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Abstract Medical and device therapies that reduce heart
failure morbidity and mortality also lead to decreased left
ventricular volume and mass, and a more normal elliptical
shape of the ventricle. These are due to changes in myocyte
size, structure, and organization that have been referred to
collectively as “reverse remodeling.” Moreover, there are
subsets of patients whose hearts have undergone reverse
remodeling following mechanical circulatory support with
a ventricular assist device (VAD), who are able to be weaned
from their VADs, which has been referred to as “myocardial
recovery.” Although the term myocardial recovery has been
used to describe the reversal of various aspects of the heart
failure phenotype following medical and device therapy,
there is no consensus with regard to what constitutes myo-
cardial recovery; moreover, the methodology for identifying
myocardial recovery in patients is unclear. These topics will
be discussed in the current review.

Keywords Heart failure . Cardiac remodeling . Reverse
remodeling .Myocardial recovery

Introduction

Clinical studies have shown that medical and device thera-
pies that reduce heart failure morbidity and mortality also
lead to decreased left ventricular (LV) volume and mass and
restore a more normal elliptical shape to the ventricle. These
are due to changes in myocyte size, structure, and organiza-
tion that, on a global level, are reflected in shifts of the LV
end-diastolic pressure-volume relationship (EDPVR) to-
ward normal. For want of better terminology these changes,
which encompasses a myriad of changes at the molecular,
cellular, tissue, and organ level, has been referred to as
“reverse remodeling” [1, 2]. More recently, it has also be-
come clear that a small subset of patients whose hearts have
undergone reverse remodeling following support with a
mechanical circulatory ventricular assist device (VAD) are
able to be weaned from their VADs, which has been referred
to as “myocardial recovery” [3]. These observations have
engendered a great deal of interest, insofar as they may
provide insight into understanding of fundamental mecha-
nisms of heart failure that can lead to development of novel
therapies to cure heart failure, as opposed to current
approaches that are primarily designed to prevent disease
progression by blocking the body’s homeostatic responses
to heart failure (eg, neurohormonal activation) [1]. Despite
the frequent synonymous use of the terms “myocardial
recovery” and “reverse remodeling” to describe the reversal
of various aspects of the heart failure phenotype following
medical and device therapy, these terms describe different
phenomena. Although there is abundant phenomenological
understanding of “reverse remodeling,” there is no consensus
with regard to the definition of what constitutes “myocardial
recovery;” moreover, the methodology for identifying myo-
cardial recovery in patients is unclear. Accordingly, these
topics will be the focus of this review.
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Myocardial Recovery

The concept that the failing heart could “recover” emerged
in the heart failure literature in the mid-1990s following the
observation that mechanical circulatory support with VADs
was associated with decreased LV size and marked leftward
shifts toward normal of the LV EDPVR, indicating that the
heart was not simply unloaded, but rather that there were
fundamental changes in the biological properties of the heart
that allowed the ventricle to return toward normal size,
shape, and function [2]. Moreover, there were anecdotal
reports that some patients could be weaned from their VADs
[4, 5]. These early observations were complemented by
studies in heart failure patients treated with angiotensin-
converting enzyme inhibitors and β blockers, in whom
significant decreases in LVend-diastolic volume were noted
compared to placebo controls [6, 7], although not to the
same degree as observed with VADs. Viewed together these
studies challenged the prevailing dogma that heart failure
was irreversible and, in turn, fostered a greater interest in
understanding the biological processes responsible for res-
toration of normal cardiac structure and function. However,
our understanding of myocardial recovery has been called
into question by studies in patients that have shown that
while the mechanical unloading and normalization of the
neurohormonal milieu provided by VADs routinely results
in “reverse remodeling” (ie, restoration of LV size, shape,
and EDPVR), as well as partial reversal of many aspects of
the molecular and cellular heart failure phenotype, the vast
majority of patients cannot be weaned from mechanical
circulatory support: that is, they do not exhibit “myocardial
recovery.” As shown in Table 1, the incidence of myocardial
recovery is at best about 15 % (n0120) in the selected
cohorts of patients that have been reported (Table 1). Of
note, the latest annual report from INTERMACS (Interagen-
cy Registry for Mechanically Assisted Circulatory Support),
which summarized results of 2680 LVAD recipients from
June 2006 to June 2010, reported a 1 % rate of VAD
explantation for myocardial recovery [8••]. Thus, although
reverse remodeling occurs in almost every patient receiving
prolonged mechanical LV assist and is a requirement for
myocardial recovery, reverse remodeling only rarely results
in myocardial recovery. This then raises the broader ques-
tion of what constitutes myocardial recovery.

Despite the frequent use of the term “myocardial recov-
ery” to describe the reversal of various aspects of the heart
failure phenotype following medical and device therapy,
myocardial recovery has never been defined in the medical
literature. In the absence of a previously established work-
ing definition, we have recently proposed that myocardial
recovery of a failed heart be defined as the normalization of
the molecular, cellular, myocardial, and LV geometric
changes that provoked cardiac remodeling, which allows

the heart to maintain preserved LV structure and function
in the face of normal and/or perturbed hemodynamic load-
ing conditions [9••]. Thus, although reversal of the heart
failure phenotype at the cellular (myocyte) and molecular
levels is likely necessary for the initiation of myocardial
recovery and is responsible for the restoration of normal
LV size and shape (ie, reverse remodeling), the sustainability
of myocardial recovery will likely depend upon the ability of
the heart to maintain preserved structure and function when the
heart is once again exposed to normal and/or even perturbed
hemodynamic loading conditions following withdrawal of me-
chanical support.

The observation that reverse remodeling and myocardial
recovery are both associated with a normalization of many
of the molecular, cellular, and anatomic changes that con-
tribute to cardiac remodeling, suggests that recovery and
reverse remodeling represent a simple reversal of the
changes that occur during the progression of heart failure.
However, this interpretation does not explain why reverse
remodeling and myocardial recovery are not synonymous.
One potential explanation for the disparity is that while the
biology of reverse remodeling represents a return toward the
normal non-pathological condition, reverse remodeling does
not really represent normalization of the pathological heart
failure condition. Several lines of evidence support this
point of view. First, gene expression profiling studies have
shown that only about 5 % of genes that are dysregulated in
failing hearts revert back to normal following VAD support,
despite typical morphologic and functional responses to
VAD support [10, 11, 12•, 13]. Second, the majority of
studies that have examined changes in the extracellular
matrix (ECM) following VAD have suggested that the
ECM does not revert to normal on its own, and can actually
be characterized by increased myocardial fibrosis. It is only
with simultaneous administration of pharmacologic neuro-
hormonal blockade that ECM content reverts towards nor-
mal. Moreover, our current understanding of changes in the
ECM during LVAD support have focused on ECM content
and not with the more fundamental issues of its three-
dimensional (3D) organization or with the interactions be-
tween the collagen matrix and the resident cardiac myo-
cytes, which are likely to be critically important. Third,
detailed studies of LV structure and function in human
hearts following VAD support suggest that although the
LV EDPVRs of VAD-supported hearts are shifted leftward,
and more closely approximate those found in non-failing
ventricles, the ratio of LV wall thickness to LV wall radius
does not return to normal despite normalization of LV
chamber geometry [14]. Thus, reverse LV remodeling does
not result in normalization of LV wall stress. Whether this
represents loss of functioning cardiac myocytes, myocyte
atrophy from unloading, or failure of the 3D organization of
the ECM to revert to normal is unknown. Taken together
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these observations suggest that the reverse remodeled heart
is by no means a normal heart.

If reverse remodeling represents a partial normalization of
the heart failure phenotype, does myocardial recovery represent
a more complete normalization of the heart failure phenotype,
or does it represent a unique biologic process that is distinct
from reverse remodeling? Unfortunately, the extant literature is
insufficient to address this question. Although the anatomic
changes that occur during reverse remodeling and myocardial
recovery appear to be identical, the opportunity to understand
the biology of myocardial recovery at the molecular and cellu-
lar level has been limited to a small number of patients (n06),
in whom myocardial tissue was obtained at the time of VAD
explanation [15, 16]. The results of these studies suggest that
recovery is associated with changes in the integrin signaling
and β-adrenergic signaling pathways [16]. Unfortunately, par-
allel pathway analysis studies were not performed in patients
who had undergone reverse remodeling but who did not recov-
er. Accordingly, it is not possible to determine whether the
aforementioned pathways are unique to recovery, or whether
instead they also overlap with the pathways involved in reverse
remodeling. In addition, given that there are thousands of genes
that are dysregulated in heart failure, and that about 5 % are
normalized during VAD support, it is unlikely that recovery is
driven by a few unique genes. Thus, at the time of this writing
we simply do not understand the biological differences between
reverse remodeling and myocardial recovery.

HowCanMyocardial Recovery Be RecognizedClinically?

In the absence of an established and well agreed upon
definition of myocardial recovery, it is probably not

surprising that we do not have well-defined ways to identify
myocardial recovery in the clinical setting. As noted above,
the normalization of LV geometry and end-diastolic proper-
ties of the left ventricle can, in certain clinical settings, be
viewed as signature of reverse remodeling, but not neces-
sarily a surrogate for myocardial recovery. The predictive
accuracy of reverse remodeling as a surrogate for myocar-
dial recovery is directly related to the “probability” that a
patient will recover. That is, hearts are more likely to recover
after treatment with drugs and/or devices in clinical situa-
tions wherein resolution of inflammation (ie, viral myocar-
ditis or postpartum cardiomyopathy), removal of a toxic
insult (eg, anthracyclines or alcohol), or restoration of more
favorable energetics (ie, cessation of tachycardia) occurs.
Several strategies have been employed clinically to evaluate
the likelihood of recovery in patients who have been sup-
ported with a VAD. Mancini et al. [17] showed that
performing rest and stress hemodynamics in patients with
reduced VAD pumps speeds was useful for identifying
potential “recovery” patients in whom the VAD could be
explanted. Birks et al. [18•] used two-dimensional echocar-
diography to monitor LV structure and function following
serial reductions in VAD pump speed, followed by 6-minute
walk tests and cardiopulmonary exercise testing. VAD ex-
plantation was considered if, after reducing VAD pump
speed to 6,000 rpm, the: 1) LV end-diastolic dimension
was less than 60 mm, LV end-systolic diameter was less
than 50 mm, and ejection fraction was greater than 45 %; 2)
LV end-diastolic pressure or pulmonary capillary wedge
were less than 12 mm Hg; 3) the resting cardiac index was
greater than 2.8 L/min/m2; and 4) maximal oxygen con-
sumption with exercise (mVO2) was greater than 16 mL/
kg/min. However, it bears emphasis that, at the time of this

Fig. 1 Reverse remodeling and myocardial recovery. Cardiac remodel-
ing arises secondary to abnormalities that arise in the biology of the
cardiac myocyte (C), the myocardium (cardiocytes and extracellular
matrix [M]), as well as LV geometry (LV), which have collectively been
referred to as the heart failure (HF) phenotype. During reverse remodeling
there is partial reversal of the abnormalities in the cardiac myocyte, as

well as the extracellular matrix, leading to a reversal of the abnormalities
in LV geometry. Although the biology of myocardial recovery is less well
understood, it is likely that recovery occurs in hearts in which there is less
underlying structural damage and a reversal of the HF phenotype. (Mod-
ified from Mann and Burkhoff [31])
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writing, there is no universally agreed upon methodology
for identifying patients who are most likely to recover
following VAD explantation.

As noted above, the demographics of patients who “re-
cover” suggest overwhelmingly that recovery is most likely
to occur in younger patients with dilated, idiopathic cardio-
myopathy of relatively short duration. In these settings
medical and device therapy serve to support the heart and
circulation, and/or to prevent further irreversible damage to
the heart during the period of greatest hemodynamic com-
promise. Of interest, a recent study that examined micro-
RNA profiling in patients with dilated cardiomyopathy who
underwent successful VAD explantation showed that the
expression levels of two microRNAs (miR 23a and 195)
that predicted recovery were not different than those ob-
served in non-failing hearts from age- and gender-matched
controls, suggesting that recovery is possible in hearts with
less advanced heart failure. Thus, for the present, although
there are certain clinical characteristics that predict a more
favorable probability of myocardial recovery, we do not
have a reliable method for identifying which of these
patients have truly recovered.

Conclusions

As discussed in the foregoing review, the failing heart is
capable of undergoing favorable changes in LV volume and
mass and to assume a more normal energetically favorable
elliptical shape (reverse remodeling). Although the various
components of reverse remodeling have been carefully studied
and annotated, it is unclear at present exactly how these
changes contribute to restoration of normal LV structure and
function. That is, we simply do not understand what the
essential biological “drivers” of myocardial recovery are, nor
do we understand how they are coordinated. More importantly,
we do not understand the key biological differences between
reverse remodeling and myocardial recovery [9••, 19]. That is,
the extant literature does not suggest which of the myriad of
changes that occur during reversal of the heart failure pheno-
type are most important and/or necessary to preserve LV
structure and function in the long term. Intuitively, one can
speculate that changes within the myocardium, including both
progressive loss of cardiac myocytes, as well as loss of the 3D
organization of the ECM surrounding the cardiac myocytes are
likely to be extremely important in terms of allowing the heart
to respond to altered hemodynamic loading conditions (Fig. 1).
The quest for seeking the answers to these questions extends
well beyond simple intellectual curiosity about the biology of
heart failure. The answers to these questions may help to better
understand the differences between responders and nonres-
ponders to medical and device therapy, as well as allow for
the development of therapies that directly target myocardial

recovery and effect a cure for heart failure, rather than con-
tinuing to target signaling pathways that attenuate remodeling.
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