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Myocardial recovery during mechanical
circulatory support: long-term outcome
and elective ventricular assist device
implantation to promote recovery
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ABSTRACT

Even after incomplete myocardial recovery during mechanical circulatory support, long-term survival rates af-
ter ventricular assist device explantation can be better than those expected after heart transplantation even
for patients with chronic non-ischemic cardiomyopathy as the underlying cause for ventricular assist device
implantation. The elective therapeutic use of ventricular assist devices for heart failure reversal in its early stage
is a future goal. It may be possible to achieve it by developing tools to predict heart failure reversibility before
ventricular assist device implantation and increasing the number of weaning candidates by improvement of
adjunctive therapies to optimize unloading-promoted recovery.

In the final part of our review article special attention is focused on the long-term stability of cardiac remission
after ventricular assist device removal, the clinical relevance unloading-promoted myocardial recovery and on
the current knowledge about a potential prediction of myocardial recovery during long-term ventricular assist
device support already before ventricular assist device implantation.
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This three-part article is based on a lecture given at the 7th Expert Forum of the Roland Hetzer International Cardiothoracic
and Vascular Surgery Society, Berlin, Germany, 5-6 April 2014.

LONG-TERM PATIENT OUTCOME non-coronary post-cardiotomy HF and pe-

AFTER VAD REMOVAL

The post-weaning survival probability of
patients who had end-stage non-ischemic
chronic heart failure (HF) before the im-
plantation of ventricular assist device
(VAD) is comparable with that of patients
who recovered from acute myocarditis,
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ripartum cardiomyopathy, where revers-
ible causes of HF can play major roles (1).
Our recent evaluation of 53 weaned pa-
tients with end-stage non-ischemic chronic
cardiomyopathy (CCM) as the underlying
cause for VAD implantation revealed 5 and
10 year post-explant survival probabili-
ties (including post-heart-transplantation
survival for those with HF recurrence) of
72.84+6.6% and 67.0+7.2%, respectively
(1). Assessment of post-weaning survival
only from HF recurrence or weaning-re-
lated complications revealed even higher
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probabilities for 5 and 10 year survival,
reaching 87.8 +5.3% and 82.6 +7.3%, re-
spectively (1). Of the first three patients
who were electively weaned in 1995 in our
department, one is still asymptomatic af-
ter 20 years and another survived 17 years
without the need for heart transplanta-
tion (HTx), whereas the third, still alive,
remained stable for 14 years before need-
ing another VAD due to recurrence of HF.
Of 33 patients with non-ischemic CCM as
the underlying cause for VAD implantation
who were weaned from VADs in our center
before 2004, 24 (72.7% ) were alive at the
end of the 5% post-weaning year (79.2% of
them with their native hearts) (2). Com-
paring these data with the ISHLT (Interna-
tional Society for Heart and Lung Trans-
plantation) post-HTx outcome data, with
the option of HTx for patients with post-
explantation HF recurrence, the long-term
survival rates after weaning from VADs ap-
pear to be better than those expected after
HTx (2, 3).

In a recently published study, which com-
pared the long-term outcome of patients
bridged to recovery and patients bridged
to HTx, the actuarial survival rate at 5
years after left VAD (LVAD) explantation
was 73.9 %, whereas in the group bridged
to HTx, where all patients finally received
a transplant, the actuarial post-HTx sur-
vival rate at 5 years was 78.3% (4). Thus,
patients weaned from VADs appeared not
to be at a higher risk for death in compari-
son to those who underwent HTx, even if
the underlying cause for VAD implantation
was chronic cardiomyopathy and not one of
the more often reversible cardiac diseases
such as acute myocarditis, post-cardiotomy
HF or peripartum cardiomyopathy. How-
ever, for various reasons (availability of do-
nor organs, contraindications for HTx etc.)
not all patients can be bridged to HTx and
to date the survival probability on VADs is
lower than that after HTx. Thus, the re-

cently published 5% INTERMACS Annual
Report revealed for continuous flow LVADs
an actuarial survival of 70% at 2 years,
and of less than 50 % before the end of the
fourth year after implantation (5). The sur-
vival probability with pulsatile LVADs was
lower and reached only about 40 % at the
end of the third post-implantation year (5).
Fortunately, many of those who cannot be
weaned from their VAD may be success-
fully bridged to HTx and thus the survival
probability for patients who must remain
on VAD support might be better. Indeed,
for our patients with non-ischemic CCM
as the underlying cause for VAD implan-
tation, a comparison of long-term survival
data of patients with and without explanta-
tion revealed a 5 year survival probability of
72.8% and 52.4%, respectively (p<0.01)
(6). Since VAD explantation in the recov-
ered patient group was performed after a
mechanical support time of >4 weeks, we
included in the non-explanted group only
those patients who also survived the first
4 post-implantation weeks. The prevalence
of patients who underwent HTx during
the evaluation period was nearly identical
in the 2 groups (28.3% in the group with
explantation and 28.7% in the group with-
out) (6). Thus, the survival probability of
our weaned patients with non-ischemic
CCM as the underlying cause for VAD im-
plantation was better than that of patients
with the same underlying cardiac disease
who could not be weaned from their VAD.
Post-explant HF recurrence appeared re-
lated to the duration of HF before VAD
implantation and a pre-implant history of
HF > 5 years can be a relevant risk factor
for post-weaning HF recurrence (7, 8). The
influence of the etiology of the underlying
cardiac disease, responsible for HF devel-
opment before VAD implantation on post-
weaning patient outcome, is barely known.
However, with the option of HTx for pa-
tients with post-explant HF recurrence, the
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5 year survival probability of our weaned
patients with idiopathic cardiomyopathy as
the underlying cause for LVAD implanta-
tion, a disease that for a long time was con-
sidered to be almost irreversible, reached
nearly 80 %, suggesting that VAD explan-
tation should be considered in all patients
with relevant cardiac recovery, not only in
those with potentially more reversible car-
diac diaseases (7).

Optimizing unloading-promoted cardiac
recovery

Whereas renin, angiotensin II (Ang-IT) and
aldosterone plasma levels usually decrease
after LVAD implantation, in the unloaded
myocardium both norepinephrine and
Ang-1I tissue levels are elevated and can
promote cardiac interstitial fibrosis with an
increase in myocardial stiffness (9, 10).
Angiotensin-converting enzyme (ACE) in-
hibitors, being able to reduce myocardial
Ang-II and also the Ang-II-induced myo-
cardial sympathetic activation, can prevent
the progression of extra-cellular matrix re-
modeling and, in combination with VAD
unloading, ACE-inhibitors may also be able
to reverse, at least partially, that remodeling
(9). To promote recovery during VAD sup-
port, in addition to ACE-inhibitors, Ang-II-
receptor antagonists, aldosterone-antago-
nists and B-blockers are recommended (8,
11, 12).

Medication doses should be individually
adapted with the goal of reducing HR to-
wards 55-60 bpm, and blood pressure to
the lowest optimally tolerated value, as
well as to maintain optimal renal function
(1). The target doses used by the Harefield
group are: 40 mg daily for lisinopril, 25-50
mg three times daily for carvedilol, 100 mg
daily for losartan, 25 mg daily for spirono-
lactone and 125 pg daily for digoxin (11).
Clenbuterol (selective f,-adrenergic recep-
tor-agonist) was supposed to be a possible
promoter of myocardial recovery during

VAD support (11, 13). With clenbuterol
as additional therapy the Harefield study
reported a weaning rate from LVADs of
>60% (11, 13). However, the possibility
that these high recovery rates might have
been also facilitated by pre-implant pa-
tient selection could not be definitely ex-
cluded (14). Thus, to confirm these excel-
lent results, a multi-center trial using the
Harefield protocol was initiated in the U.S.
(Harp trial) (11). Unfortunately, only one
of the 17 patients enrolled in the HARP
study finally underwent explantation. The
discrepancy between the results of the U.S.
and Harefield studies have not been com-
pletely clarified and further studies are nec-
essary to establish the therapeutic value of
clenbuterol.

A potential tool to facilitate unloading-
promoted myocardial recovery might be
the future development of automatic con-
trol strategies for the left ventricle (LV) af-
terload impedance, allowing optimization
of unloading and controlled “myocardial
training” (15).

Pre-explant prediction of cardiac stabil-
ity without VAD support

After VAD implantation, transthoracic
echocardiography (TTE) parameters of
“off-pump” cardiac function, LV size and
geometry and their stability between and
during off-pump trials after maximum im-
provement as well as HF duration before
VAD implantation allow detection of pa-
tients with the potential to remain stable
for >5 post-weaning years (1, 2, 8). Final
off-pump left ventricular ejection fraction
(LVEF) of >45% at rest showed a predic-
tive value of only 74% for post-explant
cardiac stability of =5 years, but together
with either HF history length of <5 years,
or final off-pump LV end-diastolic diameter
(LVEDD) <55 mm, or LV end-diastolic rela-
tive wall-thickness (RWT ) 20.38, or LV
systolic peak wall-motion velocity (Sm) >8
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cm/sec the predictive value for post-explant
cardiac stability of >5 years increased to
86%-87% (2, 8).

Taking into consideration also the pre-
explant stability of LVEF, LV size and LV
geometry during the time between maxi-
mum LV improvement and VAD explanta-
tion, as well as during the final off-pump
trial before VAD removal, the predic-
tive value of the main off-pump TTE pa-
rameters for post-explant cardiac stabil-
ity of >5 years increases beyond 93 % (1).
In patients with stable off-pump LVEF
>45% at rest plus normal and stable LV
size (LVEDD <55 mm) and/or geometry
(RWT,, >0.38) the predictive value for
post-explant cardiac stability of =10 years
can reach 90% (1).

Exercise testing also appeared predictive
for recovery. Stable or increased mean arte-
rial pressure (MAP) and pulse pressure, as
well as LVEF >53 % after the 6MW test ap-
peared to be strong predictors of recovery,
reaching sensitivity and specificity values
of up to 93% and 80 %, respectively (11).

Risk factors for post-weaning heart fail-
ure recurrence

Off-pump LVEF <45% showed 88 % pre-
dictive value for HF recurrence during the
first 3 years after VAD removal and values
<40% even appeared 100% predictive
for early recurrence of HF (1). The same
100 % predictive value for early recurrence
of HF was also found for off-pump LVEF
<45 % in patients with a history of HF > 5
years (2). In patients with IVEF <50%,
an LVEDD >55 mm and/or unstable LV
geometry (RWT, decrease of >10% dur-
ing the final off-pump trial before VAD re-
moval) and/or history length of >5 years
are relevant risk factors for HF recurrence
(predictive values 83 %-100% ) (2).
Unstable LVEF alone (decrease of >10%
during the time between maximum im-
provement and VAD explantation) is a rel-

evant risk factor for early recurrence of HF
even if pre-explant LVEF is >45 %, the LV
size and geometry are normal and the histo-
ry length of HF is < 5 years (1, 2). Also al-
tered and/or unstable LV geometry, as well
as low and/or unstable peak wall motion
velocity (Sm), are relevant risk factors for
HF recurrence even in patients with LVEF
>45% (1).

In patients with pre-explant LVEF >45%,
off-pump diastolic arterial pressure < 50
mmHg appeared to be a risk factor for post-
weaning HF recurrence (16). This can be
explained by possible overestimations of LV
systolic function due to the reduced after-
load (LVEF is a load-dependent parameter).
In addition to the definitely proved risk fac-
tors for post-weaning HF recurrence men-
tioned above and also shown in Table 1,
we identified other risk factors detectable
by TTE or RHC during the off-pump trials
with potential relevance for weaning deci-
sions (Table 2).

Elective VAD insertion to promote recov-
ery - a treatment goal

Long-term VADs are to date used as life-
saving devices for patients with end-stage
HF after all medical therapy options have
been exhausted. After insertion, VADs will
later become either a bridge-to-HTx or a de-
finitive therapy for those who, for different
reasons, cannot receive HTx. Nevertheless,
the most attractive potential indication for
VADs in the future might be their elective
implantation as a therapeutic strategy for
cardiac recovery.

This will be possible only if the potential
for recovery during VAD support becomes
predictable before VAD implantation. Un-
fortunately, the low rates of relevant and
stable cardiac recovery during VAD sup-
port and the lack of reliable methods to
predict recovery before VAD implantation,
on the one hand, and the highly invasive
procedure of VAD implantation with possi-
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Table 1 - Major Risk Factors for Recurrence of Heart Failure after LVAD Explantation (1,6, 7).

Basic Characteristics
and Off-Pump Data

Patients with Recurrence of HF

Predictive Value for HF Recurrence
During the First 3 Post-Explant
Years

Patient Age

older at LVAD explantation time

patient age not predictive for
outcome

History Length of HF

longer HF history before implantation

88.9% pv for > 5 years history
length

Duration of Unloading

longer unloading time until recovery

77% pv for > 6 months of
unloading

Off-pump TTE

lower pre-explant LVEF
higher pre-explant LVEF instability*

higher pre-explant LVEDD

lower pre-explant LV end-diastolic RW'T

87.5% pv for LVEF <45%*
90 % pv for LVEF >45 % with
pre-explant alteration of >10%
(interval change)

88.9% pv for LVEDD > 55 mm*

81.8% pv for RWT,, < 0.38

lower pre-explant Sm

higher pre-explant RWT instability*

higher pre-explant S/L, |
higher pre-explant S/L,, instability*

higher pre-explant Sm instability*

87% pv for RWT, reduction of
>8% during the final off-pump trial

84.6 % pv for S/L, increase of
>10% during the final off-pump
trial

83.3% pv for Sm < 8 cm/s*
90 % pv for Sm pre-explant alteration
of >10%

*parameter changes during the time between maximum improvement and LVAD explantation (“interval change”) and/or

during the final off-pump trial (“pre-explant change”).
*parameters measured during the final off-pump trial.

TTE = trans-thoracic echocardiography; pv = predictive value; LVEF = left ventricular ejection fraction; LVEDD = left
ventricular end-diastolic diameter; VAD = Ventricular Assist Device; RWT = relative wall-thickness; HTx = heart trans-

plantation; RV = right ventricular.

bly serious complications after surgery, on
the other hand, do not allow VAD implan-
tations primarily designed as a therapeutic
option for cardiac recovery today.

Cardiac recovery occurred more often in
patients with less LV dilation and it was
also suggested that pre-implant LV size can
predict the potential for VAD-promoted
myocardial recovery (17).

However, in a large series of patients with
dilated cardiomyopathy (DCM) as the un-
derlying cause for HF before LVAD inser-
tion who underwent LVAD explantation
after recovery, we could not identify any

TTE parameter measured before implan-
tation which was able to predict recovery
during LVAD support (2, 8).

We found that even preoperative LVEDD of
> 70 mm does not exclude reverse remodel-
ing and LVEF increase beyond 45 % during
LVAD support allowing long-term cardiac
stability after LVAD removal (2, 8). Thus,
to date, standard echocardiography cannot
predict cardiac recovery during mechanical
unloading.

The possible superiority of strain imaging
in this matter needs to be assessed in the
future (18, 19).
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Table 2 - Additional Risk Factors Detectable During “Off-Pump” Trials at Rest with Relevance for Weaning Deci-

sions (1,2, 7,8).

Examination Parameters and Parameter-Derived Measurements Performed During
Off-Pump Trials
TTE progressive velocity-time-integral (VTI) reduction in the LV outflow tract

reflecting stroke volume (SV) reduction

trans-mitral flow pattern alteration (new appearance or accentuation of pre-
existent restrictive flow profile)

new appearance or accentuation of tricuspid regurgitation

pulmonary arterial pressure increase (tricuspid regurgitation flow velocity increase)

RV diameter increase (RV geometry alteration)

reduction of systolic peak wall motion velocity at lateral tricuspid annulus (TAPSm)

relevant LV synchrony and synergy alterations (strain imaging) or accentuation of
LV asynchrony and dyssynergy during off-pump trials

RH Catheterization

cardiac output reduction of > 15% after pump stop

pulmonary capillary wedge pressure (PCWP) > 13 mmHg

right atrial mean pressure > 10 mmHg or increase of > 50% during pump stops

Electrocardiography

new appearance or increase in number of extrasystolic beats
more than 25 % HR increase during off-pump trials

Artrial Pressure

diastolic systemic arterial pressure <50 mmHg during off-pump trials (risk for

misleading overestimation of LV function)

TTE = trans-thoracic echocardiography; LV = left ventricular; RH = right heart; HR = heart rate; RV = right ventricular.

In DCM patients, histological examina-
tion of myocardial tissue obtained at VAD
implantation showed that less fibrosis and
myocyte hypertrophy are associated with
better cardiac recovery during VAD sup-
port, and fibrosis appeared to be an inde-
pendent predictor of sustained myocardial
recovery (20). Our weaned patients with >5
year post-explant cardiac stability showed
less fibrosis before VAD implantation than
those with early post-weaning HF recur-
rence (2). Nevertheless, more information
is necessary before any elective LVAD im-
plantation with the aim of cardiac recovery
can be considered only on the basis of re-
duced pre-implant fibrosis. History length
of HF 25 years does not exclude reverse
remodeling with EF increase beyond 45 %,

but such patients’ risk for HF recurrence
during the first 3 post-weaning years is sev-
eral times higher than in those with history
of HF <5 years (probability of HF recur-
rence 89 %) (2). However, short history of
HF alone is not predictive for cardiac recov-
ery during mechanical unloading (2, 8).

VAD implantation is a traumatic event for
the myocardium due to cardiac surgery, cre-
ation of a hole in the LV apex, increasing
fibrosis and secondarily increasing the in-
cidence of ventricular arrhythmias. There
is a realistic hope that smaller VADs will
reduce the operative and postoperative
complications associated with VAD im-
plantations and open up prospects in the
near future of VAD implantations in earlier
stages of the disease when the reversibility
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of morphological and functional changes
during mechanical unloading might be sub-
stantially higher than in the end stages of
HF.

Summary and future directions

During VAD support, end-stage failing
hearts can often recover at molecular and
cellular level but translation of these chang-
es into functionally stable cardiac recovery
allowing long-term HTx/VAD-free out-
come after VAD removal is relatively rare
and appears to be related to the etiology, se-
verity and duration of myocardial damage.
Weaning from VADs is a feasible clinical
option with potential successful results for
> 15 years even if CCM was the underly-
ing cause for VAD implantation and even if
cardiac recovery remains incomplete. TTE
and RHC are the cornerstone methods to
assess clinically relevant cardiac recov-
ery. There are many parameters that have
proved to be useful for assessment of recov-
ery and for prediction of long-term wean-
ing success, but to date there is still no gold
standard for recovery assessment. Howev-
er, off-pump LVEF 245 % and LVEDD <55
mm, at rest, are generally accepted as basic
criteria for LVAD explantation and their
stability for 2-4 weeks after maximum im-
provement is also accepted as an important
requirement.

Other off-pump echocardiographic param-
eters of cardiac function (including tissue
Doppler and strain imaging data) and LV
geometry, as well as their pre-explant sta-
bility (between and during off-pump trials
after maximum improvement) are helpful
for weaning decisions. Normal and stable
hemodynamics during off-pump RHC trials
is necessary for weaning decisions, but not
sufficiently predictive for long-term car-
diac stability after VAD explantation. Off-
pump CI >2.5 L/min/m? and PCWP < 14
mmHg are accepted as major requirements
for VAD explantation. HF history length >5

years is one of the major risk factors for HF
recurrence after VAD explantation.
There are two major limitations for a po-
tential future use of VADs as a therapeutic
strategy aimed to reverse HF: first, the low
probability of relevant cardiac recovery,
even after combination of unloading with
drugs known to enhance reverse remodel-
ing (ACE-inhibitors, B-blockers, Ang-II-re-
ceptor antagonists and aldosterone inhibi-
tors) and second, the fact that recovery is
not predictable before VAD implantation.

There are still several open questions on

myocardial recovery after VAD implantation,

which need to be answered in the future:

1. What causes the great discrepancy be-
tween the high recovery rates on cellular
and molecular levels and the low rate of
functionally stable cardiac recovery al-
lowing VAD explantation?

2. Can future research on the molecular
and cellular levels provide a platform
for additional therapies (pharmacologic
and/or cell-based therapy, gene transfer,
etc.), aimed to optimize recovery and
increase the number of weaning candi-
dates?

3. Is it possible to facilitate weaning from
VADs also in patients with chronic isch-
emic cardiomyopathy by promoting an-
giogenesis and myocyte regeneration?

4. Can future research on the molecular
and cellular level provide data that might
help detect patients with the potential
for cardiac recovery under mechanical
unloading already before VAD implan-
tation?
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