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he Role of Extracorporeal
embrane Oxygenation in the Management

f Infants with Congenital Diaphragmatic Hernia
mir M. Khan, MD,* and Kevin P. Lally, MD†

Many infants with CDH can be managed with conventional mechanical ventilation and
pharmacotherapy. However, some infants will require levels of ventilator support that are
not compatible with survival. In these circumstances, extracorporeal membrane oxygen-
ation (ECMO) has been used with varying results. The indication, type, and timing of ECMO
in relation to surgery continue to evolve in an attempt to improve the outcome. At the same
time, there is growing body of literature showing adverse outcomes among infants with
CDH treated with ECMO, raising questions about the usefulness of ECMO in CDH. This
paper reviews some of the controversies associated with the use of ECMO in CDH.
Semin Perinatol 29:118-122 © 2005 Elsevier Inc. All rights reserved.
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any infants with CDH can be managed with conven-
tional mechanical ventilation and pharmacotherapy.

owever, some infants will require levels of ventilator sup-
ort that are not compatible with survival. In these circum-
tances, extracorporeal membrane oxygenation (ECMO) has
een used with varying results.

ole of ECMO in
ypoxemic Respiratory Failure

xtracorporeal membrane oxygenation is a form of long-term
ardiopulmonary bypass for the treatment of patients with
evere but potentially reversible hypoxemic respiratory fail-
re (HRF). ECMO is used to support lung and/or heart func-
ion by means of extracorporeal artificial organs. Even
hough a small number of prospective randomized trials
howed improved mortality and morbidity with the use of
CMO in severe HRF, it was not until 1996 when the UK
ollaborative ECMO Trial Group published their findings

hat ECMO became a standard modality for treatment of
nfants with HRF.1
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DH and ECMO
he first report of ECMO use for infants with CDH was by
erman and coworkers in 1977.2 He reported on four infants
ith severe respiratory failure who were placed on ECMO

fter repair with one survivor. ECMO was initially used to
reat infants that developed severe hypoxemia after surgical
epair of CDH. CDH was treated as an emergent surgical
ondition in the 1980s; hence, the infants who were placed
n ECMO were all placed on after repair. In the late 1980s,
ith growing understanding of the role of pulmonary hyper-

ension in CDH, surgical correction in many centers became
planned rather than an emergent procedure.3,4 Preoperative
tabilization with delayed repair became standard practice.
CMO has been increasingly used as a component of a strat-
gy of preoperative stabilization, and the large majority of
nfants with CDH who receive ECMO are placed on bypass
efore surgical correction.

riteria to Use ECMO
CMO is generally reserved for infants that fail maximal
edical management. Over the last several years, the role of

entilator-induced lung injury in CDH has been increasingly
ppreciated. Studies have suggested that the gentle ventila-
ion and permissive hypercapnea lead to improved out-
ome.5 Because of these findings, some centers now institute
CMO in infants with CDH earlier than in the past to avoid
entilator-induced lung injury. However, this approach has

ot been systematically studied. The criteria used to deter-
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ECMO and managing CDH in infants 119
ine failure of conventional therapy has changed markedly
ver the past 20 years. A number of different parameters have
een used, all in an attempt to predict those patients with a
igh risk of death (Table 1). The UK ECMO trial used an
xygenation index (MAP � FiO2/postductal O2� 100) for all
atients, including those with CDH, but these criteria may be
oo restrictive for infants with pulmonary hypoplasia. Given
he number of indications, there is also a marked variation in
ractice between institutions. This makes interpretation of
utcomes very difficult. Currently, the most widely used in-
ication for ECMO is, “failure to respond to medical ther-
py.” Clearly, this may vary depending on the center and
atient, but strict entry criteria that can accurately predict
igh mortality for ECMO in patients with CDH have not been
ublished. Given the uncommon nature of the disease, it is
ighly unlikely that there will be a large published series
alidating a certain entry criteria.

iming of ECMO
s mentioned above, ECMO was initially used after repair of

he diaphragm defect, but this has changed. To better under-
tand the impact of use of ECMO for preoperative stabiliza-
ion in infants with CDH, the Congenital Diaphragmatic Her-
ia Study Group reported on this question.11 The CDH Study
roup is a voluntary collection of centers caring for liveborn

nfants with CDH. Starting in 1995, data such as patient
emographics, management, and outcome were collected
rom participating centers. By 2002, data for 2077 patients
ith CDH had been added to the registry, of which 770
atients (37%) were treated with ECMO. Analysis of the tim-

ng of ECMO showed that only 15% of the infants were
laced on ECMO after CDH repair. Furthermore, according
o the registry data, there has been a progressive reduction in
he number of infants treated with ECMO after repair. In
995, ECMO was used after repair in 20% of the patients as
pposed to only 5% in 2001. These data clearly show how
CMO has evolved to be a component of preoperative stabi-

ization as opposed to a postoperative rescue therapy.

fficacy of ECMO
CMO provides effective but short-term support for respira-

ory failure, and therefore, reversibility of the underlying dis-
rder is important when considering patients for ECMO.

able 1 Criteria Used to Offer ECMO

Reference

ebald, et al.6 OI of >
oloker, et al.7 Preduc
omaschini, et al.8 OI > 4
agaya M, et al.9 Emerge

Prev
d Staak, et al.10 A-aDO
owell, et al.11 A-aDO
eaton, et al.12 A-aDO
nfants with HRF because of meconium aspiration syndrome c
MAS), respiratory distress syndrome (RDS), and sepsis are
ood candidates for ECMO therapy because of the reversible,
ime-limited nature of these disorders. The reported survival
ate for infants undergoing ECMO for MAS, RDS, and sepsis
s 94%, 84%, and 75%, respectively. In contrast, the use of
CMO in CDH presents an interesting dilemma. Infants with
DH can have severe HRF because of pulmonary hyperten-

ion and pulmonary hypoplasia. Pulmonary hypertension is
otentially reversible, but the severity of pulmonary hypopla-
ia is variable and possibly irreversible. In some infants, the
ulmonary hypertension may be persistent as well, and this
an lead to progressive right heart failure. These underlying
roblems may lead to poor outcome for infants treated with
CMO. This would appear to be the case as the overall sur-
ival of infants with CDH reported to international ECMO
egistry is about 52% and is the lowest among all etiologies of
eonatal HRF requiring ECMO.13 The UK Collaborative
rial, which proved the utility of ECMO in HRF, failed to
how a significant improvement in outcome for ECMO in
nfants with CDH with a survival rate of less than 20%. Fur-
hermore, analysis of ECMO registry data for neonates re-
uiring ECMO for CDH by Stevens and coworkers shows
hat the survival rate between 1990 and 2001 has decreased
rom 64% to 52%.14 There are, however, other studies that
ave shown an improvement in mortality with the use of
CMO.15,16 The unclear benefit of ECMO in CDH was made
urkier by two studies which showed a similar survival rate,

ut one used ECMO in 50% of the infants with CDH whereas
he other in only 1%, suggesting that interventions other than
CMO may be responsible for improved outcome.5,17

Based on previously described observations, better patient
election criteria may improve morbidity and mortality
mong infants with CDH that require ECMO. Among the
arious factors that may have a role in determining the out-
ome of CDH, pulmonary hypoplasia is thought to be the
ost important. However, the degree of pulmonary hypopla-

ia is difficult to assess in CDH. There are no good predictors
adiographically. Attempts have been made to use alveolar
rterial oxygen gradients, arterial oxygenation, best preductal
emoglobin saturations, preductal arterial oxygen tensions,
nd the severity of hypercarbia during the stabilization pe-
iod. Based on different combinations of the above-men-
ioned parameters, some centers have developed algorithms
or stratifying infants based on the degree of pulmonary hy-
oplasia and offer ECMO only to infants who have the best

Criteria for ECMO

r 4 hours or PaO2 of <40 for 2 hours
ygen saturation <80% refractory to ventilator manipulation
aO2 < 40
> 40 or PaO2 < 40 or PaCO2 > 100 for 2 hours
e FiO2 > 0.9 or MAP > 12 for 24 hours
10 for 8 hours or OI > 40 3/5 consecutive blood gases
10 for 8 hours or OI > 40 for 2 hours
00 for 8 hours
40 fo
tal ox
0 or P
nt OI

entativ
2 > 6
2 > 6
hance of survival (Table 2). However, medical stabilization
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120 A.M. Khan and K.P. Lally
trategies differ between centers, and as a result, ECMO ex-
lusion criteria are not standardized and vary from center to
enter. Furthermore, the spectrum of disease severity is so
ide that this leads to controversy when comparing out-

omes of centers based on exclusion criteria for ECMO in
DH. The CDH Study Group has been working since 1995
n developing treatment-independent risk assessment tools
o accurately compare outcome among centers according to
he severity of the disease. They looked at several factors that
re available to the clinician in the first 5 minutes, such as
ender, race, birth weight, Apgar scores, immediate distress,
PR, estimated gestational age (EGA), side of hernia, and
renatal diagnosis. Of these, birth weight and Apgar scores
ere found to be most predictive of outcome, and based on

hese, the group published a logistic regression equation that
stimates the severity of CDH.12 Applying this equation, the
roup showed a 74% survival in the low risk group as op-
osed to 16% in the high risk group. This could be a tool to

dentify a CDH patient that is likely to have the best possible
utcome on ECMO. However, when Wilson and coworkers
nalyzed their center’s outcomes, they found that the pre-
icted outcome was lower than the actual outcome. They
oncluded that the equation is useful for comparing out-
omes between centers, but not predicting individual patient
utcome.20 Keshen and coworkers analyzed CDH registry
ata using the above equation and could only show benefit
or ECMO in the very high risk patients.21 Given the variables
f patient type, patient selection, criteria for use, and center
ariability in management, it is difficult to conclusively prove
he amount of benefit provided by ECMO support in the
nfant with CDH.

ype of ECMO in CDH
raditionally, infants with CDH who require ECMO support
ave been preferentially placed on venoarterial (VA) ECMO.
his requires ligation of the common carotid artery as well as

he internal jugular vein. This practice was based largely on
he belief that these infants are hemodynamically unstable
nd will not tolerate venovenous (VV) ECMO, as it does not
rovide hemodynamic support. Additionally, concerns
bout inadequate venous drainage and lower maximum ox-
gen delivery when compared with venoarterial ECMO fur-
her reinforced the notion that VA ECMO is the mode of
hoice in infant with CDH. However, several studies have
hown VV to be an acceptable initial mode of ECMO for
nfants with CDH. Cornish and coworkers showed that in-
ants with severe respiratory failure and resulting circulatory

able 2 Criteria Used to Exclude ECMO in Infants with CDH

Reference

oloker, et al.7 Failure to maintain pred
eiss, et al.18 Highest post ductal PaO
d Staak, et al.10 Highest preductal PaO2

tolar, et al.19 Highest preductal PaO2
ompromise were effectively supported with VV ECMO.22 t
eiss showed similar results in infants with CDH on
CMO.23 Dimmit and coworkers reviewed ECMO registry
ata for infants with CDH and found a widespread use of VA
CMO in CDH. However, their analysis showed that VV was
s effective as VA ECMO in infants with CDH. Interestingly,
hey found a higher incidence of seizures and cerebral infarc-
ion in infants undergoing VA bypass.24 In a single center
tudy, Kugleman and coworkers also showed no difference
etween infants treated with VV when compared with VA
CMO for CDH. Based on concerns about inadequate venous
rainage and the need to convert to VA ECMO in right-sided
ernia, there has been a bias to place such infants on VA
CMO.25 However, Dimmitt also found no difference be-

ween right- and left-sided hernias when it comes to failure of
V ECMO and the need for conversion to VA. Furthermore,

nfants who did fail VV and had to be converted to VA ECMO
id not have a worse outcome than those who were placed on
A ECMO initially. Based on these studies, it would be pru-
ent to assume that most infants with CDH can be treated
ith VV ECMO if an adequate VV cannula (such as a 14Fr)

an be placed. Interestingly, Frenckner and colleagues found
hat infants with CDH tend to have smaller veins than other
nfants, which would make VV ECMO more difficult. How-
ver, it is not clear if this has played a role in the progressive
ncrease in the use of VA ECMO in CDH over the years.
immitt and coworkers also concluded that there is a strong

nstitutional bias when choosing VA over VV ECMO.26

DH Surgery on ECMO
ith the evolution of ECMO as a component of preoperative

tabilization, the question of optimal timing to repair the
efect surfaced. Operations on ECMO are a high risk proce-
ure because of potential for anticoagulation-induced bleed-

ng complications. Early reports of surgical repair on ECMO
emonstrated a high incidence of significant hemorrhagic
omplications.27 Infants who developed significant hemor-
hage on ECMO often did not survive. However, studies have
hown that operations can safely be performed and signifi-
ant bleeding can be avoided as long as circuit coagulation
tatus is monitored closely. Aminocaproic acid, an inhibitor
f fibrinolysis, has been has been used in ECMO patients that
re at high risk for bleeding, such as those undergoing sur-
ery. In a study by Downard and coworkers, aminocaproic
cid was found to be beneficial in those patients who under-
ent CDH repair on ECMO.28 In this study, only 5% of

nfants treated with aminocaproic acid required re-explora-
ion for bleeding on ECMO as opposed to 26% of patients not

Exclusion Criteria

saturations >85% for at least 1 hour with maximal support
0 mm Hg or highest preductal PaO2 <100 mm Hg
mm Hg
0 mm Hg
uctal
2 < 5
<80
reated with aminocaproic acid. Many centers now use ami-
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ECMO and managing CDH in infants 121
ocaproic acid in addition to stricter control of circuit coag-
lation status for infants undergoing surgery for CDH on
CMO. Since this is an inhibitor of fibrinolysis, the potential
omplication of the use of aminocaproic acid is increased clot
ormation and a need to change the ECMO circuit more
requently due to clotting.

It is unclear what the optimal time for repair of the CDH
nce an infant is on ECMO support. This question has not
een critically analyzed, and as a result there are significant
enter variations. Data from the CDH Study Group show
hat, of the infants that are placed on ECMO before surgery,
4% were repaired on ECMO as opposed to 30% after
CMO. Another 16% of the infants were placed on ECMO
ut never underwent repair, and all died.29 Eighty-three per-
ent of the infants who underwent repair after ECMO sur-
ived as opposed to only 49% when repaired on ECMO.
dditionally, the length of stay was shorter (64 versus 76
ays) and need for oxygen lower (56% versus 64%) among

nfants repaired after ECMO when compared with those who
ere repaired on ECMO. This would be expected since those

nfants who could come off bypass would be expected to do
etter than those who could not. In those patients who did
ndergo repair on ECMO, the timing of operation was quite
ariable and ranged from repair in the first 24 hours on
ypass to over 3 weeks. Not surprisingly, infants who were
epaired extremely late had a worse outcome.

ong-Term Outcome of Infants
ith CDH Treated with ECMO

s described by West and Wilson, significant pulmonary,
astrointestinal, cardiac, and neurological morbidity has
een reported in infants with CDH.30 The ECMO-treated

nfant has a much higher risk of morbidity. Stolar and co-
orkers found that 89% of infants treated with ECMO for

ndications other than CDH were cognitively normal. In con-
rast, only 60% of infants with CDH who were treated with
CMO had a normal cognitive examination.31 McGahern and
oworkers,32 in a review of their center experience, showed a
urvival rate of 75% among infants with CDH that were
reated with ECMO, of whom 67% exhibited signs of neuro-
ogical compromise. Authors also found that infants with
DH treated with ECMO had lower Apgar scores, increased
eed for a diaphragmatic patch, and were more likely to
equire a gastrostomy tube with or without fundoplication.
ased on these findings, authors conjectured that the wors-
ned neurological outcome may be a function of severity of
he illness, although independent ECMO factors could not be
xcluded. Analysis of ECMO registry data shows an overall
urvival rate of 52% for infants undergoing ECMO for CDH,
ut the long-term outcome for this specific group of patients
as not been studied. The UK Collaborative ECMO Trial
roup reported the follow up at 4 years of age for infants with
DH that were included in the original trial.33 There were

nitially 4 survivors in the ECMO group, but at follow up, 1
ad died and another had severe disability. However, there

ere no survivors in the control group. A recent report re-
iewed data for all infants with CDH treated with ECMO in
he United Kingdom between 1991 and 2000. Infants were
ollowed for an average of 67 months. During this period, 73
nfants with CDH were supported with ECMO. Of these, only
6 were able to wean off ECMO, 42 survived to hospital
ischarge, and only 27 survived 1 year or longer. Of the 27
urvivors, only 7 infants were problem-free. These are sober-
ng numbers and add fuel to the growing uncertainty about
he true utility of ECMO in CDH. Additionally, Steven and
oworkers found that over time, the duration of ECMO and
he number of complications have increased progressively.14

he reason for this change is not clear, but the authors con-
ectured that perhaps improvement in ventilator strategies is
eading to the sicker infants being selectively placed on
CMO and hence the longer runs and more complications.
These observations should lead to renewed effort toward

edefining the role of ECMO in CDH. Specifically, better
election criteria that can be used in a timely manner are
ikely to improve the survival and morbidity rates for these
atients. It is likely that ECMO is of some benefit in a select
roup of patients, but until such time that selection criteria
an be better clarified, the role of ECMO in CDH will remain
oorly defined.6,7,8,9,10,18,19
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