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Abstract

The field of pediatric heart failure is evolving, and the patient population is growing as survival after complex congenital
heart surgeries is improving. Mechanical circulatory support and extracorporeal respiratory support in critically ill children
has progressed to a mainstay rescue modality in pediatric intensive care medicine. The need for mechanical circulatory
support is growing, since the number of organ donors does not meet the necessity. This article aims to review the current
state of available mechanical circulatory and respiratory support systems in acute care pediatrics, with an emphasis on the
literature discussing the challenges associated with these complex support modalities.
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Introduction

Improvement in specialized medicine and centralized care
has led to higher survival rates in children with complex
congenital heart disease, pulmonary hypertension, and acute
cardiorespiratory failure. Extracorporeal support in critically
ill children has developed to be a mainstay rescue modality
in pediatric intensive care medicine.

For patients with acute respiratory and circulatory failure,
venoarterial extracorporeal membrane oxygenation (VA-
ECMO) is the modality commonly used to restore circula-
tion and oxygen delivery. VA-ECMO can be implemented
in neonates and children, and even sometimes in premature
neonates, making this extracorporeal support modality avail-
able for most pediatric patients. In patients with expected
longer recovery time, severe myocardial or respiratory dys-
function requiring longer duration of extracorporeal support,
other support modalities may be required, since VA-ECMO
has limitations with longer support times and appears to be
a predictor for decreased survival in patients transitioning
to long-term ventricular assist devices [1, 2]. Most of the
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equipment used for circulatory and/or respiratory failure is
extrapolated from adult intensive care medicine, hence lim-
iting the available support modalities for pediatric patients
since weight and body surface area play a major in the
decision-making process around choosing the ideal device
for the individual patient.

The intention of this review is to assess the available extra-
corporeal circulatory and respiratory support technologies
in children with acute respiratory and/or circulatory failure.

Veno-Arterial ECMO

Five decades ago, ECMO evolved from cardiopulmonary
bypass to a now frequently used rescue therapy in severely
ill children. The initial use of ECMO began in the 1970s for
patients with severe acute pulmonary and / or cardiac failure
[3-7]. Hill et al. described the successful use of ECMO in a
24-y-old man with acute respiratory failure [3]. Encouraged
by this and additional reports on the use of ECMO in adults
with respiratory failure, the National Institutes of Health
sponsored a prospective, randomized trial of ECMO in adults
with respiratory failure [8]. Unfortunately, the survival was
poor in both groups and consequently the interest for the use
of ECMO was greatly tempered. Without the continued effort
of Dr. Bartlett et al., ECMO may have ended as an anecdote
in medical history. Dr. Bartlett and his research team contin-
ued to focus their efforts on neonatal patients with respiratory
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distress syndrome showing improved survival in patients sup-
ported with ECMO compared to conventional ventilation
therapies [7, 9]. Bartlett and his group performed a prospec-
tive randomized trial of ECMO vs. conventional therapy for
severe neonatal respiratory distress syndrome. Their study
enrolled 12 patients with 1 receiving conventional therapy
and the remaining 11 receiving ECMO. All 11 ECMO
patients survived and the 1 patient on conventional therapy
died. Although this study was criticized for its randomization
design, it demonstrated that ECMO could be successfully
utilized in neonatal patients [10]. Further studies con-
firmed the utility of ECMO for neonatal respiratory failure
and established ECMO as an important rescue modality
in critically ill neonates and children [11, 12]. As seen on the
registry of the Extracorporeal Life Support Organization, the
number of runs per year and centers providing ECMO has at
least quadrupled during the past decade. Adult intensive
care units began to use ECMO more consistently for res-
piratory failure during the HIN1 pandemic, and usage
spiked again during the SARS-CoV-2 pandemic [13].

ECMO has the advantage of being able to be deployed
at the bedside in a quick fashion in most neonatal and pedi-
atric patients who present in cardiac failure, cardiorespira-
tory failure, or cardiac arrest. There is increasing evidence
supporting ECMO for pediatric patients with in-hospital-
cardiac-arrest. Utilization of ECMO during cardiac arrest is
also known as extracorporeal cardiopulmonary resuscitation
(ECPR) [14].

VA-ECMO cannulation can occur through peripheral or
central cannulation. Neck cannulation can be done in most
neonatal and pediatric patients. Cannulation of the groin ves-
sels is feasible in patients greater than 15 kg; however, limb
ischemia with groin cannulation is a serious concern and
can be mitigated by placement of a reperfusion cannula
distally from the cannulation site [15]. Central cannula-
tion is commonly used in patients with recent sternotomy
as it allows quick access to the right atrial appendage and
the ascending aorta. Central cannulation has shown some
benefit in pediatric patients in septic shock as this allows
larger cannulas to be placed, allowing higher flow rates
[16-18]. Although ECMO provides right and left ventricu-
lar support in patients with biventricular circulation, it does
not provide active decompression of the left ventricle. This
may be necessary for the left ventricle to recover, especially
in patients with primarily cardiac etiology for the cardiores-
piratory failure. This situation may lead to left atrial hyper-
tension and pulmonary hemorrhage as well as potentially
impeding the recovery of a failing left ventricle because
of high filling pressures and insufficient coronary perfu-
sion pressure, respectively. Decompression of the left heart
can be achieved through creation of an atrial communica-
tion in the cardiac catheterization laboratory or by place-
ment of a left atrial cannula/vent or apical transventricular
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vent in patients cannulated centrally. In older children and
teenagers, left atrial decompression can be achieved by
interventional placement of a left atrial cannula through the
femoral vein, as used for the TandemHeart. Experience in
the use of Impella devices for active decompression of the
left ventricle in teenagers has been recently published [19,
20]. There is no pediatric data suggesting a survival ben-
efit of either strategy to decompress the left atrium and left
ventricle, respectively [21]. However, publications in adult
literature suggest a survival benefit of patients supported on
VA-ECMO, who had an Impella device implanted for active
decompression of the left ventricle [22, 23].

VA-ECMO is a useful tool to stabilize patients with acute
decompensation who fail conventional medical management.
By placing the patient on ECMO, sufficient end organ per-
fusion and oxygen delivery is usually readily reinstituted,
preventing further end-organ injury. This strategy allows
the treatment team to investigate the etiology of the acute
decompensation and to assess the probable duration of the
primary problem leading to the acute decompensation. VA-
ECMO support also carries numerous risks, such as bleeding,
thrombosis, and infection, making this mechanical circula-
tory and respiratory support device less favorable for long-
term support of patients with an underlying primary cardiac
disease. Large retrospective studies have shown poor survival
rates in children bridged to heart transplant on VA-ECMO as
opposed to children bridged with ventricular assist devices
[2, 24]. There are, however, case reports of successfully
bridging pediatric patients on VA-ECMO to heart transplant,
and thus this strategy may be considered in certain patients or
in resource limited situations [25, 26]. Most pediatric cardiac
centers would transition patients after stabilization and end-
organ recovery from VA-ECMO to either a temporary ven-
tricular assist device or a durable ventricular assist device. The
decision about the type of the device depends on the patient's
size and cardiovascular anatomy, as well as on the expecta-
tions regarding the potential for myocardial recovery.

Veno-Venous ECMO and Paracorporeal
Lung Support

In contrast to VA-ECMO, veno-venous-ECMO (VV-
ECMO) has been increasingly used for bridging patients
to lung transplant as Thompson et al. have shown in their
recent publication [27]. Over the course of the study period,
the percentage of lung transplant patients supported with
pre-operative VV-ECMO increased from 0% in 2004 to
16.7% in 2018. Primary diagnoses included cystic fibro-
sis, pneumonia and/or acute respiratory distress syndrome,
interstitial pulmonary fibrosis, and pulmonary hyperten-
sion. VV-ECMO is indicated in patients with primary lung
disease, unable to sufficiently oxygenate blood with their
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native lungs. Current technology allows VV-ECMO to pro-
vide supplemental gas exchange via a single, dual-lumen
cannula, facilitating early mobilizition and mitigating pre-
transplant deconditioning. In fact, “ambulatory ECMO” has
become a standard of care in lung transplant centers [28].
Case reports of central cannulation strategies (right atrium
inflow, right ventricle outflow) to facilitate early mobiliza-
tion in children failing neck cannulation strategy have also
been published [29].

It is important to note that VV-ECMO requires adequate
right ventricular (RV)-function to pump the oxygenated
blood through the diseased lungs. In patients with impend-
ing RV-failure due to pulmonary hypertension, “pumpless”
paracorporeal lung support has been used to supplement gas
exchange while simultaneously reducing right ventricular
afterload. This support modality does not require an addi-
tional extracorporeal pump: by surgical placement of the
inflow cannula into the pulmonary artery and the outflow
cannula into the left atrium, the right ventricle continues
to function as the “pump”, perfusing the oxygenator and
bypassing the native, high-resistance pulmonary vasculature
[30]. This pumpless paracorporeal lung assist device has
been successfully used in neonates and small children [31].

Percutaneous Ventricular Assist Devices

Patients with primary cardiac dysfunction may be tempo-
rarily supported using a percutaneous ventricular assist
device, either as the primary support device or as a bridge
to recovery after a period of ECMO support. Figure 1 and
Table 1 depict the ventricular assist devices currently used
in pediatric patients. Depending on the etiology of the car-
diac function and on the size of the child, percutaneous
temporary devices like the Tandem-heart or the Impella
axial flow device may be used. In recent years, case reports
about the successful usage of the Impella device in children
with acute heart failure have been published [32-34]. The
Impella device is available in 4 sizes: Impella 2.5 (flows
as high as 2.5 L/min), Impella CP (flow rates of up to 4.3
L/min), Impella 5.0 (flow rates as high as 5.0 L/min) and
Impella 5.5 (flow rates as high as 6.0 L/min. The Impella
2.5 and Impella CP can be placed percutaneously via femo-
ral access, while the Impella 5.0 and 5.5 generally require
surgical implantation via the axillary or subclavian artery.
The TandemHeart requires transseptal puncture of the
atrial septum for placement of the inflow cannula into the
left atrium. The outflow cannula is generally placed into the
femoral artery, thus perfusing most end-organs by way of
retrograde aortic blood flow, capable of providing flows as
high as 5 L/min. Yarlagadda et el. investigated the usage of
temporary circulatory support systems in the U.S from 2011
to 2015. Among 93 pediatric patients that were supported

with temporary circulatory support, 18% received the Tan-
demHeart for circulatory support with an average duration of
22 d (25" to 75" percentile range 9 to 33 d) [35]. Although
the TandemHeart has been successfully used in pediatric
patients, there have been only a few of case reports in the
literature [36, 37].

Paracorporeal Continuous and Pulsatile Flow
Ventricular Assist Devices

Options for long-term circulatory support of pediatric
patients with severe ventricular dysfunction remain lim-
ited. Table 1 lists available devices used for long-term sup-
port as a bridge to either recovery or transplant. The ven-
tricular assist devices can be classified as paracorporeal
and implantable pumps. Paracorporeal ventricular assist
devices include continuous flow devices with a centrifugal
pump like the PediMag or Rotaflow, which are capable
of delivering flows less than 1 L/min, which may be suf-
ficient in neonates and infants. The PediMag can gener-
ate flows as high as 1.5 L/min. When higher flows are
required, either the Rotaflow or the Centrimag, each of
which have a max flow rate of approximately 10 L/min,
can be used as paracorporeal ventricular assist device.
Although the aforementioned paracorporeal continuous
flow ventricular assist devices have been designed for
short-term support, there are limited reports of using them
successfully as long-term support in neonates, infants, and
small children. Currently, the only device approved by the
US Food and Drug administration for long-term support
in infants and small children is the Berlin Heart EXCOR,
which is a pneumatic pulsatile paracorporeal pump availa-
ble in various pump sizes. In the smallest (10 ml) size, it is
suitable for even small neonates with weights below 3 kg;
however, mortality and morbidity in this age and weight
group remains high [38, 39]. Recent outcome studies and
single center studies have shown an increase in the use of
paracorporeal continuous flow devices, though no device
modality (paracorporeal pulsatile vs. paracorporeal con-
tinuous flow) has shown to be superior in terms of survival
or morbidity [40—42]. In a recent publication, Sughimoto
et al. report their single center experience with paracor-
poreal continuous flow devices and paracorporeal pulsatile
flow devices. Their results suggest a survival disadvantage
in patients supported with a paracorporeal continuous flow
devices; however, the investigators point out that the dif-
ference in patient characteristics, like presence of congeni-
tal heart disease and lower weight in the patient group sup-
ported with paracorporeal continuous flow devices, may
have influenced their findings [43]. There is institutional
variance in which device is primarily used in neonates,
infants and small children. Use of Berlin Heart cannulae
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Fig. 1 a TandemHeart blood
pump; b Impella; ¢ Rotaflow
blood pump; d CentriMag and
PediMag blood pumps; e Heart-
Mate3; f Berlin Heart EXCOR
blood pump

CentriMag™ Blood Pump

PediMag™ Blood Pump

as outflow and inflow cannulae allows transition between
a pulsatile device and a continuous flow device without
need for additional surgical intervention. Interchanging
between a pulsatile and a continuous flow device could
be required in situations where the paracorporeal pulsa-
tile ventricular assist device may not provide sufficient
ventricular unloading. Transition to a paracorporeal con-
tinuous flow device has the potential to unload the failing
ventricle more effectively.

Early experience in patients with single ventricle physi-
ology who were supported with paracorporeal ventricular
assist devices was not promising. Placement of ventricular
assist devices was associated with high mortality and mor-
bidity. The recent increase in experience with usage of para-
corporeal ventricular assist devices and novel cannulation
strategies have revived the interest in offering this support
modality to patients at high risk of failing single ventricle
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palliation. Case reports and small case series report success-
ful bridge-to-transplant of this high-risk patient population
with a pulsatile paracorporeal ventricular assist device, in
combination with the hybrid palliation [44—47].

The paracorporeal ventricular assist devices have in com-
mon that the patients usually remain hospitalized until recov-
ery and device explantation or until orthotopic heart trans-
plantation. This may be disadvantageous in terms of quality
of life and associated with increased costs. The Jarvik 2015 is
the only implantable continuous flow ventricular assist device
developed for infants and small children. Currently, the Jar-
vik 2015 pump is being evaluated in the so called “Pump for
Kids, Infants and Neonates” trial (PumpKIN trial) and the
results have not been published yet. Spinner et al. placed the
Jarvik 2015 ventricular assist device in 2 patients with com-
passionate use authorization and describe their experience
and challenges associated with that pump [48]. As the fields
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Table 1 Overview of frequently used mechanical circulatory support systems

Device Maximum flow rate Type of flow Placement Suggested patient size
PediMag 1.5 L/min Continuous/centrifugal ~ Sternotomy Neonates and infants
Paracorporeal
CentriMag 10 L/min Continuous/centrifugal ~ Sternotomy Infants to adults
Paracorporeal
Rotaflow 10 L/min Continuous/centrifugal ~ Sternotomy Neonates to adults
Paracorporeal
Impella® 2.5-6 L/min Continuous/axial Percutaneous/femoral artery or ~ Impella 2.5 might be feasible in
axillary artery patients with BSA of 0.89 m?
Intracorporeal
TandemHeart 5-8 L/min Continuous/centrifugal ~ Percutaneous placement via Percutaneous placement limited
femoral vessels or sternotomy by arterial (15 Fr and 17 Fr) and
Paracorporeal left atrial cannula (21 Fr) size
HeartMate3 10 L/min Continuous/centrifugal ~ Sternotomy Report of placement in patient
Intracorporeal with BSA of 0.78 m?, >19kg
Berlin Heart EXCOR  Variable with pump size Pulsatile/pneumatic Sternotomy Neonates to adults
Paracorporeal

BSA Body surface area

*maximum flow rate depending on size of Impella device
b

of pediatric heart failure and cardiac intensive care medicine
await the results of the PumpKIN trial, the optimal device
selection for each patient will continue to be a case-by-case
decision.

Durable Ventricular Assist Devices

During the past decade, usage of implantable durable con-
tinuous flow devices has been increasing in larger children
and teenagers, who have been able to benefit from devices
developed for adults, such as the HeartWare HVAD, Heart-
Mate2 and HeartMate3. The HeartWare HVAD was removed
from the market in June 2021, due to an the rates of throm-
boembolic stroke seen in adult patients supported with the
device. Although this was not evident in pediatric patients,
the device is no longer available for any population [49]. As a
result, the choice of implantable devices for even larger chil-
dren and teenagers is again somewhat limited. While there
were reports of implantation of HeartWare HVAD devices
in children with a body surface area as low as 0.56 m?, the
HeartMate3 is larger (HeartWare HVAD: 45 cc volume and
145 g vs. Heartmate3: 80 cc volume and 200 g) [50-52],
with a smallest reported implantation in a 19 kg patient with
a body surface area of 0.78 m? [53, 54]. Pre-implantation
3D fit studies may help in assessing the anatomic limita-
tions for implantable continuous flow device placement [55,
56]. Younger children and teenagers have been discharged
home with implantable continuous flow devices as bridge-to-
transplant, bridge-to-recovery and occasionally as destination
therapy.

maximum flow rate of 5 L/min with percutaneous placement, 8 L/min with surgical placement/sternotomy

Proposed Decision-Making Process
for Device Selection

A crucial point in the decision-making process is the tim-
ing of implantation of circulatory and/or respiratory sup-
port device. Patients in cardiopulmonary arrest getting active
chest compression or who present in cardiogenic shock and
have hypoxemia secondary to respiratory failure should be
placed on VA-ECMO if there is no absolute contraindica-
tion, such as irreversible severe neurological injury or fatal
extracardiac/extrapulmonary disease. In many resuscitations,
there is not sufficient time to evaluate for absolute contrain-
dications, thus proceeding with VA-ECMO in those situa-
tions allows the medical team to stabilize the patient and
define the further management plan afterwards.

The decision about mechanical circulatory support
becomes more challenging if a child presents with primary
cardiac failure without signs of cardiogenic shock. Although
studies in adult patients have shown that early implantation
of mechanical circulatory support devices is associated with
improved outcomes, this approach has not transitioned to
the management of children with acute heart failure given
the size limitations of the patient population and the avail-
able devices. One common approach in the management of
children with acute heart failure is to initiate mechanical cir-
culatory support once medical therapy has failed; however,
failure of medical therapy is poorly defined. Most clinicians
would define failure of medical management as the need for
inotropic support and signs of additional end-organ injury,
like elevated renal function tests, elevated liver function
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CHILD NEEDS MECHANICAL
CARDIOPULMONARY

SUPPORT

e |

PULMONARY ONLY

CARDIOPULMONARY SUPPORT/
ARREST

CARDIAC ONLY

VV-ECMO/ VENTRICULAR
PARACORPOREAL ASSIST DEVICE
LUNG

PULMONARY
RECOVERY

VA EcMoO

MYOCARDITIS
ACUTE GRAFT REJECTION [® YES
POST CPB
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SHORT TERM VAD
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NO | HEM
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Fig.2 Decision making algorithm. BSA Body surface area, CPB Car-
diopulmonary bypass, HCM Hypertrophic cardiomyopathy, VAD Ven-
tricular assist device, VA ECMO Venoarterial extracorporeal membrane

tests, inability to tolerate enteral nutrition or inability to
wean from invasive ventilatory support. Once those criteria
are fulfilled, most institutions would proceed with placement
of mechanical circulatory support. In children less than 20
kg this usually means placement of central cannula for either
paracorporeal pulsatile flow ventricular assist device (Berlin
Heart Excor) or paracorporeal continuous flow ventricular
assist device (PediMag, CentriMag, Rotaflow). Children
weighing more than 20 kg, on the other hand, may be can-
didates for an implantable continuous flow ventricular assist
device placed (HeartMate3). Certainly, the percutaneously
placed ventricular assist devices, like Impella and Tandem-
Heart, or any of the paracorporeal pulsatile/continuous flow
ventricular assist devices, could be used in this size group as
well; however, these are associated with lower quality of life,
as discharge to home is not feasible with the paracorporeal
or percutaneously placed ventricular assist devices. Time
to recovery and the intent of device support also play an
important role in the decision-making process. For example,
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oxygenation, VV-ECMO Venovenous extracorporeal membrane oxygen-
ation, Wk Week

larger children diagnosed with myocarditis and severe heart
failure symptoms may show signs of recovery within a few
weeks of presentation of illness. These patients may be ade-
quately supported with an Impella device or TandemHeart,
avoiding cardiopulmonary bypass exposure and sternotomy
for implantation of a paracorporeal or implantable device.

The proposed decision-making algorithm is summarized
in fig. 2.

Dedicated Highly Specialized Care Team

Centralizing care for this patient population with a dedicated
team expert in the management of these complex patients
and situations may have an impact on the morbidity and
mortality. Pediatric and adult studies have shown that sys-
tematic and multidisciplinary approach improved outcome
in this high-risk low volume population [50, 57, 58]. Man-
agement of the anticoagulation remains a crucial point in
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Table 2 Overview of frequently used medications for anticoagulation and antiplatelet therapy; assays for therapeutic drug monitoring

Anticoagulant/
Antiplatelet medication

Assay for monitoring

Therapeutic drug monitoring

Unfractionated Heparin (UFH) aPTT (Activated partial
thromboplastin time)
UFH-Anti-factor-Xa

ACT (Activated clotting

e aPTT 60to 80 s

o UFH-Anti-Xa: 0.3 to 0.7 U/ml
o ACT: 160-220 s

¢ DTL: 60t0 90 s

o LWMH-Anti-factor-Xa: 0.5 to 1.0 U/ml

e >70% of platelets inhibited by addition of arachidonic acid

o ARU (Aspirin Reaction Units): <550

o Platelet inhibition tested by addition of adenosine diphosphate to specimen
e PRU (Platelet Reactivity Units): <194

time)
Bivalirudin DTI (Direct thrombin
inhibitor)
LWMH (Low Molecular Weight LWMH-Anti-factor-Xa
Heparin)
Warfarin INR (International normal- e INR: 2.0-3.0
ized ratio)
Aspirin Platelet Mapping
VerifyNow
Clopidogrel Platelet Mapping
VeriftyNow
Dipyridamole Platelet Mapping

e >70% of platelets inhibited by addition of arachidonic acid

care of patients with ventricular assist device because of the
high risk for cerebrovascular injuries related to both embolic
stroke and intracranial bleeding. As the care teams for this
patient population have evolved, the development of a spe-
cialized team for management of the anticoagulation has
shown to impact the occurrence of cerebrovascular incidents
[59]. In addition to anticoagulation recommendations from
the manufacturer, many high volume centers have developed
and published their anticoagulation strategy. Table 2 sum-
marizes commonly used medications for antiplatelet therapy
and anticoagulation along with their assays for therapeutic
drug monitoring.

Conclusions

The field of pediatric heart failure is evolving, and the
patient population is growing as survival after complex con-
genital heart surgeries is improving. The need for mechani-
cal circulatory support is growing commensurately, since
the number of organ donors does not meet the necessity.
Further research in development of pumps suitable for neo-
nates and infants, as well as in development of treatment
algorithms, is needed to further optimize the care for this
patient population.
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