The system consists of
a series of polyester-coated titanium anchor pairs that are posi
tioned from the apex toward the base in a hybrid procedure
whereby an introducer needle is passed via a mini-thoracotomy
through the LV-free wall at the edge of an anterior scar and passed
through the interventricular septum into the RV. A guidewire is
passed through the introducer and then exteriorized using a snare

Figure 11. The Bioventrix Revivent TC myocardial anchoring system (Panel A) and a cartoon illustrating how the device isolates akinetic tissue in the left ventricle
(Panel B).
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introduced from the internal jugular vein. One side of the anchor
is passed over the guidewire through the thoracotomy onto the
LV-free wall. The other side of the anchor is introduced over the
guidewire into the right ventricle via the jugular vein. Specially
designed tools are then used to bring the two sides of the anchors
together, plicate the LV-free wall and exclude the infarcted region.
This procedure is repeated with additional anchor pairs until the
desired region (identified by pre-operative CT scans and con
firmed by procedural transesophageal echocardiography) is
excluded. Cheng and colleagues reported the technical feasibility
of the Revivent system in an ovine model, and showed that LV
twist increased, LVEDV decreased by 40%, and LVEF increased by
17%.114 Subsequently, Laforte and Klein reported the Revivent
system’s outcomes in humans.56,115,116 The largest series, which
included 89 patients demonstrated that implantation was success
ful in 86 patients and produced sustained, significant reductions in
LV volume at 12 months (LVESVi declined from 74 ± 28 to
54 ± 23 mL/m2, and LVEDVi declined from 106 ± 33 to
80 ± 26 mL/m2). One year survival was 90.6%, and patients
experienced a reduction in HF symptoms (proportion of patients
with NYHA III or greater symptoms declined from 59% at base
line to 22% at 12 months) as well as improvements in the
Minnesota Living with Heart Failure Questionnaire (MLHFQ)
and 6MWT.56 Accordingly, the FDA granted an investigation
device exemption (IDE) for a pivotal study of the Revivent myo
cardial anchoring system for the treatment of symptomatic
HFrEF. The ALIVE (American Less Invasive Ventricular
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Enhancement) study is currently enrolling patients with NYHA
class III and ambulatory class IV symptoms, LVEF ≤ 45%, and
dilated LVs (LVESVi ≥ 50 mL/m2) to treatment with the device
versus guideline-directed medical therapy (NCT02931240).
A study of this device is also underway in the European Union
(NCT03845127).
The second in this class of devices is the Parachute device
(CardioKinetix, Inc., Menlo Park, CA) which consists of an
extended polytetrafluoroethylene membrane draped on a selfexpanding nitinol frame that is delivered percutaneously into
the LV apex (Figure 12(a,b)). The membrane expands such
that it isolates the LV apex from the more basal segment of
the LV to create two distinct spaces within the LV;
a functional part and an excluded apical region. The initial
pilot study reported a technical success rate of 83% (15 out of
18 patients; the device was explanted in 1 patient) and
improvements in LVESV, LVEDV, LVEF, and clinical para
meters like NYHA class and 6MWT distance at 12 months.117
A mechanistic study confirmed that when applied to patients
with true aneurysms, this device resulted in leftward shifts of
the pressure-volume loop and improved overall pump func
tion (Figure 12(c)).118 Two subsequent prospective, singlearm studies reported similar or higher degrees of technical
success (>90%) with initial improvements in LVEF and
decreases of LVESVi52,119 which were not sustained, however,
over three-year follow-up (LVESVi at baseline 89.6 mL/m2,
77.1 at 6 months, 76.7 at 12 months, 76.7 at 24 months, and

Figure 12. The Parachute device positioned in the left ventricle (Panel A) and fully expanded (Panel B). Pressure–volume diagrams from patients with apical left
ventricular aneurysms who underwent Parachute implantation demonstrate leftward shifts of the loops and favorable effects on the end-systolic pressure–volume
relationship.
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87.0 at 36 months; LVEDVi at baseline 125.7 mL/m2, 109.4 at
6 months, 108.9 at 12 months, 108.9 at 24 months, and 114.4
at 36 months).120 Although a pivotal study was initiated,121 it
was terminated early due to device-related safety concerns.
A new device based on similar principles, The Heart
Damper (Eucardia, Milan, Italy; Figure 13), is currently
under development. The device is made of a memoryshaped structure covered with a partitioning membrane.
Like the Parachute device, it is implanted in the LV apex,
reducing its functional volume. In contrast to Parachute, the
frame is flexible and changes its shape during the cardiac
cycle, shifting from being relatively flat in diastole to pointing
upward during systole. The combined effect of LV functional
volume reduction and the shape change of the device is
intended to use energy transferred from ventricular contrac
tion to the device to increase stroke volume. In vivo testing of
the Heart Damper safety and hemodynamic effects are
underway.
Ventricular constraint devices
Several additional approaches have been investigated that are
intended to physically reduce myocardial wall stress by constrain
ing or reshaping the LV without excision or exclusion of myocar
dial tissue. Two surgically deployed LV constraint devices
underwent rigorous testing: the CorCap Cardiac Support Device
(CSD; Acorn Cardiovascular Inc., St. Paul, Minnesota) (Figure 14
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(a)) and the HeartNet (Paracor Medical Inc., Sunnyvale,
California) (Figure 14(b)). Although constructed from different
materials (CorCap is made of a fabric mesh and HeartNet is made
out of a super-elastic nitinol alloy), the device concepts were the
same: application of epicardial constraint forces sufficient to
reduce LV end-diastolic volume without inducing restrictive phy
siology in order to reduce myocardial wall stress and invoke
reverse remodeling. Mann and colleagues conducted
a prospective study of the CorCap CSD in 300 patients with
HFrEF.53 Of the study participants, 193 required mitral valve
surgery and were randomized in a 1:1 fashion to MV surgery
alone versus MV surgery combined with CSD placement. The
remaining 103 subjects in the study were randomized to CSD
versus medical therapy. CSD reduced LVEDV and LVESV pro
gressively at each follow-up point (3, 6, and 12 months) compared
to the control group, and LVEF rose throughout the study period.
The subgroup of patients who were randomized between medical
therapy versus CorCap was followed for 5 years and the treatment
group showed sustained reductions of an average of 28.9 mL
(10.6%) in LVEDV compared with controls (p = 0.029).122 There
was no evidence that CorCap produced constrictive physiology, in
both the early-phase studies of the device where the EDPVR was
unaffected by the device, as well as the five-year follow-up study of
the device.122,123 The studies also showed improvements in overall
patient status based on the composite endpoint of mortality, need
for major cardiac procedures for HF and improved functional

Figure 13. The Heart Damper® augments its shape throughout the cardiac cycle; during systole, its membrane points upward to help eject blood out of the left
ventricle (Panel A), and in diastole, it flattens to facilitate ventricular filling.

Figure 14. Ventricular constraint devices: The CorCap (Panel A) and HeartNet (Panel B).
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status; there was no effect on mortality, but there were fewer heart
transplants, LVAD implants, cardiac resynchronization therapy
implants, or valve surgeries in the CSD recipients compared to
control patients. However, the FDA did not approve the CorCap
CSD due to safety concerns, especially as it related to complica
tions occurring during subsequent surgeries (e.g., transplant and
LVAD implantation).124
Though not evaluated as thoroughly as the CSD, the
HeartNet was studied in 51 subjects with LVEF ≤35% and
NYHA class II and III symptoms. At 6-month follow-up,
LVESV declined by an average of 23.5 mL and LVEDV
declined by an average of 25.7 mL, and patients experienced
improvements on the 6MWT and reduced HF symptoms.125
The PEERLESS-HF (Prospective Evaluation of Elastic
Restraint to Lessen the Effects of Heart Failure) study fol
lowed and examined the HeartNet device in 96 participants
against 114 controls.54,126 While the study demonstrated
meaningful reductions in LV volumes, an interim analysis
showed no significant improvement in peak VO2 (the primary
endpoint), MLHFQ, 6MWT, or mortality at 12 months, such
that the study was halted.
Modification of the ventricular wall
Tissue engineering techniques can be applied to the myocar
dium to mimic the restraining effect of the surgically placed
CorCap and HeartNet devices. In this vein, alginate-based
polymers have been directly injected into myocardium with
the intension of increasing wall thickness and providing an
intramyocardial scaffold to improve LV geometry and the
remodeling associated with HF. This concept has been eval
uated in patients undergoing concomitant open-heart surgery
and shown to produce favorable negative remodeling effects
over the course of months. The AUGMENT-HF (A Pivotal
Trial to Establish the Efficacy and Safety of Algisyl in Patients
With Moderate to Severe Heart Failure) study randomized 78
subjects to receive intramyocardial injections of alginatehydrogel via lateral thoracotomy versus standard of care
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with guideline-directed therapy.55 Alginate-hydrogel led to
modest improvements in LV geometry (LVEDD and LVESD
declined 0.3 cm each at 6 month follow-up). However, there
was no demonstrable effect on LV wall thickness, calling into
question any contribution of reduced wall stress. Nevertheless,
patients experienced some improvements in clinical endpoints
such as decreased NYHA symptoms and increased peak VO2
and 6MWT. However, major surgical complications occurred
in 25% of patients, and mortality was double what was
observed in the control group, calling into question the safety
of the delivery method and intramyocardial injections.
Ventricular reshaping devices
Other approaches to ventricular remodeling involve reshaping the
ventricle. The Coapsys device (Myocor, Inc. Maple Grove,
Minnesota) consisted of a flexible chord spanning the short axis
of the LV at the level of the subvalvular apparatus that was fixated
to the heart with epicardial pads (Figure 15(a,b)). The pads were
drawn together and held in place by fixation to the chord, modify
ing the shape of the subvalvular chamber cross-section from
circular to elliptical. In so doing, the radius of curvature of the
poles of the chamber is decreased, in principle reducing myocar
dial wall stress via Laplace’s law. The device was implanted surgi
cally and required a sternotomy, but the procedure was performed
off cardiopulmonary bypass.127 Grossi and colleagues conducted
the RESTOR-MV (Randomized Evaluation of a Surgical
Treatment for Off-Pump Repair of the Mitral Valve) study,
which randomized 165 subjects to CABG with traditional MV
repair versus CABG with Coapsys implantation. At one-year
follow-up, LVEDD decreased with Coapsys (6.0 ± 0.8 cm to
5.4 ± 0.8 cm) more than MV repair (5.9 ± 0.7 cm to
5.6 ± 0.9 cm), and was associated with a survival advantage (87%
vs. 77%; HR 0.421, 95% CI 0.20–0.86, p = 0.038) and an increase in
survival free of the composite of adverse events including death,
stroke, and repeat valve intervention (85% vs. 71%; HR 0.372, 95%
CI 0.185–0.749, p = 0.019) (Figure 15(c)).51 Unfortunately, the

Figure 15. The Coapsys device is a flexible chord that runs through the left ventricular cavity and is fixated to the heart via epicardial pads (Panel A). Device
positioning in the ventricle is illustrated in Panel B. Kaplan–Meier curves in Panel C from the RESTOR-MV study comparing the Coapsys device to traditional mitral
valve repair show that the device was associated with improved survival at 36 months.
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study was terminated prematurely by the sponsor due to financial
considerations before the FDA reviewed the device.
Motivated by these findings, attempts to achieve similar
effects and results are being pursued by percutaneous means.
The AccuCinch device (Ancora Inc., Santa Clara, California) is
a subvalvular endocardial implant deployed percutaneously
1–2 cm below the mitral annulus (Figure 16(a)). Between 12
and 16 nitinol anchors are implanted over a ~ 220° arc in the
subannular space and cinched together with a polyethylene cable
(Figure 16(b)). This reduces the basal-to-mid free wall left ven
tricular circumference with the goal of creating a greater degree
of mitral leaflet apposition (to potentially reduce the extent of
MR) and to reduce the radius of curvature of the LV to reduce
wall tension.128 To date, only case reports have appeared in the
literature and no reports on device performance or safety have
been reported. There are multiple ongoing clinical studies
underway investigating the effects of this device, including
a study in patients with HF with minimal or no MR
(NCT03533517), patients with HF and fMR (NCT02806570)
and patients with previous mitral procedures (e.g., MitraClip)
with persistent fMR (NCT03560167). Interestingly, a case report
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demonstrated that while there were small immediate postimplant effects on LV size or function, progressive reductions
of LV dimensions and reductions of MR were observed over the
ensuing 3 months (Figure 16(c)).129 This illustrates the concept
that the initial physical effects are followed by biological
responses that result in progressive reverse remodeling.
Finally, the Cardiac Success Transcatheter Papillary
Muscle Sling (Cardiac Success Ltd., Yokneam, Israel) is
a new concept in physical transcatheter LV reverse remodel
ing based on the existing surgical papillary muscle sling
procedure which has been shown to significantly improve
outcomes following mitral valve repair surgery.130–132 The
Cardiac Success Sling (Figure 17) is implanted around the
papillary muscles via a steerable sheath inserted into the left
ventricle through the aortic valve (Figure 17(a)). The Sling
draws the papillary muscles together, thereby relieving leaf
let tenting and reducing the dimensions of the ventricle
(Figure 17(b,c)). Although originally applied in the surgical
setting in combination with mitral annuloplasty for patients
with mitral regurgitation, the reduction of LV dimensions
has the potential to impact LV function without physically

Figure 16. The AccuCinch device as viewed from the long axis (Panel A) and the short axis (Panel B) of the left ventricle. Panel C highlights the immediate and midterm hemodynamic effects of the AccuCinch system. Continued, modest declines in left ventricular end-diastolic diameter (LV EDD) and effective regurgitant orifice
(ERO) persisted for approximately 3 months after the substantial reductions seen immediately post-procedure.

Figure 17. The Cardiac Success Sling, which is delivered into the left ventricle with a steerable sheath (Panel A), mimics the surgical sling procedure and delivers
a band around the papillary muscles (Panels B and C) to reduce left ventricular cavity dimensions and optimize mitral valve function.
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removing or excluding myocardial tissue, with potential
applications to ischemic or dilated cardiomyopathies,
regardless of mitral regurgitation. The feasibility of the
Cardiac Success Sling implantation procedure has been
demonstrated in a porcine model and human cadaver torso
studies.
Physical reverse remodeling summarized
Based on the review of the data provided above, it is evident
that the clinical efficacy of a therapy whose initial mechanism
of action relies on physically remodeling the left ventricle is
highly dependent on precisely how and the degree to which
remodeling is achieved. We detailed (Figure 10), why the
Batista procedure (removal of actively contracting muscle in
dilated cardiomyopathic hearts) was harmful, why the Dor
procedure (removal of akinetic muscle, which was mainly
studied in the STICH trial) was neutral, and why we hypothe
size that aneurysmectomy (removal of dyskinetic muscle
never studied in randomized trial) would be beneficial. The
constraint devices showed promise, with reduced LV size but
safety concerns and lack of a signal on mortality limited
interest in pursuing this approach further. The evaluation of
the effectiveness of partitioning devices is incomplete since
the main study of this approach was stopped early due to
a device-related safety issue and the other device is still in
development. The Coapsys device, which unequivocally
reshaped the LV, had a positive study but was not pursued
at the time due to financial reasons. The other devices in this
category are in the early clinical trial (AccuCinch) or precli
nical stage (Cardiac Success). Taken together, the data sug
gest, and it stands to reason, that the effectiveness of a therapy
whose initial mechanism involves physically altering the size
or shape of the ventricle is enhanced when it secondarily
induces biologically driven reverse remodeling. By harnessing
myocardial biological responses to mechanical unloading,
such devices invoke mechanisms that are fundamental to the
beneficial effects of certain medications used in HF.

Conclusion
LV remodeling is a fundamental mechanism of disease and
disease progression in HFrEF. Prevention or reversal of
remodeling is therefore a viable therapeutic target. Both
prevention and reversal of remodeling can be achieved pri
marily through biological means whereby extracardiac fac
tors that drive the process (e.g., afterload, preload,
contractility, neurohormonal factors) are inhibited or
directly altered; these induce biological responses in the
myocardium that result in reductions of myocyte size and
mass and are associated with improved myocardial function
(Table 1). Reverse remodeling can also be achieved through
physical means where a portion of the heart is either
removed or excluded. Some therapies rely on physically
reducing myocardial wall stress through ventricular con
straint or reshaping, which may also initiate beneficial bio
logical effects within the myocardium. In general,
pharmacologic therapies shown to improve clinical outcomes
in HFrEF have been associated with the prevention or rever
sal of remodeling. Devices with potent effects on LV preload,
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afterload, and contractility have also shown significant
effects on reverse remodeling. However, theory and results
of clinical studies show that physically reducing LV size and
mass by removal or exclusion of a portion of the wall does
not guarantee improved clinical outcomes. Clinical effective
ness appears to track the net impact on LV pump function
(determined by the relative shifts of the EDPVR and ESPVR
and indexed by the filling pressure-dependent area between
those two boundaries) which, in turn, depends on the
mechanical properties of the myocardium excluded or
removed. Percutaneous and hybrid procedure devices are
under investigation. Clinical effectiveness of external ventri
cular constraint devices was mixed despite consistent reduc
tions of LV size; these mixed results, along with safety
concerns led to the failure of these devices. Percutaneous
approaches for ventricular reshaping are in development
and are under investigation.
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