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Summary

Extracorporeal membrane oxygenation (ECMO) was developed initially in the 1960s to support
refractory respiratory failure in addition to the cardiac support inherent in a venoarterial bypass
circuit. Early successes occurred predominantly in the neonatal population with subsequent ran-
domized controlled trials and comprehensive reviews concluding therapeutic efficacy for ECMO in
neonatal respiratory failure. In contrast, the evidence supporting ECMO for respiratory failure in
children is less definitive. However, although pediatric randomized controlled trials have not been
completed, sufficient evidence in support of ECMO as a beneficial therapy for pediatric respiratory
failure exists. The acceptance of clinical utility and benefit from ECMO for pediatric ARDS and the
trend toward increasing venovenous ECMO use have led to its inclusion in the Pediatric Acute Lung
Injury Consensus Conference as a strongly agreed upon recommendation for severe pediatric
ARDS. However, the Pediatric Acute Lung Injury Consensus Conference recommendations sup-
porting the use of ECMO for pediatric ARDS highlight the lack of evidence-based selection criteria
when determining ECMO candidacy in pediatric patients with ARDS. Ultimately, decisions to
proceed with ECMO and the concomitant risk of potential life-threatening complications must
consider multiple factors that balance potential risks and likelihood of benefit, pre-morbid condi-
tions and impact on potential post-ECMO quality of life, candidacy for lung transplantation, and
patient and family goals of care. This review will discuss ECMO for the support of pediatric
respiratory failure, ventilator management during ECMO, considerations impacting timing of
decannulation, and developing techniques. Key words: pediatrics; pediatric ARDS; respiratory failure;
ECMO. [Respir Care 2017;62(6):732-750. © 2017 Daedalus Enterprises]
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Introduction

Extracorporeal membrane oxygenation (ECMO) was de-
veloped initially in the 1960s to support refractory respi-
ratory failure in addition to the cardiac support inherent in
a venoarterial bypass circuit. The first human application
was reported in 1972 and involved successful treatment of
a 24-y-old with postoperative refractory respiratory failure
following traumatic thoracic aortic injury.! Following a
series of case reports and small case series over the next
6 y, Hill et al> summarized in 1978 the international ex-
perience with ECMO for acute respiratory failure and re-
ported 38 survivors in 230 cases that included 8 of 38
pediatric (20%) and 29 of 192 adult (15%) ECMO survi-
vors. Despite these initial discouraging outcomes, the on-
going high mortality of those patients for whom ECMO
was a last resort continued to drive advances and refine-
ment in technical approach, equipment technology, patient
selection, prevention and management of complications,
and team composition and training. These advances have
resulted in steady improvement in survival to hospital dis-
charge.

Early successes occurred predominantly in the neonatal
population.3# In the decades since the 1960s, 3 neonatal
randomized controlled trials have demonstrated significant
improvement in mortality in pulmonary hypertension spe-
cifically and respiratory failure in general with subsequent
follow-up studies demonstrating continued benefit in long-
term outcomes.>® A Cochrane review in 2008 concluded
that ECMO in mature infants with potentially reversible
respiratory failure significantly improved survival.'® Sub-
sequent single-center case series of neonatal respiratory
ECMO demonstrated stable survival rates between 67 and
91.1% from 1987 to 2006 across the range of causes of
respiratory failure.!!-!2 Of the causes of respiratory failure,
congenital diaphragmatic hernia carried markedly worse
outcomes and longer time receiving ECMO compared with
all other neonatal respiratory diagnoses: meconium aspi-
ration syndrome, persistent pulmonary hypertension, re-
spiratory distress syndrome, sepsis, pneumonia, or air-leak
syndrome.!3
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In contrast, the evidence supporting ECMO for respira-
tory failure in adults and children is less definitive. Two
adult randomized controlled trials showed no mortality
benefit from ECMO,!415 and the most recent adult
CESAR trial appeared to demonstrate the salutary impact
of referral to an ECMO center rather than actual use of
ECMO.!%17 The evidence for ECMO use in pediatric re-
spiratory failure lacks any randomized trials. A retrospec-
tive cohort analysis of 29 ECMO subjects compared with
53 non-ECMO matched controls found a reduction in mor-
tality from 47% to 26% in the ECMO cohort. In particular,
those subjects with a mortality risk of 50-75% based on
admission pediatric risk of mortality score and oxygen-
ation index (OI) derived a survival benefit from ECMO
use, with only 29% observed mortality compared with
71% mortality in the non-ECMO-treated subjects.'® An
attempted randomized trial for non-neonatal pediatric
ECMO was aborted due to an inability to achieve enroll-
ment goals and lower mortality than expected in the non-
ECMO group.'® Nevertheless, ECMO remains a widely
utilized therapy for refractory pediatric respiratory failure,
with overall survival comparable with neonatal cases. The
most recent Extracorporeal Life Support Organization
(ELSO) registry from 1990 to July 2016 contains a cumu-
lative 7,710 pediatric respiratory ECMO cases, of whom
4,439 (57.6%) survived to hospital discharge or transfer.!3
More recently, in the 6 y from 2010 to 2015, the ELSO
registry reported 2,689 cases (448 cases annually) with
61% survival to discharge and an increasing trend toward
venovenous (VV) and dual-lumen VV approaches in
> 50% of cases in 2015.13 The acceptance of clinical util-
ity and benefit from ECMO for pediatric ARDS and the
trend toward increasing venovenous ECMO (VV-ECMO)
use has led to its inclusion in the Pediatric Acute Lung
Injury Consensus Conference as a strongly agreed upon
recommendation for severe pediatric ARDS.!®

However, the Pediatric Acute Lung Injury Consensus
Conference recommendations supporting use of ECMO
for pediatric ARDS highlight the lack of evidence-based
selection criteria when determining ECMO candidacy in
pediatric patients with ARDS.!° In the absence of proven,
specific inclusion/exclusion criteria, clinicians must com-
pare outcome data from non-ECMO pediatric respiratory
failure and outcome data from available observational
ECMO case-control studies. Clinicians must also account
for the impact on outcome from other non-respiratory con-
founding factors, such as comorbidities and pre-ECMO
organ dysfunction. Ultimately, decisions to proceed with
ECMO and the concomitant risk of potential life-threat-
ening complications must consider: (1) estimated mortal-
ity and morbidity from the underlying acute clinical dis-
ease process and preexisting comorbidities with and without
ECMO; (2) direction of clinical course over serial obser-
vations in a time frame that allows assessment of the rate
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Fig. 1. A: ECMO circuit tubing with component pieces in place, configured with a centrifugal pump. Patient outflow tubing marked with blue
tape (venous limb) draws deoxygenated blood from patient into the pump. Patient inflow tubing marked with red (arterial limb) tape returns
oxygenate blood to the patient. This circuit is configured with a centrifugal pump interface. B: ECMO cart with all component pieces in
place, configured with a rotary pump. C: Maquet Cardiohelp system. 1: Artificial lung (Maquet Quadrox) provides extracorporeal gas
exchange. 2: External pump provides driving force for blood flow through the ECMO circuit. This can be either a centrifugal or rotary pump.
The blood flow circuit tubing in A is configured for a centrifugal pump interface, whereas B depicts a rotary pump. 3: Blood parameter
monitoring system (Temuro CDI) uses fluorescence sensors on the venous and arterial sides to monitor continuously pH, P, Po,, 0Xygen
saturation, hemoglobin/hematocrit, HCO,, and potassium. 4: Gas source delivers fresh medical gas (oxygen and air) modified by a flow
meter and blender, shown in B, to the artificial lung via green tubing, shown in A. 5: Blood flow meter continuously monitors blood flow
through the ECMO circuit via a sensor on the arterial limb tubing, serving as a direct measure of blood flow. 6: Bioconsole monitors blood
flow generated by the external pump and the generated circuit pressures on the venous and arterial limbs. A display screen on the lower
console displays flow characteristics generated by the external pump. 7: External heater uses a water bath to rewarm the blood while
outside the patient to prevent hypothermia. 8: Maquet Cardiohelp system combines the artificial lung, a centrifugal pump, and bioconsole

monitoring system into one unit, allowing smaller circuit priming volumes and a more streamlined overall circuit configuration.

and direction of clinical decompensation; (3) reversibility
of the underlying acute clinical disease process and poten-
tial candidacy for lung transplantation; and (4) balance
between the likelihood of post-survival quality of life and
the patient’s and family’s goals of care.

Reviews on ECMO for adult and neonatal respiratory
failure have been published in the past year, and the reader
is directed to those references??-2! for these 2 patient pop-
ulations. A similar summary of ECMO for non-neonatal
pediatric respiratory failure has been lacking. This review
focuses on this patient population and ECMO indications,
ventilator management while receiving ECMO, criteria for
separation from ECMO, and developing techniques.

ECMO Basics

ECMO provides cardiopulmonary support by removing
a portion of the systemic venous return from a central vein
and returning it to the venous circulation (VV-ECMO)
or to the arterial circulation (VA-ECMO). In both meth-
ods, the drained central venous blood is propelled via a
pump through an oxygenator and then heated before
returning to the patient. Monitoring and safety devices
are in place to provide biochemical and mechanical pro-
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files to assist in titration of electrolytes, gas exchange,
and blood flow parameters (Fig. 1).

VV-ECMO provides only support for gas exchange with
blood returning to the central venous circulation with no
direct contribution to the systemic arterial circulation (Fig.
2A). Systemic delivery of the oxygenated blood relies on
adequate right-ventricular function, a sufficiently low pul-
monary vascular resistance and left-atrial pressure, and
adequate left-ventricular function. Cannula placement and
size must allow simultaneous venous drainage from and
return to the patient’s central venous circulation at flows
sufficient to replace enough of the compromised lung func-
tion and maintain adequate oxygenation and ventilation.
The efficacy of VV-ECMO can be affected by malposi-
tioned cannulae that limit flow or increase recirculation of
blood in the ECMO circuit rather than combining with the
patient’s circulation. Contraindications to VV-ECMO in-
clude right-ventricular failure, pulmonary arterial hyper-
tension requiring significant exogenous pulmonary vaso-
dilators, pulmonary venous obstruction, and left-ventricular
failure. In addition, any clinical condition that limits pa-
tient systemic venous return (eg, cardiac tamponade, ten-
sion pneumothorax) or malpositioned venous cannulae will
lead to increased recirculation and subsequent patient de-
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Fig. 2. Diagram of venovenous extracorporeal membrane oxygenation (VV-ECMO) (A) and venoarterial ECMO (VA-ECMO) (B) and patient
circulation. Arrows indicate the direction of blood flow through the stylized chambers of the heart, represented by squares. The arrow
connecting the right ventricle to the left atrium represents native pulmonary circulation. The heart shape represents the ECMO circuit with
pump, oxygenator, and heater. The relative width of the arrows reflects proportional blood flow through the heart chambers and the ECMO
circuit. The relative shading of the arrows and outlines of the heart chambers reflects the degree of oxygenation. Systemic venous
circulation carries blue blood, contribution of native pulmonary function to oxygenation results in pink blood, the most highly oxygenated
blood going from the ECMO circuit to the patient is bright red, and the resultant mixing of highly oxygenated ECMO blood and poorly or
partially oxygenated blood leaving the native pulmonary circulation results in dark red blood.

saturation despite preserved ECMO pump or oxygenator
function.

In comparison, VA-ECMO both supports gas exchange
and supplements cardiac output (Fig. 2B). The portion of
systemic venous return that is drained into the ECMO
circuit is returned directly to the systemic arterial circula-
tion. Cannula placement and size in VA-ECMO must
achieve adequate flows to augment compromised native
cardiac output to meet the patient’s needs. In the absence
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of a right-to-left intracardiac shunt, VA-ECMO bypasses
the pulmonary circulation with no potential for recircula-
tion of oxygenated blood in the ECMO circuit that can
occur in VV-ECMO. As long as ECMO circuit flow is not
limited, VA-ECMO can provide higher amounts of oxy-
genation and ventilation support than VV-ECMO. How-
ever, typical flows are unlikely to provide sufficient car-
diac support to patients with high cardiac output or
vasodilatory shock.
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Indications
Pediatric ARDS

The literature has previously referred to pediatric ARDS
as acute hypoxemic respiratory failure, acute lung injury,
and simply ARDS. The 2015 Pediatric Acute Lung Injury
Consensus Conference summary?? defined pediatric ARDS
as a condition characterized by non-cardiogenic, new-on-
set pulmonary infiltrates in the setting of oxygenation def-
icit in patients ranging from infants through young adults.
The guidelines specifically distinguished pediatric ARDS
from the unique conditions seen in perinatal related lung
disease and the pathophysiology related to persistent fetal
circulation and rapidly changing pulmonary vascular re-
sistance.?? No specific upper age limit was set, further
emphasizing the similarities between a physically mature
teenager and a young adult suffering from ARDS.

The specific criteria outlined for pediatric ARDS were
derived from the American-European Consensus Confer-
ence adult definitions presented in 199423 and the subse-
quent large body of literature applying these definitions to
the pediatric population. The updated Berlin criteria ad-
dressed important deficits related to previously missing
consideration of applied mean airway pressure but also did
not incorporate pediatric considerations.>* The most sig-
nificant addition to the Berlin criteria by the pediatric ARDS
definition are the inclusion of noninvasive oxygen satura-
tion measurements to characterize the degree of
oxygenation deficit in those pediatric patients lacking arte-
rial blood sampling. Inclusion of S, /Fjo 2 and oxygen sat-
uration index ([mean airway pressure X Fig X 1001/S )26
along with P,q /Fi5 and oxygenation index (Ol = [mean
airway pressure X F5 X 100]/P,q ) was based on studies
demonstrating concordance between P, /Fio, and S /Fio,
ratios as well as OI and oxygen saturation index when S,
was < 97%.

Using these oxygenation variables, degrees of pedi-
atric ARDS severity were defined as mild (4 = OI < 8§
or 5 = oxygen saturation index < 7.5), moderate (8§ =
OI < 16 or 7.5 = oxygen saturation index < 12.3), and
severe (Ol = 16 or oxygen saturation index = 12.3) in
patients receiving invasive mechanical ventilation. For
patients receiving noninvasive ventilation where mean
airway pressure measurements are less reliable, oxygen-
ation deficit criteria were defined using a P, /Fq, ratio
=300 or an S, /Fio, ratio = 264. This modification
implicitly acknowledged the drawbacks of relying on
the variations in bedside clinical decisions about the
need for invasive arterial access or potential technical
challenges in establishing invasive arterial access to de-
fine a clinical syndrome.

Defined using these specific pediatric considerations,
pediatric ARDS represents as much as 4% of all pediatric
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Table 1.  Pediatric ARDS Mortality Risk Factors

Patient/disease-specific
Immunodeficiency (acquired or congenital)
Additional non-pulmonary organ dysfunction
Length of mechanical ventilation

Gas exchange effectiveness
1 Ventilation index
1 Alveolar dead-space fraction
1 Oxygenation index

The presence of these conditions increases overall mortality risk, and they can be considered
as factors that would favor initiation of extracorporeal membrane oxygenation support in the
absence of absolute contraindications to extracorporeal membrane oxygenation. With
improved technique and anticoagulation management, true absolute contraindications to
extracorporeal membrane oxygenation fall into 2 general categories: (1) known irreversible,
terminal underlying disease with no viable cure and (2) uncontrollable hemorrhage.

ICU admissions?® and at a population level occurs at an
incidence of 2.0-12.8 cases/100,000 person-years with an
overall mortality of 18-35%.22 Several risk factors for
mortality have been described and can be categorized as
either patient-specific or disease-specific (Table 1). Of the
patient-specific risk factors, acquired or congenital immu-
nodeficiency has demonstrated the highest mortality risk,
in excess of 70%?° and as high as 91% in patients with
acute respiratory failure associated with bone marrow trans-
plantation.3? With respect to disease-specific risks, devel-
opment of additional organ dysfunction syndrome and, in
particular, multiple organ dysfunction syndrome have been
demonstrated to be the most important mortality predic-
tors.? Erickson et al?® demonstrated that the odds ratios of
death were highest with renal failure (odds ratio
[95% CI] = 11.11 [3.95-31.26]), need for renal replace-
ment therapy (odds ratio [95% CI] = 17.18 [3.64-31.26]),
and multiple-organ failure (odds ratio [95% CI] = 8.34
[3.42-20.34]).

In addition to the presence of immunodeficiency or organ
dysfunction, measures of ventilation and oxygenation also
correlate with mortality risk. A ventilation index ([P,co, X
peak airway pressure X breathing frequency]/1,000) of > 65
by day 3 of illness had a positive predictive value for
mortality of 90% in a small single-center retrospective
study of 39 children.?! In another single-center study of
95 subjects with pediatric ARDS, alveolar dead-space
fraction ([P,co, = Perco J/P.co,) also correlated with mor-
tality. Each alveolar dead-space fraction increase by 0.1
increased the mortality odds ratio by 1.92.32 Subsequent
secondary data analysis demonstrated an alveolar dead-
space fraction cut point of 0.23, with a 46% versus 13%
mortality for subjects with alveolar dead-space fraction
greater or less than this level, respectively.?? The OI has
demonstrated the best discrimination of mortality risk with
an area under the receiver operator curve of 0.747. An OI
>16, representative of severe pediatric ARDS, appears to
be a cut point, with mortality increasing from <23% for
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moderate pediatric ARDS to >30% for severe pediatric
ARDS. Additionally, subjects with an OI >20 exhibited a
40% mortality.?> The same subject data set used to derive
these OI cut points further demonstrated that each addi-
tional OI increase of 1 conferred an increased mortality
odds ratio of 1.04.33 Using a multivariate analysis, the
combination of alveolar dead-space fraction and either OI
or oxygen saturation index provided the best mortality
prediction with an area under the receiver operator
curve = (.78, although this was not significantly better
than using OI alone.3?> Combining these 2 measures, an OI
>20 and an alveolar dead-space fraction > (.23 represent
reasonable threshold values that identify patients whose
mortality risk without ECMO may exceed the reported
overall mortality associated with severe pediatric ARDS.

However, the decision to proceed with ECMO support
for pediatric ARDS cannot be reduced to identification of
preexisting immunodeficiency or developing organ dys-
function or to calculation of oxygenation and ventilation
variables. These same variables that carry higher risk of
mortality in pediatric ARDS without ECMO also have
been associated with worse or unclear outcomes in pa-
tients undergoing ECMO support. A review of the ELSO
registry through 2004 of patients requiring ECMO for re-
spiratory failure who also had immune-compromised con-
ditions had a somewhat lower overall survival to hospital
discharge of 37% compared with the non-immunocompro-
mised cohort with a survival of 58%.3* Within this group
of conditions, none of the 17 patients in the ELSO registry
who had undergone bone marrow transplant and required
ECMO for respiratory failure before 2004 survived. From
2004 to 2012, the ELSO registry reports 12 bone marrow
transplant patients requiring ECMO, 3 of whom survived
to hospital discharge (25%), perhaps reflecting improved
overall critical care strategies as well as improved ECMO
management.3>

The impact of organ dysfunction, especially acute kid-
ney injury, before ECMO therapy or that develops while
receiving ECMO therapy appears mixed. A single-center
analysis of the impact of ECMO therapy on renal function
in children demonstrated an improvement in pre-ECMO
acute kidney injury soon after the initiation of extracorpo-
real support.’® However, in addition to the renal toxic
effects of the underlying disease process and renal hyp-
oxia, acute kidney injury may also be caused by ECMO
therapy itself. ECMO-related variables contributing to acute
kidney injury include hemolysis and release of free hemo-
globin, changes in hemodynamic flow characteristics while
receiving ECMO, and impaired hormonal regulation.37-38
A review of ELSO registry data from 1998 to 2008 for
pediatric respiratory ECMO patients demonstrated an odds
ratio for mortality of 1.7 with acute kidney injury that
increased further to 2.5 if renal replacement therapy was
administered.? In contrast, a single-center retrospective
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study demonstrated no difference in ECMO survival with
or without the need for renal replacement therapy during
the ECMO course.*® However, the majority (67.4%) of
these ECMO subjects had renal replacement therapy ini-
tiated due to fluid overload rather than renal failure (20.9%)
and may misrepresent the relationship between acute kid-
ney injury and ECMO survivability. Furthermore, the study
recruited too few subjects to detect a mortality difference,
requiring approximately 10-fold more subjects in order to
be adequately powered.*! Whether acute kidney injury re-
sulting from hypoxemic and inflammatory stress seen in
pediatric ARDS can be prevented or ameliorated with im-
proved oxygenation and ventilation provided by ECMO or
whether ECMO contributes to development or worsening
of acute kidney injury remains unclear.

The length of mechanical ventilation before the initia-
tion of ECMO appears to also correlate with survival.
Historically, the first ECMO trial in 1978 listed “duration
of the precipitating pulmonary insult last[ing]...more than
21 days” as an exclusion criterion.> Subsequently, in 1993,
Moler et al*>43 determined a cut point of approximately
7 d of mechanical ventilation before ECMO initiation as
an independently associated variable with mortality. More
recently, a 2012 review of the ELSO registry demonstrated
that decreased survival odds occurred when pre-ECMO
length of mechanical ventilation exceeded 14 d.*

Similarly, previously considered absolute contraindica-
tions for ECMO, such as recent trauma,*> septic shock,*®
bone marrow transplant,3> and diffuse alveolar hemor-
rhage,*7#8 each have been successfully treated with ECMO.
As experience builds and techniques improve, the only
absolute contraindications to ECMO are quickly becoming
(1) known irreversible, terminal underlying disease with
no viable cure and (2) uncontrollable hemorrhage despite
maximal medical and surgical therapy. Ultimately, evalu-
ating mortality risk of pediatric ARDS with or without
ECMO is inexact at best and must consider not just the
variables discussed above, but also the intensity and rate of
clinical deterioration or lack of clinical improvement.

ECMO complications fall into 4 general categories re-
lated to (1) mechanical complications related to equipment
failure and hemolysis from physical damage to the red
cell; (2) bleeding and thrombolytic complications impact-
ing the circuit, patient, or both; (3) infection; and (4) organ
dysfunction (Table 2). The risk of these complications
increases with longer ECMO duration although no data
exist quantifying the degree of cumulative risk over time.

These ECMO-specific complications and other conse-
quences of both ECMO therapy and the underlying disease
process for post-survival morbidity must also be consid-
ered in the decision-making process. The earliest reports
of long-term neurodevelopmental outcomes following
ECMO support focused on survivors of ECMO applied in
the neonatal population and compared the incidence of
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Table 2.  Pediatric Respiratory Extracorporeal Membrane
Oxygenation Complications Voluntarily Reported to the
Extracorporeal Life Support Organization Representing
7,710 Cases in Participating Extracorporeal Membrane
Oxygenation Centers From 1990 to July 2016

Complication Incidence (%)

Mechanical: equipment

Air in circuit 4.2
Cannula problems 15.3
Circuit rupture 2.3
Heat exchanger malfunction 0.4
Oxygenator failure 10.6
Pump malfunction 2.2
Mechanical: hemolysis (plasma-free hemoglobin 10.2
> 50 mg/dL)
Bleeding
Cannula site 18.3
Central nervous system hemorrhage 6.4
Disseminated intravascular coagulation 54
Gastroinstestinal 4.1
Pulmonary hemorrhage 8.1
Surgical site 12.6
Clotting
Bridge 3.5
Central nervous system infarction 4.2
Hemofilter 4.5
Oxygenator 11.1
Other 12.3
Infection (culture-proven) 16.8

Organ dysfunction
Hyperbilirubinemia (direct > 2 mg/dL or 5.2
total > 15 mg/dL)
Renal failure

Creatinine 1.5-3.0 mg/dL 8.8
Creatinine > 3.0 mg/dL 4.1
Dialysis required 11.1
Hemofiltration required 23.2
Seizures 5.4

Data from Reference 13.

intellectual disability, learning disability, and cerebral palsy
with healthy normal controls who had not required neo-
natal intensive care unit or special care nursery admission
following delivery. A single-center cohort of neonatal
ECMO survivors undergoing comprehensive neurocogni-
tive assessment and parental and school survey assess-
ments demonstrated major disability (mental or motor dis-
ability, sensorineural impairment, or seizure disorder) in
17 of 103 (17%) study subjects.*® Major disability corre-
lated highly with hemorrhagic or non-hemorrhagic intra-
cranial lesions, although the relationship between these
intracranial lesions and the ECMO course was not de-
scribed. Parents of these ECMO-treated subjects also
reported significantly more behavioral adjustment prob-
lems in 42% versus 16% of controls. Half of the ECMO
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subjects were classified as being at risk for school fail-
ure, over twice the rate of controls. This report, how-
ever, compared ECMO-treated subjects with healthy con-
trols rather than critically ill neonates who did or did
not receive ECMO. This weakness was addressed by the
7-y follow up of a randomized control trial of ECMO
for neonatal respiratory failure.® This analysis deter-
mined that cognitive ability, neuromotor performance,
and health services utilization were similar in the ECMO
and conventional treatment groups, suggesting that long-
term neurocognitive and health issues were related more
to the underlying disease process than to ECMO itself.

Few pediatric studies assessing the long-term impact on
post-survival morbidity have been completed. Those that
have been done have had limited subject numbers or have
had indirect, less robust assessment methods. These pedi-
atric reports also only provide overall incidence rates of
disability without comparison with critically ill children
not treated with ECMO. These studies have reported (1) a
16% prevalence of seizures and/or developmental delay
and a 62% hospital readmission rate within a median of
1.2 y using a statewide administrative database and ICD-9
codes®; (2) 38% mild or moderate disability based on the
pediatric overall performance category scale at a median
of > 5y after ECMO based on parental telephone inter-
view>12; and (3) 70% incidence of abnormal quality of
life based on retrospective review of post-ECMO, pre-
discharge medical records and prospective parental tele-
phone survey.>® Beyond a single report of a single pedi-
atric patient rescued with ECMO for necrotizing pneumonia
from pneumonia,>* there are no published data describing
the subsequent pulmonary morbidity and decrease in lung
function, measured either formally via pulmonary function
testing or informally with subjective assessment of exer-
cise tolerance.

Consequently, the decision to proceed with ECMO in
the setting of pediatric ARDS in a previously healthy child
with no additional non-pulmonary organ dysfunction can
be made by following serial measurements of a combina-
tion of OI or oxygen saturation index and alveolar dead-
space fraction to determine clinical trajectory. However, in
the face of concomitant immune deficiency or organ dys-
function, this decision is much more challenging with lim-
ited definitive evidence to guide the clinician and family.
The question of long-term survival and disability also has
limited data upon which to base life-and-death decisions.
In this setting, realistic expectations among the medical
team and between the medical team and family should be
set as early as possible with milestones set to help guide
decisions surrounding futility of ongoing extracorporeal
support to meet overall goals of care and quality-of-life
expectations.
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Bridge to Lung Transplantation

First performed in 1977, ECMO as a bridge to lung
transplantation (LTx) was met with extreme hesitation and
ultimately considered by most transplant centers as a con-
traindication.>® However, with improved techniques both
in LTx and in ECMO support, case reports and series have
demonstrated acceptable outcomes relative to overall LTx
survival. The first series describing long-term survival was
published in 1993 and described 5 subjects, age 19-46y,
supported with ECMO ranging from 8 to 292 h before
LTx, 3 of whom survived > 1y after LTx.>7 As LTx
experience increased, the field recognized the significant
imbalance between organ availability and need with many
patients dying while waiting for LTx and an average wait
time of nearly 2 y by 1998. In this setting, the need for
invasive mechanical ventilator support, let alone ECMO,
was felt to be a relative contraindication for LTx as a way
to limit organ wastage.>3

Advances in both transplant and extracorporeal support
techniques and understanding continued to push the enve-
lope of therapy. In 2010, a subsequent series and review of
both mechanical ventilation and ECMO before LTx de-
scribed 51 patients included in the United Network for
Organ Sharing database from 1987 to 2008.>° This sum-
mary of the United States experience reported survival at
24 months as 45, 57, and 70% for patients requiring ECMO,
invasive mechanical ventilation, or neither before LTx,
respectively. Clearly, patients requiring mechanical respi-
ratory support in the form of either mechanical ventilation
or ECMO experienced markedly worse survival than pa-
tients undergoing LTx with sufficient cardiopulmonary
function to breathe spontaneously. In this report, the au-
thors pose the ethical question of whether ECMO as a
bridge to LTx was appropriate and how to balance be-
tween individual patient benefit and population benefit in
the setting of resource scarcity. Nevertheless, in the 2 de-
cades of the 1990s and the 2000s, the number of patients
receiving ECMO support simultaneously listed for LTx
increased nearly 5-fold from 22 to 104.90

As technical sophistication increased in critical care and
ECMO management and patients were able to be main-
tained in an awake state to allow participation in physical
conditioning while receiving extracorporeal support, re-
sults following ECMO as a bridge to LTx began to close
the survival gap. Since 2005, 2 factors have been shown to
correlate with improved outcomes with ECMO support
before LTx: a mode of respiratory support that allows the
ability to ambulate while receiving ECMO and the dura-
tion of ECMO before LTx. A report of 11 subjects with a
mean age of 34 y that compared the method of respiratory
support while receiving ECMO described a 1-y survival of
6 of 7 (85%) in a spontaneously breathing noninvasive
support group compared with only 2 of 4 (50%) in a group
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receiving invasive mechanical ventilation.®! A review of
the United Network for Organ Sharing national database
from 2005 to 2013 of adult patients = 18 y old evaluated
outcomes based on level of respiratory support at the time
of LTx and defined 4 groups: invasive mechanical venti-
lation only, ECMO only, ECMO with invasive mechanical
ventilation, and neither ECMO nor invasive mechanical
ventilation. This retrospective database review identified
> 12,000 adult LTx recipients, with 796 receiving some
combination of ECMO or invasive mechanical ventilation.
Patients requiring neither mode of support had the best 1-
and 3-y survival at 89.4 and 67.0%, respectively. Patients
requiring ECMO alone had lower 1-y survival at 70.4%
but equivalent 3-y survival (64.5%) to the no-support group.
Need for invasive mechanical ventilation had the worst
3-y outcomes, with only 57.0% survival for invasive me-
chanical ventilation alone and 45.1% survival for invasive
mechanical ventilation and ECMO need at the time of
LTx.02

Duration of time receiving ECMO while waiting LTx
also appears to impact outcomes, although the data are less
robust. In a single report of 17 subjects receiving ECMO
bridge who were able to undergo LTx, investigators ob-
served a difference in outcome based on ECMO duration
= 14 d (early) or > 14 d (late). The 9 early LTx from
ECMO bridge subjects were all alive at 1 y post-LTx com-
pared with only 4 of 8 subjects surviving to 1 y in the late
LTx from ECMO bridge group. Notably, the length of
invasive mechanical ventilation may have been a signifi-
cant confounder. The late LTx from ECMO bridge pa-
tients received nearly 4-fold longer (45 d vs 12d, P = .03)
invasive mechanical ventilation following LTx than the
early group.®3

In a subsequent 2015 systematic review, the authors
reviewed 14 retrospective clinical case series with a com-
bined total of 441 subjects ranging in age from older teen-
agers to the 60s and reported 1-y survival between 50 and
90%.%* Although these authors found no definitive evi-
dence detailing a best strategy, they concluded that current
evidence clearly supported the use of ECMO as a way to
sustain select patients with end-stage respiratory failure
awaiting LTx. Further, avoidance of invasive mechanical
ventilation if at all possible and aggressive pursuit of am-
bulatory ECMO to preserve physical conditioning appeared
to be key in achieving acceptable long-term outcomes and
avoiding organ wastage. In all of these reports, subject
selection criteria have been crucial. Criteria for eligibility
for ECMO support as a bridge to LTx have been proposed
and include absence of additional non-pulmonary organ
failure, absence of severe neurologic impairment, relatively
well-preserved physical conditioning, absence of systemic
infection or multidrug-resistant pulmonary infection or col-
onization, and unmanageable bleeding diathesis.®> These
exclusion criteria are not absolute and ultimately strive to
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achieve identification of those patients most likely to sur-
vive both an ECMO course and the eventual LTx.

These large case series have described older teenagers
and adults. In contrast, the pediatric-specific experience is
far more limited. A review of the United Network for
Organ Sharing database from 2000 to 2013 included 17
pediatric subjects who were receiving ECMO at the time
of LTx. Subsequent comparison with subjects not requir-
ing ECMO at the time of LTx was limited by lack of
ability to find an appropriately matched control in 4 and
lack of data in another 1, leaving 12 cases available for
comparison with matched non-ECMO controls. In this com-
parison, the authors found no increase in risk of death in
the ECMO group with the longest available information
on survival up to 4 y after LTx.%¢ Other data on the pedi-
atric experience with ECMO bridge to LTx are limited to
case series. In the same paper reporting the United Net-
work for Organ Sharing pediatric experience, the authors
describe their own single-center experience of successful
ECMO bridge to LTx in 2 of 3 subjects; the third subject
died while awaiting transplant.°® Another group reported 5
pediatric subjects (age range 1020 y) with pre-LTx ECMO
support undergoing LTx while still receiving ECMO but
do not report survival to hospital discharge in this specific
sub-cohort.®” A separate group report 4 pediatric subjects,
age 11-15y, undergoing ECMO bridge to LTx, all of
whom survived to hospital discharge.®> The largest indi-
vidual series described 15 pediatric subjects 0.2-18 y old
who underwent ECMO before LTx, only nine of whom
were receiving ECMO at the time of LTx. Of the entire
group, 6 subjects survived to hospital discharge. There
was a trend toward statistical significance for survival in
subjects able to wean off of ECMO before LTx (4 of 6)
compared with subjects still receiving ECMO (2 of 9) at
the time of LTx (P = .09).°8 Limited to no information
was provided in these pediatric-specific case reports on
level of activity during ECMO support.

An even smaller number of case reports have described
pediatric ambulatory ECMO, demonstrating proof of prin-
ciple. Thus far, 5 separate case reports have described a
total of 9 older children ranging in age from 8 to 19 y who
underwent VV-ECMO as a successful bridge to LTx, all
but one of whom survived to hospital discharge.®®-7> Most
recently, a sixth report described successful use of ambu-
latory VA-ECMO in a 4-y-old girl who underwent heart-
lung transplant for primary pulmonary hypertension and
refractory right-ventricular failure and was ultimately dis-
charged home.”*

Ultimately, ECMO as a bridge to LTx represents a vi-
able and increasingly utilized treatment for what is a ter-
minal condition without LTx. The role of ECMO to either
salvage refractory respiratory failure or to prevent com-
plications of invasive mechanical ventilation with subse-
quent loss of physical conditioning and worsening of ven-
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tilator-induced lung injury is only now beginning to be
described. Patient selection and thorough and repeated dis-
cussions among the multi-professional medical team and
family play an essential role during this process. Multiple
areas requiring investigation remain, including: (1) timing
of ECMO initiation; (2) impact of duration of time receiv-
ing ECMO before LTx; (3) relative versus absolute con-
traindications to use of ECMO as a bridge to LTx; (4) the
relative impact of invasive mechanical ventilation versus
the ability to maintain an awake and active state even if
invasive mechanical ventilation is required; (5) feasibility
of this approach in a population where wait times for
suitably sized organs are significantly longer than in older
teenagers or adults; (6) how best to identify those patients
with the highest likelihood of benefit and meaningful sur-
vival; (7) the best methods to maintain physical condition-
ing and rehabilitation in developmentally appropriate but
immature children; (8) the health-care costs associated with
this approach and resource utilization requirements; (9)
ethical considerations regarding the balance between indi-
vidual versus population benefit; and (10) the informed
consent process and how to best achieve a shared under-
standing of therapeutic limitations balanced with patient-
defined goals of care.

Other

ECMO applied to pediatric ARDS and as a bridge to
LTx has been most frequently reported in the literature.
Use of ECMO for pediatric asthma has limited retrospec-
tive data that suggest excellent survival with relatively
shorter time spent receiving ECMO but offers little insight
into whether ECMO offers morbidity or mortality benefit.
A review of the ELSO registry from 1993 to 2007 iden-
tified 71 cases of ECMO in pediatric near-fatal asthma
with 83% survival to discharge.”> In comparison, a review
of 261 pediatric ICU subjects with asthma requiring intu-
bation, 3 of whom received ECMO support, demonstrated
84% survival.’®¢ A case series of 13 children receiving
ECMO for asthma from a single center reported 100%
survival with no neurologic sequelae.”” However, the ques-
tion of whether ECMO improves morbidity or mortality
when compared prospectively with aggressive medical
management remains unanswered.

Single case reports or small case series in children have
been published for a multitude of conditions supported
with ECMO while the underlying disease was treated ei-
ther medically or surgically. These include poisonings,
life-threatening upper-airway obstruction, trauma, refrac-
tory air leak from a multitude of underlying infectious or
traumatic causes, and even diffuse alveolar hemor-
rhage.*7-78-80 As experience builds and ECMO technology
and practice continues to advance, the rate of high mor-
bidity or high mortality complications from ECMO sup-
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port will probably decrease, and more case reports will
appear of ECMO use for other indications requiring a brief
or prolonged period of cardiopulmonary support pending
resolution of the underlying disease process.

ECMO Transport

The United States Air Force published one of the first
experiences with inter-facility ECMO transport.®' These
pioneers described the development of an inflight ECMO
system that would account for a multitude of factors, in-
cluding extreme temperature variation, vibration, acceler-
ation and deceleration forces, electromagnetic interference
between aircraft electronic systems and the ECMO equip-
ment, equipment failure, and power failure. After exten-
sive testing, the Air Force successfully deployed an ECMO
transport system to support neonates born to United States
military members by bringing them from various neonatal
ICUs throughout the world back to Wilford Hall Medical
Center in San Antonio, Texas, home of the Air Force’s
only ECMO program.

Since then, long-range, inter-facility ECMO transport
has spread successfully across North America and Europe.
Whereas the Air Force has historically provided the lon-
gest distance (> 12,000 km from Okinawa, Japan to San
Antonio, Texas®?), the deployment of long-range ECMO
transport teams has allowed a significant increase in the
geographic range of hospitals whose patients have access
to ECMO support. Reported pediatric outcomes from sin-
gle-center experiences to national and international pro-
grams have mirrored overall ECMO outcomes for non-
ECMO transport subjects with ~50-70% survival to
discharge.82-8¢ Impressively, despite the complexity of com-
bining ECMO support with ground and air travel, no deaths
have been reported during transport in any of these large
case series.

In each of these descriptions, patient selection, stringent
adherence to safety protocols, and significant investment
in personnel education and training represent the sine qua
non of inter-facility ECMO transport. Although the spe-
cific makeup of the ECMO transport team appears to have
some geographical variation, with European centers incor-
porating more anesthesiologists relative to North Ameri-
can centers,?’” the consistent elements in all ECMO trans-
portcenters lie in exhaustive preparation and both individual
and team education and training.

Ventilator Management During ECMO

Little evidence exists regarding the ideal mode of ven-
tilation while receiving ECMO. Existing reports are all
retrospective in nature, primarily reporting observations of
current practice state or offering expert opinion. From 1986
to 2006, a review of the ELSO database found little dif-
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ference in airway pressures and ventilator rate between
survivors and non-survivors. Median peak airway pres-
sure, PEEP settings, and ventilator rate remained remark-
ably consistent at 28-30, 10, and 10, respectively. The
authors emphasized the need for lung rest to avoid any
further exacerbation of ventilator-induced lung injury and
subsequent worsened inflammation.3® This practice con-
vention has been codified into expert opinion from ELSO
guidelines and incorporated into clinical trial protocols,
including the adult ECMO CESAR trial.3°

In contrast, a database review of ECMO centers in France
and Australia from 2007 to 2013 found a correlation be-
tween improved survival and higher PEEP (12-14 vs 10—
12 cm H,0) with slightly higher tidal volumes (4—6 vs
2—-4 mL/kg) following ECMO initiation.”® These small but
potentially meaningful differences in PEEP and tidal vol-
ume reflect a contrasting approach to lung rest. Rather
than targeting lung rest, a higher PEEP and tidal volume
approach emphasizes maintenance of lung recruitment dur-
ing ECMO support. This approach emphasizes the avoid-
ance of progressive alveolar collapse, thereby potentially
improving lung recovery through minimizing pulmonary
vascular leak and inflammation caused by atelectasis. These
2 opposite approaches to mechanical ventilation are also
reflected in a survey of international ECMO centers and
stated overall goals after ECMO initiation. Of the 141
respondents to this survey, 109 (77%) indicated lung rest
as the primary mechanical ventilation goal during ECMO,
compared with 12 (9%) indicating lung recruitment as the
primary goal. Interestingly, another 12 (9%) responded
that the primary goal was a combination of both rest and
recruitment, although specific description of how this was
achieved was not solicited.”!

The use of lung-protective or ultra-lung-protective ven-
tilator strategies may result in delivery of tidal volumes
that are less than anatomic and physiologic dead space
until pulmonary compliance improves. Practitioners are
then faced with the challenge of causing further atelectasis
and increase in pulmonary vascular resistance with nega-
tive consequences for right-ventricular afterload. Concur-
rent application of airway clearance techniques and inter-
mittent recruitment maneuvers may reduce atelectasis from
lung-protective ventilator strategies and subsequently fa-
cilitate earlier successful separation from ECMO support.
Pediatric case series have also described successful use of
routine therapeutic bronchoscopy with®? or without simul-
taneous use of high-frequency percussive ventilation, a
ventilator mode that some have advocated as a superior
ventilator mode in the setting of obstructive secretions in
pediatric ARDS.%3

Taken a step further, some centers have reported suc-
cessful extubation during ECMO support.®*-7 In the larg-
est single-center series, Anton-Martin et al described 16
subjects ranging in age from 2 d to 17 y old who were
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successfully extubated at some point during their ECMO
treatment provided between the years 2010 and 2013.°7 In
12 of these cases, refractory respiratory failure necessi-
tated ECMO support, 2 additional cases had mediastinal
masses, and the remaining 2 had cardiac failure requiring
ECMO. Eleven subjects survived their ECMO course. The
authors reported that the 5 deaths were not related to ex-
tubation while receiving ECMO. Time from ECMO can-
nulation to extubation ranged from O to 19 d; total ECMO
duration ranged from 4 to 84 d; and the ratio of days
extubated receiving ECMO to total days receiving ECMO
ranged from 0.14 to 1. Respiratory support while extu-
bated receiving ECMO varied from room air to noninva-
sive bi-level positive airway pressure. Importantly, all sub-
jects underwent serial therapeutic bronchoscopies as
necessary to fully clear any secretions from large proximal
airways before extubation.

Extubation during ECMO presents a tantalizing goal,
potentially allowing for significantly less sedation in the
absence of noxious pharyngeal stimulation from the endo-
tracheal tube, spontaneous breathing and coughing to fa-
cilitate airway clearance, and increased ability to perform
progressive rehabilitation and activity. However, some
authors have proposed that regional lung injury can
occur regardless of how high transpulmonary pressures
(Piyng = P — Pesophaguss Where the pleural pressure is
estimated by the esophageal pressure) are generated.’°
Patients experiencing increased spontaneous respiratory
drive who generate high patient effort and significantly
negative pleural pressures can experience equally high Py,,,,,
as the fully paralyzed patient receiving positive-pressure
ventilation with high pressure gradients. Lung stress and
subsequent ventilator-induced or patient self-induced lung
injury then occurs based on regionally experienced pres-
sure gradients. Thus, in the extubated patient receiving
ECMO support who is demonstrating high diaphragmatic
work and generating highly negative pleural pressures with
high transpulmonary gradients, lung injury may still be
occurring, particularly in those areas of the lung most
affected by the underlying disease process. In this situa-
tion, lung protection would be compromised and recovery
potentially delayed. Moreover, the inflammatory process
and cascade generated by additional lung injury would not
be avoided, thereby delaying lung recovery in those pa-
tients. For those patients receiving ECMO as a bridge to
LTx, however, being able to extubate during ECMO offers
significant advantages to optimize non-pulmonary func-
tion and outcomes after transplant.

Ultimately, prospective investigation comparing differ-
ent ventilator approaches is needed. Certainly, the litera-
ture regarding ECMO as a bridge to LTx as discussed
above suggests that earlier separation from invasive me-
chanical ventilation correlates with improved outcomes
following LTx. However, in this setting, there is little need

alveolus
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to attempt to preserve lung function or maintain lung re-
cruitment, since the end goal is replacement of the unre-
coverable lungs. In contrast, use of a low-tidal volume
(4—6 mL/kg) and high-PEEP strategy has become part of
the accepted management for ARDS to minimize ventila-
tor-induced lung injury and maximize eventual lung heal-
ing and recovery. The use of ECMO to supplement gas
exchange to allow tolerance of these low-tidal volume and
high-PEEP goals may ultimately reduce the degree of post-
survival debilitation.

Criteria for Separation From ECMO

Even less evidence exists for specific thresholds of lung
recovery that allow safe discontinuation from ECMO sup-
port. In the absence of unmanageable ECMO complica-
tions, current practice principles target demonstration of
adequate ventilation and oxygenation without ECMO sup-
port before separation and decannulation. In the setting of
VV-ECMO, weaning from extracorporeal support is ac-
complished by decreasing and ultimately discontinuing gas
flow (sweep gas) to the oxygenator. Once the sweep gas
flow is zero, any oxygenation or ventilation results from
the patient’s lung function. If the patient is unable to achieve
adequate gas exchange, ECMO support can be reinitiated
simply by restoring gas flow to the oxygenator. In VA-
ECMO, weaning bypass support is achieved by decreasing
pump flow and ultimately separating ECMO flow from the
patient’s circulation while leaving the cannula in place.
This can be accomplished by recirculating ECMO flow
through a bridge linking the arterial and venous limbs of
the circuit with intermittent flashes of flow through the
cannula to maintain cannula patency, by disconnecting the
circuit and connecting the cannula with tubing and a pump
that allows minimal blood flow through an external arte-
riovenous shunt, or by disconnecting the circuit and in-
stilling a heparin lock into the cannula to prevent clot
formation.!® The time frame over which these weaning
maneuvers are accomplished differs in rate and varies from
center to center and from individual to individual. The
length of time observing tolerance without ECMO support
also varies from a few to several hours, depending on the
patient’s status and initial indications for ECMO.

Specific patient criteria demonstrating stability without
ECMO support include markers of adequate oxygenation
and ventilation and adequate cardiac output to meet de-
mands. These cardiopulmonary function parameters must
then be maintainable with levels of respiratory or cardiac
support that provide sufficient room for increased titration
in the event of mild to moderate patient decompensation
following decannulation. Specific cardiopulmonary func-
tion parameters and specific levels of non-ECMO support
that correlate with successful discontinuation of ECMO
support have not been evaluated. One reasonable approach
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would be to target OI or oxygen saturation index and
alveolar dead-space fraction meaningfully less than the
thresholds that triggered initiation of ECMO. Normal lac-
tate and mixed venous oxygen saturation represent cardiac
output measures that can also guide decisions regarding
ECMO discontinuation.

Ultimately, the underlying disease process prompting
ECMO support at the outset must have improved suffi-
ciently that the patient’s clinical condition remains stable
without ECMO. In those situations where clinical improve-
ment is not achievable and the patient is not an LTx
candidate or a catastrophic ECMO complication occurs,
making recovery impossible, ECMO should be termi-
nated, and the patient’s care goals should be redirected
to supportive comfort measures. This decision is clearly
difficult and cannot be made unilaterally. Because such
a situation is a potential result for every case involving
ECMO, attention must be placed on establishing, nur-
turing, and preserving collaborative relationships among
the family, medical, surgical, and ECMO teams from
the beginning of ECMO support and through the rest of
the ICU and hospital stay. For an introduction to the
ethical dilemmas that can ensue in this situation, the last
chapter of the ECMO Red Book, 4th edition, provides a
concise summary.'0!

Developing Techniques
High-Frequency Percussive Ventilation

High-frequency percussive ventilation was first de-
scribed in the literature in 1988 as a means of achieving
the goal of hyperventilation with lower peak airway pres-
sures compared with conventional ventilation (34 cm H,O
vs 62 cm H,0) in 38 adult trauma subjects with multiple-
organ system injury and traumatic brain injury resulting in
refractory increased intracranial hypertension.'%? Addi-
tional investigators reported positive results with high-fre-
quency percussive ventilation to decrease the incidence of
barotrauma and subsequent pneumothorax or subcutane-
ous emphysema in adult subjects with inhalational lung
injury.'03

In the pediatric population, a subsequent report in 26
children with severe burn injuries and severe inhalational
injury found that compared with conventional ventilation,
high-frequency percussive ventilation resulted in improved
respiratory compliance, lower peak inspiratory pressures,
and fewer episodes of pneumonia.'® Most recently, in a
retrospective observational study from Children’s Hospital
of Philadelphia, 31 pediatric subjects with pediatric ARDS
who had failed conventional ventilation demonstrated that
within 24 h of high-frequency percussive ventilation ini-
tiation, all measures of oxygenation efficiency (OI, oxy-
gen saturation index, P,o /Fio, and S /F)o) improved
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significantly with no change in mean airway pressure; ven-
tilation measured by P, also improved significantly even
as peak airway pressures decreased.”> With the suc-
cesses seen in their experience with high-frequency per-
cussive ventilation in ARDS, the group in Philadelphia
initiated high-frequency percussive ventilation as the
standard mode of ventilation for all pediatric patients
requiring ECMO support for pediatric ARDS. Compared
with historical controls, subjects receiving high-
frequency percussive ventilation while receiving ECMO
experienced more ECMO-free days at 30 d post-ECMO
initiation, indicating both improved survival at 30 d and
shorter time spent receiving ECMO in the high-frequency
percussive ventilation group. However, subjects receiv-
ing high-frequency percussive ventilation during ECMO
also received more frequent therapeutic bedside flexible
bronchoscopy to assist with secretion clearance.”?
Whether high-frequency percussive ventilation offers
benefit in all patients with pediatric ARDS requiring
ECMO support remains to be seen. Certainly, applica-
tion of high-frequency percussive ventilation, perhaps
best applied in conjunction with serial therapeutic bron-
choscopies, would fall under a lung recruitment venti-
lator strategy and appears to be an effective means of
clearing inspissated airway secretions.

Pumpless Extracorporeal Gas Exchange

A primary disadvantage of ECMO resides in the pump
that drives blood flow through the extracorporeal circuit.
Presence of the pump necessarily increases tubing length
and exposes red blood cells to physical damage, leading to
hemolysis and release of plasma-free hemoglobin, platelet
destruction, and an increased inflammatory response. The
increased non-organic surface area exposed to blood also
serves as an inflammatory trigger. In older patients, a pump-
less extracorporeal circuit with an artificial lung (interven-
tional lung assist) provides a low pressure oxygenator that
provides supplemental oxygenation and ventilation but de-
pends on the patient’s native systemic cardiac function to
drive blood flow through the arterial cannula, across the
oxygenator membrane, and back to the systemic venous
circulation. This external arteriovenous shunt requires rel-
atively intact left-ventricular function and preserved mean
arterial pressure in order to maintain sufficient blood flow
through the oxygenator. Exact blood flow through the ex-
ternal circuit cannot be controlled externally, and changes
in cardiac function or vascular tone greatly compromise
the amount of extracorporeal support.'®> In younger pedi-
atric patients, the left ventricle’s ability to accommodate
the increased output requirements makes this approach
less viable.

In contrast, the paracorporeal lung assist device pro-
vides an external venoarterial shunt that directs deoxygen-
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ated blood from the pulmonary artery through the oxygen-
ator and back into the systemic arterial circulation via the
left atrium. Elevated pulmonary artery pressures, as seen
in severe pulmonary hypertension, provide the driving pres-
sure gradient that generates blood flow through the exter-
nal circuit and low-resistance oxygenator. The driving
forces here are dependent on increased pulmonary artery
pressures. The external circuit offloads the right ventricle
in much the same way as an atrial septostomy does with
the significant added benefit that the shunted blood be-
comes oxygenated by the paracorporeal lung assist device.
Because of the need for elevated pulmonary artery pres-
sures, this technique has been applied thus far exclusively
in patients with primary pulmonary hypertension or pul-
monary hypertension related to alveolar capillary dyspla-
sia who were awaiting lung transplantation.!06-108 Each of
these patients had initially required rescue with VA-ECMO
and was subsequently transitioned to the paracorporeal
lung assist device to facilitate improved physical condi-
tioning and separation from invasive mechanical ventila-
tion. The subsequent report detailing the technical aspects
and subject experience to date of this approach highlights
the ability to minimize sedation, allow extubation, and
maximize rehabilitation.!®® Whether this technique can be
applied in secondary pulmonary hypertension due to pri-
mary parenchymal lung disease is yet to be determined.

Summary

In the acute setting when ECMO is being considered,
time is often limited to make assessments of the 4 ele-
ments listed in the Introduction: (1) estimated mortality
and morbidity with versus without ECMO; (2) direction
and rate of change of clinical condition; (3) disease re-
versibility and potential candidacy for LTx; and (4) con-
siderations of post-survival quality of life balanced with
the family’s goals of care. These decisions must often be
made in the absence of complete data. Ultimately, the
goals for ECMO support and criteria for separation from
ECMO are best outlined before cannulation. Common un-
derstanding of and consensus on these goals and criteria
should be sought among the medical, surgical, and ECMO
teams and the patient’s surrogate decision makers. This
multi-professional approach with family engagement and
investment is crucial in attempting to avoid situations where
ECMO becomes the end state rather than its intended role
as a transitional supportive treatment.

Fundamentally, ECMO is a temporary therapy to pro-
vide cardiopulmonary support for a finite period of time
while both minimizing complications from non-ECMO
and ECMO therapies and maximizing the positive effects
of concurrent ongoing definitive treatments. To deter-
mine the suitability of ECMO support, pediatric critical care
practitioners must answer the question: Is ECMO a bridge
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to decision, recovery, or transplant, or is ECMO a bridge
to nowhere? As new technologies and approaches to man-
agement of pediatric respiratory failure and ECMO offer
improved risk/benefit ratios, this fundamental question will
need to be analyzed and studied in a rigorous fashion.
Existing international databases, such as the ELSO regis-
try, provide a tremendous resource in retrospective under-
standing of current state of practice and have provided
insight into future questions. However, these same data-
bases carry significant limitations to robust investigation
into the subtleties inherent in the progression and manage-
ment of pediatric respiratory failure. They do not include
much of the granular clinical details needed to provide a
robust analysis of factors associated with positive out-
come. As importantly, formal assessments of long-term
quality of life and functional outcomes are needed to fur-
ther clarify the long-term morbidities associated with
ECMO. Only through more detailed data collection and
subsequent analysis can clinical research protocols be com-
pleted that will allow the family-centered multi-profes-
sional medical team to attempt to answer the pressing
question: [f ECMO can save my child’s life, will he/she
survive in a clinical condition that allows an acceptable
quality of life for both my child and myself?
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Discussion

Kuch: John, nice talk. I think it’s re-
ally interesting, and I’'m glad you
broached the topic of the open lung
versus complete lung rest. The data
you showed demonstrating improved
outcome from increased PEEP applied
during the ECMO run suggests that
these patients have lungs that are more
prone to collapse. Using adequate
PEEP helps keep the lung open, al-
lowing us to protect the lung, and de-
creases the risk of total collapse, which
is difficult to recruit. I think it’s some-
thing that needs to be addressed be-
cause an open lung seems to help sep-
arate from ECMO earlier. The second
part of that is how do you feel about
volume status with these patients?
There are some theories out there that
look at running these patients at an
even volume status, but what happens
is we’re often getting well behind, and
they are grossly volume-overloaded,
which adds a whole list of issues. Do
you think there’s any value in inves-
tigating that area, in terms of running
them neutral versus drying them out
with renal perfusion and urine output?

Lin: I think that’s an excellent point.
There was a paper by Selewski et al!
that demonstrated that percent volume
overload prior to initiation of contin-
uous renal replacement therapy (CRRT)
in pediatric ECMO subjects correlated
with mortality: 24.5% versus 38%
fluid overload in survivors compared
to non-survivors. Whether using some
form of CRRT to manage that volume
status and whether that improves
ECMO outcome remains unclear. I
think that in order to achieve a lung
recruitment strategy and not use the
same ventilator settings that you were
on before you even went on ECMO,
you have to keep the lungs relatively
fluid-neutral. Whether that’s best
achieved with diuretics or CRRT is
unknown.

Sweet: Nice talk. The data about pre-
ECMO mechanical ventilation suggest
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that the longer you’re on the vent, the
worse off you’re going to be. Do you
have a sense of what the etiology of
that is? Is it just a cumulative lung
injury where you aren’t going to re-
cover, or is there something else?

Lin: I think this really goes to the
heart of the question Ira [Cheifetz] be-
gan to pose: When is the optimal time
to put somebody on ECMO? Is it 2 d
into their respiratory failure and it
doesn’t seem like they’re getting bet-
ter, is it 7 d, or is it somewhere in
between? We know that any amount
of positive-pressure ventilation can
initiate ventilator-induced lung injury
and a subsequent inflammatory re-
sponse. These are also the patients who
are not undergoing aggressive early
mobilization. The adult literature is re-
plete with the success of a coordinated
approach to pain, sedation, and delir-
ium management; daily spontaneous
awakening and breathing trials; and
early mobilization at improving ven-
tilator-free days in adult patients with
ARDS. A multidiscliplinary approach
and emphasis on this from day 1 after
the patient is intubated leads to shorter
mechanical ventilation duration, shorter
ICU length of stay, and improved long-
term recovery. Is this feasible in chil-
dren? The literature is building with pe-
diatric case reports describing older
children undergoing ambulatory
ECMO without complication. How to
best select suitable pediatric patients,
how to modify the adult approach to
best address the neurocognitive differ-
ences between children and adults and
among children at different develop-
mental stages, what resources are nec-
essary to perform ambulatory ECMO
safely—these questions and more have
not been answered.

Cheifetz: Thank you, John. You pre-
sented excellent data regarding
ECMO, duration of ventilation, and
pre-transplant outcomes. The point in
my presentation was exactly what you
are saying. I believe the key issue is
not so much the duration of ventila-

tion or what you do to the lungs pre-
transplant (as they will be removed),
it is what you said, whether the pa-
tient is awake and moving or sedated
in bed. We discharged an adolescent
to home 14 d after a bilateral lung
transplant largely because she went
into her transplant in amazing physi-
cal shape. This is not an isolated event;
I really believe that lung transplant
outcomes are greatly influenced by
mobility and the physical condition-
ing of the patient as they enter the
operating room.

Lin: I totally agree.

Sweet: We are really loath to trach
kids who have significant lung injury.
And I suspect tracheostomies are a sig-
nificant component in the ability to
ambulate. Is that another area where
we need to be talking about how we
approach these kids with severe lung
injury?

Lin: Absolutely. The adult approach
is you get intubated, and Rich [Bran-
son] could tell us that it’s the rare pa-
tient he takes care of in the adult side
who is on a vent for much more than
3 d with no expectation of coming off
in the next day or so who doesn’t al-
ready have a trach in place.

Rehder: I agree with the trach com-
ments. On a separate note, you talked
about the need to select the right pa-
tient, particularly with those who may
go on to transplant. Our experience
has demonstrated that many of the pa-
tients who do go on to transplant had
acute kidney injury at the time they
went onto ECMO. It was not associ-
ated with ECMO; it was pre-ECMO
because of their state when they came
in. So, it adds to the challenge of try-
ing to guess about the reversibility of
lung injury because we have had a
couple along the way who never did
regain that kidney function, and this
contributed to poor outcomes, but if
we had excluded them at the outset
for kidney injury, there were also
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several who survived transplant and
did well who would not have been
included. Ira’s favorite phrase for this
is the “bridge to decision,” which I
think sometimes is what we have to
do. But how do you identify those pa-
tients as early as possible, to optimize
not only outcomes, but also resource
utilization?

Lin: You bring up a really good
point, which is when you don’t have
all the data you need at the beginning,
is this patient still really a transplant
candidate? Does this patient truly have
irreversible lung or other organ injury?
For example, the patient with cystic
fibrosis who presents with acute-on-
chronic respiratory failure from a con-
current respiratory infection or the pa-
tient who has decreased urine output
but whose creatinine has not increased
and has not yet met pRIFLE (pediat-
ric risk, injury, failure, loss, end-stage
renal disease) criteria for acute kidney
injury but who is developing worsen-
ing fluid overload with suspected re-
nal injury—it would be challenging to
predict the clinical trajectory at the
time that decision-making regarding
ECMO initiation occurs. ECMO as a
bridge to decision is certainly a valid
approach, but that implies that every-
body will be on the same page when
that decision needs to be made. If pre-
set criteria for decision—making have
not been agreed upon, ECMO may be-
come the destination, rather than only
the bridge. I also believe that there’s a
deficit in the way we approach assent
versus consent in the pediatric world.
Advance directives in previously
healthy children are rare. The last thing
any parent has ever thought about is
what would their child want if they
were dying? It’s an ethical question.
The second-to-last chapter in the lat-
est edition of the ECMO Red Book is
devoted to ethical considerations in
ECMO management. And there’s no
good answer. We don’t tell families
we’re not going to give their child
ECMO, we only tell them, “We have
this modality that may save your kid’s

life but will not cure their underlying
disease and carries many life-threat-
ening complications. Do you want us
to try?” and all they hear is, “Maybe
you’re going to save my kid’s life.”
Not that they might bleed, or they
might suffer a devastating neurologic
injury, or they may have profound
morbidities even if they survive.

Stokes: [was interested in your com-
ments about bone marrow transplant
and the futility of ECMO. I'm not sure
there are enough data to say, for other
populations of immunocompromised
and cancer patients, whether ECMO
outcomes are equally dismal. Do you
have any comments about that popu-
lation?

Lin: Ididn’t present those data here,
but in that original series, no trans-
plant patients survived. Since that
time, about 25-50% of the patients who
have had bone marrow transplant re-
sulting in ARDS who went on ECMO
survived. Now, we’re talking about
fewer than 10 patients, of whom then
3 or 4 survived. The other immuno-
deficiencies then, there are some more
recent data about malignancies in gen-
eral, non-transplant, that suggest their
outcome post-ECMO is not that far
off from patients who don’t have those
premorbid conditions. I don’t know
off the top of my head what those
percentages are; it’s not as good as
not having it, but it’s not quite as bad
as the slide that I showed.

Cheifetz: I am concerned about the
comment you just made about 25-50%
of bone marrow transplant patients
managed with ECMO now surviv-
ing...

Lin: Like Isaid, you’re talking about
10 patients.

Cheifetz: OK, but just to be clear,
clinicians generally do not report their
failures. We did an informal survey
among the stem-cell transplant group
of PALISI, and the ECMO survival

RESPIRATORY CARE @ JUNE 2017 VoL 62 No 6

rate for stem-cell transplant patients
was single digits. The outcomes are
dismal. In terms of the few reports on
this topic, we must remember the de-
nominator is not being fully reported.
The other follow-up point I will make
isinregard to ambulating younger chil-
dren. Most of the photographs I show
from Duke are of adolescents because
we are an adolescent lung transplant
program, not a pediatric lung trans-
plant program. However, as a bridge
to recovery, the youngest patient we
managed was 7 y old, and she was on
ECMO for about 2 months. Unfortu-
nately, she was not able to ambulate
because she was cannulated via her
femoral vein at another institution.
However, she was fully awake, inter-
active, and completely cooperative. In
the 2 months on ECMO, there was
never even a hint that she would be a
danger to her life-support apparatus.
Obviously,itis child-dependent. There
are uncooperative teenagers and very
cooperative children; it is really case-
by-case, but I know that other lung
transplant centers have walked pedi-
atric-age ECMO patients.

Lin: Nationwide, Children’s Hospi-
tal reported an 8-y-old successfully
bridged to recovery using ambulatory
VV-ECMO and provided a photograph
of the child riding a tricycle with VV-
ECMO cannula in place in his neck.?
So, it’s clearly possible; it’s very de-
pendent on the circumstances of the
child, the way that child interacts with
the medical team, and the family who
are present and their ability to assist.
It’s not just saying “We’re going to do
this,” and it happens. It’s “We’re go-
ing to do this, and we need coopera-
tion from the entire interdisciplinary
team, the family, and the patient.”

Walsh: I’d like to ask one last ques-
tion because a lot of the readers are
going to be respiratory therapists, and
we’re often left with what do you do
with the lungs after you put them on
ECMO? One of the things I’ve seen
over the years is 10-10-10 (frequency
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of 10, 10 cm H,O of PEEP, and pres-
sure control of 10) came from our days
of neonatal ECMO and largely using
VA-ECMO, where you could basically
forget the lungs and not have to worry
about it. This has changed now that
we use much more VV-ECMO and
we can’t forget the lungs; the patient
will not allow you to. So then we’re
left with, “What do you do?”” and I see
strategies all the way from extubation
and ambulating to 15 of PEEP and
A < 10. What do you suggest we do,
and how do you target rest settings,
which, by the way, I don’t believe rest
the lungs. Even atelectasis is not rest a
lot of the time, so how do you balance
everything from overdistention or
barotrauma or volutrauma to atelec-
tatic trauma?

Lin: That is the million dollar ques-
tion in this particular area. What is the
optimal ventilator management while
receiving VV-ECMO? Insufficient
ventilator pressures to maintain a
threshold functional residual capacity
will increase pulmonary vascular re-
sistance and may contribute to poorly
tolerated right-heart dysfunction. My
own personal practice is that on VV-
ECMO I never let the lungs collapse.
I also never let the lungs fully col-
lapse on VA-ECMO, although I'm
likely to allow the lungs to be a little
less inflated on VA-ECMO because
the artificial right to left shunt may
be sufficient to unload the right ven-
tricle by bypassing the pulmonary vas-
cular bed. This external shunt allows
me to be more protective with venti-
lator pressures. A lot of that is patient-
dependent and what’s going on with
that patient, what direction do we think
this kid is going, what is the underly-
ing issue? An immunocompromised
patient with adenoviremia, adenoviral
pneumonia, and persistent air leak
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forces you to limit ventilator pressures
even more stringently.

Walsh: We often run into this where
we just put them on VV-ECMO and
they’re still requiring 80% O,, and sud-
denly we say we can lower their sat
range to 85%, where > 90% was ac-
ceptable on conventional ventilation
much less noninvasive, not circulat-
ing their blood outside their body. It’s
a Catch-22. We get more invasive by
adding another drain to try and get
flows higher so that we can get sats up
so that I can rest the lungs. There’s a
huge debate among our folks of
whether 60% O, still toxic, is a PIP of
30 still toxic on ECMO? You see
where I am going? You now have 2
devices, and you’re still not able to
protect the lung. Often we can sweep
off CO, so ventilation is not as much
of a problem, but oxygenation remains
an issue in these difficult patients on
VV-ECMO.

Lin: This question of what do you
do with a patient who’s on VV-ECMO
whose sats are still in the mid-80s.
Assuming that their sats were low be-
fore you went on ECMO, you would
expect improvement after initiation of
ECMO, and I'm sure you would be
disappointed if that did not occur. In
those situations, you would have to
rule out an intracardiac shunt such, as
an undiagnosed patent foramen ovale,
or troubleshoot the amount of ECMO
flow you were achieving and how to
increase ECMO support. You also
have to assess their physiologic re-
sponse to hypoxemia and whether they
are experiencing hypoxia. Are they de-
veloping lactic acidosis? Are they de-
veloping a venous sat to arterial sat
difference > 30%? We’ve had 2 or 3
cases in recent memory where we
struggled to get their saturations above

the high 80s despite being on what we
could achieve with VV-ECMO sup-
port. One of them was found to have
a previously unrecognized patent fo-
ramen ovale. I don’t have an answer
for you. Toxic ventilator settings are
different from person to person. In gen-
eral, I try to keep the peak P, less
than 30, ideally a good deal less than
30. I'm not quite as concerned about
PEEP, per se, unless there’s evidence
of profound overdistention or in some-
one with lower airway obstructive dis-
ease, such as a patient with asthma.
This patient’s ventilator approach
would be totally differently than some-
one with ARDS who’s on ECMO. FIOZ,
I generally want to keep it south of
0.6, ideally closer to 0.4, but a lot of
that is really borrowed from the neo-
natal and adult literature, where you
try and get them on as little oxygen as
possible. Everyone has to keep in mind
that VV-ECMO is not going to cap-
ture all of the flow and neither is VA-
ECMO, and in VV-ECMO in partic-
ular you’re going to have alot of hyper-
and hypo-oxygenated blood mixing as
it travels through the patient’s lungs.
You’re going to see pulmonary vein
desaturation at the end of it. How we
accommodate that really I think is en-
tirely dependent on the patient’s clin-
ical status.
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