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Abstract: The first and successful implantation of a ventricular assist device in 1990 has allowed an 8-year-

old child with an end-stage heart failure to undergo a heart transplantation. This milestone paved the way

to consider support with ventricular assist in the armamentarium of heart failure management in infants,

children and adolescents. Several systems have evolved and faded owing to unacceptable complications.

Indications and contraindications to implantation have been established. Anticoagulation management is

still on its way to impeccability. Despite the challenges, issues and concerns revolving around ventricular

assist devices, the system definitely supports pediatric patients with end-stage heart failure until heart

transplantation and could allow recovery of the myocardium.
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Introduction

Orthotopic heart transplantation (OHT) is acknowledged
as the benchmark in management of end-stage heart failure
(HF). An overwhelming concern which then emerged
has been the shortage of donor organs. This disparity has
been filled up with the evolution of mechanical circulatory
support systems which eventually became a great option to
improve conditions and survival of patients suffering from
advanced HFE. While various ventricular assist devices (VAD)
are available for the adult population, there is a limited
device availability for pediatric application. Nonetheless,
VADs in infants, children and adolescents have undergone
rapid progress in the last three decades, after the first
implantation in an 8-year-old boy on whom an adult VAD
was implanted (1). Over time, through pump technological
innovations designed according to the patients’ anatomical
and physiological demands along with improvement of
perioperative care especially perfecting the anticoagulation
management and the knowledge of timing and indications
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of implantation, it has been recognized that VADs play a
significant role in management of HF in this special group.
Various adjustments in clinical judgment and improvement
in patient care paved the way to the acceptance of VAD as a
long-term support of the failing ventricle.

This report elaborates the contribution of VADs in
infants and children with end-stage HF as bridge to
heart transplantation, to status of transplantability and to
myocardial recovery. It discusses several important aspects
of pediatric VAD, special demands in children and essential
issues associated with VAD support in infants, children and
adolescents and perspectives.

The ventricular assist devices in children

The initial clinically available mechanical circulatory support
systems were designed for performance and anatomical
adaptation to the needs of adults. However, it soon became
necessary to develop mechanical circulatory support systems
suitable for small patients with a body weight of >3 to 30 kg
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and a correspondingly small cardiac output. The connections
to the circulatory system had to be miniaturized requiring
new types of valves for pulsatile pumps.

Extracorporeal pulsatile VAD

EXCOR® (Berlin Heart GmbH, Berlin Germany)
EXCOR® was used as the first children’s system for bridge
to transplantation with a 50 mL pump in 1990 in Berlin (1).
In 1992 an infant system with a 10 mL pump was implanted
in Berlin for the first time (2). EXCOR® has been approved
in 2014 for clinical use in the United States.

EXCOR® is an extracorporeal, pneumatically- driven
pulsatile pump available in several sizes placed externally
with percutaneous blood-containing silicone cannulae,
connected to the atria, left ventricular (LV) apex and the
great vessels implanted within the chest. The stationary
drive system (IKUS) is utilized for all pumps except when
driving pressures >250 mmHg is required. A mobile driver
is used in special conditions. Since November 2019, a new
mobile EXCOR Active System designed for small children
has been launched.

EXCOR® is the only one available worldwide, at least for
infants and small children.

Intracorporeal continuous flow VAD

HeartWare® HVAD System (Framingham, MA, USA)
The HeartWare® ventricular assist device is made up of
a miniaturized centrifugal continuous flow HVAD pump
with a hybrid magnetic, hydrodynamic impeller suspension
without mechanical contact sites. It is thin (4.2 mm), with
flexible driveline and fatigue-resistant cables, implanted
within the pericardium minus a pump pocket. It is indicated
for implantation in >25 kg patients in order to pump a
minimum of 2 L/min and obviate running an “empty
pump”.

"This device is mainly indicated to support patients with
end-stage HF to bridge them to heart transplantation. It
is approved for use in the European Union in 2009 and in
Australia in 2011.

Infant Jarvik 2015 (Jarvik Heart Inc., New York USA)
The Infant Jarvik 2015 is an implantable continuous flow
VAD particularly intended for small children. The pump
bears 2 circular-arc impeller blades, a set of stator blades,
and 2 ceramic cone bearings (3). It is FDA-approved for use
only in children with a body weight of >8 kg (3,4).
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Currently, the device has been implanted in 7 children
(4 as compassionate use and 3 included in the PumpKIN
trial: bridge to transplantation in 3, explanted in 1 who
recovered, 2 for biventricular support and 1 death) in the

USA (5).

Implantation: indications, timing, pumps, surgical
strategies and postoperative management

Timing of instituting support with a VAD is crucial
to guarantee optimal outcomes in post-implantation
management, i.e., decrease incidence of bleeding events
or the need for a right ventricular assist device (RVAD).
Our initial experience of implanting the VAD as a rescue
support has shown us a decreased recovery rate from the
consequences of shock, hence we have modified the timing
towards early VAD implantation either before irrevocable
organ damage ensues or after a short-term ECMO support
to evaluate whether recovery from shock sequelae has taken
place (6).

Children with congenital heart disease (CHD) usually
present with technically challenging anatomical modifications
which may compromise the application of VAD support
secondary to these anatomical or physiological aberrations.
An in-depth knowledge of these unique features is a definite
requirement to ensure successful application of VAD (7).

VAD support are not provided for extremely premature
babies, in those weighing less than 2.5 kg, with severe
neurological dysfunction and contraindications to
anticoagulation, and in those with a constellation of
congenital diseases and chromosomal abnormalities with
poor prognosis.

Implantation of a left or combined left and right VAD is
determined in the surgical theatre. Implanting a left VAD
(LVAD) is the primary scheme unless the necessity for a
biventricular support has been resolved preoperatively. A
right VAD is then implanted when signs of right ventricular
(RV) failure refractory to medical therapy ensues and the
LVAD fails to maintain the cardiac function after weaning
off the heart and lung machine.

Pump size is chosen based on body weight (6). The
ideal pump flow in small children is 120 to 150 mL/kg and
100 mL/kg for bigger ones.

Anticoagulation management is compulsory to ensure
post-natal growth of coagulation cascade (8,9) and to negate
the risk of thromboembolic complications integral to VAD-
blood interactions (10,11).

Routine daily transthoracic echocardiography (T'TE) is
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undertaken to evaluate myocardial function. A prophylactic
antibiotic with sufficient anti-staphylococcal scope is
administered in the perioperative phases. Regular sterile
dressing change around the transcutaneous exits are done.
The pumps and cannulas are regularly inspected for
presence of thrombus.

The role of VAD in children with heart failure

VAD support was initially carried out as a bridge to
transplantation (BTT). Later on, VAD support has
been provided to assess eligibility for OHT. Presently,
uncertain eligibility to transplantation does not preclude
VAD support. VAD support has evolved not only to be
just a bridge but also as an armamentarium to treat HF
unresponsive to medical therapy. With the evolution of
implantable continuous-flow devices, contraindications
may eventually be modified. A thorough knowledge
of synchronous complications in sufficient number of
population could provide evidence-based judgment on
contraindications, which is expected to be provided by the
registry for Pediatric Mechanically Assisted Circulatory
Support (PediMACS) founded in September 2012 to gather
data on those <19 years who were supported with VAD (12).

Bridge to beart transplantation

Application of VADs as BTT acquired favor over the
last decade and evolved to be considered a complement
to end-stage HF management while waiting for OHT.
With appropriate patient selection, the outcome is much
improved than with medical management alone and
comparable to OHT through stabilization of the functional
state and preservation of end-organ performance.

EXCOR® has been implanted in 168 patients since April
1990 in Berlin. Outcomes were serially reported in 34
patients in 1999 [1990-1999] (13,14), in 68 patients in 2004
[1990-2004] (15), and 94 patients in 2011 [1990-2009] (16)
and summarized in 122 patients in 2016 [1990-2013] (6)
with fairly satisfactory outcomes.

We have reported the first and successful EXCOR®
implantation in an 8-year-old boy suffering from a long-
duration of pressure overload due to coarctation of the
aorta and stenosis of the aortic valve with life-threatening
tachyarrhythmia which resulted to an end-stage HF.
Although he was supported with an adult-sized 50 mL
EXCOR®, he recovered swiftly and underwent OH'T 7 days
later (1). Re-transplantation was performed 14 years after
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the primary OHT and had lived 21 years after the VAD
therapy.

Subsequently, increasing use of EXCOR® in children
with end-stage HF in a BTT mode (15-17) ensued. The
longest VAD support time reported was 856 days before
undergoing OHT (18).

The first successful application of the EXCOR® in USA
as a BTT was performed by Reitz in 2004 in a 4-month-old
baby with acute myocarditis, about whom an article came
out in New York Times (19) under the US Humanitarian
Device Exemption (20).

In Berlin, 201 children (mean age 10.3+7.6, range,
3.7-15.11 years) with end-stage HF underwent OHT
from April 1990 until September 2014 (21). EXCOR® was
implanted in 78 children (mean age 77.8+6.0, range, 2.6-
11.8 years) as BT'T. Fourteen patients were <1 year old. The
etiology of HF included dilated cardiomyopathy (DCMP)
(n=56), fulminant myocarditis (n=14), end-stage CHD (n=5),
post-cardiotomy ischemic HF (n=2) and tumor (n=1), with
2 having an extremely high pulmonary vascular resistance
(PVR), 1 had a previous OHT 10 years earlier and 2 with
toxicity-induced cardiomyopathy. Mean VAD support time
was 133.37+191.6 (range, 1-856) days before OHT. Mean
duration of follow-up is 10.3+7.6 years (21). Cumulative
survival rates of these patients were: 93.6% (30 days), 84.6%
(1 year) 79.1% (5 years), 63.8% (10 years), 61.6% (15 years)
and 52.1% (20 years) (21).

We found no significant difference in post-transplantation
outcomes in VAD-supported and in primarily transplanted
(without VAD support) patients (22) similar to the findings
of Eghtesady er al. (23). Neither age at VAD implantation
and gender nor etiology of HE, type of VAD system and
number of ventricles supported influence the long-term
post-transplant survival. Whether it was the left ventricle or
both ventricles supported did not influence the long-term
outcome of transplantation. It was then clearly illustrated
that VADs have indeed a special role as BT'T.

Numerous reports (24-31) validated that regardless
of the primary etiology of HF, VAD support to preserve
end-organ function, while waiting for an organ donor,
successfully bridge HF patients to OH'T. This also hold true
in children with tumor-associated toxicity to allow them to
attain a level of transplant eligibility (21).

Morales et al. (32) reported their experience in 73
pediatric patients in 17 centers in USA who were implanted
with EXCOR® showing its effectiveness (77%) as a BTT
compared to the 39-64% success rate with ECMO as a
support prior to transplantation (33-35).
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Bridge to myocardial recovery

Indications for weaning and VAD explantation

Our long-term experience with VAD revealed that
restitution of sufficient circulation may lead to functional
recovery of already impaired organs (6).

No infant was discharged home after VAD support
until 1998 (15). Since then, several improvements in VAD
configuration, postoperative care and earlier VAD support
prior to onset of profound shock have been introduced.

The concept of weaning off VAD support has begun in
1999 in Berlin. For the first time, myocardium recovered
after VAD support in 5 patients with dilated cardiomyopathy,
with eventual VAD explantation reported by Miiller
et al. (36) and Hetzer et al. (37) in 1999. A sustained long-term
myocardial recovery was substantiated by complementary
evidences from their clinical experiences (38,39). In children,
myocardial recovery with VAD support and post-weaning
outcome data is barely known. However, in 1998 and 1999,
the Berlin group championed the possibility of myocardial
recovery after VAD support in children (2,31,40).

After VAD implantation, routine daily TTE is carried
out. Weaning is deemed possible when progressive
improvement of cardiac function is demonstrated based on
echocardiographic parameters. The final judgment of VAD
explantation is done in the surgical theatre, by reduction
of pump flow and monitoring of blood pressure and end-
diastolic ventricular volume. When the set of explantation
parameters are met, weaning is carried out by a 20-minute

pump stoppage (6).

Outcome of weaning and VAD explantation
Hetzer ez al. (6) reported the results in 122 children (median
age 8.6 years; range, 3 days — 17 years; >1 year old, n=35)
with advanced HF (cardiomyopathy, n=56; fulminant
myocarditis, n=17; end-stage CHD, n=18; post-cardiotomy
HF after CHD correction, n=28 and graft failure, n=3),
either dependent from inotropic drugs or replaced from
ECMO support or had post-cardiotomy low-output
syndrome, on whom EXCOR® implantation was carried
out between 1990 and 2013. Before EXCOR® implantation,
24 underwent CPR while 15 were brought to the operating
theater under resuscitation.

Successful weaning was performed in 18 patients, amid
9 patients (1-6 years old) with myocarditis recovered,
showing prompt restoration of myocardial activity, hence,
subsequent device explantation within 10-42 days. They
had a satisfactory recovery and currently are energetic
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school children. Follow-up echocardiography (range
4-10 years post-VAD explantation) revealed normal cardiac
function and no HF recurrence.

Myocardial recovery was demonstrated in 2 children
(ages 0.3 and 14 years) with DCMP on days 17 and 125,
respectively. This was also confirmed in 5 (0.3-4 years
old) with end-stage CHD after 660 days as well as in one
after 63 days post-EXCOR® implantation. The EXCOR®
was likewise implanted in a post-heart transplant 16-year-
old boy who exhibited allograft failure. Recovery of the
myocardium was demonstrated on the 76th day.

Recently, we updated the outcome in 21 patients (median
age 5.8 years) on whom VAD was implanted from January
1990 to May 2016 and successfully weaned based on an
echocardiographic protocol developed in 2005. Factors
which could influence recovery were demonstrated to be
age of less than 2 years and histologically-documented
myocarditis (41).

Bridge to transplantability

Based on our experience, we have acknowledged that
extended time of VAD therapy in patients undergoing
cancer treatment with toxicity-induced HF allow them to
be transplant eligible once a lengthy tumor-free period is
established. Moreover, transplant eligibility is attained by
patients with elevated PVR refractory to vasodilators which
normalized after prolonged VAD support (6). It is theorized
that LV unloading lowers the left atrial pressure, hence,
decreasing the pulmonary artery pressure, as authenticated
in adult studies (42). Sufficient reduction of PVR may
be anticipated within 3-6 months of VAD support, thus
patients may be eligible for OHT.

Adult ventricular assist devices implanted in
children

HeartWare® HVAD

Implantation of HeartWare® HVAD) is indicated in children
with a body surface area (BSA) >0.7 m’ or weighing >25 kg if
they are inotrope-dependent and utilized as a BT'T.

Outcome of implantation

The first implantation of the HeartWare® HVAD in 7
children (6-16 years old, 17-79 kg, BSA 0.7-2.0 m’) was
performed in Berlin in 2011 (43). Six had DCMP and 1 had
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end-stage failure of Fontan physiology. A successful OHT
was carried out in 6 after 138 days of VAD support and 1 is
presently on VAD support for 246 days.

In the USA, the first HeartWare® HVAD implantation
was in 2012 on a 9-year-old girl in cardiogenic shock with
cardiomyopathy and an embolic stroke. Eventually OHT
was performed after 60 days of support (44).

A multicenter study was conducted on 13 children (median
age 8.1 years, median BSA 0.8 m’; myocarditis =9, CHD
=3, post-transplantation =1) on whom HeartWare® HVAD
was implanted between January 2010 and May 2015 (45).
Hemorrhage, kidney insufficiency, the requirement for
mechanical ventilation for 36 days and pump thrombosis
were the most common adverse events. Bleeding occurred
early post-implantation (46) but incidence is decreased
compared to those supported with pulsatile VADs (47).

Issues and concerns in pediatric VAD
Anticoagulation

Anticoagulation management continues to be a significant
concern. Coating the device with heparin has not resolved
the issue. Pump thrombosis remains the primary indication
for pump exchange. Increased thromboembolism and
hemorrhage still exist. Furthermore, it poses difficulty to
attain a satisfactory anticoagulation in infants due to the
intrinsic factors associated with maturation, handling of
medications and repetitive blood testing (6).

An antithrombotic therapy guideline (Edmonton
Protocol) was introduced during the US EXCOR®
approval investigation (47,48). This protocol evolved to
be the advocated antithrombotic approach for EXCOR®
recipients (49). However, the major occurrence of ischemic
neurologic events observed has become an impetus to modify
the guideline (50). Rosenthal et 4. (51) reported a lower
stroke with the Stanford triple anti-thrombotic scheme
(aspirin, clopidogrel and dipyridamole) compared to dual anti-
platelet therapy recommended in the Edmonton Protocol.
Furthermore, there have been several reports (52,53) showing
absence of thrombus with the use of Bivalirudin.

Pump thrombosis and neurologic events

We have encountered an increased occurrence of
thrombus/fibrin formation in the pumps necessitating
pump exchanges. These may have been secondary to a
technical factor, i.e., cannulation of the left atrium which is
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recognized a contributory to stroke. The EXCOR® pumps
are equipped with the less thrombogenic polyurethane
valves and through the transparency of chambers, one is
able to regulate filling and emptying as well as observation
of thrombus. Nonetheless, thromboembolic episodes
and exchanging of pumps occur even with meticulous
compliance to the anticoagulation regimen (6).

Bleeding

The hematologic complications which are mostly
mediastinal bleeding typically happen in the early post-
implantation period (6).

Challenges
Allosensitization

Allograft rejection is associated to sensitization post-VAD
therapy (54,55). Allosensitization is one of the key elements
in management regimen of patients supported with VAD as
a BTT, hence desensitization is essential (21,56,57). Adults
on VAD support have been recognized to develop HLA
antibodies (58). VAD instigate multifactorial dysregulatory
activities secondary to circulating anti-HLA class I and
IT antibodies, hence, patients on LVAD support are
predisposed to repetitive cross-matching, increased waiting
time to transplant and amplified risk of allograft rejection
after transplant (59). In adults, it has been hypothesized that
the structure of the interior VAD surface or the development
of de novo intima post-VAD elicited an atypical activation-
induced T-cell apoptosis and -cell hyperreactivity (60).
In children, outcome is dependent on sensitization level
and on the juvenile immunology. In this context we
routinely monitor panel reactive antibody during VAD
therapy and post-transplantation. Likewise, an aggressive
immunosuppression regimen is absolutely required to
obviate early rejection in sensitized children (6,21).

Single ventricles

VAD implantation in children with single ventricle
physiology after palliative surgery has been challenging with
regards to positioning the inflow and outflow cannulae.
Prétre et al. reported positioning the univentricular assist
device on the right side for a failed Fontan procedure (61). A
biventricular assist device was implanted by Nathan ez a/. (62)
on a patient with a failed cavopulmonary anastomosis in
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a Norwood-Fontan pathway. An extracorporeal VAD was
implanted in the LV apex after a failing conversion to a total
or partial cavopulmonary connection by other teams (63,64).
In these circumstances, the primary issue was a failed driving
ventricle postoperatively. The decrease in venous pressure,
has a major influence in a Fontan physiology but there is a
circumscribed advantage in failing pulmonary circulation, i.e.,
the development of PVR, usually increased in failing Fontan,
is improbable to be quantified as well as a low chance to save
patients presenting in emergent conditions (65).

Perspectives

There is a great need for technological innovation in VAD
in children. The system must be: (I) miniaturized with
components of high durability, (I) infection-free power
resource (III) easy to be implanted and exchanged, (IV)
with less or absence of predisposition to development of
thrombus by redesigning the pump internal configuration,
(V) in a continuous-flow mode, (VI) adjustment of pump
function according to physiological demand, (VII) safety
features of local and remote control, and (VIII) with
features allowing an easy and intuitive patients’/parents’
system management.

Moreover, VAD systems tailored to the special
anatomical and physiological conditions in patients with
complex congenital cardiac anomalies are non-existent and
this must be addressed.

Some other concepts in technology and design may
eventually evolve, though with obstacles, since technical
advancements, clinical studies and approval require
approximately >years, hence is futuristic. Financial support
from government and agencies are likewise difficult to
obtain. The latest development of Jarvik 2015 is anticipated
to be highly reliable, albeit still controversial. Small,
implantable adult VAD intended for use in young patients
is desired and could become the standard. As of now, the
present VADs could be altered to be applicable to unique
ventricular anatomies.

Nevertheless, several studies as of to date have
demonstrated that VAD excellently support children until
OHT and could allow recovery of the myocardium. These
evidences emphasize the need for improvement of the
VAD:s to fine-tune ramifications in this special group.
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