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Background: Data on ventricular unloading-promoted myocardial recovery and post-weaning outcome
in children is scarce. We analyzed the weaning outcome in children with heart failure (HF) supported with
ventricular assist device (VAD).

Methods: A multi-institutional data on VAD implanted in 193 children and adolescents with HF between
April 1990 and November 2015 was reviewed. Among them, 25 children (mean age 3.4+3.0, range, 0.058-16.3
years, 15 females) were weaned from VAD. Etology of HF were myocarditis (n=11), dilated cardiomyopathy
(DCMP) (n=7), ischemic HF (n=3), arrhythmogenic CMP (n=1), post-correction of congenital heart disease
(CHD) (n=1) and acute graft failure (n=1). Mean duration of HF before VAD implantation was 59.4+3 days.
Results: Age, duration of HF, DCMP, cardiac arrest and duration of VAD are essential clinical
characteristics to delineate who may have the potential to myocardial recovery. Echocardiographic
parameters pre-implantation, during the final off-pump trial and during the post-explantation follow-ups
revealed that LVEF, LVEDD and relative wall thickness (RW'T) showed significant differences (P<0.001)
among patients stratified by outcome to assess recovery. Presently, 21 (84.0%) of the weaned patients are
alive with their native hearts 1.3-19.1 years after VAD explantation. An additional weaned patent had HF
recurrence 3 months post-weaning and was transplanted.

Conclusions: Post-weaning myocardial recovery and cardiac stability of children with HF from several
etiologies supported with a VAD appears sustainable and durable. Young patients with short HF duration
are more likely to recover. Absence of cardiac arrest, cardiac size, geometry and function may prospectively

identify patients who may be likely to have myocardial recovery.
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Introduction

Although medical therapy has improved the survival and
quality of life of children with heart failure (HF), those
with cardiogenic shock and acute HF with underperfusion
need mechanical circulatory support systems to maintain
end-organ perfusion (1,2). By unloading the ventricle with
a ventricular assist device, complete myocardial recovery
may be achieved. Until now, no factors are identified
which predict recovery. Likewise, if recovery occurs, there
is no guarantee that it lasts after ventricular assist device
(VAD) explantation. Weaning of adults off VAD support
has evolved and has been demonstrated that there can be
long-term success (3-5). However, ventricular unloading-
promoted myocardial recovery and post-weaning outcome
data in children is scarce. The potential for myocardial
recovery after VAD support in children was asserted by our
group in 1998 (6),in 1999 (7) and in 2018 (8). To provide
updates, we analyzed the weaning outcome in children with
HF supported with a VAD with regards to the recurrence of
HF and the sustainability of myocardial recovery after VAD
explantation. Moreover, we sought to determine the clinical
characteristics and echocardiographic variables that may
identify patients who may likely have myocardial recovery.

Methods

The Institutional Review Board approved this study and
waived the need for patients’ consent as the study itself
was regarded as non-interventional and data protection
standards were fulfilled. The authors had full access to
and take full responsibility for the integrity of the data. All
authors have read and agreed to the manuscript as written.

Review of medical records of children with HF in three
German university pediatric cardiac centers identified 193
children supported with various VADs between April 1990
and November 2015. For homogeneity of the analysis,
only patients (n=148) supported with a pneumatically-
driven, paracorporeal pulsatile flow pump (EXCOR
Pediatric VAD, Berlin Heart GmbH, Berlin, Germany)
were considered. For outcome comparison of VAD support,
these children were stratified into three groups: children
who had myocardial recovery; children who were bridged to
orthotopic heart transplantation (OHT); and children who
succumbed while on VAD support.

The weaning outcome and durability of myocardial
recovery post-VAD explantation in 25 children with HF
supported with VAD were the main subjects of this study.
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Clinical characteristics (age, gender, duration of HF before
VAD implantation, presence of cardiac arrest, implantation
and duration of ECMO support prior to VAD, duration
of VAD support) and echocardiographic data (cardiac size,
geometry and function) were reviewed. This cohort was
followed up until April 2017.

Timing of implantation, choice of pump sizes and
techniques

The indications for VAD support, choice of pump size and
implantation techniques have been previously reported by
our group (1,9,10).

The primary goal was to implant a left VAD (LVAD).
However, when patients failed to stabilize with a LVAD
after coming off cardiopulmonary bypass and who had signs
of refractory right ventricular (RV) failure, a right VAD
(RVAD) was added (9).

Biventricular VAD (BVAD) implantation in infants and
small children has been challenging because of the small
pericardial space, and positioning the four cannulae after
reconstructive operations could become complex. As we
gained more experience in VAD implantation, it became
apparent that cannulation of the left ventricular (LV) apex
does not only improve LV emptying but also supports the
RV as well; thus, biventricular support became necessary
only in patients with more advanced HF.

We have fully described the post-VAD anticoagulation
management in our previous reports (1,9,10).

Pump exchange was done for any thrombus formation in
the left pump or in the left-side cannulae and thrombus of
more than a few millimetres in size or free-floating thrombi
of any size in the right pump and cannulae (9).

A prophylactic antibiotic with anti-staphylococcal
coverage is administered in the perioperative phases.

Children are mobilized as soon as their condition
allows. Infants and small children dependent on the
powerful, stationary IKUS driver are kept in hospital,
whereas older children (>15 years old, n=11) who could
operate the portable EXCOR Pediatric VAD driver are
discharged home whenever possible, and go to school with
the device.

Immediately after VAD implantation, HF therapy
(-blocker, an angiotensin converting enzyme inhibitor and
spironolactone) was started in all children. Other drugs
(diuretics, ivabradine, digoxin) are used as necessary.
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Echocardiographic assessment of cardiac dimensions,
geometry and function

Daily transthoracic echocardiography (T'TE) is performed
routinely in children kept in the hospital, and weekly in
children who were discharged with the VAD, to monitor
cardiac function and screen potential weaning candidates.
Echocardiogram reports were reviewed to determine the
change in cardiac function, dimensions and geometry
while on VAD support. Cardiac parameters considered to
assess cardiac recovery included: (I) LVEDD measured
in the antero-posterior plane as the maximal diastolic
diameter between the septal to posterior wall endocardium
at the level of the papillary muscle tips; (II) posterior wall
thickness (PWT) measured in diastole between the papillary
muscles at the level of their tips: (III) end-diastolic LV
relative wall thickness (RW'T) measured in the parasternal
long-axis view at the base of the LV using the formula
RWT =2x PWT/LVEDD; (IV) LV fractional shortening
(FS) 215% measured in parasternal view at the base of the
LV; and (V) LVEE. Values obtained, expressed as z-scores
to adjust for the effect of body size and age, are compared
among the three groups to assess which variables could
predict myocardial recovery during VAD support.

Indications for weaning and VAD explantation

Criteria for weaning

TTE is the primary imaging modality for selection of
weaning candidates and is mandatory for weaning decisions.
Miera er al. (8) has recently published the Berlin weaning
protocol for treatment during VAD support and evaluation
of cardiac function during pump stops, which was developed
and implemented in 2005.

Generally, the first step is selection of potential weaning
candidates: those with sinus rhythm, normal LVEDD,
improvement of LV wall motion, none or < grade 1 mitral
and/or aortic valve regurgitation, no RV dilation and no or
< grade 2 tricuspid regurgitation (TR) during full LVAD
support. Progressive increase in duration and frequency
of aortic valve openings during unchanged pump rate also
indicated improvement of LV contractile function. Provided
that there is no bleeding nor a recent thromboembolic
event and anticoagulation was within target parameters, 30—
50 IU/kg of unfractionated heparin is administered prior
to VAD stops. In such potential weaning candidates, to
verify whether complete unloading interruption trials were
possible and reasonable, it is useful to perform TTE-guided
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stepwise pump rate reductions to 30/min (short 5-minute
pump stops) and then completely stopped for approximately
5 minutes, before evaluation of cardiac function during
complete interruptions of the LVAD support. If stepwise
pump rate reductions provoke symptoms (dizziness,
sweating, etc.) and/or significant cardiac arrhythmia,
LVEDD increases beyond the normal range, and/or the RV
showed morphological and functional instability (increasing
TR, RV dilation with reduced output), the patient was
deemed not a weaning candidate and unloading interruption
trials were not indicated.

Echocardiographic assessment of recovery was mostly
based on data obtained at rest during repeated short-
term interruptions of LVAD support (off-pump trials).
Hemodynamic and echocardiographic parameters were
obtained at baseline, after reduction of the pump rate to
30/min, and during pump stops after 10, 20, and 30 minutes.
During an off-pump or pump turn-down trial, this stepwise
echocardiographic assessment in the course of repeated short-
term (~5 min) unloading interruptions were deemed safer
than one or two longer-lasting (15-20 min) interruptions.
Nonetheless, a 15-20-minute complete interruption of the
LVAD support in the operating theatre (without inotropic
or ventricular preload and afterload support) was mandatory
for the final echocardiographic evaluation concerning the
decision in favour or against LVAD explantation.

Assessment of myocardial recovery in children with
BVAD implantation was similar to that after LVAD
implantation, but often more challenging. This necessitates
stops of both pumps. The RV pump is stopped ~30 s
earlier than the LV pump. The first echocardiographic
and hemodynamic evaluation was conducted 5 minutes
after VAD stops while on full LVAD support. During the
off-pump trials, special attention is paid to the RV size,
geometry and load, and presence of TR. Increases in RV
end-diastolic diameter short-/long-axis ratio, TR and right
atrial pressure (RA) >10 mmHg, indicates worsening of RV
function.

In long-term LVAD recipients with additional RVAD
support, selection of patients for RVAD removal is usually
started 48-72 hours after RVAD implantation. Weaning
candidates are clinically stable patients with adequate
renal, hepatic, pulmonary and neurologic functions, with
regression of RV dilation, improvement of RV wall motion
and no significant TR. Weaning is started with gradual
reduction of RV pump-flow to 2 L/min at 0.5-L/day
increments under transthoracic echocardiographic guidance
and monitoring of hemodynamic responses [RV pump-
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flow reduction below 2.0 L/min (cardiac output/BSA)
for a prolonged period is not recommended]. Additional
reduction of the PVR by a phosphodiesterase-5 inhibitor
has been beneficial for RV recovery assessment. Septum-
shifting toward the LV (sign for RV dilation), increase
in TR and RA pressure and decrease in cardiac index or
LVAD-index during RVAD flow reduction are major signs
for insufficient RV recovery, and necessitates interruption of
the weaning process and return to initial right VAD settings.
If echocardiographic and hemodynamic measurements
remained stable during moderate reduction of RVAD
flow, a short (5-10 min) interruption of RV support was
necessary for the actual assessment of RV recovery. If
echocardiographic-measured parameters remained stable
and hemodynamic measurements continued to remain
within the normal range, a stable RV recovery was very
likely.

Weaning candidate selection and assessment of RV
recovery in isolated right VAD recipients is similar to the
assessment of RV recovery in long-term biventricular
VAD recipients or LVAD recipients with an additional
RVAD. TTE focuses especially on possible changes in
atrial and ventricular septum position and RV end-diastolic
dimensions and short-/long-axis ratio, as well as on changes
in tricuspid annular plane systolic excursion (TAPSE).

Special attention has been paid to TR and to the
continuous-flow Doppler-derived pressure gradients
between the RV and RA. Serial velocity-time integral
measurements obtained from PW-Doppler signals
in the LV outflow tract were useful for non-invasive
monitoring of stroke volume and cardiac index stability. If
hemodynamic measurements remained within the normal
range and echocardiographic parameters remained stable
during moderate reduction of the right VAD flow, a short
(5-10 min) interruption of RV unloading is performed. If
echocardiographic-measured parameters remained stable
during that complete interruption of RV unloading, RV
recovery appears sufficient to allow right VAD explantation.
With stable hemodynamics, LVAD pump rate is reduced
and subsequently stopped. To prevent clot formation, the
VAD is set to pump twice/minute during the procedure;
thereafter, baseline VAD settings were reset at the end of
the examination. No further attempt was made to reduce
the mechanical support stepwise before explantation. The
VAD was explanted within the subsequent days.

VAD explantation
VAD explantation was performed in the operating
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theatre. The pump flow was gradually decreased and
echocardiographically-measured LV filling pressures were
monitored. Weaning was performed with the pump being
stopped for 20 minutes when the following criteria were
achieved, both in patients with left VAD or BVAD support:
(I) LVEDD <98th percentile (z-score <+2); (II) LVEF >45%
(i.e., no more than mild LV dysfunction); (IIT) normotensive
on milrinone only (no other inotropes); (IV) lactate
<3 mmol/L; (V) LV end -diastolic pressure <12 mmHg; (VI)
resting cardiac index of >2.8 L/min/m’; (VI[) RWT of 0.27
(Z score <+2), and (VIII) no RV dilatation, absence or mild
aortic, mitral and tricuspid valve insufficiency.

After selection of weaning candidates, VAD explantation
is performed as follows: (I) stepwise pump rate reductions
under TTE monitoring, to verify whether complete
unloading interruption trials were possible and reasonable
before assessing the heart during complete interruptions
of VAD support (possible if moderate reduction was
supported by the patient without any symptoms;
reasonable only if moderate reduction did not induce
cardiac and hemodynamic changes which indicated that
VAD explantation is too risky or even impossible); (II)
off-pump trial with echo-examination at rest during
several (2-4 times) short-time (*5-10 min) interruptions
of mechanical circulatory support (under additional
anticoagulation therapy); (III) LV filling pressures-derived
hemodynamic measurements during short-term VAD
support interruptions; and (IV) final >15 min long off-pump
trial in the operating room with repeated simultaneous
echocardiographic and hemodynamic measurements.

Stable central venous saturation and low pulmonary
artery pressure during pump stops were likewise considered
to be adequate prognostic parameters, as was normalization
of BNP or NT-proBNP levels during the whole weaning
phase. When hemodynamics and all aforementioned
parameters remain stable during “off-pump” trials, VAD
explantation is carried out.

Follow-up

Follow-up data were provided by written correspondence
from the referring physicians. All patients operated from
1990 to 2015 had complete follow-up with series of
echocardiograms. No patients were lost to follow-up.

Statistical analysis

Data was analyzed using IBM SPSS version 25.0 software
(IBM Armonk, New York). Continuous variables were
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reported as means = standard deviation, median and range.
Normal distribution of numeric variables was assessed
with Kolmogorov-Smirnov test. Significant distribution
differences within the three groups were further
evaluated with Kruskal-Wallis test, Pearson Chi2-test or
univariate analysis of variance (ANOVA), as appropriate.
Influence of clinical characteristics and echocardiographic
parameters on primary outcome were assessed by Chi-
square analysis. A competing risk model considering the
times on VAD, recovery, OHT and death was performed
using the R-packages “mstate” by Putter, Fiocco, Geskus
[2007] (R Foundation for Statistical Computing, Vienna,
Austria. http://www.R-project.org/.) Within the multistate
model, the function “probtrans” to examine age at VAD
implantation, LVAD vs. BVAD, and the diagnosis group
[dilated cardiomyopathy, myocarditis, postoperative HF or
congenital heart disease (CHD)] by uni- and multivariate
analysis as potential factors for factors for the transition
from the state “on VAD” to the state “weaning” was
applied. Event-free percentages were estimated and shown
according to Kaplan-Meier estimates at 95% confidence
interval. A P<0.05 was considered statistically significant.

Results

Table 1 shows the demographic profile of 148 children
(mean age 6.1+3.4, median 4.4, range, 0.01-17.8, years)
with advanced HF supported with a VAD. There were 41
(27.7%) infants (<1 year, old) and 83 (56.0%) were females.
Etdologies of HF were DCMP (n=76, 51.3%), myocarditis
(n=33, 22.2%) and post-correction of CHD (n=29, 19.6%).
Duration of HF before VAD support ranged from 1 day to
14 years. Forty-nine (33.1%) had suffered cardiac arrest,
16 (10.8%) of whom had initially ECMO support prior to
VAD implantation. Left VAD was mostly (n=92, 62.1%)
implanted followed by BVAD (n=55, 37.1%). There was
only one instance when a right VAD was implanted on a
post-transplant patient with acute graft failure.

Table 2 shows the comparative detailed outcome of
VAD support in 148 children. There were 25 (16.9%)
children who were successfully weaned off VAD support
with complete myocardial recovery and discharged home.
Seventy-eight (52.7%) showed unattainable weaning on
pump-stop trials; hence, eventually underwent OH'T. Forty-
five (30.4%) children succumbed while on support.

Table 3 describes the 25 children who had myocardial
recovery. Mean duration of VAD support was 77.8+18.3
(median 42, range 7-700) days. Figure I illustrates the time
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on VAD support before myocardial recovery was achieved.
All patients who recovered were weaned within 155 days
after VAD implantation, except 1who recovered after
700 days. Four patients needed >100 days of support before
VAD explantation. In children with myocarditis (n=11),
median HF duration was 12 days (range, 3-30 days). Two
of these children underwent cardiopulmonary resuscitation
(CPR) and one had ECMO support before switching to
VAD. VAD was explanted in 7 children with DCMP, whose
HF duration ranged from 7-480 days, one of whom was
resuscitated and initially supported with ECMO for 19 days.
All of these patients had their ventricular cores biopsied to
rule out myocarditis. The 16-year-old adolescent with acute
graft failure was supported with RVAD for 78 days. She is
still alive 11.7 years post-weaning. Among 3 children with
ischemic HF weaned off VAD support 7, 12 and 13 days,
respectively, one had HF recurrence 3 months post-weaning
and underwent OH'T. Unfortunately, she died 8.6 years later.

Mean follow-up duration is 9.0+7.1 (median 7.8,
range, 1.4-19.1) years. Freedom from HF recurrence is
96.0%+3.9% (Figure 2). None of the weaned patients
underwent repeat VAD implantation. Three (12.5%)
patients died 2.4, 3.3 and 15.6 years, respectively, post-
weaning. Cumulative survival is 84.0% (Figure 3).

To understand the underlying function- and geometry-
related variables in the myocardium which predisposes to
recovery, changes in LVEF, FS, LVEDD and RW'TT pre-
VAD implantation, during VAD support and after VAD
explantation (the isolated RVAD support for a postoperative
graft failure was excluded) were compared among the three
groups (Tuble 4). Figure 4 shows the percent changes in
LV end diastolic diameters between 3 time points: shortly
before VAD implantation, shortly after VAD implantation
and after VAD explantation for patients who had recovery
and after heart transplantation for heart transplant
recipients. Differences in LVEF, FS, LVEDD and RWT
among the groups over these specified time points are
highly significant (P<0.001). On univariate analysis, z-scores
for LVEDD and LVFS were associated with normalization
in patients who were weaned off VAD support.

Figure 5 is the stacked transition probabilities plot
derived from the competing risks multistate estimation
for time-related events of children with HF supported
with VAD. The continuous lines show the estimations, the
dashed lines their confidence limits. The vertical distance
between a line and the line underneath shows the fraction
of patients that can be expected to be in the state described
in the figure at the time given on the x-axis. To find the
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Table 1 Baseline characteristics of children with advanced heart failure supported with VAD

Variable

n=148

Age, mean (median, IQR), years
Age groups, n (%)
0-1
>1-5
>5-10
>10-15
>15
Gender
Female
Male
Diagnosis
Dilative cardiomyopathy
Non-compaction cardiomyopathy
Myocarditis
Arrhythmogenic cardiomyopathy
Post-correction of congenital heart disease
Ischemic heart failure
Tumor
Graft failure
Duration of disease before VAD implantation, years
Cardiopulmonary resuscitation prior to VAD
ECMO prior to VAD
Duration of ECMO (IQR), days
Type of support
Left VAD
Right VAD
Biventricular VAD

Duration of VAD support mean (median, IQR), days

6.1+3.4 (4.4, 0.01-17.8)

41(27.7)
30 (20.2)
18 (12.1)
34 (23.0)
25 (17.0)

83 (56.0)
65 (43.9)

76 (51.3)
1(0.7)
33 (22.2)
1(0.7)
29 (19.6)
5(3.3)
1(0.7)
2(1.3)
1.59+0.29 (0.33, 1 day — 14 years)
49 (33.1)
16 (10.8)
11.4+5.1 [5, 2-57]

92 (62.1)
1(0.7)
55 (37.1)
88.3+41.6 (23.3, 1-700)

percentage of patients that corresponds to the vertical
distance, shift the distance arrow to the bottom of the y-axis-
on the bar top, the scale indicates the percentage of patients
being in this state. For example, at 15 years about 13% of
the children who needed VAD support were in the state of
recovery. In effect, the competing risk analysis shows that
the patients who could be weaned had a low risk for HF
recurrence or death in the ensuing years. Presently, 21 (84%)

© Cardiovascular Diagnosis and Therapy. All rights reserved.

among the weaned patients are alive with their native hearts.
All patients with DCMP remained free from post-weaning
HF recurrence and all are alive (mean post-weaning survival
time 7.8+4.6, range 2.5-16.2 years). That only one child
had HF recurrence makes it impossible to identify children
who might have been weaned inappropriately.

Multistate analysis showed that younger patients and
patients with CHD had significantly better chances for
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Table 2 Univariate analysis of profile of children with advanced heart failure supported with VAD stratified according to outcome

. Children who had Children supported with Children who died
Variable myocardial recovery (n=25) VAD as a bridge to heart on VAD (n=45) P value
y yin= transplant (n=78) -

Age mean (median, IQR), years 3.4+3.0 (0.91, 0.058-16.3)  7.8+6.0 (7.2, 2.6-11.8) 6.8+2.6 (4.9, 0.01-17.8) 0.002
Age groups, n (%), years 0.066
0-1 12 14 15 0.026
>1-5 8 15 7 0.228
>5-10 1 11 6 0.307
>10-15 3 20 11 0.308
>15 1 18 6 0.148
Gender
Female 15 33 17 0.183
Male 10 45 28
Diagnosis <0.001
DCMP 7 56 13 <0.000
Non-compaction CMP 1 0 0 0.084
Myocarditis 11 14 8 0.074
Arrhythmogenic cardiomyopathy 1 0 0 0.084
Post correction of CHD 1 5 23 0.084
Ischemic heart failure 3 2 - <0.001
Tumour - 1 - 0.084
Graft failure 1 0 1 0.637
Mean duration of HF pre-VAD 59.4+3 [13, 1-480] days 2.24+0.21 2.37+0.58 <0.001
implantation (median, range) (0.67, 1 day — 10 years) (0.33, 1 day — 14 years)
Cardiac arrest, n 7 15 27 <0.001
ECMO, n 2 7 7 0.56
Mean duration of ECMO support Range 6-19 10.2+5.7 [5, 2-31] 12.0+3.8 [5, 2-57] 0.568
(median, range), days
Type of support 0.324
LVAD 19 51 21 0.711
RVAD 1 0 0 0.267
BVAD 6 27 22 0.566
Mean duration of VAD support (median, 77.8+18.3 133.3+91.6 54.0+15.0 <0.001
range interquartile range), days [42, 7-700, 15-81] [59, 23-138, 20-133] [5, 1-591, 2-43]

These italic P values are the sum P values of the ages and of the type of VAD support. VAD, ventricular assist device.

weaning than those with postoperative HE, as shown in Discussion

the univariate analysis. Multivariate analysis confirmed the

significant advantage of lower age and found significant There has been no existing large series of myocardial
differences within the various diagnosis groups (Table 5). recovery in children with HF supported with VAD. Neither
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Figure 2 Freedom from recurrence of heart failure in children
weaned off VAD support. All weaned patients remained free from
heart failure recurrence, except one with non-compaction CMP
who died after 61 days. SE, standard of error; CI, confidence

interval.

have factors been definitely pinpointed which predict
recovery nor is there certainty of recovery durability post-
weaning. Furthermore, reports on long-term outcomes of
myocardial recovery after VAD support are sparse.

It is interesting to note that myocardial recovery occurred
mostly in younger children. Myocardial recovery, seen in 12
(48%) infants (0—<1 year) was sustainable except in one who
had HF recurrence 3 months post-weaning. Younger age
per se, a factor in myocardial plasticity (2,4,11), may then

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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Figure 3 Cumulative survival of 25 children who had myocardial
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predict myocardial recovery. This strongly supports the
report of Miera ez al. (8) that positive predictors for recovery
were younger age, with children <2 years having a 5.6-
fold higher chance of recovery and confirmed myocarditis.
Reverse remodeling on VAD at a histological level is age-
dependent with an increased cardiomyocyte proliferation
rate and decreased development of interstitial fibrosis in
children <2 years of age (12).

The role of gender in HF has not been specified in
children. Although substantial sex differences in LV mass,
with males having consistently larger LV dimensions which
relate to sex differences in genetic regulation have been
reported (13), we found no impact of gender (P=0.183)
on weaning outcome, long-term post-VAD survival and
sustainability of myocardial recovery, even when stratified
to age, diagnosis, and type of VAD support (9).

The nature and acuteness of myocardial injury greatly
influence the type and degree of recovery. HF may present
suddenly without any prior disease (acute HF) as in acute
myocarditis, or maybe characterized by a prolonged time
course with progressive deterioration in functional capacity
(subacute and/or chronic HF), as in DCMP. Patients with
acute HF have not been exposed to the deleterious effects
of prolonged abnormal hemodynamics and neurohormonal
perturbations; in contrast, longer duration of HF is
associated with profound systemic changes which progress
over time (14).

A salient finding in this study is the higher frequency of
myocardial recovery after ventricular unloading in children
with acute HF regardless of disease severity and use of
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Table 4 Comparative echocardiography-measured LV size, geometry and function pre- and during VAD support and after VAD explantation in

LVAD and BiVAD supported children based on one-way ANOVA

Children who had

Children supported with VAD as a  Children who died on VAD

Echocardiographic parameters myocardial recovery (n=25) bridge to heart transplant (n=78) (n=45) P
LVEF'
Pre-VAD 21.0+9.0 [20, 0-45] 13.0+8.0 (10.0, 0-38) 13.0+5.0 (10.0, 0-45) <0.001
While on VAD 49.0+7.0 [48, 35-68] 26.0+9.0 (25.0, 10-56) 12.0+7.0 (10.0, 0-30) <0.001
Post-VAD explantation 56.0+4.0 [55, 50-80] 63.0+6.0* (67.0, 15-85) - <0.001
LV FS®
Pre-VAD 11.0+5.0 [10, <10-20] 10+0.89 [10, 8-35] 11.0+8.0 (10.0, 5-45) <0.001
While on VAD 24.0+4.0 [24, 15-39] 16.0+3.0 (15.0, 3-39) 13.0+7.0 (15.0, 3-45) <0.001
Post-VAD explantation 32.0+3.0 [32, 27-62] 36.0+7.0* (36.0, 24-53) 0.659
LVEDD®
Pre-VAD 2.8+0.4 (2.3,1.7-4.8) 3.2£1.3(4.0,1.7-5.7) 3.3+0.9 (4.5, 3.4-6.0) 0.05
While on VAD 2.4+0.5 (2.0,1.4-4.5) 3.1+0.4 (3.7, 1.7-5.4) 4.2+0.2 (4.2, 3.2-5.6) 0
Post-VAD explantation 2.2+0.6 (1.8, 1.1-4.3) 1.9+0.2* (2.0, 0.97-3.0) <0.868
RWT*
Pre-VAD 0.43+0.002 (0.40, 0.38-0.46)  0.43+0.002 (0.42, 0.38-0.48)  0.48+0.001 (0.42, 0.37-0.52)  0.143
While on VAD 0.38+0.003 (0.38, 0.30-0.42)  0.44+0.001 (0.54, 0.43-0.57)  0.63+0.002 (0.57, 0.55-0.68) <0.001
Post-VAD explantation 0.33+0.003 (0.24, 0.24-0.42)  0.34+0.002* (0.44, 0.30-0.48) - <0.001

', left ventricular ejection fraction; 2, left ventricular fractional shortening; °, left ventricular end-diastolic diameter; *, relative wall thickness (2x
posterior wall thickness/LVEDD); *, after transplantation; ANOVA-analysis of variance. LV, left ventricular; VAD, ventricular assist device.

biventricular support compared to those with HF symptoms
>1 year. Children with shorter HF duration presumably
may have more preserved cardiac reserve; hence, a greater
likelihood to respond to VAD support.

All 33 children with myocarditis had biopsy-and
immunohistochemistry-confirmed myocarditis ranging
from acute or chronic to fulminant onset. Other possible
causes of cardiomyopathy, i.e., bacterial and fungal infection,
mitochondrial defects, storage disease, were considered and
found negative in specific laboratory tests. Identified were
adenovirus, cytomegalovirus, coxsackie virus, enterovirus,
human herpes virus 6 and Parvovirus B19. Some of these
children has been reported by our group in 1998 (2), 1999 (5),
2011 (6) and in 2018 (8). Although 2 patients died 2.4 and
15.7 years post-VAD explantation, none ever had HF
recurrence. The survivors have no residual ventricular
dysfunction 1.4-19.1 years post-weaning. This shows that
children with myocardial dysfunction from myocarditis have
reversible HF and can recover if the circulation is supported
during the critical time (7-14 days) of inflammation and

© Cardiovascular Diagnosis and Therapy. All rights reserved.

healing. Long-term follow-up has been necessary to rule out
DCMP—a sequela in survivors of severe myocarditis (15,16).

HF from CHD represents a different predicament
(17,18) than in those with infectious- or DCMP-related
HF. Not only that they have complex anatomical and
pathophysiological substrates and suffer from significant
comorbidities, they also have undergone multiple surgeries
and VAD implantation may be their fourth or fifth
procedure. In 29 children with HF from CHD, only one
(3-month old girl, HF ensued after repeated corrections of
aortic coarctation and arch hypoplasia and ventricular septal
defect closure, repeatedly resuscitated) supported with
LVAD for 63 days recovered fully and is alive 5.7 years now.

In ischemic HF and hibernating myocardium, ventricular
unloading improves coronary perfusion by decreasing
cellular and tissue oedema, as shown in the 3 infants with
postoperative ischemia. VAD support was short (12, 13
and 7 days, respectively). The first two are alive 12.9 and
13 years post-VAD explantation. HF recurred in the third
infant 3 months later. This raises a concern such that had
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Figure 4 Percent change in left ventricular end diastolic diameters of three patient groups who had VAD support: those who underwent
heart transplantation, recovered and died on VAD. The differences are shown in 3 time points: shortly before VAD implantation, shortly
after VAD implantation and after VAD explantation for recovery-patients and after heart transplantation for heart transplant recipients.
Patients who recovered had a more pronounced early LVEDD reduction after VAD implantation than those who needed transplantation
or those who died. LVEDDs of transplant heart recipients remain smaller, while the LVEDD of patients who had myocardial recovery
may either increase or decrease after VAD explantation. The plots show quartiles (boxes represent percentile 25 to 75, the median is the
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LVEDD, left ventricular end-diastolic diameter; VAD, ventricular assist device.
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Figure 5 Stacked transition probabilities derived from multistate estimation for time-related events of children with heart failure supported
with VAD. The continuous lines show the estimations, the dashed lines their confidence limits. Numbers of patients at risk in a certain
state may be read from the previous figures; the model shown considers all survivors at the time shown in the x-axis. The vertical distance
between a line and the line underneath shows the fraction of patients that can be expected to be in the state described in the figure at the
time given on the x-axis. To find the percentage of patients that corresponds to the vertical distance, shift the distance arrow to the bottom of
the y-axis on the bar top, the scale indicates the percentage of patients being in this state. For example, at 15 years about 13% of the children
who needed VAD support were in the state of recovery. Risk factors for the transitions from one state to another are illustrated. State wise

risk factors derived from this model are described in 7zble 5. VAD, ventricular assist device.

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cuardiovasc Diagn Ther 2021;11(1):148-163 | http://dx.doi.org/10.21037/cdt-20-278



Cardiovascular Diagnosis and Therapy, Vol 11, No 1 February 2021

159

Table 5 Univariate and multivariate analysis of risk factors in weaning from VAD

Category comparisons/increment

P value

Analysis Factor/category effect: hazard ratio Foctor Category

Univariate Age (increment: years) 0.8620 0.0016 -
LVAD vs. BVAD 1.2104 0.6881 0.6881
Diagnosis - 0.0006 -
DCMP vs. CHD 0.7897 - 0.7707
Myocarditis vs. CHD 4.2408 - 0.0699
POHF vs. CHD 7.4305 - 0.0247

Multivariate Age (increment: years) 0.8773 0.0074 -
LVAD vs. BVAD 0.8724 0.7910 0.7910
Diagnosis - 0.0071 -
DCMP vs. CHD 1.0185 - 0.9822
Myocarditis vs. CHD 4.7034 - 0.0541
POHF vs. CHD 4.8797 - 0.0865

HR, hazard ratio; Age, age at VAD implantation (years); DCMP, dilated cardiomyopathy; CHD, congenital heart disease; POHF,

postoperative heart failure.

the ventricular unloading been prolonged, myocardial
recovery may have been sustained.

Acute graft failure may result from long ischaemic times,
inadequate myocardial preservation during procurement,
hyperacute rejection, or poor graft adaptation to the
recipient’s haemodynamic environment. ECMO, which
supports the organ systems and allows the freshly-
transplanted heart to work under less stressful conditions,
maybe indicated when graft failure is due to a biventricular
dysfunction. However, when there are clear signs of RV
dysfunction, it is very important to support the failing RV
with a VAD to avoid potentially irreversible graft injury (19).

Arrhythmogenic cardiomyopathy is a primary RV
disorder in which fibrofatty infiltration of the RV wall leads
to RV dilatation and systolic dysfunction (20). Insufficient
blood supply leads to acute myocardial ischemia, with its
inherent arrhythmogenic mechanisms (21). Ventricular
unloading enhanced normalization of electrical conduction
pathway, as shown in a 3-year-old girl with Ebstein anomaly
who had supraventricular tachycardia and underwent CPR.
With a markedly reduced RV function and persistence of
arrhythmia despite anti-arrhythmic agents and repeated
cardioversions, HF ensued. During the 18-day VAD
support, her condition stabilized with disappearance
of arrhythmia. She is still alive 14.7 years after VAD

© Cardiovascular Diagnosis and Therapy. All rights reserved.

explantation.

Noteworthy is the observation that even in chronic HE,
such as in DCMP, myocardial recovery occurred by unloading
the ventricle with VAD, as our group initially demonstrated in
1995 in five adults with idiopathic DCMP (20).

Ventricular dilation has been considered an irreversible
aspect of ventricular remodeling in DCMP (22). Some
reports suggested that restoration of fiber orientation and
regression of myocyte hypertrophy, consistent with the
marked reduction of ventricular mass may occur during
long-term VAD support (23). Furthermore, if sufficient
ventricular unloading is achieved, some aspects of cardiac
remodeling can be reversed (24). This has been evidenced in
the present study.

Device explantation in chronic cardiomyopathy has been
rarely reported in children (25). Among 76 patients with
DCMP in our series, we were able to wean 7 children after
ventricular unloading ranging from 30-700 days. These
children with stable recovery (2.6-16.3 years post-VAD
explantation) were younger and had shorter (7-480 months)
HF duration before VAD implantation. Less chronically-
altered hearts appeared to have a better prospect to recover.
With this small number of patients, it still remains difficult
to prospectively identify those with DCMP who would be
weaned off VAD support and will have optimal and stable
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cardiac recovery.

Since 1992 (26), we use rescue ECMO support in
children with HF especially in those with potential for
fast myocardial recovery and expected short-term support.
ECMO is switched to VAD when longer-term support
is needed and the patient had not suffered severe organ
damage before or during ECMO support. Another
indication to switch to VAD is continuous bleeding on
ECMO, because of the lower anticoagulation required
with VAD (2). Among 49 children who suffered cardiac
arrest, ECMO was initially implanted in 16 before
switching to VAD. It is shown in this study that cardiac
arrest significantly influences the outcome of VAD support
(P<0.001). In contrast, neither the use of ECMO (P=0.56)
nor its duration of support (P=0.568) prior to VAD
implantation predict recovery or death on VAD.

Although it may often be concluded that VAD
implantation was not absolutely necessary and ECMO
would have been very likely sufficiently, pre-implant
prediction of cardiac improvement during mechanical
circulatory support is not reliable, neither in young patients
nor in those with short duration of HF, although in those
patients the incidence of recovery is theoretically higher.
As we have shown in Tables 3,4 (2 with BVAD and 2 with
LVAD) of the 25 successfully explanted patients had indeed
a VAD support of only 12-13 days. In those patients it may
be assumed that ECMO would have been sufficient, but at
the time of VAD implantation, short-term recovery was not
reliably predictable and there have been some arguments
favouring VAD implantation.

It is not contested that the use of ECMO, especially
postoperatively, has been shown to be lifesaving in children
with myocardial failure. However, when pulmonary
function is normal, ECMO is not always the optimal
method for prolonged circulatory support because of
complexity of equipment, bleeding complications, capillary
leak syndrome, and non-pulsatile flow. The advantages
of ECMO in contrast to BVAD are easier cannulation,
oxygenator support in pulmonary insufficiency, and the
possibility of slow reduction of circulatory support. While
bleeding related to heparinization is the most common
complication of ECMO related to heparinization, BVAD
limits haemorrhagic complications as less anticoagulation
with heparin is required. The advantages of BVAD
are a much longer time gain to restore organ function,
elimination of oedema, extubation, mobilisation,
improvement in nutrition, and allowing the children to
regain consciousness to assess neurological status. Reduced

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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capillary leak in BVAD may be due to the pulsatile flow and
to less contact with synthetic surfaces.

It is acknowledged that patients necessitating BVAD
support have poorer outcomes than those requiring
isolated LVAD support. This present study has shown
that the number of ventricles supported does not predict
the outcome (recovery vs. death) of ventricular unloading
(P=0.566).

Animal models of unloading the non-failing myocardium
by LVAD (27) suggested that prolonged unloading leads
to cardiomyocyte atrophy making the heart not strong
enough to be reloaded, which might affect the durability
and sustainability of recovery. Moreover, an animal study
of failing hypertrophied hearts indicated that unloading
resulted in a decrease of cardiac myocytes in size beyond
normal values (28). In human studies, electron microscopy
suggested no evidence of cardiomyocyte atrophy or
degeneration even with >6 months of LVAD support (29).
Studies with shorter periods of unloading were not
associated with contractile dysfunction (29,30). These
suggest that adverse remodeling could sometimes occur
with very prolonged unloading.

The chances of successful weaning with long-term
freedom from HF recurrence are low, even if regression of
LV dilation and improvement of LVEF reach acceptable
levels for a possible LVAD explantation after >6 months of
VAD support. This has been seen in patients with LVAD
implanted as bridge to heart transplantation, in those with
prolonged support waiting for cardiac recovery, in patients
with persistence of massive LV dilation and low off-pump
LVEEF associated with a long pre-implant HF history and
especially in patients with chronic cardiomyopathy. In
adults, it has been demonstrated that in LVAD recipients
with off-pump LVEF <45% and a pre-implant duration of
cardiac disease of >5 years have nearly no chances to remain
more than 3 years free from post-explant HF recurrence.
In that patients with persistent LV dilation, the predictive
value for post-explant HF recurrence before the end of the
3rd post-explant year can reach 90% if the pre-explant off-
pump LVEF is <50% (30). These data suggest that for each
patient a careful evaluation of both risks and chances of a
prolongation of the VAD support is preferable.

The children who had myocardial recovery have had
VAD support ranging from 7-700 days, longer than those
children bridged to transplant (range, 23-133 days). This
uptrends a great concern that myocardial recovery may
have been achieved had this latter group been supported
longer with VAD. However, with our weaning strategy, we
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believe we have not missed indices of recovery, and that
transplantation in those who did not recover, was inevitable.
This study has shown that indeed, duration of VAD support
may predict a potential to myocardial recovery (P<0.001).

All children in this series presented with a markedly
reduced EF. Those who were weaned off exhibited
remarkable improvement in LVEF (P<0.01) than those
who were eventually transplanted. This is because the latter
group with insufficient remodeling and less functional
improvement had DCMP with a longer HF duration. Using
a univariate analysis, LVEF proved to be a highly objective
parameter to predict myocardial recovery.

Recovery rates are higher in children with less
ventricular dilation, and a less altered LV contractile
function may be easily reversible, as reported for adult
patients (23,28,29), although these changes are not always
associated with clinically-relevant recovery (28,29) VAD
can induce reverse remodeling through reversal of myocyte
and extracellular matrix abnormalities, followed by reversal
of ventricular dilation and dysfunction. These beneficial
effects incorporate a series of integrated changes in
myocyte structure and function, as well as modifications
in ventricular structure and organization accompanied by
shifts of the ventricular end-diastolic pressure-volume
relationship toward normal. Presently, however, neither the
components of the reverse remodeling process which are
necessary for myocardial recovery, nor the minimum levels
of reverse remodeling necessary to allow VAD removal
are sufficiently well known (31). We do not use myocardial
histology as a criterion for weaning decisions. Only patients
with acute myocarditis or severe cardiac allograft rejection
as the underlying cause for drug-refractory HF underwent
myocardial biopsy (to confirm the absence of myocarditis or
rejection) before VAD removal.

Because FS measures myocardial function just in one
plane and describes the contractile function in only a
certain region of two ventricular walls, it has a more limited
clinical use than the LVEF. Despite its less important role
for weaning decisions, it is a useful parameter for selection
of potential weaning candidates.

Remodeling patterns of the LV can be assessed by LV
geometry measurement through RWT and maybe broadly
categorized as normal or adverse remodeling, either
eccentric (low RWT) or concentric (high RWT) (32).
Data on the relationship between the magnitude of
eccentric or concentric hypertrophy in children is nil. In
this series, children with low RWT were younger and
had more advanced HF, hence, lower LVEF than those
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with high RWT. Myocyte hypertrophy with wall fibrosis
is pronounced in children with DCMP; hence, despite
ventricular unloading, RW'T may be similar to the pre-VAD
RWT. In myocarditis; RW'T correlates indirectly with wall
thickness and inversely with LVEDD. Thus, the magnitude
of RWT cannot mirror the extent of myocyte hypertrophy
nor myocyte edema.

In the current study, both wall thickness (measure of wall
fibrosis) and diastolic diameter (measure of remodeling)
draw attention to their potential to predict myocardial
recovery (P<0.001) even in children with marked LV
dilation at presentation. This contributes new information.

The question remains as to whether these children are
still at risk for recurrent HE. Birks (33) proposed strategies
to thicken the myocardium to enhance the durability
of recovery before explantation, such as clenbuterol
administration or intermittently reducing the pump speed
and pulsatilely load the heart.

Be it as it may, further understanding of myocardial
recovery in response to VAD support in children must be
intensively addressed in future research.

Limitations of the study

This is a retrospective study based on institutional databases
with the inherent limitations of data entries. Stratification
by duration of HF was based on retrospective review of
medical records. It is possible that those patients classified
as AHF could either represent true new-onset HF or
chronic HF with an acute decompensation not previously
recognized.

Conclusions

This study focused on the weaning outcomes of children
with HF from various etiologies supported with VAD
to effect myocardial recovery. Post-weaning myocardial
recovery and cardiac stability appeared durable over long-
term. Young patients with short duration of HF and less
myocardial fibrosis are more likely to recover. Absence of
cardiac arrest, prolonged VAD support and cardiac size,
geometry and function may identify patients who may likely
have myocardial recovery.
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