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The use of extracorporeal membrane oxygenation (ECMO) has revolutionized the care of
the critical infant born with a congenital diaphragmatic hernia (CDH). In some respects, this
is surprising given our current lack of understanding regarding optimal preoperative ventilation strategy, identification of patients most likely to benefit from ECMO, and the correct
timing of hernia repair for the infant treated with ECMO. Historically, repair of CDH was
considered one of the few true pediatric surgical emergencies. Mortality, however, was
high. In the 1970s, ECMO was first utilized as a rescue therapy following repair of CDH
when conventional methods failed. In the 1980s, advancements in neonatal intensive care
and an understanding of the pathophysiology of pulmonary hypertension associated with
CDH led to a strategy involving preoperative stabilization and delayed surgical intervention.
Historical reviews demonstrate an improvement of survival in infants treated with ECMO
from 56% to 71%. This paper will outline the advances in the care of the CDH patient and
the approach used for treatment with ECMO.
Semin Perinatol 29:40-44 © 2005 Elsevier Inc. All rights reserved.
KEYWORDS congenital diaphragmatic hernia (CDH), extracorporeal membrane oxygenation
(ECMO), venoarterial ECMO, venovenous ECMO, nitric oxide (NO)

Pathophysiology
Congenital diaphragmatic hernia (CDH) occurs in 1 in every
2500 live births. The most frequent posterolateral Bochdalek
hernia results from a failure of closure of the pleuroperitoneal
membrane noticeable during the eighth week of gestation.
CDH occurs more on the left than the right, but pulmonary
pathology is bilateral despite the unilateral hernia. The resultant hernia is associated with a variable amount of pulmonary
hypoplasia and pulmonary hypertension. The exact mechanisms contributing to pulmonary hypertension and lung hypoplasia are not well understood. The overall surface area of
the alveoli and the vascular bed in infants with CDH is reduced. These smaller vessels are more prone to developing
resistance, and even subtle insults or injuries can lead to
profound increases in pulmonary vascular resistance.1 The
selective activation of thromboxane synthetase pathways precipitated by CDH may in part contribute to pulmonary hypertension.2 Extracorporeal membrane oxygenation (ECMO)
may allow for a rest period in which homeostasis of prosta-
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noids can be achieved and lead to resolution of pulmonary
hypertension.
Interventions in utero aimed at addressing lung hypoplasia
have not yielded satisfying results. The use of a fetal tracheal
occlusion technique or in utero CDH repair have shown fetal
lung enlargement, but this may be due to mucous fluid pooling or lung emphysematous changes.3 Unfortunately, these
strategies have not prevented the lung pathology associated
with pulmonary hypoplasia.

Evaluation
CDH can be appreciated on prenatal sonogram. Once diagnosed, a further investigation is initiated to evaluate for chromosomal, cardiac, gastrointestinal, and genitourinary anomalies. No criteria exist to confidently predict postnatal
outcome, although a comparison of lung area to head circumference (Lung Head ratio) seems most reliable.
Critical infants present with respiratory distress shortly
after birth. A scaphoid abdomen may provide a clue that the
abdominal organs are in the chest. Immediate care includes
endotracheal intubation (bag-mask ventilation leads to distension of abdominal viscera in the chest), central venous
access, and gastric decompression. The diagnosis is confirmed by plain radiograph (Fig. 1, left). Ventilator strategies
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Figure 1 (Left) Radiograph findings seen in a typical left diaphragmatic hernia patient. Note that the nasogastric tube is
in the left chest. (Right) The typical picture of a patient with congenital diaphragmatic hernia on VA ECMO. The ECMO
cannulae are shifted to the right, indicating the shift of the heart into the right chest.

that reduce barotrauma to the fragile lungs should be undertaken immediately. Vasopressors should be used cautiously
as these may increased cardiac output and systemic vascular
resistance and exacerbate or initiate pulmonary hypertension. An echocardiogram should be performed shortly after
diagnosis to evaluate for any cardiac anomalies as these may
limit potential ECMO therapy.

Indications for ECMO
For an infant with a pre- or postnatal diagnosis of CDH, no
criteria are absolutely predictive of a poor outcome. Infants
who have CDH repair and do not require ECMO have near
100% survival.4 An analysis of the Extracorporeal Life Support Organization database failed to identify reliable predictors of mortality in CDH patients requiring ECMO. There
was a trend toward improved survival in patients who tolerated medical management for greater than 18 hours, had an
older gestational age, had a birth weight greater than 3.5 kg,
a pre-ECMO pH greater than 7.4, or a PaCO2 less than 49.5-9
Although the following issues are consistently recognized in
the literature, it remains difficult to predict which infants will
do well with ECMO.10
The most often-sited indication for ECMO in CDH patients is a “failure of conventional medical management.”
Traditional medical management strategies consist of mechanical ventilatory and vasopressor hemodynamic support
and sedation in an effort to control pulmonary hypertension
by hyperventilation and maintaining postductal oxygen saturations greater than 90%.11 Achieving these goals required
high respiratory rates and peak inspiratory pressures resulting in pulmonary barotrauma. The lung injury resulting from

this approach was clearly responsible for much of the historic
morbidity of CDH infants. Modern strategies incorporating
new intensive care technologies emphasize lower inspiratory
pressures, permissive hypercapnea, and spontaneous respirations in attempts to minimize barotrauma.12-14 High frequency oscillatory ventilators (HFOV) have been used as rescue therapy for children failing conventional ventilator
management in the preoperative management of CDH.
Inhaled nitric oxide (NO) therapy has been successful in
managing pulmonary hypertension in CDH patients. NO is a
potent vasodilator derived from endothelial cells. In this setting, NO exerts its effects on the pulmonary vasculature and
is rapidly metabolized before reaching the systemic circulation.15-17 Unfortunately, in a randomized trial, the National
Inhaled Nitric Oxide Study Group (NINOS) did not find any
benefit for CDH patients treated with NO in terms of need for
ECMO or mortality.18 The NO therapy was used in conjunction with HFOV in 50% of the patients in that trial. The
success rate of NO therapy in CDH patients is disappointing
compared with other causes of pulmonary hypertension. In
addition to the pulmonary hypoplasia and hypertension
noted in the CDH patients, some studies have documented
lung immaturity. Administration of surfactant in a fetal lamb
model of CDH has been associated with an improvement in
lung compliance, pulmonary vascular resistance, and gas exchange.19 Unfortunately, surfactant therapy shows no benefit
in CDH patients in terms of survival, need for ECMO, or
development of chronic lung disease.20 Classical objective
criteria for the need for institution of ECMO therapy include
alveolar–arterial oxygen gradient of greater than 600 mm Hg
for 4 hours, oxygenation index greater than 40, PaO2 ⬍40
mm Hg, or pH ⬍7.15 for 2 hours.
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Exclusion Criteria
Available cannula sizes limit ECMO therapy to CDH infants
weighing at least 2 kg. With the systemic anticoagulation
required for ECMO bypass, an increased risk of intracranial
hemorrhage (ICH) in premature infants limits eligible patients to a gestational age greater than 34 weeks.11,21 Similarly, due to concerns for rebleeding, a child who has already
suffered an ICH greater than grade II is generally excluded
from ECMO. Infants with evidence of ongoing bleeding and
coagulopathy are rarely considered for ECMO therapy. CDH
is frequently associated with other anomalies including congenital heart disease. Neonates with concomitant lethal
anomalies are not considered for ECMO. The initial investigation of all children with CDH should include an echocardiogram to evaluate for anatomic cardiac defects.

Technical Considerations
Because venoarterial (VA) ECMO offers the added advantage
of circulatory support, it has been the standard ECMO modality for rescue of the CDH patient. Recent studies, however,
show that venovenous (VV) ECMO is as efficient in supporting CDH patients as VA ECMO.22-26 Compared with the VA
ECMO, VV ECMO is associated with fewer cerebral infarcts
and seizures, maintenance of pulsatile oxygenated blood flow
through the lungs inducing production of endogenous nitric
oxide, improved coronary blood flow, and avoidance of increased left ventricular afterload, thereby decreasing the incidence of cardiac stun and decreased entrapment of particulate matter from the ECMO circuit in the pulmonary
vasculature.
CDH patients are preferentially cannulated via the right
internal jugular vein and right common carotid artery for VA
ECMO and the right internal jugular vein for VV ECMO. This
is usually performed via a transverse or oblique incision in
the right neck, although some centers have done VV ECMO
via a percutaneous approach. For VA ECMO, the tip of the
venous cannula is placed in the right atrium and tip of the
arterial cannula at the junction of the innominate artery and
the ascending aorta. Proper cannulae position is confirmed
by chest radiograph (Fig. 1, right) or echocardiography. Optimal positioning of the catheters can be difficult in patients
with CDH because herniated abdominal viscera in the thorax
tend to shift the mediastinum. The cannulae are sutured in
place on completion of the procedure.

Diaphragm Repair
With the recognition that associated pulmonary hypertension and hypoplasia are the major contributors to mortality,
rather than the presence of bowel in the chest (Fig. 2) leading
to respiratory compromise, the timing of diaphragmatic hernia repair has shifted from emergent to delayed. ECMO support allows for time to achieve pulmonary vascular bed stabilization with subsequent surgical repair.4,27 Still, the
optimal timing for repair with respect to the discontinuation
of ECMO remains controversial. Although some still advo-

Figure 2 Thoracoscopic view of the bowel and liver in the chest of a
congenital diaphragmatic hernia patient.

cate repair within the first 48 hours to achieve closure of the
defect before the onset of critical pulmonary hypertension,
those patients that do require ECMO after emergent repair
have a marked reduction in their survival.28 An alternative
approach for those infants who require ECMO is to perform
the repair after stabilization of pulmonary hypertension and
immediately before decannulation. ECMO can then continue
postoperatively if undergoing the repair leads to deterioration in the patient’s condition. Repair while on ECMO is
associated with an increase in bleeding complications and
high mortality.29,30 Hemorrhagic complications can be decreased from 58% to 21% by postponing repair until pulmonary hypertension has improved enough to allow weaning off
ECMO and a period of observation on conventional ventilation.27 This strategy has led to survival rates in CDH patients
requiring ECMO of up to 78%.6,12,21,27

Outcomes
Although ECMO has contributed to improved survival in
infants with CDH, it is not without complications. Careful
monitoring for potential hemorrhagic and neurologic and
infectious complications are required and can necessitate discontinuing ECMO and death.
The overall incidence of bleeding in patients with CDH
treated with ECMO is as high as 43% and may lead to death
in up to 4.8%. Sites of hemorrhage include the surgical site, if
the repair is undertaken before or during ECMO, ICH (the
most common cause of hemorrhage-related mortality), pulmonary, gastrointestinal, urinary, and umbilical.31 The use of
antifibrinolytic therapies significantly reduces bleeding at the
surgical site and red blood cell transfusions.29 The true survival rate for patients with CDH is difficult to predict due to
the unknown number of fetuses than do not survive to delivery and patients too ill to survive transport. The multiple-
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institution Congenital Diaphragmatic Hernia Study Group
has attempted to determine the effect of ECMO on CDH
survival.32 The overall survival for CDH patients requiring
ECMO was 52%. A survival rate of 38.5% was seen in patients who without ECMO would have a predicted mortality
of greater than 80%. Right heart failure, hypoplastic lungs,
sepsis, and intracranial hemorrhage have been identified as
causes of long-term mortality.33
Of surviving CDH patients, at least one-fifth to two-thirds
will display neurodevelopmental problems.34 CDH patients
may be more susceptible to neurologic injury than other
infants requiring ECMO.34 Other long-term morbidity includes chronic lung disease, gastroesophageal reflux, and
malnutrition.35,36

Summary
ECMO therapy has clearly saved the lives of many infants
born with CDH. As the neonatal care of infants with CDH
evolves, less invasive and morbid therapies will likely decrease the need for ECMO. Until then, ECMO continues to
allow successful navigation of the critical period of pulmonary hypertension.

References
1. Geggel RL, Murphy JD, Langleben D, et al: Congenital diaphragmatic hernia: arterial structural changes and persistent pulmonary
hypertension after surgical repair. J Pediatr Surg 107:457-463,
1987
2. Stolar CJ, Dillon PW, Stalcup SA: Extracorporeal membrane oxygenation and congenital diaphragmatic hernia: modification of the pulmonary vasoactive profile. J Pediatr Surg 20:681-683, 1985
3. Heerema AE, Rabban JT, Sydorak RM, et al: Lung pathology in patients
with congenital diaphragmatic hernia treated with fetal surgical intervention, including tracheal occlusion. Pediatr Dev Pathol 6:536-546,
2003
4. Sigalet DL, Tierney A, Adolph V, et al: Timing of congenital diaphragmatic hernia requiring extracorporeal membrane oxygenation support.
J Pediatr Surg 30:1183-1187, 1995
5. Bartlett RH, Gazzaniga AB, Huxtable RF, et al: Extracorporeal circulation (ECMO) in neonatal respiratory failure. J Thorac Cardiovasc Surg
74:826-833, 1977
6. Freckner B, Ehren H, Granholm T, et al: Improved results in patients
who have congenital diaphragmatic hernia using preoperative stabilization, extracorporeal membrane oxygenation, and delayed surgery.
J Pediatr Surg 32:1185-1189, 1997
7. vd Staak FHJM, Geven W, Oeseburg B, et al: Improving survival for
patients with high-risk congenital diaphragmatic hernia by using extracorporeal membrane oxygenation. J Pediatr Surg 30:1463-1467,
1995
8. Heiss K, Manning P, Oldham KT, et al: Reversal of mortality for congenital diaphragmatic hernia with ECMO. Ann Surg 209:225-230,
1988
9. Sawyer SF, Falterman KW, Goldsmith JP, et al: Improving survival in
the treatment of congenital diaphragmatic hernia. Ann Thorac Surg
41:75-78, 1986
10. Newman KD, Anderson KA, Van Meurs K, et al: Extracorporeal membrane oxygenation and congenital diaphragmatic hernia: should any
infant be excluded? J Pediatr Surg 25:1048-1053, 1990

43
11. Kim ES, Stolar CJ: ECMO in the newborn. Am J Perinatol 17:345-356,
2000
12. Wung JT, James LS, Kilchevsky E, et al: Management of infants with
severe respiratory failure and persistence of the fetal circulation, without hyperventilation. Pediatrics 76:488-494, 1985
13. Bagolan P, Casaccia G, Crescenzi A, et al: Impact of current treatment
protocol on outcome of high-risk congenital diaphragmatic hernia.
J Pediatr Surg 39:313-318, 2004
14. Fournier L, Cloutier R, Major D, et al: Barotrauma in congenital diaphragmatic hernia. The killer? Can J Anesth 36:A67, 1991
15. Okuyama H, Kubota A, Oue T, et al: Inhaled nitric oxide with early
surgery improves the outcome of antenatally diagnosed congenital diaphragmatic hernia. J Pediatr Surg 37:1188-1190, 2002
16. Finer N, Etches P, Kamstra B, et al: Inhaled nitric oxide in infants
referred for extracorporeal membrane oxygenation. J Pediatr 124:302308, 1994
17. Roberts JD, Polaner DM, Lang P, et al: Inhaled nitric oxide in persistent pulmonary hypertension of the newborn. Lancet 340:818819, 1992
18. The National Inhaled Nitric Oxide Study Group: Inhaled nitric oxide
and hypoxic respiratory failure in patients with congenital diaphragmatic hernia. Pediatrics 99:838-845, 1997
19. Wilcox DT, Glick PL, Karamanoukian H, et al: Pathophysiology
of congenital diaphragmatic hernia. V. Effect of exogenous
surfactant therapy on gas exchange and lung mechanics in the lamb
congenital diaphragmatic hernia model. J Pediatr 124:289-293,
1994
20. Van Meurs K: Congenital Diaphragmatic Hernia Study Group: is
surfactant therapy beneficial in the treatment of the term newborn
infant with congenital diaphragmatic hernia? J Pediatr 145:312316, 2004
21. Lally KP: Extracorporeal membrane oxygenation in patients with
congenital diaphragmatic hernia. Semin Pediatr Surg 5:249-255,
1996
22. Heiss KF, Clark RH, Cornish JD, et al: Preferential use of venovenous
extracorporeal membrane oxygenation for congenital diaphragmatic
hernia. J Pediatr Surg 30:416-419, 1995
23. Kugelman A, Gangiano E, Pincros J, et al: Venovenous versus venoarterial extracorporeal membrane oxygenation in congenital diaphragmatic hernia. J Pediatr Surg 38:1131-1136, 2003
24. Anderson HL III, Snedecor SM, Otsu T, et al: Multicenter trial of conventional venoarterial access versus venovenous double-lumen catheter access in newborn infants undergoing extracorporeal membrane
oxygenation. J Pediatr Surg 28:530-535, 1993
25. Anderson HL III, Otsu T, Chapman RA, et al: Venovenous extracorporeal life support in neonates using a double lumen catheter. Am Soc
Artif Intern Organs Trans 35:650-653, 1989
26. Dimmitt RA, Moss RL, Rhine WD, et al: Venoarterial versus venovenous extracorporeal membrane oxygenation in congenital diaphragmatic hernia: The Extracorporeal Life Support Organization Registry,
1990-1999. J Pediatr Surg 36:1199-1204, 2001
27. West KW, Bengston K, Rescorla FJ, et al: Delayed surgical repair and
ECMO improves survival in congenital diaphragmatic hernia. Ann Surg
216:454-462, 1992
28. Sakai H, Tamura M, Hsokawa Y, et al: Effect of surgical repair on
respiratory mechanics in CDH. J Pediatr Surg 111:432-438, 1987
29. vd Staak FHJ, de Haan AFJ, Geven WB, et al: Surgical repair of congenital diaphragmatic hernia during extracorporeal membrane oxygenation: hemorrhagic complications and the effect of tranexamic acid.
J Pediatr Surg 32:594-599, 1997
30. Sell LS, Cullen ML, Whitlesy GC, et al: Hemorrhagic complications
during extracorporeal membrane oxygenation: prevention and treatment. J Pediatr Surg 21:1087-1091, 1986
31. Vazquez WD, Cheu HW: Hemorrhagic complications and repair of
congenital diaphragmatic hernias: does timing of the repair make a
difference? Data from the Extracorporeal Life Support Organization.
J Pediatr Surg 29:1002-1006, 1994

44
32. The Congenital Diaphragmatic Hernia Study Group: Does extracorporeal membrane oxygenation improve survival in neonates with congenital diaphragmatic hernia? J Pediatr Surg 34:720-725, 1999
33. Davis PJ, Firmin RK, Manktelow B, et al: Long-term outcome following
extracorporeal membrane oxygenation for congenital diaphragmatic
hernia: the UK experience. J Pediatr 144:309-315, 2004
34. Stolar CJ, Crisafi MA, Driscoll YT: Neurocognitive outcome for neonates treated with extracorporeal membrane oxygenation: are infants

P. Rothenbach, P. Lange, and D. Powell
with congenital diaphragmatic hernia different? J Pediatr Surg
30:366-371, 1995
35. D’Agostino J, Berbaum J, Gerdes M, et al: Outcomes for infants with
congenital diaphragmatic hernia requiring extracorporeal membrane
oxygenation: the first year. J Pediatr 30:10-15, 1995
36. Nagaya M, Akatsuka H, Kato J, et al: Gastroesophageal reflux disease
occurring after repair of congenital diaphragmatic hernia. J Pediatr Surg
29:1447-1451, 1994

