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Abstract
Neonatal extracorporeal membrane oxygenation (ECMO) is a life-saving procedure for critically ill neonates suffering from a poten-
tially reversible disease, causing severe cardiac and/or respiratory failure and refractory to maximal conventional management. Since
the 1970s, technology, management, and clinical applications of neonatal ECMO have changed. Pulmonary diseases still represent the
principal neonatal diagnosis, with an overall 74% survival rate, and up to one-third of cases are due to congenital diaphragmatic hernia.
The overall survival rate in cardiac ECMO is lower, with congenital heart defect representing the main indication. This review provides
an overview of the available evidence in the field of neonatal ECMO. We will address the changing epidemiology, basic principles,
technologic advances in circuitry, and monitoring, and deliver a current multidisciplinary management framework, focusing on ECMO
applications, complications, and long-term morbidities. Lastly, areas for further research will be highlighted.

Conclusions: ECMO is a life support with a potential impact on long-term patients’ outcomes. In the next years, advances in
knowledge, technology, and expertise may push neonatal ECMO boundaries towards more premature and increasingly complex
infants, with the final aim to reduce the burden of ECMO-related complications and improve overall patients’ outcomes.

What is Known:

* ECMO is a life-saving option in newborns with refractory respiratory and/or cardiac failure.

* The multidisciplinary ECMO management is challenging and may expose neonates to complications with an impact on long-term outcomes.

What is New:

* Advances in technology and biomaterials will improve neonatal ECMO management and, eventually, the long-term outcome of these complex patients.

* Experimental models of artificial placenta and womb technology are under investigation and may provide clinical translation and future research
opportunities.
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Abbreviations

aPTT Activated partial thromboplastin time
CDH Congenital diaphragmatic hernia
CHD Congenital heart disease
CPB Cardiopulmonary bypass
ECMO Extracorporeal membrane oxygenation
ECPR Extracorporeal cardiopulmonary resuscitation
ELSO Extracorporeal life support organization
GBS Group B streptococcus
PPHN Persistent pulmonary hypertension

of the newborn
SpreO, Pre-pump blood oxygen saturation
UFH Unfractionated heparin
VA ECMO Veno-arterial extracorporeal

membrane oxygenation;
VILI Ventilator-induced lung injury
VV ECMO Veno-venous extracorporeal

membrane oxygenation

ECMO patients and trends

Neonatal extracorporeal membrane oxygenation (ECMO) be-
gins in 1975 with Dr. Bartlett and colleagues at the University
of Irvine, CA, USA, where they successfully placed on
ECMO Esperanza, a 1-day-old newborn with severe persistent
pulmonary hypertension of the newborn (PPHN)), after failing
conventional therapies [1]. Since then, neonatal ECMO has
rapidly evolved due to the increased understanding of cardio-
pulmonary pathophysiology, advances in medical manage-
ment, and ECMO technology [2—-10].

The principle of ECMO can be resumed as follows: the
neonate’s deoxygenated blood is taken from the right heart;
enters the ECMO circuit; passes through the membrane lung
where oxygenation, temperature control, and carbon dioxide
clearance are provided; and finally returns to either the arterial
system (veno-arterial, VA ECMO, Fig. 1A) or the right heart
(veno-venous, VV ECMO, Fig. 1B, C) [11].

From 1989 to 2020, the Extracorporeal Life Support
Organization (ELSO) registry reported 43.707 neonates sup-
ported with ECMO worldwide [12].

The number of neonatal respiratory ECMO cases has de-
creased in the last decade, while cardiac indications remained
stable [12]. ECMO survival is variable and depends on the
underlying disease [ 13—19]. Nevertheless, pulmonary diseases
still represent the primary diagnosis for neonatal ECMO
(Table 1) [12]. In 2019, 280 newborns (160 respiratory, 93
cardiac, and 27 extracorporeal cardiopulmonary resuscitation
(ECPR)) have been supported with ECMO in Europe.
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ECMO criteria in neonates

ECMO may be offered to neonates with severe cardiac and/or
respiratory failure, refractory to maximal conventional man-
agement, potentially reversible etiology, and high mortality
risk [20-23]. ECMO criteria, as well as contraindications,
are reported in Table 2 [22, 24].

Absolute and relative contraindications are the same for
respiratory and cardiac ECMO. Gestational age (< 34 weeks)
and low body weight (< 2000 g) have been associated with
high rates of intracranial hemorrhage and mortality [20,
25-30]. Currently, the neonatal ECMO population is more
critically ill than in the past, making patients’ management
and cost-benefit assessment more challenging [9, 31].
However, there is wide center-to-center heterogeneity in the
lower gestational age limits, based on the local level of exper-
tise [28, 32].

Neonatal respiratory indications

Historically, meconium aspiration syndrome, PPHN, and neo-
natal respiratory distress syndrome were the most common
ECMO indications in the neonatal period. Their incidence
has recently declined due to perinatal care improvement [12,
14-17, 33-36]. The use of ECMO for pneumonia and neona-
tal sepsis has also declined. The universal maternal group B
streptococcus (GBS) screening and intrapartum antibiotic pro-
phylaxis induced an 80% reduction of GBS neonatal sepsis
and, consequently, sepsis-related ECMO use [8, 37, 38].
Unfortunately, ECMO survival for septic shock did not im-
prove [14, 16, 17, 36, 39]. This data could probably be ex-
plained by the increase of more aggressive and resistant path-
ogens, such as Escherichia coli [8, 40].

To date, one-third of ECMO neonatal diagnosis is repre-
sented by congenital diaphragmatic hernia (CDH). CDH
ECMO has a mean survival rate of 50% that has remained
unchanged over time [8, 12, 14, 15, 17, 22, 35, 36].
Although there are reports of a significant improvement in
CDH ECMO survival rates in highly specialized centers over
the past decade, the overall trend is due to the higher risk
profile of the actual CDH population compared to the past
[8, 41-47].

ECMO for congenital diaphragmatic hernia
The pathophysiology of CDH includes pulmonary hypoplasia

and PPHN, which are responsible for life-threatening cardio-
respiratory failure in the first weeks of life [22]. ECMO has the
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Fig. 1 Veno-Arterial (VA)
ECMO with passive
hemofiltration (a); Veno-Venous
(VV) ECMO with dual lumen
(DL) single bicaval cannula and
passive hemofiltration (b); DL
bicaval cannula (c)

potential to rescue severe patients, avoiding iatrogenic lung
injury, and providing time for improvement of pulmonary
hypertension [45, 47-49].

Criteria predicting high mortality in CDH patients before
ECMO have been recently published based on ELSO data
[42, 50], while entry criteria suggested by ELSO are substan-
tially the general ones for respiratory failure and pulmonary
hypertension of any cause [22, 48, 51-54].

In the 5™ Edition of the ECLS Red Book [55], CDH
ECMO criteria have been integrated with the CDH EURO
Consortium Consensus Guidelines Update 2015 (Table 3)
[22, 48, 52, 56].

The optimal mode of ECMO in CDH is still debatable. A
systematic review showed no differences in survival rates in
the use of VV or VA mode. However, VA ECMO is more
extensively used, not only for the advantage of providing both

Table 1 Neonatal ECMO: diagnosis and survival rates between ELSO European and international report

Etiology ELSO European report* ELSO international report® Local reports

Incidence (%) Survival (%) Incidence (%) Survival (%) Survival (%) References

Pulmonary 59.8 74 54.6 68 61.9-79.7 14-18

CDH 337 59 33.1 53 46-57.9 14-15, 17, 34-35
MAS 16 97 16.3 91 84.6-100 14-17, 34-35
PPHN 12 71 13.2 72 79.4-84.6 14-15, 35

RDS 0.7 100 0.7 85 92.5-92.9 14, 35

Sepsis 2.6 56 2.6 51 44-69 14, 16-17, 35, 38
Pneumonia 0.8 42 0.5 45 69" 16

Other 339 72 332 71 8.7-43 14, 16, 35
Cardiac 31.7 46 345 50 50-86 15, 18-19
Congenital defect 55.3 51 589 48 20-50 34, 69
Cardiogenic shock 49 36 49 50 - -
Cardiomyopathy 0.4 0 0.8 40 - -

Myocarditis 0.4 50 0.7 61 36 77

Other 38.9 55 349 54 - -
ECPR 8.5 39 10.9 44 67 18

*Survival rates from 2015 to 2019, according to ELSO ECLS Registry Report, European Summary—IJuly 2020 [13]
°Survival rates from 2015 to 2019, according to ELSO ECLS Registry Report, International Summary—July 2020 [12]

CDH, congenital diaphragmatic hernia; MAS, meconium aspiration syndrome; PPHN, persistent pulmonary hypertension of the newborn; RDS,
respiratory distress syndrome; ECPR, extracorporeal cardiopulmonary resuscitation

~Combined survival of sepsis and/or pneumonia
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Table 2 Neonatal ECMO indications and contraindications (adapted
from the ELSO Guidelines for Neonatal Respiratory Failure 2017 [22]
and ELSO Guidelines for Pediatric Cardiac Failure 2018 [24])

Neonatal respiratory ECMO

1. Oxygenation index (OI) > 40 for > 4h
Ol = Mean Airway pressure x FiO; x 100
- Post ductal PaO,

2. Failure to wean from 100% oxygen despite prolonged (> 48 h)
maximal medical therapy or persistent episodes of decompensation

3. Severe hypoxic respiratory failure with acute decompensation (PaO, <
40 mmHg) unresponsive to intervention

4. Severe pulmonary hypertension with evidence of right ventricular
dysfunction and/or left ventricular dysfunction

5. Pressor-resistant hypotension
Neonatal cardiac ECMO

1. Low cardiac output with evidence end-organ malperfusion despite
maximal medical therapy

2. Refractory hypotension
3. Low cardiac output with increasing lactates levels (> 4 mmol/L)

4. Low cardiac output state with mixed venous oxygen saturation (or
superior central venous oxygen saturation for single ventricles patients)
< 50%

Absolute contraindications

1. Lethal chromosomal disorder' or another lethal anomaly
2. Irreversible brain damage

3. Uncontrolled bleeding

4. Grade III or greater intraventricular hemorrhage
Relative contraindications

1. Irreversible organ damage (unless considered for organ transplant)
2. Weight < 2 kg

3. Postmenstrual age < 34 weeks

4. Mechanical ventilation > 10-14 days

! Includes trisomy 13 and trisomy 18 (not trisomy 21)

respiratory and cardiac support [57, 58] but also for the lack of
adequate double-lumen cannulas for VV ECMO. Timing for
optimal diaphragmatic repair in ECMO patients is controver-
sial. Ideally, it is performed when the patient is stable [59, 60].
Some centers do prefer to delay surgery after ECMO weaning
to limit the risk of hemorrhagic complications [60—62].
However, it has been suggested that early surgical repair while
on ECMO may increase survival in the most severe forms of
CDH [63-65]. Although the optimal timing has not been
established, there is an increasing consensus that early repair
within the first week of life would improve outcomes [49, 56].

CDH patients usually need long ECMO support, as either the
severe vascular disease or pulmonary hypoplasia is less likely to
improve over the weeks [8, 12, 42, 49, 66, 67]. Although time
limits have not yet been established, a prolonged ECMO course
is associated with increased mortality [49].

ECMO for tracheal and bronchial malformations

Congenital tracheobronchial malformations are rare disorders
often associated with other intrathoracic anomalies (e.g., left
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pulmonary artery sling, bronchial extension, congenital heart
disease) [68]. Currently, several operative approaches can be
used for their treatment, including tracheal resection with end-
to-end anastomosis, augmentation tracheoplasty with a peri-
cardial patch, and slide tracheoplasty depending on the type,
position, and length of the lesion. Peripheral ECMO (VA or
VV) can be considered a valid alternative to cardiopulmonary
bypass (CPB) to manage these complex lesions. ECMO re-
quires a lower level of anticoagulation and lasts for several
days; further, preoperative ECMO may facilitate the diagnos-
tic workup (cardiac ultrasound, bronchoscopy, and computed
tomography with three-dimensional reconstruction), often
necessary due to the high prevalence of other intrathoracic
anomalies. Intraoperative ECMO may allow surgeons to have
better access to the operative field than CPB, which requires a
mid sternotomy. Postoperative ECMO may allow lung resting
with low-pressure mechanical ventilation favoring the healing
of'the sutures. The type of ECMO (VA vs. VV) varies among
centers and surgical expertise. Despite its possible complica-
tions (bleeding, sepsis, neurologic injuries), ECMO may be
considered the first extracorporeal approach in unstable neo-
nates with an isolated tracheal lesion. Intraoperative conver-
sion to CPB is used in case of concomitant cardiovascular
anomalies [69].

ECMO for neonatal cardiac failure

The use of ECMO for neonatal cardiac failure has progres-
sively increased in the last decade in Europe [13]. Currently,
neonatal cardiac ECMO has reported a hospital survival of
around 36-55%, which depends mainly on the indications
[12, 13, 15, 18, 19]. Pre- and postoperative stabilization of
congenital heart disease (CHD) are the most frequent
ECMO indication, followed by cardiac arrest, cardiogenic
shock, cardiomyopathies and myocarditis, and refractory ar-
rhythmias [12, 13, 35, 70]. Preoperative stabilization (e.g.,
transposition of great arteries with pulmonary hypertension),
failure to wean from cardiopulmonary bypass (stunned myo-
cardium, pulmonary hypertension following cardiac surgery),
or postoperative low cardiac output syndrome (Ross-Konno
repair, truncus arteriosus repair, anomalous left coronary
artery from the pulmonary artery repair, total anomalous
pulmonary venous drainage repair) is the most frequent indi-
cation for ECMO in neonates with CHD [71, 72]. Risk factors
associated with the use of ECMO in CHD are young age, low
weight (< 3 kg), pre-ECMO clinical course (mechanical ven-
tilation before surgery > 14 days, presence of fluid overload,
cardiopulmonary resuscitation requirements), high complexi-
ty of the case according to the STAT classification, presence
of shock or arrhythmias, and duration of cardiopulmonary
bypass [73].

Cardiac failure associated with septic shock or cardiac ar-
rest (ECPR) is also another ECMO indication in neonates
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Table 3 ECMO Criteria for CDH

patients: a comparison between ELSO* CDH EURO Consortium Consensus®

ELSO and CDH Euro

Consortium Consensus 1. Inability to maintain preductal saturations > 1. Inability to maintain preductal saturations > 85% or
indications 85% or postductal saturations > 70%; postductal saturations > 70%;

2. Respiratory acidosis with pH < 7.15 despite 2. Increased PaCO, and respiratory acidosis with pH < 7.15

optimal ventilator management;

despite optimization of ventilator management;

3. PIP > 28 cm H,O or MAP > 17cm H,O is 3. PIP > 28 cm H,O or MAP > 17 cm H,O is required to

required to achieve saturation > 85%;

. Refractory metabolic acidosis;

~N O W B

. OI > 40 for 4 h.

. Pa0O, < 40 for 4 h on FiO, 1.00;

. Hypotension refractory to vasopressors;

achieve saturation > 85%;

4. Inadequate oxygen delivery with metabolic acidosis as
measured by elevated lactate > 5 mmol/L and pH < 7.15;

5. Systemic hypotension, resistant to fluid and inotropic
therapy, resulting in urine output < 0.5 mL/kg/h for at least
1224 h;

6. OI > 40 present for at least 3 h.

*Adapted from the ELSO Guidelines for neonatal respiratory failure 2017 [22]
°Adapted from the CDH EURO Consortium Consensus — 2015 Update [52]
PIP, peak inspiratory pressure; MAP, mean airway pressure; O, oxygenation index

[71]. Hospital survival in these groups is variable and ranges
between 40 and 50% [18, 74, 75].

Causes of cardiac arrest and ECPR initiation may impact
survival [55]. In the postcardiotomy population, patients with
single ventricle physiology received ECMO for cardiac arrest
(56%) and low cardiac output state (44%) [76]. ECPR due to
hypoxemia or modified Blalock-Taussig shunt thrombosis re-
ported a higher survival than ECPR for low cardiac output
syndrome or right ventricular to pulmonary artery shunt
thrombosis [71].

Neonatal myocarditis/cardiomyopathy is rare but often re-
quires ECMO to maintain end-organ perfusion [71]. In these
cases, ECMO may be used as a bridge to recovery (e.g., viral
myocarditis), bridge to heart transplantation or ventricular as-
sist device, or bridge to decision-making. Survival is poor for
cardiomyopathies, often fatal, while it is relatively good for
viral myocarditis [77, 78].

Arrhythmias (e.g., supraventricular tachycardia, ventricular
tachycardia, bradycardia, or severe atrioventricular block)
may occur in the perinatal period (primary arrhythmia), post-
operatively, or in myocarditis/cardiomyopathy. ECMO sup-
port is generally used to maintain end-organ perfusion while
optimizing pharmacological/surgical treatment (e.g., catheter
ablation, pacemaker implantation) [79].

Timing for ECMO deployment in neonatal cardiac failure
is still controversial; however, early initiation may reduce
myocardium exposure and peripheral organs to hypoxia
[80]. Cannulation for neonatal cardiac failure may be periph-
eral as well as central according to the circumstances (e.g.,
failure to wean from cardiopulmonary bypass, the need for
high flow). Neonates unable to be weaned from cardiopulmo-
nary bypass are generally supported with central cannulation,
while neonates receiving ECPR can receive either a central or
peripheral cannulation based on patient clinical history and

surgical expertise. Current evidence describing the ECMO
cannulation site’s frequency and its impact on outcomes is
limited to retrospective single-center studies, mainly focused
on ECPR. Further, conflicting results have been reported de-
scribing the neurologic complications of carotid versus central
cannulation on mortality [81, 82].

ECMO duration is associated with outcome. Prolonged
ECMO in children with cardiac disease carries a high mortal-
ity and reduces the chances of a successful heart transplant
[83]. Survival drops from 45 % (overall survival of children
with cardiac disease) to 23-25 % when ECMO duration is
between 14 and 28 days and 13% for ECMO course longer
than 28 days [71]. Notably, also neonatal respiratory ECMO
duration is associated with poor outcome. Prolonged respira-
tory ECMO > 21 days has reported a survival of 23.5% [9].

Based on all these considerations, when evaluating ECMO
as a bridge to a ventricular assist device, its duration should
not be longer than 5-7 days [71, 84].

Optimizing end-organ perfusion and oxygen delivery
awaiting myocardium recovery is the primary purpose of
ECMO in neonatal cardiac failure, and its efficacy is generally
reflected by the clearance of acidosis [70]. Thus, when lactate
remains high, other causes of hypoperfusion should be appro-
priately evaluated. Among these, the persistence of residual
lesions and the presence of a stunned and dilated myocardium
may negatively impact on survival. Postoperative neonatal
cardiac surgery patients unable to be weaned off ECMO
should be evaluated for residual lesions, and when present,
early correction should be advocated [70]. Unloading the left
ventricle by creating an atrial shunt via a septostomy or plac-
ing another cannula in the left atrium is the most effective
strategy to decompress and perfuse a failing left ventricle,
especially when a low dose of inotropes is unable to improve
ejection [85].

@ Springer
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ECMO management

Neonatal ECMO should be provided in a dedicated intensive
care unit by a multidisciplinary team, including neonatolo-
gists, surgeons, perfusionists, nurses, and psychologists.
Psychological support for the family is crucial and should be
planned in advance, sometimes also before delivering a spe-
cial diagnosis (e.g., CDH). A high-quality communication
between the ECMO team and the family may also help in
ECMO withhold or withdrawal. ECMO management at the
bedside starts with the circuit priming and with the choice of
the cannulas.

Priming is generally constituted by a mixture of packed red
cells and plasma [55]. Electrolytes are added to maintain phys-
iologic levels. Cannulas are generally chosen according to the
vessels’ size, often evaluated with ultrasound [86] (Table 4).

‘When the cannulas are placed at the neck (either surgical or
percutaneously), the position is generally checked with chest
X-ray or transthoracic echocardiography [21, 22, 87-89].
When ECMO is connected to the patient, the pump flow
should be started slowly at 20 ml/kg/min and increased grad-
ually over 5 to 10 min in order to achieve adequate oxygen
delivery. For VA ECMO, pump flow is increased to achieve a
pre-pump blood oxygen saturation (SpreO,) of 70-80%. On
VV ECMO, instead, pump flow is increased to achieve an
arterial saturation > 80%.

Although most European centers use centrifugal pumps,
differently to the USA, where the roller pump is common
practice, this discrepancy in the management would not seem
to impact on mortality even if O’Halloran et al. demonstrated
contrasting data in favor of the use of roller versus centrifugal
pump [90].

As the cardiopulmonary function is gradually replaced,
blood gases must be strictly monitored and maintained within
normal ranges [22]. SpreO, is a proxy of tissue oxygenation
status, as it reflects the ratio of oxygen delivery to oxygen
consumption [22]. Ventilator settings should be tailored at
“rest settings” to reduce the risk of VILI, although specific
guidelines have not been defined [21, 22]. Serial lung me-
chanics measurements, such as the forced oscillation tech-
nique, may be used to titrate ventilatory support and chest
physiotherapy, and support either lung recruitment maneuver
and pharmacological treatment [91]. Extubation may be fea-
sible during neonatal ECMO [92].

Fluid management during ECMO is crucial to limit fluid
overload and edema [21]. Diuretics, slow continuous ultrafil-
tration, and continuous renal replacement therapy may be used
to achieve dry weight [20, 22, 93]. Full nutritional support
should be provided, either enterally or parenterally [22, 94].
Interaction between drugs and non-endothelial surfaces, se-
questration into the circuit components, the increase of vol-
ume of distribution, and changes in the clearance of many
drugs may alter pharmacokinetics and pharmacodynamics;
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thus, pharmacotherapy should be tailored accordingly [95,
96].

An overview of the critical points of ECMO management
is provided in Fig. 2.

Anticoagulation

When approaching this critical issue, maturational differences
of the hematologic system across age, known as “develop-
mental hemostasis,” should be considered [97-102]. Indeed,
despite prolonged activated partial thromboplastin time
(aPTT) at birth, the neonatal clotting system is balanced and
gradually evolves towards a procoagulant phenotype over the
first weeks of life [103, 104].

Further, the priming volume (often around three times the
neonate’s circulating volume), the use of low ECMO flows,
and the contact with foreign surfaces (polyvinyl chloride tubes
and polymethylpenthene) may impact hemostasis [105-107].
Unfractionated heparin (UFH) is the anticoagulation of choice
for neonatal ECMO despite its age-dependent variation in
activity [22, 105, 108—112]. As critically ill neonates are also
at increased risk of bleeding, namely intracranial hemorrhage,
close hemostatic monitoring is required to detect mechanical
complications and consumptive coagulopathy [22, 105-107,
112].

As each coagulation assay has advantages and limitations,
the optimal test is lacking, and instead, a combination of them
is usually performed to tailor UFH dosage and blood product
replacement (Table 5) [105, 108—116]. Besides the use of
plasmatic assays, such as aPTT and anti-Xa, many centers
adopt whole blood-based tests such as activated clotting time,
thromboelastography, or rotational thromboelastography [11,
22,105, 109, 110, 117-123].

Although UFH has molecule- and age-dependent variation in
activity, it is the anticoagulant of choice [22, 105, 108-112].

Normal antithrombin levels are essential for UFH efficacy;
however, they are physiologically lower in neonates than in
children and adults. Evidence for antithrombin supplementa-
tion has yet to be proven, and there are increasing concerns
regarding thromboembolic events associated with AT supple-
mentation, especially in critically ill newborns and children
[124-128]. The presence of high levels of latent antithrombin,
with potent pro-coagulative effects, in the commercially avail-
able products could explain this phenomenon [129].

Direct thrombin inhibitors are a promising alternative to
UFH for anticoagulation in neonates, especially in heparin-
induced thrombocytopenia, heparin resistance, or significant
thrombosis. Dosing strategies and risk of adverse effects are
still a matter of debate [22, 101, 105, 110, 130-134].

Overall, there is still a wide heterogeneity in coagulation
management during neonatal ECMO across centers [109, 113,
135-141].
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Table 4 Characteristics of neonatal cannulas (based on Medtronic Bio-
Medicus Pediatric Cannulas, technical sheet 2010; Maquet Avalon Elite
Bi-Caval Dual Lumen Catheter, technical sheet 2015) and circuits (based

on Permanent Life Support (PLS) System and Quadrox-iD Pediatric
(Rotaflow Console with PLS Set))

Cannula sizes and characteristics

Cannula Internal diameter (in.) Size (Fr) Tip lenght (cm) Blood flow (L/min)* Radiopacity

SL arterial 1/4 6 10 0.35 Metal spiral ends at
8 10 0.6 0.5 cm from the tip
10 10 1.25
12 11 2

SL venous 1/4 8 10 04 Metal spiral ends at
10 10 0.8 4 c¢m from the tip
12 11 1.3
14 12 1.8

SL arterial NextGen 1/4 9 10 0.6 Metal spiral ends at
11 10.5 12 0.2 cm from the tip
13 11 2

SL venous NextGen 1/4 9 10 04 Metal spiral ends at
11 10.5 0.8 0.2 cm from the tip
13 11 1.3
15 11.5 1.8

DL Bi-Caval 1/4 13 11 Arterial 0.5 Metal spiral ends at the tip

Venous 0.65
1/4 16 14 Arterial 0.75
Venous 1.0

Cannula selection

Weight VA circuit—SL arterial VA circuit—SL venous VV circuit—DL Bi-Caval

<3kg 8 Fr 8 Fr -

3-5kg 10-12 Fr 10-14 Fr 13 Fr

4-8 kg 10-12 Fr 10-14 Fr 16 Fr

Characteristics of 1/4 in. circuit

Blood flow (L/min) 0.2-2.8 Oxygenator volume (mL) 81

Gas flow (L/min) 0.1-5.6 Centrifugal pump volume (mL) 32

Venous pressure (mmHg) < — 80

Hemoconcentrator volume (mL) 17

SL, single lumen; DL, double lumen; VA, veno-arterial; VV, veno-venous; Fr, French

*Based on blood flow at 100 mmHg for arterial cannula and at — 40 mmHg for venous cannula

Weaning, decannulation, and withdrawal

As minimal support is reached to ensure tissue oxygenation,
decannulation is considered. Trial-off support is performed to
test the patient’s readiness for weaning before any attempt of
decannulation [22].

During VV ECMO, native gas exchange is evaluated by pro-
gressively reducing sweep gas flow while adjusting ventilatory
support. When the gas flow is stopped and gas exchange is
adequate with minimal ventilator support, patients are ready to
be weaned. During VA ECMO, the blood flow rate and gas flow
is gradually reduced over time while adapting the ventilator set-
ting and monitoring patients’ status. Alternatively, a bridge may
be inserted into the circuit between the venous and the arterial
side, to allow blood flow to re-circulate within the circuit, thus
excluding the patients. Achieving low flow conditions in

neonates is often impossible due to the required minimum flow
for the ECMO devices (100200 ml/min). Thus, other groups
successfully promoted trial-off with a retrograde pump flow of
the ECMO circuit [142]. If trial-off is tolerated, the patient is
ready for decannulation [21, 22]. The carotid artery’s repair is
rarely performed and is still a matter of debate [22, 143].
ECMO should also be discontinued if there is no hope of
survival, there is no chance of organ replacement, or the patient
has not shown any improvement during a reasonable amount of
time, which must be defined on a case by case basis [21].

Complications

Critical issues related to hemostatic disturbances make hem-
orrhagic and thrombotic complications prevalent, with
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Infections
Rule out infections.
Start antimicrobial therapy as appropriate.

Neurological assessment
Monitor CNS complications (ischemic lesions, hemorrhagic
lesions, seizures) through NIRS, CFM, US scans. Plan a follow-
up.

Hemolysis

Monitor free hemoglobin.
Evaluate the need for RBCs transfusions.

Anticoagulation
Initial bolus followed by continuous infusion of UFH. Monitor
coagulation status and titrate UFH.
Provide blood products, as appropriate
Beware of the risk of both hemorrhagic and thrombotic
complications.

Pharmacotherapy
Provide drug dosing adjustements as the interaction
«patient-drugs-circuit» alters pharmacokynetics and
pharmacodynamics.

Nutritional support
Full nutritional support through TPN with fluid
restriction or enteral feeding, as appropriate.
Lipidic emulsion should be provided directly to the
patient

Fluid management and renal function
Avoid fluid overload and edema.
Consider diuretics, SCUF or CRRT as appropriate.
Check renal function (risk of AKI).

ECMO critical points and management.

Pre-ECMO complete evaluation
Assess CBC, biochemistry and coagulation status.
Correct as appropriate.
Brain, heart, abdominal US evaluation and CXR.
Rule out contraindications.

gosedation and myor
Crucial to successful cannulation and optimal ECMO
run. Beware of dosing adequacy due to circuit
sequestration.

Avoid lipophilic analgo-sedatives (i.e. fentanyl).
Morphine and paracetamol as drugs of choice.

Cannulation (neonatal site: neck)
Surgical (more often) or percutaneous procedure.
Check cannula position (CXR , cardiac US).
Beware of cannula displacement and surgical site
bleeding.

Priming and Start
Whole blood priming. Anticoagulation with 1 Ul/ml UFH.
Correct with calcium and sodium bicarbonate before
connection.

Monitoring
Continuously monitor vital signs, ECMO parameters,
adequacy of systemic perfusion. Beware of the risk of
multiorgan failure

Ventilation
Resting ventilation. Monitor gas exchange and SvO,, adjust mechanical support
and ECMO support (both sweep gas and blood flow). Consider evaluation of
lung mechanics through FOT. Perform CXRs and lung US scans. Consider chest
physiotherapy. Use CT scan to evalute lungs unable to recover while on ECMO

Cardiocirculatory support
Monitor hemodinamic status, titrate
ECMO
and pharmacological supportas
appropriate.

CBC: complete blood count; US: ultrasound; CXR: chest X-ray; UFH: unfractioned heparin; SvO,: mixed venous saturation; FOT: forced oscillation techniques; SCU: slow continuous ultrafiltration;
CRRT: continuous renal replacement therapy; AKI: acute kidney injury; TPN: total parenteral nutrition; RBCs: red blood cells; CNS: central nervous system; NIRS: near infrared spectroscopy; CFM:

cerebral function monitoring.

Fig. 2 Overview of the critical points of ECMO management

decreased survival rates [ 144, 145]. Circuit clotting is the most
frequent mechanical complication, being the oxygenator the
most common site. Coagulation abnormalities may lead to
ischemic and hemorrhagic injuries [12, 22]. Since brain inju-
ries are worrisome during neonatal ECMO, bedside imaging
and neuromonitoring are mandatory during and after ECMO
[22, 146-148].

Among the most severe neurological complications, sei-
zures, ischemic infarction, and brain death are frequent and
associated with poor prognosis [149, 150]. Cerebral function
monitoring, continuous electroencephalography, and near-
infrared spectroscopy may help to detect neurologic events,
although pediatric literature is still limited [11, 151].

A degree of renal impairment, ranging from oliguria to
renal failure, frequently occurs while on ECMO. Acute kidney
injury and fluid overload are independent risk factors associ-
ated with increased mortality [152, 153]. Chronic kidney in-
jury is less frequent since the long-term renal function is usu-
ally restored [154].

Cannulas, central lines, immobility, and general conditions
are risk factors for infections associated with increased ECMO
duration and higher mortality [20, 155]. Routine prophylaxis
is not recommended unless a specific culture demonstrates an
ongoing infection, while antibiotic coverage for cannulation
should follow standard surgical prophylaxis [156—159].

@ Springer

Arrhythmias and myocardial dysfunction are common in
VA mode. Other complications, like cannula displacement
and cardiac tamponade, are life-threatening and need to be
promptly recognized and corrected (Fig. 3) [20].

Long-term morbidities and follow-up

Improved survival carries a higher risk of long-term morbidity
among survivors depending on several factors, such as the
primary underlying condition and adverse events arising dur-
ing the ECMO course [12, 13, 49, 160-167].

Among respiratory ECMO patients, the risk of develop-
mental disabilities is significantly increased [150, 168—172].
Bilateral sensorineural hearing loss, motor problems, learning
difficulties, behavior disorders, and cognitive and neuropsy-
chological impairments require specific assessment and mul-
tidisciplinary long-term follow-up [160, 161, 166, 167,
173-178].

Nevertheless, adult ECMO survivors show high self-
esteem and are satisfied with their quality of life [179-181].

The need for oxygen supplementation, pulmonary hyper-
tension, obstructive pattern with bronchospasm, asthma, de-
creased exercise tolerance, and chronic lung disease are
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Fig. 3 Complications during neonatal respiratory and cardiac ECMO and incidence

among the most common conditions within the long-term re-
spiratory morbidity [59, 161, 162, 173, 182-185].

The growth pattern is generally typical or slightly de-
creased in ECMO survivors, with good chances of catch-up
growth during childhood and adolescence [162, 173, 186].

Most deaths occur while on bypass or early on in the hos-
pital course, while late deaths occurring after ECMO discon-
tinuation are uncommon and mainly affecting CDH patients
(14.3%) [187].

There are considerable data regarding survival to hospital
discharge of neonates receiving ECMO for cardiac failure;
however, limited data exist on intermediate- and long-term
outcomes. Among survivors, 40-60% reported new neurolog-
ic deficits and low health-related quality of life than healthy
controls [188—190]. Neurologic complications may have var-
iable features (language acquisition delay, motor development
stages delay, behavioral problems) and represent a source of
significant morbidity and long-term care requirements [190].
Due to the cohorts’ heterogeneity, which includes different
age groups and different ECMO indications (ECPR, low car-
diac output syndrome, septic shock, myocarditis), a robust
conclusion cannot be achieved.

In the light of these considerations, standardized follow-up
protocols among centers and data sharing are important to
provide further knowledge and implement interventions to
prevent and manage complications, improve quality assis-
tance, and improve the overall quality of life.

Conclusions and future directions

Over the years, ECLS technology and expertise have consid-
erably improved, pushing the lower limit of gestational age
and suggesting that ECMO use may be potentially extended to
more premature infants in the next years [28].

Experimental models of artificial placenta have been devel-
oped [191-193]. An ideal artificial placenta provides ECMO
through the umbilical vessels, thus preserving major fetal
blood vessels from cannulation. It uses low partial pressure
of oxygen because of fetal hemoglobin features and increases
hematocrit levels. No ventilation is required since the infant
could “breathe” with fluid-filled lungs (perfluorocarbon liquid
ventilation), reducing the risk of VILI to the developing lungs
[194-197]. A trial using an artificial placenta in preterm lambs
showed increased survival compared to mechanical-ventilated
lambs [192]. An experimental extra-uterine system to physio-
logically support fetal lambs has shown encouraging results in
terms of hemodynamic stability, oxygenation, and mainte-
nance of fetal circulation [193].

Advances in technology, materials, and miniaturization of
equipment would help to reduce ECMO-related complica-
tions. Biomimetic or biopassive tubing may mitigate the ad-
verse effects of the contact between blood and non-endothelial
surfaces, but their efficacy is partial [101]. The
endothelization of the circuit would provide physiological
regulation of coagulation and inflammatory response in

@ Springer
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ECMO patients. However, the in vitro process is technically
challenging, takes time, and cannot be produced in urgent
settings [198-201]; the in vivo process is currently not feasi-
ble, but ongoing research is promising. Lastly, paracorporeal
lung assist devices might be explored in selected cases where
traditional ECMO is not an option, although evidence for
hybrid approaches is scarce [202].
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