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Extracorporeal membrane oxygenation, a form of artificial circulatory support, continues to evolve
beyond its well-established neonatal applications. It is often the most aggressive aspect of treatment
algorithms in the management of severe respiratory and cardiac failure. While its use is relatively
infrequent and executed in a small number of centers, it remains an important supportive measure
while organ function is preserved and restored. Refinements in equipment and techniques continue
to develop; patient-selection has changed, in adults and children, and cardiac applications have
gained prominence. Key words: extracorporeal membrane oxygenation. [Respir Care 2009;54(7):948 —

957. © 2009 Daedalus Enterprises]

Peter Betit RRT-NPS FAARC is affiliated with the Department of Re-
spiratory Care, Children’s Hospital Boston, Boston, Massachusetts.

The author has disclosed no conflicts of interest.

Mr Betit presented a version of this paper at the symposium Current and
Evolving Concepts in Critical Care, at the 54th International Respiratory

948

Congress of the American Association for Respiratory Care, held De-
cember 13-16, 2008, in Anaheim, California. The symposium was made
possible by an unrestricted educational grant from Ikaria.

Correspondence: Peter Betit RRT-NPS FAARC, Department of Respi-
ratory Care, Children’s Hospital Boston, MA-861, 300 Longwood Ave-
nue, Boston MA 02115. E-mail: peter.betit@childrens.harvard.edu.

RESPIRATORY CARE ¢ JuLy 2009 VoL 54 No 7



EXTRACORPOREAL MEMBRANE OXYGENATION: QUO VADIS?

Introduction

Despite a greater understanding of acute respiratory dis-
tress syndrome (ARDS), and improved approaches to me-
chanical ventilation and accompanying therapies, there re-
mains a subset of patients who develop severe forms of
ARDS for whom the clinician must consider nonconven-
tional strategies. Similarly, advanced approaches to the
management of patients in cardiac failure may also be
required. Extracorporeal membrane oxygenation (ECMO),
a modified form of cardiopulmonary bypass, is one such
strategy that has been used to support organ function and
provide time for the disease process to halt and, hopefully,
reverse. Though early attempts at using ECMO in adults
were unsuccessful,! the neonatal experience has led to a
firm understanding of and improvement in ECMO tech-
niques. The aim of this paper is to review ECMO tech-
niques, to describe the application of ECMO in pediatric
and adult cardiopulmonary failure, and to present an up-
date in technology and patient applications.

Extracorporeal Membrane Oxygenation Modalities

ECMO: s an invasive technique in which blood is drained
from the venous system, pumped through an artificial or-
gan (oxygenator), and then re-infused to the patient.? This
process augments the exchange of CO, and O, and permits
the reduction of potentially injurious ventilator settings.
There are 2 methods: venous-arterial, which supports both
cardiac and pulmonary function; and venous-venous, which
supports pulmonary function.

Venous-Arterial

In venous-arterial ECMO oxygen-depleted blood is
drained from the right side of the heart and oxygenated
blood is pumped back into the systemic side, which both
augments gas exchange and supports cardiac function. Ve-
nous-arterial ECMO is more commonly used in neonates,
particularly when both heart and lung function is compro-
mised. This is accomplished via cannulation and ligation
of the carotid artery, which is tolerated in neonates be-
cause collateral circulation develops. Venous-arterial
ECMO is used to support patients in cardiac failure—a
growing use of ECMO in neonates, pediatrics, and adults.
The cannulation route may be transthoracic, as in patients
who have undergone palliative and corrective cardiac sur-
gery. In the immediate postoperative period the chest can
be easily accessed, with the right atrium cannulated for
drainage and the aorta for reinfusion.

Venous-Venous

Venous-venous ECMO is the preferred route for the
management of severe respiratory failure, because carotid
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blood flow is preserved.? The cannulation site depends on
patient size. In older children and adults, the drainage of
oxygen-depleted blood is from one or both femoral ves-
sels, and the re-infusion of oxygenated blood is through
the right-internal jugular vein.# The return of oxygenated
blood to the right side of the heart, which then traverses
the pulmonary system, provides sufficient gas exchange.
Optimizing venous drainage is important to ensuring op-
timal ECMO flow. Adults may require drainage cannulas
in both femoral vessels (the venous-venous-venous con-
figuration). A double-lumen venous-venous cannula al-
lows drainage and reinfusion through the right internal
jugular vein. When properly placed, adequate gas exchange
occurs and only one vessel is affected; however, weight
and flow limitations exist.

Bi-Caval Venous-Venous

Until recently, ECMO via double-lumen venous-venous
cannula was limited to infants and small children, but a
series of double-lumen cannulas has been developed that
may expand double-lumen venous-venous cannula appli-
cations to older children and adults.> The single cannula
contains 2 channels, which provide simultaneous drainage
of venous blood and reinfusion of arterial blood. The cath-
eter is surgically placed into the internal jugular vein, and
drainage occurs in 2 locations, with ports at upper and
lower portions of the vena cava, thereby draining blood
from the upper and lower body. The reinfusion port of the
arterial channel is positioned such that oxygenated blood
is streamlined into the venous system in the right atrium.
In theory this cannula will better separate drainage and
reinfusion, thereby allowing more oxygenated blood to be
introduced to the systemic circulation. This new cannula is
potentially easier to insert, requires the use of only one
vessel, and eliminates the complications associated with
femoral cannulation. It is anticipated that this catheter will
further simplify the ECMO technique, and Food and Drug
Administration approval is imminent.

The Extracorporeal Membrane Oxygenation System
Pumps

ECMO systems are typically modified cardiopulmonary-
bypass machines consisting of a single pump that is either
centrifugal or occlusive. Centrifugal pumps propel blood
forward through the ECMO circuit by means of a cone-
shaped pump head that spins blood outward with centrif-
ugal force.®7 An occlusive (roller) pump moves blood for-
ward by compressing the tubing and thus propelling the
blood. Centrifugal pumps, which were initially used as
ventricular-assist devices, are being used at many ECMO
centers. A centrifugal pump can result in a more compact
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ECMO system and requires less circuitry, but older-gen-
eration centrifugal pump heads require periodic replace-
ment. A roller-pump system requires more tubing because
it requires a venous reservoir that receives gravity-fed
blood, and the roller-head tubing is subject to wear and
tear. Centrifugal pumps are less traumatic to blood cells.”

Circuits

Customized circuits are used for ECMO, with the basic
design consisting of a loop of tubing with designated drain-
age and reinfusion sides. The tubing dimensions are based
on patient size. An artificial lung or diffusion membrane is
positioned between the 2 sides and is composed of either
silicone or a network of micro-porous polypropylene hol-
low-fibers, both with their advantages and disadvantages.

Artificial Lungs

The silicone membrane has been the principal device
used for ECMO for many years, and functions well for
prolonged periods. These devices take longer to prime and
de-air, and a selection of gradated size and surface area has
to be maintained to support the full range of patient sizes.
Hollow-fiber membranes are easier to de-air and prepare
for clinical application but have not had the longevity of
silicone-membrane oxygenators because of their tendency
to “wet-out” or become saturated to the point that plasma
leaks. Gas exchange takes place via diffusion across the
fibers.®

The adjunct equipment that completes the ECMO sys-
tem includes a water pump, which is connected to the
heat-exchanger for temperature regulation, and monitors
that measure flow, venous and arterial saturation, hemat-
ocrit, and other variables. ECMO systems also integrate
monitors that measure circuit pressures that indicate
changes in circuit resistance. Additional safety features
include continuous monitoring of venous drainage and air
detection, both with direct feedback to the pump. ECMO
systems have battery supplies and are portable so that
patients can be transported for diagnostic and interven-
tional procedures.

Technical Advances

Cardiopulmonary-bypass systems modified for ECMO
support have improved over the years, and newer gener-
ations continue to be developed.® Though roller pump de-
signs have not changed much, centrifugal systems have
been refined. The main focus in modifying centrifugal
technology has been to further reduce blood-cell trauma
and hemolysis. Newer systems have better designed pump
heads and better flow dynamics.!%1! There is less turbu-
lence and stagnancy, and the transfer of power from the
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magnetic driver is greatly improved, resulting in less blood-
cell trauma. Other purported benefits include improved
longevity and relatively compact and portable consoles.

Hollow-fiber membrane technology has improved with
the development of nonmicroporous membranes.!0-11:12 The
fibers in these devices are coated with polymethylpentene,
which greatly reduces plasma leakage.!3-'4 They are ar-
ranged in a unique network: blood flow, gas flow, and
flow through the heat-exchanger occur perpendicular to
each other for maximum efficiency. Polymethlypentene
membranes have low hemodynamic resistance and high
flow capability.!! A wide range of patients can be sup-
ported with these membranes, and the need to maintain a
series of devices for different-size patients is eliminated.
Additional benefits include easy preparation and de-airing,
smaller circuit volume, and longevity.!#

Extracorporeal Membrane Oxygenation
for Respiratory Failure

Pre-ECMO Strategies

Because of the invasive nature of ECMO and associated
risks, the decision to initiate ECMO is judiciously consid-
ered after other clinical strategies and therapies have been
attempted and optimized.!> ECMO has provided critical-
care clinicians somewhat of a “safety net” as an adjunctive
strategy in the management of severe ARDS. Inhaled ni-
tric oxide, prone positioning, high-frequency oscillatory
ventilation and other advanced ventilator modes, lung-re-
cruitment methods, and pharmacologic agents have all been
trialed, with various success, and are considered part of
pre-ECMO management.'¢ Hemmila and Napoliatano com-
prehensively reviewed treatment options in the care of the
patient with severe respiratory failure.!”

Patient Selection

There is no definitive consensus on when ECMO should
be initiated in the care of children and adults with severe
ARDS. If advanced treatments fail, ECMO is often the
only remaining option and ECMO has to be factored into
treatment decisions to avoid delayed transfer to an ECMO
center. A ratio of P, to fraction of inspired oxygen (P,q /
Fio,) <200 mm Hg is one criteria used to identify ARDS,
and in severe cases the P, /Fio, may be <75 mm Hg and
mortality risk exceeds 80%—a point when ECMO is con-
sidered.'® It is important to note that ECMO is supportive
and not therapeutic, and that the most important criteria
when considering ECMO are that the underlying disease
process is reversible and that the risks associated with
ECMO do not worsen the patient’s condition.

There continues to be deliberation regarding contrain-
dications to ECMO, and some experienced ECMO centers
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are willing to “push the envelope.” The decision to initiate
ECMO is not an easy one, as death is often the alternative.
Nonetheless, fundamental contraindications exist. The out-
come is likely to be poor if ECMO is used in a patient who
has had a protracted ventilator course with constant high
inflation pressure (ie, a less lung-protective approach).
However, ventilation modes and alveolar-recruitment strat-
egies continue to evolve and provide the clinician with
more options. The likelihood of hospital survival lessens if
ECMO is used in patients with incurable diseases and
existing neurologic impairment, and in elderly patients
with marginal general health.!® Since ECMO requires an-
ticoagulation, patients who are prone to hemorrhage or
who may have other incompatibilities to anticoagulation
therapy may not be suitable candidates.

As advances in the medical and surgical management of
critically ill children and adults have evolved, intensive
care units have been presented with more complex cases
that prompt the clinician to explore all options. The advent
of alternative ECMO modalities, such as pumpless ECMO
and ECMO during cardiopulmonary resuscitation (dis-
cussed below), will probably result in an ongoing delib-
eration as to which patients should be offered ECMO.

Adults

The use of ECMO to support adults with severe respi-
ratory failure is infrequent and done in a relatively small
number of centers, so randomized controlled trials have
been difficult to conduct and much of the evidence has
come from case series. The earliest clinical trials to deter-
mine if ECMO was beneficial in adults with ARDS were
undertaken when ECMO technology was in its early de-
velopment, there was not a firm understanding of ARDS
pathophysiology, and the studies yielded poor results.!

A l14-year review of ECMO, conducted at the Univer-
sity of Michigan,!® described 255 adults who received
ECMO, among 405 patients identified as having severe
ARDS by set criteria, including a P, /Fio, < 100 mm Hg,
and who were considered to have and 80—-100% mortality
risk. In this group of patients 138 had primary lung injury,
117 had secondary lung injury, 67% were successfully
transitioned off ECMO, and 52% survived to discharge.
Those researchers identified pre-ECMO variables that
greatly influenced survival, including age, sex, pH < 7.10,
P.0/Fio,, and days of mechanical ventilation. The study
affirmed that ECMO should be included in the treatment
algorithm for ARDS in adults, and that it preserves life
while the body repairs and restores organ functions. Other
observations included that ECMO technology and venti-
lator strategies were evolving during that period and con-
tinue to improve.

Another review, from the University of Freiberg, Ger-
many,?® described similar survival rates in adults with
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ARDS supported with ECMO. That 9-year review de-
scribed 62 (of 245 patients with ARDS) who were sup-
ported with ECMO. The ECMO group had a 55% survival
rate, and the non-ECMO group had a 61% survival rate.
Those authors proposed that ECMO is an important ad-
junct in the care of selected patients with ARDS and should
be maintained as an option.

ECMO has also been an important aid in managing
severe graft dysfunction and failure following lung trans-
plantation. In a series by Mason et al,>! ECMO was used
in 22 post-lung-transplant patients, of 427 lung-transplant
recipients in a 15-year period. The principal need for ECMO
was early postoperative failure of the graft, and the sur-
vival rate at one year was around 40%.

The Extracorporeal Life Support Organization (ELSO),
an association of health-care professionals concerned with
the care of patients supported with ECMO, maintains an
international registry.?> The number of adults supported
with ECMO for respiratory failure reported in the ELSO
registry is about 80 cases annually, with an overall sur-
vival rate of 50%. In the most recent 10-year period the
number of cases reported has gradually increased, to about
100 cases annually, and the survival rate is slightly over
50% (Fig. 1).

CESAR Trial

Long-awaited results from the Conventional Ventilatory
Support Versus ECMO for Severe Respiratory Failure
(CESAR) trial, will, hopefully, clarify the utility of ECMO
in ARDS and its impact on outcomes.?> The CESAR trial,
a thoughtfully designed and ambitious randomized con-
trolled trial conducted in the United Kingdom, aims to
determine whether, “for patients with potentially revers-
ible respiratory failure, ECMO: (1) will increase the rate of
survival without disability by 6 months post-randomiza-
tion, and (2) will be cost-effective from the viewpoints of
the National Health System and society when compared to
conventional ventilatory support.”23 Severe respiratory fail-
ure and entry criteria for the study were defined as a Mur-
ray score > 3.0 or uncompensated hypercapnia (pH < 7.20).
The study has concluded, and preliminary data presented
at critical-care and ECMO forums suggest that ECMO
may validate the first hypothesis and be superior to con-
ventional ventilation in improving outcomes.>* It remains
to be seen if this will warrant an increase in ECMO utili-
zation for respiratory failure in adults, and a need for more
ECMO centers.

Pediatrics
The position of ECMO in the treatment algorithm for

severe ARDS in children is even less clear than in adults.
Again, there have been few studies, and most have been
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Fig. 1. Ten-year trend in the use of extracorporeal membrane oxygenation in adults with respiratory failure. (From Reference 22, with

permission.)

retrospective reviews. The Pediatric Study Group set out
to identify the role of ECMO in children with severe re-
spiratory failure.>> They compared an ECMO group to a
non-ECMO group, based on the Pediatric Risk of Mortal-
ity score, and the ECMO cohort had better survival. Thir-
ty-two centers contributed to the study, which included
331 patients. Only 50% of the centers had ECMO capa-
bilities, and only 38 patients were supported with ECMO.
The intention of the research was to set the stage for a
randomized controlled trial, but none has been conducted.

In a small series by Masiakos et al,?® 34 patients, with
a mean age of 22 years and with severe ARDS (P, /Fq,
< 70 mm Hg) were supported with ECMO. The overall
survival rate was 53%, and patients with isolated pulmo-
nary processes and without other organ involvement had
the best survival.

Maclaren et al?” reported the use of ECMO in 45 chil-
dren with refractory septic shock; the overall survival rate
was 47%. Eighteen patients had cardiac arrest, and ECMO
was initiated during cardiopulmonary resuscitation.

ECMO use has increased in children with life-threaten-
ing methicillin-resistant Staphylococcus aureus. In a ret-
rospective study,?® 45 children (median age 2.4 y) were
supported with ECMO. Fifty percent of those cases oc-
curred after 2005. Survival was related to age; children in
the 1-4 year-old group had the best survival (65%). No
common pre-ECMO assessments were associated with a
higher risk of death.

Respiratory failure associated with hematopoietic stem-
cell transplantation continues to challenge critical-care
teams, and the decision to utilize extreme measures such
as ECMO is very difficult to reach. A review of ECMO
use in this population suggested that it is infrequently used,
survival is quite poor, and its use should be considered
cautiously.? Similarly, children in respiratory failure who
have pre-existing immune-compromised conditions do not
have better survival with ECMO.3°
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Though the decision to use ECMO in pediatrics may be
difficult, whether to offer a second course of ECMO is
even more of a dilemma. In a review by Fisher et al,3!
children who underwent a second course of ECMO had a
survival rate similar to those who completed only one
course. The incidence of a repeat course was only 3% in
that study, and no specific characteristics were identified
as more amenable to a second course. However, it was
suggested that younger patients without renal dysfunction
or other complications had a better chance of survival.

Data from the ELSO registry suggest that the use of
ECMO for pediatric respiratory failure has had a slight
annual increase.?? On average about 230 cases have been
reported annually in the last 10 years, and the survival rate
has remained consistent at 50-55% (Fig. 2). The patients
in this category of the registry have a more heterogeneous
group of diagnoses and a broad age range (> 30 months to
< 18 years). It is unlikely that a CESAR-like trial could be
conducted in children, so reliance on trends identified in
the ELSO registry and reported case series will have to
suffice.

Pumpless Gas Exchange
Extracorporeal Removal of Carbon Dioxide

Extracorporeal CO, removal (also known as pumpless
arteriovenous CO, removal and pumpless extracorporeal
lung assist) is an adaptation of traditional ECMO in which
the pump is eliminated. The technique involves the cre-
ation of an extrapulmonary arterial-venous shunt in which
blood is directed through a membrane.3> The patient’s na-
tive cardiac output is the pump in this simplified extracor-
poreal circuit, and gas exchange is augmented by diffu-
sion.

The hypothesis of pumpless arteriovenous CO, removal
is that gas exchange can be greatly augmented in patients
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Fig. 2. Ten-year trend in the use of extracorporeal membrane oxygenation in children with respiratory failure age > 30 months to 18 years.

(From Reference 22, with permission.)

with respiratory failure so that a less injurious and more
protective mechanical ventilation strategy can be em-
ployed.33 Earlier studies, though they demonstrated effec-
tive CO, removal, failed to show a significant advantage
over a protocolized approach to mechanical ventilation,
and bleeding complications were common.34

Extracorporeal CO, removal has been applied in pa-
tients with profound hypercarbia and respiratory acidosis
refractory to conventional therapies. One benefit of pump-
less arteriovenous CO, removal is the simplification of the
ECMO system by elimination of the pump and large mech-
anized systems, which reduces the interaction of blood and
foreign surfaces and minimizes the associated technical
complications and other risks, such as hemolysis.

Conrad et al3> used pumpless CO, removal to manage
extreme hypercarbia ((P,co, 90-186 mm Hg) and respi-
ratory acidosis (pH 6.96-7.09) in 4 children with life-
threatening asthma, and found that it obviated injurious
ventilator pressure and allowed time for aggressive treat-
ment of airflow obstruction.

Interventional Lung Assist

Recently a pumpless CO, removal technique, described
as interventional lung assist, was developed, based on a
device brand-named the iLA (interventional lung assist)
membrane ventilator (Novalung, Talheim, Germany),3°
which uses polymethylpentene to seal the hollow fibers.
Gas exchange occurs via diffusion. The low resistance
properties make it ideal for pumpless extracorporeal CO,
removal.

The technique, well described by Meyer et al,3” begins
with vascular access via percutaneous cannulation of the
femoral vessels: usually an artery in one leg and a vein in
the other. Blood flow is passive and moves from the ar-
terial cannula to the inlet of the membrane, and is directly
influenced by the arterial blood pressure. Approximately
20% of the cardiac output is diverted through the device.
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An average 70 mm Hg driving pressure is required. Blood
exiting the membrane, with improved Pco, and Pg, is
reinfused into the femoral vein, where it rejoins the re-
maining 80% of the circulation in the venous system. The
principal objective is CO, removal, which can be regu-
lated by titrating the gas flow rate supplied to the mem-
brane. Improvements in oxygenation are variable and are
affected by the inlet P, and its subsequent mixing with
venous blood, and the contribution of the patient’s lung
physiology.

An 8-year observational study conducted by Bein and
colleagues3® examined the application of interventional
lung assist in 90 patients with severe respiratory failure
who failed conventional interventions. The patients had
P.o/Fio, < 55 mm Hg, severe hypercarbia, and respira-
tory acidosis. Two hours after initiation of interventional
lung assist there was significant improvement in P, /Fq ,
P.co,, PH, and overall hemodynamic function, which al-
lowed a decrease in vasopressor therapy. The survival rate
was 41%, and poor outcomes were attributed to patient
selection, because the study included patients with irre-
versible cancer and patients with poor hemodynamic pro-
files. There was a 24% complication rate, and compro-
mised limb perfusion was the main culprit. The study
demonstrated that interventional lung assist improves gas
exchange, particularly CO, removal. The complications
prompted an evaluation of cannula size to minimize limb
damage. Successful application of interventional lung as-
sist has also been described in other small case series,
including as a bridge to lung transplantation® and in
ARDS .40

Though interventional lung assist offers a simplified
approach to ECMO, it is unclear what use it may have in
severe respiratory failure or if it is superior to traditional
ECMO or other modes of mechanical ventilation.#! Severe
hypercarbia without hypoxemic respiratory failure seems
to be the primary indication for interventional lung assist,
but few respiratory-failure scenarios present in that man-
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ner, and a stable and fairly robust cardiac output is needed
to propel the blood through the interventional-lung-assist
membrane.

Intravenous Gas Exchange

Another device for enhancing gas exchange is the Hat-
tler Catheter (ALung Technologies, Pittsburgh, Pennsyl-
vania), which is an intravascular catheter that contains a
hollow fiber membrane that removes carbon dioxide and
increases oxygenation.*?> The catheter has a pulsating bal-
loon that guides red blood cells through the fibers where
gas exchange occurs.*3 This respiratory-assist catheter is
controlled by a console that inflates and deflates the bal-
loon and supplies oxygen. The goal is to improve gas
exchange by providing 50% of the gas-exchange require-
ment, so that a gentle ventilatory approach may be em-
ployed.

An earlier device, the intravenacaval oxygenator and
carbon-dioxide removal device (IVOX) had a similar ar-
chitecture. It can remove 30% of CO, produced.** Safety
and efficacy trials of the IVOX were favorable.*

The above-described devices are innovative but are still
experimental, and it is uncertain whether they will fit into
the treatment pathway for severe respiratory failure.

Extracorporeal Membrane Oxygenation
for Cardiac Failure

Despite advances in medical treatment and surgical in-
tervention in patients with cardiac disease, they are some-
times insufficient and warrant a more aggressive approach.
The use of extracorporeal devices in the management of
cardiac failure is evolving rapidly; new circulatory-assist
devices are being refined and becoming available for adult
and pediatric patients. ECMO continues to play an impor-
tant role in the management of the failing heart, as it tends
to be readily available, is proven technology, and aids in
restoring and stabilizing organ function.*¢ However, ECMO
has its limitations: it cannot be used for extensive periods,
the patient has to remain in bed and often motionless, and
there are associated complications.

ECMO has been used as an extension of cardiopulmo-
nary bypass in adults who have undergone open-heart sur-
gery but had persistent postoperative myocardial dysfunc-
tion.#” Small cases series have reported survival rates of
around 50%.4¢ ECMO has also been used preoperatively
and to support patients with fulminant myocarditis.*®

A prominent use of ECMO is as a bridge to other forms
of mechanical circulatory support and subsequent bridge
to heart-transplant evaluation (‘“bridge-to-decision”) or di-
rectly to transplantation (“bridge-to-transplant’).8.50.51
ECMO can stabilize the patient while an appropriate and
more long-term mechanical circulatory device or other in-
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tervention is selected. Mechanical circulatory-support de-
vices have become more readily available and understood
in adults, and with the right selection criteria can be ini-
tiated without interim ECMO. However, ECMO can be
deployed fairly quickly and can rapidly stabilize a patient
with acute unanticipated heart failure.

ECMO differs from ventricular-assist devices in that an
oxygenator is present and the vascular access is via pe-
ripheral vessels. ECMO is a modification of cardiopulmo-
nary bypass and requires adjunct equipment. A ventricu-
lar-assist system is simpler: it consists of a pump and
driver, and has a substantially shorter circuit. Whereas
ECMO can support heart and lung function, the main role
of acirculatory-assist device is to compensate for the heart’s
inability to pump. The earliest ventricular-assist device
was a centrifugal pump that required intracardiac cannu-
lation. This technique is still used, and centrifugal-pump
technology has greatly improved.” Other forms of cardiac
mechanical support include volume-displacement pumps
and axial-flow pumps,>? an extensive discussion of which
is beyond the scope of this paper.

ECMO has been used in the management of cardiac
dysfunction associated with congenital heart disease, and
it continues to be a vital tool while newer circulatory de-
vices are being developed and evaluated in this popula-
tion.>> ECMO has been used in the preoperative period, as
a bridge to circulatory assist and transplant,3*>> and during
interventional procedures.’® The survival rates in case se-
ries have been as high as 65%, and early ECMO initiation
seems to improve outcomes.>#-3¢

There has been a steady rise in the number of cardiac
cases reported to the ELSO registry, and in all age groups.??
In the period 1999 to 2008 there was an average of 126
pediatric cardiac cases per year reported, as compared to
the previous 10-year period, in which the average was 72,
and the survival rate has steadily improved to the current
level of 60% (Fig. 3). Adult cases have also increased:
there was an average of 115 cases reported annually in the
most recent 5-year period, as compared to the previous
5-year period, in which there were an average of 50 cases
per year.

Extracorporeal Resuscitation

ECMO as an adjunct to CPR (E-CPR) has gained con-
siderable footing in critical-care units and emergency set-
tings. E-CPR is the rapid deployment of ECMO to patients
undergoing CPR or who have marginally responded to
standard resuscitation measures. E-CPR is often used when
the cause of the cardiac arrest is unknown and there is a
reasonable assumption that the overall condition is treat-
able and reversible. Successful E-CPR outcomes are in
large part related to patient selection, but also to the im-
mediate availability of the ECMO system, the ECMO spe-
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Fig. 3. Ten-year trend in the use of extracorporeal membrane oxygenation in children (1-16 y old) with cardiac failure. (From Reference 22,

with permission.)

Table 1.  Summary of Case Series of Extracorporeal Membrane Oxygenation During Cardiopulmonary Resuscitation

First Author Population Cases (n) Hospital Survival (%) Study Period (y)
Alsoufi® Pediatric 18 30 5
Mégarbone® Adult 17 24 2
Thourani®® Pediatric 15 75 3
Hannan®' Pediatric 103 55 9
Huang®? Pediatric 27 41 3
Chen®? Adult 135 34 13

cialist to operate it, the surgical infrastructure (including
personnel and equipment to rapidly gain vascular access),
and the supporting intensive-care staff that ensure quality
CPR is maintained while ECMO is initiated.>’

The ELSO registry began including the category E-CPR
in 1992, and since then over 1,600 cases have been re-
ported across all age categories, and the overall survival-
to-discharge rate has been around 36%. The evidence sup-
porting E-CPR has mainly been reported by single centers,
and the survival rate range has been 30—-40% (Table 1).

Chan and colleagues conducted a critical look at E-CPR
in infants and children with heart disease.®* They used
ELSO data to identify risk and survival trends, and found
that overall hospital survival was 42%, and pre-ECMO
factors including severe acidosis, renal dysfunction, and
low systemic perfusion throughout the ECMO course were
associated with lower survival. Chan et al did not identify
a clear set of criteria for E-CPR, but suggested that early
use prior to arrest, rapid deployment of resources, and the
quality of the CPR are important factors in maximizing the
chance of survival without disability.

It is unclear how predominant E-CPR will become and
if specific indications for its use will emerge.®> The Amer-
ican Heart Association Guidelines for Cardiopulmonary
Resuscitation and Emergency Cardiovascular Care®® in-
clude consideration of E-CPR for in-hospital cardiac arrest
if the arrest period is brief and the condition is reversible
and amenable to other interventions.
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It remains to be seen if E-CPR will become a standard
in certain cardiovascular or emergency programs. A hos-
pital survival rate of 30—40% from conditions that would
probably result in death is somewhat compelling.®”

Well-established ECMO centers can adapt existing
equipment and resources for rapid deployment, and can
refine the process and improve the response time of E-
CPR.%8 Though standard ECMO systems are mobile, they
tend to be bulky and heavy. Some centers have devised
systems that are more portable, lightweight, and very com-
pact, and include a centrifugal pump and membrane oxy-
genator.®® More compact and portable devices that can be
easily deployed to most settings are also in development.
The Cardiohelp (Maquet, Bridgewater, New Jersey) is one
such device; it consists of an all-inclusive hybrid pump/
oxygenator that is useful in most ECMO situations, in-
cluding transport.”’® As portable systems become clinically
tested and readily available, they may be suitable for E-
CPR. The ideal scenario would be to have a rapidly de-
ployable system that aids resuscitation and then provides
the necessary support while additional interventions are
contemplated.

Quo Vadis: Where Are We Going?

ECMO continues to be an important rescue modality in
the management of severe cardiopulmonary failure in chil-
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dren and adults, and the hospital survival rate is favorable.
Clinicians can explore the boundaries of advanced inter-
ventions and techniques with ECMO. Research on im-
proving ECMO technology will focus on streamlining sys-
tems that permit rapid initiation with enhanced safety and
flexibility.
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