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Abstract
Purpose of review—Myocardial remodeling driven by excess pressure and volume load is
believed to be responsible for the vicious cycle of progressive myocardial dysfunction in chronic
heart failure. Left ventricular assist devices (LVADs), by providing significant volume and
pressure unloading, allow a reversal of stress-related compensatory responses of the overloaded
myocardium. Herein, we summarize and integrate insights from studies which investigated how
LVAD unloading influences the structure and function of the failing human heart.

Recent findings—Recent investigations have described the impact of LVAD unloading on key
structural features of cardiac remodeling – cardiomyocyte hypertrophy, fibrosis, microvasculature
changes, adrenergic pathways and sympathetic innervation. The effects of LVAD unloading on
myocardial function, electrophysiologic properties and arrhythmias have also been generating
significant interest. We also review information describing the extent and sustainability of the
LVAD-induced myocardial recovery, the important advances in understanding of the
pathophysiology of heart failure derived from such studies, and the implications of these findings
for the development of new therapeutic strategies. Special emphasis is given to the great variety of
fundamental questions at the basic, translational and clinical levels that remain unanswered and to
specific investigational strategies aimed at advancing the field.

Summary—Structural and functional reverse remodeling associated with LVADs continues to
inspire innovative research. The ultimate goal of these investigations is to achieve sustained
recovery of the failing human heart.

Keywords
heart failure; left ventricular assist device; myocardial recovery; remodeling

© 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins

Correspondence to Stavros G. Drakos, MD, 15 North 2030 East, Bldg 533, Rm 4450, Division of Cardiology, University of Utah, Salt
Lake City, UT 84132, USA Tel: +1 801 585 0727; fax: +1 801 585 0701; stavros.drakos@u2m2.utah.edu.

NIH Public Access
Author Manuscript
Curr Opin Cardiol. Author manuscript; available in PMC 2013 July 17.

Published in final edited form as:
Curr Opin Cardiol. 2011 May ; 26(3): 245–255. doi:10.1097/HCO.0b013e328345af13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Myocardial remodeling driven by excess pressure and volume load is believed to be
responsible for the vicious cycle of progressive myocardial dysfunction in chronic heart
failure [1]. This mechanistic model led to the hypothesis that left ventricular assist device
(LVAD) support would disrupt this cycle and, by providing profound volume and pressure
unloading, allow a reversal of stress-related compensatory responses of the overloaded
myocardium [2–4]. This in turn would lead to subsequent structural and functional ‘reverse
remodeling’ at organ and tissue levels [2–4]. Improvement in myocardial function in
patients on LVAD support was first shown by Frazier et al. [5]. Limited clinical data have
suggested that LVAD therapy can occasionally reverse the complex process of chronic
myocardial remodeling to the point when a subset of patients can be successfully weaned
from LVAD ( bridge to recovery ) [6,7••–9••]. Achieving sustained myocardial recovery
after LVAD weaning in a patient with chronic advanced heart failure is one of the most
desirable goals in contemporary treatment of heart disease [10]. Consequently, the
mechanisms which might facilitate LVAD unloading-induced myocardial reverse
remodeling have become the subject of intensive research [2–4]. However, fundamental
questions at the basic science, translational and clinical levels remain unanswered.

Experience from ‘bridge to recovery studies’
Most of the clinical outcome studies that addressed myocardial recovery during LVAD
support were retrospective and the results, as far as success of LVAD weaning and of
achieving sustained myocardial recovery, varied significantly (Table 1). These
inconsistencies can be explained by numerous limitations in study design, such as absence
of a prespecified protocol to monitor for functional myocardial recovery, absence of a
prespecified protocol for the use of adjuvant pharmacotherapy with potential antiremodeling
effects, variable duration of LVAD support, lack of standardized LVAD explantation
criteria, and diversity of the populations studied in their propensity for recovery. The most
effective approach aimed at recovery of myocardial function reported so far is that of the
Harefield group [8••,9••,18••]. Reproducibility of these results in larger patient cohorts and
in a randomized fashion is of great importance. A multicenter North American clinical trial
(HARPS), which combined LVAD and the Harefield pharmacologic protocol, enrolled 40
patients and the results of this investigation will be presented in the Spring of 2011. A
European study (Harefield Athens Recovery Program) using the same approach is currently
ongoing (Table 1, [4,10]). With the exception of the recent study by Birks et al. [9••], the
great majority of devices utilized in the bridge to recovery studies have so far included first-
generation, pulsatile LVADs.

A review of the outcomes of studies listed in Table 1 suggests that better understanding of
the effects of LVAD unloading on myocardial structure and function could lead to
approaches that may deliver sustained recovery to more patients. It is our opinion that we
need first to understand better the effects of LVAD unloading on myocardial remodeling and
subsequently organize more bridge to recovery trials. The LVAD population provides a rare
opportunity for in-depth investigations in human biology for the following reasons:

1. The pre-LVAD and post-LVAD myocardial tissue specimens provide the
opportunity to correlate human structural findings with functional data. Correlation
between structure and function is achievable in animal models, but it is very rare
that this level of understanding can be achieved in humans.

2. The hemodynamic support provided by LVAD makes these patients more tolerant
to arrhythmic or hemodynamic adverse events [19].
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3. The numbers of potential study participants (i.e. LVAD patients) is rapidly
increasing [20].

4. In-depth evaluations of aggressive investigational therapies combined with LVAD
are possible. This strategy could evolve to become a useful step in the research
development and evaluation of new investigational therapies (pharmacologic, cell-
based therapies, gene-based delivery systems) aiming not necessarily at reverse
remodeling, but at cardiac regeneration or targeting other beneficial myocardial
effects.

5. There is opportunity to investigate the beneficial effects of removing a significant
part of the excess load that drives the vicious cycle of myocardial remodeling [1].

These five translational research advantages that LVADs offer may ‘transform’ this patient
population to a translational research vehicle for investigating new antiremodeling and
regenerative therapies for heart failure. Yet, in order for these promises to be fulfilled, we
must first understand the fundamental biological impact of LVAD-induced mechanical
unloading on myocardial structure and function.

Effects of left ventricular assist device-induced unloading on myocardial
structure

Key changes that have been described in the failing myocardium after LVAD unloading
include alterations in cardiomyocyte hypertrophy, extracellular matrix, microvasculature and
adrenergic pathways – sympathetic innervation, among others.

Cardiomyocyte hypertrophy
Hypertrophic growth of cardiomyocytes is a mechanism by which the heart reduces stress on
the failing ventricular wall [21–24]. LVAD unloading has been shown to induce regression
of cardiomyocyte hypertrophy [25,26]. This is in agreement with data showing that LVAD
unloading reverses the altered cardiac production of natriuretic peptides along with parallel
reductions in myocardial mass and myocyte size [27,28]. However, animal models of
prolonged unloading of nonfailing myocardium by means of heterotopic transplantation
[29], severing the chordae tendinae of papillary muscle [30], or LVAD [31] suggested that
mechanical unloading could lead to cardiomyocyte atrophy. Whether this phenomenon
applies not only to normal but also to hypertrophied, failing myocardium unloaded by
LVADs is controversial. One animal study of failing, hypertrophied hearts indicated that
unloading in a heterotopic transplantation model resulted in a decrease of cardiomyocyte
size beyond normal values [32]. In two human studies, cardiomyocyte size decreased with
LVAD unloading, but not beyond the size of normal cardiomyocytes [33•,34]. In the human
study carried out by our group, the light microscopy findings were complemented by
ultrastructural electron microscopy in which there was no evidence of cardiomyocyte
atrophy or degeneration even in patients who underwent prolonged (>6 months) duration of
LVAD unloading [33•]. In addition, given that myocardial atrophy has been associated with
increased glycogen concentration [35,36], the lack of change of glycogen content after
LVAD unloading observed in this study [33•] is not compatible with myocardial atrophy
after LVAD unloading.

A recent study also examined cardiomyocyte DNA content, nuclear morphology and
number of nuclei per cell, before and after LVAD support [37••]. After unloading, the
number of polyploid cardiomyocytes and cardiomyocyte DNA content declined, whereas an
increase in binucleated cardiomyocytes was observed. The authors hypothesized that the
vast polyploidy of cardiomyocytes in the failing human heart was a result of hypertrophic
growth associated with repeated rounds of DNA synthesis that, despite completion of DNA
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replication, did not result in cell division. The increase of binucleated cardiomyocytes could
suggest that reduction of noxious hypertrophic stimuli through LVAD unloading may lead
to beneficial cardiomyocyte duplication and regeneration. These findings suggest that there
is a dynamic and plastic regulation of cardiomyocyte content in heart failure, which
strengthens the notion that at least a proportion of cardiomyocytes are not terminally
differentiated and could re-enter the cell cycle during regenerative processes [38]. Of course,
this hypothesis requires further confirmation.

Extracellular matrix
Remodeling of extracellular matrix, specifically an increase in fibrosis, is a hallmark feature
of myocardial remodeling in chronic heart failure [39]. Altered collagen metabolism is
responsible for ventricular dilatation and for changes in systolic and diastolic function
[40,41]. Investigations of the effect of mechanical unloading on extracellular matrix have
shown conflicting results: one group of investigators has reported decreased fibrosis [6,42–
45], whereas others found increase in fibrosis [14,32,46–51] associated with increase in
cross-linked collagen and myocardial stiffness [47]. The explanation for the contradictory
observations is not clear, with some attributing the inconsistent results to differences in the
methodology employed [2,3]. Applying recent advances in whole-field digital microscopy
[52,53], we addressed this issue using digital histopathology and advanced image analysis
techniques, an approach that reduces observer bias, markedly increases the amount of
myocardial tissue analyzed and permits comprehensive endocardium-to-epicardium
evaluation [33•]. This also eliminates the confounding effect of endocardial or epicardial
sampling known to be associated with different degrees of fibrosis [54]. In failing hearts,
interstitial and total fibrosis was higher compared with normal myocardium and the collagen
content increased further after LVAD unloading (Fig. 1) [33•].

Changes in neurohormonal milieu seen after LVAD implant support the above findings.
Whereas older studies indicated that circulating levels of many neurohormones (plasma
epinephrine, norepinephrine, arginine, vasopressin, renin and angiotensin II) decrease after
LVAD implant [55], the effects of LVAD unloading on the myocardial tissue renin–
angiotensin–aldosterone system (RAAS) components (including the profibrotic and
prohypertrophic angiotensin II [56,57]) seem to be more complicated. Klotz et al. recently
published results of the first study that systematically analyzed the different components of
RAAS in paired myocardial tissue samples obtained before and after LVAD implantation
[58••]. Renin levels in the pre-LVAD myocardium were the highest ever reported in human
cardiac tissue (100× normal) and myocardial aldosterone level was also elevated (250×
normal). After LVAD support, myocardial renin and aldosterone levels markedly decreased
but, in contrast to this finding, myocardial angiotensin I and II levels increased five-fold to
10-fold [58••,59]. The authors hypothesized that the extremely high renin levels seen in the
failing myocardium before LVAD implant result in depletion of myocardial
angiotensinogen, and angiotensin I and II levels therefore become low instead of high. This
phenomenon has also been noted in animals treated with high doses of angiotensin-
converting enzyme inhibitor (ACE-I) [60]. Indeed, the myocardial angiotensinogen levels in
the pre-LVAD hearts in the above study were only 5% of the normal serum angiotensinogen
levels [58••]. It has therefore been proposed that at such high renin levels it is no longer
possible to match the rapid metabolism of angiotensinogen in cardiac tissue either by
increased uptake from blood or by local synthesis of angiotensinogen. Myocardial
angiotensin generation can increase again only when renin levels decrease, as was the case
post-LVAD in the same study. Whatever the explanation, the increase in myocardial level of
angiotensin II during LVAD support was accompanied by a seven-fold rise in myocardial
norepinephrine content [58••]. Increased norepinephrine levels are also known to lead to
cardiac fibrosis. The same group of investigators reported an increase in the ratio of matrix
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metalloproteinases (MMPs) to tissue inhibitors of metalloproteinases (TIMP-1) in end-stage
heart failure which normalized after LVAD unloading, favoring decreased collagen
degradation and hence increased fibrosis [47]. Collectively, these post-LVAD myocardial
biomarker alterations are compatible with the structural findings suggesting increased post-
LVAD fibrosis.

Endothelium and microvasculature
Myocardial microvascular density is reduced in patients with heart failure [61]. LVAD
unloading has been shown to lead to changes in expression of genes involved in the
regulation of vascular organization and migration [62]. Moreover, experimental data of
unloading by means of heterotopic transplantation resulted in increase in microvascular
density [63]. In agreement with these experimental findings, our group demonstrated that
pulsatile LVAD unloading resulted in increased microvascular density in failing human
hearts [33•]. We also found strong evidence of endothelial cell activation both by
immunohistochemistry [endothelial activation marker major histocompatibility complex
class-II (MHC-II)] and by electron microscopy (ultrastructure analysis) [33•]. Animal
models of angiogenesis in myocardial and skeletal muscle revealed that ultrastructural
endothelial cell activation represents one of the early stages of capillary growth and
arteriogenesis [64,65]. Therefore, the finding of endothelial activation after LVAD implant
is consistent with the observed increase in microvascular density. The findings of post-
LVAD increase in microvascular density and endothelial cell activation were also
accompanied by increased interstitial and total myocardial fibrosis [33•]. This suggests that
the recently described mechanistic link between the endothelium and cardiac fibrosis during
the cardiac remodeling process – ‘endothelial to mesenchymal transition’ via pathways
directly implicated in cardiomyocyte hypertrophy [66••,67] – might also apply to human
myocardium. Obviously, direct proof for such a mechanism requires lineage tracing possible
only in genetically manipulated animal models [66••,67]. Of note, work done in our
laboratory has shown that endothelial proliferation and migration, hallmarks of
angiogenesis, must be balanced by mechanisms that stabilize the endothelium, so that a
functional vascular network may be established and maintained [68–70]. An imbalance in
these competing signals after LVAD unloading may contribute to the increase in
microvascular density, endothelial activation and cardiac fibrosis.

Adrenergic pathways and sympathetic innervation
Signaling through β-adrenergic receptors regulates myocardial inotropy, chronotropy,
dromotropy, and lusitropy [71]. Failing human heart demonstrates diminished contractile
strength, down-regulation of β1-adrenergic receptors, impaired coupling with G protein and
decreased responsiveness to β-adrenergic stimulation [72–75]. Long-term pulsatile LVAD
support is associated with reverse adrenergic remodeling [76] which correlates with
improved intrinsic myocardial contractile properties – greater magnitude of contraction,
shorter time to peak contraction and reduced time to 50% relaxation [77]. Experiments on
isolated myocytes and trabeculae from LVAD-unloaded myocardium have shown increased
force and frequency of contractile response to β-adrenergic stimulation accompanied by an
increase in β-adrenergic receptor density [78,79]. In a recent gene expression study, using a
gene chip platform, significant changes were noted in genes of the β-adrenergic signaling
pathway in hearts that recovered after LVAD unloading [80]. In another study using iodine
123-meta-iodobenzylguanidine (123I-MIBG) scintigraphy, pulsatile LVAD unloading
resulted in improvements in sympathetic innervations in the failing heart which
accompanied clinical, functional, and hemo-dynamic improvements (Fig. 2) [81•]. In
addition to improved sympathetic innervation, pulsatile LVAD unloading also results in
improved calcium (Ca2+) metabolism [79,82–86].
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The above findings suggest the potential importance of β-adrenergic receptor signaling in
the reverse remodeling process that occurs in mechanically assisted failing hearts. It has also
been shown that apoptotic cardiomyocyte death is selectively mediated by β1-adrenergic
receptor, with β2-adrenergic receptor not being involved in this signaling [87]. Some
investigators therefore suggested that reverse remodeling may be enhanced by combining
ventricular unloading with augmentation of β2-adrenergic receptor signaling [18••,88]. This
hypothesis was initially tested in an experimental study of a heterotopic transplantation
model and a gene transfer technique to overexpress β2-adrenergic receptors [88]. In failing
hearts treated with intracoronary adenoviral gene transfer of a β2-adrenergic receptor
transgene, LV function improved significantly within the first week of unloading. The
investigators concluded that adenoviral β2-adrenergic receptor gene therapy administered to
the unloaded failing heart might represent a new form of ‘molecular assistance’ provided in
synergy with mechanical assistance [88]. Sir Magdi H. Yacoub [18••] proposed a
combination therapy of LVAD unloading and a selective β2 agonist, clenbuterol, to
maximize the efficiency of LVAD as a bridge to recovery [8••,9••,18••]. This has been the
most effective approach aimed at recovery of myocardial function using LVADs reported so
far [4,8••,9••]; however, reproducibility of these results in a randomized larger-scale trial is
yet to be established.

Effects of left ventricular assist device-induced unloading on myocardial
function

Ventricular remodeling is associated with a rightward shift of the pressure–volume loop
towards larger volumes [89], whereas pulsatile LVAD unloading results in a leftward shift
in the direction of a normal physiological relationship [48]. Both continuous flow and
pulsatile flow LVADs are associated with significant volume unloading and subsequent
decrease in LV end-diastolic diameter [90]. However, pulsatile LVADs seem to have a more
pronounced volume unloading compared with continuous-flow LVADs (Table 2) [91,93].
Continuous-flow LVADs, in addition to LV unloading, have also been associated with
significant left atrial volume unloading and improved left atrial function at 3 and 6 months
after LVAD implantation [99].

LVAD unloading results in increased cardiac output and near normalization of pulmonary
artery pressures and LV systolic pressures [91,93]. These changes are comparable regardless
of cause of heart failure and are similar in magnitude in pulsatile and continuous-flow
LVADs (Table 2). Etz et al. [100] reported that continuous-flow LVADs implanted in
patients with medically refractory pulmonary hypertension resulted in significant reduction
in mean pulmonary artery pressures and pulmonary vascular resistance, and these patients
were subsequently successfully transplanted. Another study reported similar pressure
unloading and normalization of pulmonary hemodynamics, which remained within normal
range post transplantation [101•].

Left ventricular unloading by LVAD also has significant effects on the right ventricle (RV).
LVAD unloading will typically result in decrease in RV afterload, improved RV geometry
and systolic function [102,103]. However, higher-than-optimal continuous-flow LVAD
unloading can result in a leftward shift of interventricular septum with resulting compromise
in RV systolic function and RV failure [104].

Exercise intolerance in patients with chronic heart failure is associated with respiratory
muscle weakness and poor outcomes [105,106]. In a study in which cardiopulmonary
exercise testing was done before and after continuous-flow LVAD placement, we observed
that all patients had a restrictive ventilatory pattern before LVAD implantation. This
improved during the LVAD support and was associated with a significant increase in
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anaerobic threshold, peak work rate and exercise duration [107•], findings consistent with
other investigations [93].

Effects of left ventricular assist device-induced unloading on
electrophysiology and arrhythmias

Heart failure patients commonly have prolonged ventricular action potential and
repolarization, as represented by prolonged QT interval and wide QRS complex. LVAD
unloading has been shown to result in progressive shortening of QRS and QT intervals,
findings consistent with reverse electrical remodeling of the failing heart [108,109]. We
observed a strong correlation between corrected QT (QTc) shortening and increase in LV
ejection fraction and decrease in LV filling pressures [110•]. The shortening of the action
potential duration likely contributes to improved cellular contractile performance observed
after sustained LVAD support.

The effect of LVAD therapy on the arrhythmogenicity of the heart remains controversial.
Most published data are limited to retrospective studies which examined the incidence of
clinically significant tachyarrhythmias using patient medical records. Whereas some
investigations reported increase in monomorphic ventricular tachycardia after LVAD
implant, other studies did not confirm this finding [93,111–115]. In a prospective study of
selected LVAD patients with nonischemic cardiomyopathy, using 24-h Holter monitoring
obtained before LVAD and at 2 months after LVAD implant, we found a significant
decrease in premature ventricular contractions and ventricular couplets, but no change in the
incidence of nonsustained or sustained ventricular tachycardia [110•].

Unresolved issues: future directions
The studies reviewed above provide important insights into the effects of LVAD unloading
on myocardial structure and function. It is important to define, however, the limitations of
these investigations as they relate to contemporary care:

1. Due to mainly engineering reasons, nonpulsatile, continuous-flow LVADs are now
almost exclusively used. These LVADs produce a qualitatively different type of
unloading compared with the pulsatile-flow LVADs examined in the majority of
the studies reviewed above.

2. In most tissue studies, no functional myocardial recovery data were collected.
Therefore, it cannot be distinguished which tissue, cellular and molecular changes
would occur in all LVAD patients regardless of the presence of functional
myocardial recovery (i.e. epiphenomena of the systemic hemodynamic
improvement which occurs after LVAD implant), vs. which changes would occur
only in the LVAD patients with signs of myocardial functional recovery. It is these
latter changes that might be associated with true pathophysiologic mechanisms of
reverse myocardial remodeling. In order to prove causality between structural
changes and myocardial recovery, examination of tissue both from patients with
evidence of LVAD-induced myocardial recovery and from patients without
functional myocardial improvement is critical.

3. Many studies lacked prospectively designed protocols for myocardial tissue
acquisition, preservation and analysis. In-depth investigation at the structural,
ultrastructural and molecular levels is not possible by simply snap freezing the
tissue in the operating room during the LVAD implant surgery, as was regularly
done in many previous studies.
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4. Various antiremodeling medications were routinely used in previous studies, but no
randomization or standardization of their use was attempted. In most cases, no
information regarding the patients’ concurrent drug therapy was reported. As a
result, the drug-induced effects on remodeling cannot be separated from the effects
of mechanical unloading alone in the majority of the studies.

Therefore, important questions remain unanswered:

1. What is the LVAD design that best promotes reverse remodeling – pulsatile,
nonpulsatile, counterpulsatile?

The key known effects of pulsatile vs. continuous-flow LVADs on the
cardiovascular system are summarized in Table 2. Whether the prospect of LVAD-
induced reverse remodeling is better served by pulsatile [6,7••,8••,116],
nonpulsatile [9••], or counterpulsation devices [117,118], and by full or partial
unloading [119•], is unknown. More research is needed to better understand the
properties of a ventricular assist device that would best promote reverse remodeling
[120].

2. Which patients are most likely to achieve recovery?

The impact of the cause of heart failure on the potential for myocardial recovery
needs to be further investigated. The likely candidates for reverse remodeling
following mechanical unloading include patients with cardiomyopathy of different
causes – hypertensive, valvular, peripartum, familial, and so on [120]. Ischemic
cardiomyopathy patients who have suffered myocardial infarction and are
characterized by large areas of noninfarcted myocardium that ‘remodeled’ over the
years could also be considered candidates [4,10,120]. Furthermore, the impact of
other factors such as duration of heart failure [11••], the concept of targeted
adjuvant drug therapies [18••], the duration of LVAD unloading [32,48,51],
advanced imaging protocols to monitor native heart’s function during unloading,
the presence of RV failure [4,120] and the degree of the preunloading structural
myocardial changes [121] also need to be elucidated.

3. Which investigational setting is more likely to advance our knowledge – ‘bridge to
recovery’ or ‘bridge to transplant’?

The real need at this stage is a ‘bridge to knowledge’. From that perspective it
seems that the ‘bridge to transplant’ study design offers more advantages compared
with the ‘bridge to recovery’ study design. The bridge to transplant design offers
the opportunity to study pre-LVAD and post-LVAD paired tissue specimens from
both recovery responders and nonresponders along with the ability to study the
effects of unloading at various time points. Large-scale and carefully designed
‘bridge to transplant’ studies, adequately powered to address many of the above
unanswered questions, should come first. To follow, ‘bridge to recovery’ studies
would aim to identify markers of sustained myocardial functional recovery and
define reliable LVAD explantation criteria [9••,11••].

Conclusion
‘When you set out on your journey to Ithaca, you should hope the road to be long enough…
full of obstacles and adventure, full of discovery…’ (from the poem ‘Ithaca’ by K. Kavafis,
1911, Alexandria, Egypt). This description of an unrelenting struggle and complete focus on
fundamental targets also applies to the endeavor to use the opportunities presented by
LVAD therapy as a springboard for future studies aiming at reverse remodeling and
regeneration. Given the limited understanding of the effects of mechanical unloading alone,
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it may be preferable to delay combining LVADs with adjuvant ‘attractive’ therapeutic
interventions (such as cell-based and gene-based therapies) and thus try to ignore the
attractive sirens, as Odysseus managed to do during the original journey to Ithaca. Better
understanding of the fundamental changes directly resulting from LVAD unloading should
in turn allow identification and testing of specific therapeutic approaches that may
eventually lead to myocardial recovery. We should always try to remember what Kavafis
has been teaching us in the above referenced poem ‘Ithaca’: the grappling, the difficulties
and the obstacles are necessary steps, given that the most important thing is the journey to
Ithaca and not Ithaca per se.
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Key points

• Limited clinical data suggest that left ventricular assist device (LVAD)
unloading, possibly in combination with adjuvant therapies, could lead to
myocardial recovery in a subset of patients with advanced heart failure.

• Better understanding of the direct effects of LVAD unloading on the failing
myocardium is needed and may lead to identification and testing of new
approaches aimed at myocardial recovery and regeneration.

• Increasing clinical use of LVADs presents a key opportunity for in-depth
investigation of processes described above.
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Figure 1. Increased fibrosis (Masson’s stain–collagen content stains blue) post LVAD-induced
unloading
Panel a (normal donor heart), panel b (pre-LVAD), panel c (post-LVAD); 200×
magnification; LVAD, left ventricular assist device (modified with permission from ref.
[31]).
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Figure 2. Effect of LVAD on H/M late MIBG image
H/M (heart-to-mediastinum) uptake ratio in late image at baseline (pre-LVAD, zoom factor
1 ×) and after 3 months of LVAD support (post-LVAD, zoom factor 1, 2×). H/M, heart-to-
mediastinum; LVAD, left ventricular assist device; MIBG, I-123 meta-iodobenzylguanidine
(modified with permission from [75]).
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Table 2

Effects of pulsatile vs. continuous-flow LVADs on the cardiovascular system

Study Design Pulsatile vs. continuous-flow LVAD (N) Effects

Klotz et al. [91] R 21 vs. 10 Pressure unloading: similar

Volume unloading: Puls. superior

Zimpfer et al. [92] P 8 vs. 27 PHT reversal: similar

Thohan et al. [42] R 12 vs. 8 Pressure unloading: similar

Volume unloading: Puls. superior

LV mass regression: Puls. superior

Haft et al. [93] P 16 vs. 18 Pressure unloading: similar

Volume unloading: Puls. superior

Exercise capacity at 3 months: similar

Garcia et al. [94] P 15 vs. 20 Pressure unloading: similar

Volume unloading: similar

Patel et al. [95] R 43 vs. 34 Incidence of RVF: similar

Welp et al. [96•] P 10 vs. 10 Circulating RAAS components: greater reversal with Puls.

Vatta et al. [97] P 7 vs. 7 Disrupted dystrophin: greater reversal with Puls.

Loebe et al. [98] R 6 vs. 6 Increased inflammatory markers (IL-6 and C5a) with Contin.

C5a, anaphylatoxin; Contin., continuous flow devices; f/u, follow-up; IL-6, interleukin-6; N, number; PHT, pulmonary hypertension; P,
prospective; Puls., pulsatile flow devices; R, retrospective; RAAS, renin–angiotensin–aldosterone system; RVF, right ventricular failure.
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