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Purpose: “Early on-ECMO” repair of CDH entails repair within 48–72 h of cannulation in an effort to optimize pul-
monary physiology, shorten ECMO duration, and, ultimately, improve survival. This study evaluated the effect of
early on-ECMO repair as compared to leaving patients unrepaired during ECMO.
Methods: The CDH Study Group database was queried for CDH patients requiring ECMO who either underwent
repair within the first 72 h after cannulation or remained unrepaired on ECMO. Primary outcomes were survival
to decannulation and ECMO duration.
Results: A total of 248 patients underwent early repair and 922 remained unrepaired on ECMO. The early repair
group had increased risk factors for poor outcomes, including higher odds of cardiac defects and thoracic liver lo-
cation, and lower odds of hernia sac presence. Nonetheless, ECMO survival for the early repair group was 87.1%
compared to 78.4% in the unrepaired group (p = 0.002). However, the early repair group had a longer median

ECMO duration than the unrepaired group (240.6 vs 196.8 h, p = 0.001).
Conclusion: While early ECMO repair does not shorten ECMO duration, it results in increased survival to
decannulation as compared to those unrepaired on ECMO. This suggests that there may be a physiologic benefit
leading to increased ECMO survival in a subset of patients undergoing on-ECMO repair over those designated to
undergo post-ECMO repair.
Level of evidence: Level III.

© 2019 Elsevier Inc. All rights reserved.
Asmany as one-third of patientswith congenital diaphragmatic her-
nia (CDH) will require extracorporeal membrane oxygenation (ECMO)
[1–3]. Optimal timing of repair of the CDH in patients requiring ECMO
remains an area of controversy. Among patients who require ECMO
for CDH, there are three general approaches to surgical timing in rela-
tion to ECMO cannulation and decannulation. Broadly, these categories
are early repair on ECMO (repair within 72 h of cannulation), late repair
on ECMO (repair with 72 h of anticipated decannulation), and repair fol-
lowing ECMO decannulation (“post-ECMO repair”). The purpose of this
study was to determine the impact that early repair on ECMO has on
ECMO survival (i.e. survival to ECMO decannulation) and total ECMO
duration.
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1. Methods

1.1. Study design

The CDH Study Group (CDHSG), which was started in 1995, man-
ages a registry of data relevant to CDH and CDH repair from 114 centers
in 15 countries (Appendix 1). Following institutional review board ap-
proval, retrospectively-collected patient data were obtained from the
CDH SG.

The study was divided into two portions. The first part aimed to de-
termine the influence that early repair of CDH on ECMO has on survival
to ECMO decannulation (“ECMO survival”) and the second part mea-
sured the effect that early repair on ECMO has on ECMO duration.

For both parts of the study, the inclusion criteria were patients with
congenital diaphragmatic hernia requiring ECMO prior to CDH repair
who either (1) were repaired within 72 h of ECMO cannulation, or
(2) were cannulated but never repaired on ECMO. Specifically, this lat-
ter group includes both those patients repaired after decannulation
(post-ECMO repair) and those who were never repaired.
's Hospital Delaware from ClinicalKey.com by Elsevier on June 
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Table 1
Baseline characteristics for patients repaired early on ECMO and those not repaired on
ECMO.

Mean SD Median LQ UQ Min Max

Early repair on ECMO (n=248)
Birth weight (kg) 3.1 0.5 3 2.7 3.4 1.5 4.6
EGA (weeks) 37.8 1.8 38 37 39 32 42

Not repaired on ECMO (n=922)
Birth weight (kg) 3.1 0.5 3.1 2.7 3.4 1.4 5.1
EGA (weeks) 38.1 1.7 38 37 39 30 42

Abbreviations: EGA, estimated gestational age; SD, standard deviation; LQ, lower quartile;
UQ, upper quartile.
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Exclusion criteria were patients who underwent CDH repair prior to
any ECMO cannulation and those with missing data to the degree that
they could not be adequately characterized for this study. For the calcu-
lation of ECMO duration (the second part of the study), patients who
died on ECMO, or on the day of ECMO decannulation, were additionally
excluded. The patients who died on the day of decannulation
were counted as deaths on ECMO, as many were likely terminal
decannulations.

Although patients with multiple ECMO courses were not excluded
from this study, only their initial ECMO run parameters were used for
analysis.

Data points used for the study were birth weight, estimated gesta-
tional age (EGA), in-hospital mortality, day of life (DOL) and time of
day atwhich death occurred, DOL and time of day of ECMO cannulation,
DOL and time of day of ECMO decannulation, DOL and time of day of
CDH repair, and in-hospital mortality (death during the initial/index
hospitalization following birth).

Additionally, the following “severity factors” were also collected:
side of CDH, repair type (patch or primary repair), presence of hernia
sac, liver location (abdomen or chest), presence of congenital cardiac
abnormality, and severity of congenital cardiac abnormality (major or
minor). Isolated patent foramen ovale or patent ductus arteriosus was
classified as “minor” congenital cardiac anomalies, and all other congen-
ital cardiac anomalies (or combinations thereof) were considered
“major”.
1.2. Statistical methods

Examination of data included descriptive statistics and assessment
of distributional shape for discrete and continuous variables with fre-
quencies and percentages calculated for categorical variables.

Analysis focused on the potential differences and relationships be-
tween the variables detailed above in relation to the comparator groups
described. Potential differences were assessed utilizing the Student’s t-
Test andWilcoxonRank Sum test for normally and nonnormally distrib-
uted discrete and continuous data. Potential relationships were exam-
ined utilizing the χ2 test of independence where indicated. Unless
otherwise noted, all testing was two-tailed and evaluated at the type I
error rate of α=0.05 level of statistical significance.
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Fig. 1. Flowchart demonstrating patient allocation. The solid line depicts those patients used
indicates those patients used for the portion of the study examining ECMO duration.
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As the exclusion criteria were different for the calculation of ECMO
survival and duration, the abovementioned “severity factors” (see
Section 2.1) were compared separately for these two endpoints.

Local data storage and manipulation were performed in Excel 16.10
(Microsoft Corporation, Redmond, Washington, USA) and statistical
analyses were completed using SAS 9.4 / 13.2 (SAS Institute, Cary,
North Carolina, USA).
2. Results

2.1. ECMO survival

There were a total of 2428 patients with CDH who required ECMO.
After applying the aforementioned inclusion and exclusion criteria,
there were 1170 patients analyzed for this study. A total of 248 patients
underwent early repair and 922 were not repaired on ECMO (Fig. 1). In
the former group, 21 required repeat ECMO runs (8.5%) and in the latter
group, 48 required repeat ECMO runs (5.2%).

Those repaired early on ECMO had an 87.1% rate of survival to ECMO
decannulation (“ECMO survival”) while those not repaired on ECMO
had only 78.4% ECMO survival.

There was no significant difference in the two groups in terms of
birth weight or EGA (p-values 0.79 and 0.051, respectively). See
Table 1 for additional details.
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Table 2
Comparison of severity factors between patients repaired early on ECMO and those not repaired on ECMO.

Early repair (n=248) No repair on ECMO (n=922) p-value OR 95% CI

ECMO Survival (%) 216 (87.1%) 723 (78.4%) 0.002 1.85 1.23 2.78
Survival to discharge (%) 145 (58.4%) 445 (48.3%) 0.004 1.52 1.14 2.00
Patch repair (%) 211 (85.0%) 439 (75.8%) 0.002 1.85 1.23 2.78
Hernia sac presence (%) 13 (5.2%) 63 (10.9%) 0.009 0.45 0.24 0.83
Liver down (%) 27 (10.9%) 107 (11.6%) 0.001 0.46 0.29 0.75
Presence of CHD (%) 58 (23.4%) 159 (17.2%) 0.031 1.45 1.03 2.04
Major CHD (%) 25 (10.1%) 65 (7.0%) 0.769
Left side CDH (%) 189 (76.2%) 724 (78.5%) 0.310

For relationshipswhichwere statistically significant, as determined by the chi-squared test, odds ratios (ORs)were calculated. TheOR is presented for the early repair group relative to the
group not repaired on ECMO. For example, the odds of survival to ECMO decannulation are 1.85 times higher for those in the early repair group. Values for patch repair and hernia sac
presence were only calculated for those patients who underwent surgical repair. Abbreviations: CI, confidence interval; CHD, congenital heart disease.

Table 4
Baseline characteristics for patients repaired early on ECMO (excluding deaths on ECMO)
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An odds ratio (OR) was calculated for those relationships which
were demonstrated to be significant by the χ2 test (Table 2). In brief,
the early repair group had higher odds of ECMO survival, survival to
hospital discharge, use of a patch for CDH repair, and the presence of a
congenital cardiac anomaly. Conversely, the early repair group had
lower odds of hernia sac presence and abdominal liver location (liver
down).

Of note, while the purpose of this segment of the study was not to
examine ECMO length, post-hoc analysis, including those who died on
ECMO, showed that the group not repaired on ECMO had a shorter
ECMO duration than the early repair group (median 196.1 h versus
245.3 h, p-value b 0.001).

2.2. ECMO duration

For the determination of ECMO duration (where those who died on
ECMO or the day of ECMO decannulation were excluded), there were
939 patients, with 216 undergoing early repair and 723 patients
decannulated without repair on ECMO (Fig. 1).

The group surviving to decannulation without repair had a shorter
duration of ECMO (median 196.8 h, mean 227.3 h) than the group
repaired early on ECMO (median 240.6 h,mean 270.2 h), and this differ-
ence was statistically significant (p-value = 0.001). See Table 3 for full
details.

For this portion of the study, all testingwas two-tailed and evaluated
at the Bonferonni adjusted type I error rate of α= 0.025 level of statis-
tical significance.

There was no significant difference in the two groups in terms of
birth weight or EGA (p-values 0.57 and 0.083, respectively). See
Table 4 for additional details.

An odds ratio (OR) was calculated for those relationships which
were demonstrated to be significant by the χ2 test (Table 5). In short,
the early repair group, once again, had higher odds of use of a patch
for CDH repair and the presence of a congenital cardiac anomaly. Con-
versely, the early repair group had lower odds of hernia sac presence
and abdominal liver location.

3. Discussion

This study sought to determine the effect of early repair of CDH on
ECMO (within 72 h of cannulation). Due to the size of the CDHSG
Table 3
ECMO duration statistics, given in hours, for patients repaired early on ECMO (excluding
deaths on ECMO) and those decannulated from ECMO without repair.

Mean SD Median LQ UQ Min Max

Early repair on ECMO
(n=216)

270.2 152.1 240.6 148.3 353.7 65.7 910.9

Decannulated without
repair (n=723)

227.3 125.1 196.8 139.5 295.1 4.5 1060

Abbreviations: SD, standard deviation; LQ, lower quartile; UQ, upper quartile.
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database, this study represents one of the largest studies of timing of
CDH repair for patients requiring ECMO. The results demonstrate that
patients repaired early on ECMO have higher rates of ECMO survival
to decannulation and survival to hospital discharge when compared to
patients not repaired on ECMO. Notably, the early ECMO group had im-
proved ECMO and hospital survival despite also having higher rates of
features associated with worse outcomes in patients with CDH includ-
ing absence of hernia sac [4–6], thoracic liver location [7–9], presence
of congenital heart disease [10], and the need for prosthetic patch for
CDH repair [11,12]. Nevertheless, the early repair group had a longer
median duration of ECMO.
3.1. Study design

There were multiple considerations regarding study design which
warrant discussion.

The study compared patients repaired early on ECMO to those not
repaired on ECMO, who were presumably planned to undergo repair
postdecannulation. This comparison was felt to be “cleaner” and less
prone to bias, as 0–3 days following ECMO cannulation is likely too
early for the treatment team to presume their prognosis and thereby in-
troduce significant bias. Additionally, while repair just prior to
decannulation can be the result of a clinician deciding based on the
patient’s real time prognosis, those left to be decannulated without re-
pair can be considered a group with less prognostic bias as those pa-
tients are made up of those left unrepaired, both improving and
declining, by clinicians who likely don’t believe CDH repair will assist
in stabilizing the patient’s physiology. Furthermore, examination of pa-
tients not repaired on ECMO helps to establish a baseline, demonstrat-
ing how patients fare on ECMO in the absence of repair.

It may be curious to some that the group of patients not repaired on
ECMO includes patients who were never repaired. The group was de-
signed thisway because in a real clinical scenario, patients not undergoing
early repair who are intended for repair following decannulation will not
always survive to repair. This can be viewed akin to an “intention to treat”
(ITT) analysis. Patients not repaired on ECMO can be considered to be in
and those decannulated from ECMO without repair.

Mean SD Median LQ UQ Min Max

Early repair on ECMO (n=216)
Birth weight (kg) 3.1 0.5 3 2.7 3.5 1.6 4.6
EGA (weeks) 37.9 1.8 38 37 39 32 42

Decannulated without repair (n=723)
Birth weight (kg) 3.1 0.5 3.1 2.8 3.4 1.6 5.1
EGA (weeks) 38.2 1.6 38 37 39 32 42

Abbreviations: EGA, estimated gestational age; SD, standard deviation; LQ, lower quartile;
UQ, upper quartile.
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Table 5
Comparison of severity factors for patients repaired early on ECMO and those decannulated from ECMO without repair.

Early repair (n=216) Decannulated without repair (n=723) p-value OR 95% CI

Survival to discharge (%) 145 (67.1%) 445 (61.5%) 0.136
Patch repair (%) 182 (84.3%) 436 (75.7%) 0.011 1.69 1.12 2.56
Hernia sac presence (%) 10 (4.6%) 63 (10.9%) 0.006 0.39 0.19 0.77
Liver down (%) 26 (12.0%) 107 (14.8%) 0.011 0.53 0.32 0.86
Presence of CHD (%) 53 (24.5%) 116 (16.0%) 0.005 1.69 1.17 2.45
Major CHD (%) 21 (9.7%) 49 (6.8%) 0.749
Left side CDH (%) 164 (75.9%) 568 (78.6%) 0.402

For relationshipswhichwere statistically significant, as determined by the chi-squared test, odds ratios (ORs)were calculated. TheOR is presented for the early repair group relative to the
group decannulated from ECMOwithout repair. Values for patch repair and hernia sac presence were only calculated for those patients who underwent surgical repair. Abbreviations: CI,
confidence interval; CHD, congenital heart disease.
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the repair after ECMO decannulation (“post-ECMO repair”) ITT group.
Whether or not these patients received repair or died before they could
have surgery, they were included in the post-ECMO repair group as in
the clinical realm, survival to decannulation can be seen as a legitimate
and reasonable short term goal in and of itself.

A “post-ECMO CDH repair group” was not specifically used in this
study because, by definition, the group of patients repaired following
ECMO decannulation would have a 0% on-ECMO mortality rate for
their first ECMO course. Therefore, it would be inappropriate to com-
pare early repair patients to post-ECMO repair patients, as the latter
group has already eliminated patients who were not able to be
decannulated. In other terms, the post-ECMO group may be selecting
for a healthier population who was able to wean from ECMO.

One of the advantages of studying the early repair group is that the
study population is very easy to identify. In contrast, patients repaired
later in their course of ECMO may be undergoing late repair on ECMO
because they have exhibited physiologic improvement and demon-
strated their stability for decannulation. On the other hand, they may
be undergoing repair as a “Hail Mary” attempt in a patient who has
failed to demonstrate clinical improvement. For this reason, late repair
patients were specifically not examined by this study. Similarly,
comparing early repair patients to all patients not repaired on ECMO
(as opposed to just those who were repair following decannulation)
removes the guesswork in attempting to determine which patients
were truly post-ECMO repairs “by design.”

In formulating the exclusion criteria, on-ECMO mortality was ex-
cluded for the calculation of ECMO duration due to concern that includ-
ing on-ECMO mortalities could artificially increase or decrease the
ECMO duration for both groups. Post-hoc analysis (Section 3.1) demon-
strated that not only was there only a minimal difference in ECMO du-
ration for each group with application of the exclusion criteria, but the
early repair group still had a longer duration of ECMOwhen not exclud-
ing those patients who died on ECMO.

Death on the day of ECMO decannulation was counted toward on-
ECMO deaths to account for patients who died immediately following
decannulation, such as those patients who were “terminally
decannulated.”

3.2. Perspective

Oneof the significant advantages of using the CDH SGdatabase is the
large number of patients contained within the database. While CDH is a
heavily-studied area of pediatric surgery, it is a rare enough disease that
investigations from single institutions generally suffer from small sam-
ple sizes. This study represents one of the largest studies to date exam-
ining timing of CDH repair in patients requiring ECMO. However, one of
the disadvantages of the database is the lack of homogeneity. There are
undoubtedly significant variations between institutions in perinatal and
perioperative management of these CDH patients. Furthermore, the
practices of institutions who contribute more heavily to the database
may potentially bias the database findings. Finally, there may also be
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variability introduced by the fact that datawere collected longitudinally
over a number of years. The passage of time was likely accompanied by
alterations in practice and management.

One oft-cited reason for avoiding any type of repair on ECMO is hem-
orrhagic complications. However, it has been demonstrated that bleed-
ing riskmay bemitigated by antifibrinolytics, such as aminocaproic acid
and tranexamic acid [13]. In one study, early repair and post-ECMO re-
pair were not shown to have a significant difference in major bleeding
complications [14].

Another possible misconception associated with ECMO repairs is
that (early) ECMO repair may help to decrease the total ECMO duration.
However, this studydemonstrated that patients repaired early onECMO
actually had a longer duration of ECMO than those not repaired on
ECMO. Other, smaller studies have demonstrated similar findings.

A study conducted by Partridge et al showed that the 41 patients
with CDH repaired on ECMO (without specific analysis of the early re-
pair group), demonstrated a median ECMO duration of 452 h with
44% survival to discharge [15]. The survival rate from that study is com-
parable to both groups in the present study. While the Partridge study
shows a substantially longer ECMO duration than the present study, it
showed that the group repaired on ECMO (again, not specifically
looking at those repaired early) had a longer duration of ECMO than
those repaired post-ECMO.

Fallon et al performed a study of 46 patients, comparing outcomes
for different repair timing relative to ECMO [14]. Much like the current
study, patients repaired early on ECMO had a longer ECMO duration
compared with those repaired post-ECMO (12 vs 10 days). However,
this difference was not statistically significant. Of note, the early repair
group had a significantly shorter ECMOduration than the late ECMO re-
pair group (18 days). The comparison between ECMO duration for the
early and post-ECMO repair groups may be experiencing a type II
error due to the small number of patients involved in the study. Further-
more, the comparison between early and late ECMO repairs may be bi-
ased by the fact that the late ECMO repair group must have aminimum
of 72 h on ECMO to be included in the late group.

Dassinger et al specifically analyzed patients repaired within 72 h of
ECMO cannulation [16]. The findings were a median duration of ECMO
of 11.7 days and amean of 10 days, with survival of 71%. Unfortunately,
the paper does not explain how survival was defined. Assuming this is
survival to hospital discharge (as was used in this CDHSG study), then
the Dassinger paper has a significantly higher hospital survival rate,
but comparable ECMO length. As this study was performed at only
one institution, this difference in mortality may suggest different
criteria for offeringpatients ECMOor perhaps demonstrates the benefits
of standardizing therapy.

The aforementioned studies have findingswhich are consistentwith
our presented data. However, this study has the added benefit of using
an intention-to-treat comparison for patients not repaired early on
ECMO. This may help to provide guidance to surgeons when
determining if a patient should be directed toward early or post-
ECMO repair.
pital Delaware from ClinicalKey.com by Elsevier on June 
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Hosp City State/Prov Country

Advocate Lutheran General Hospital Park Ridge IL
Alberta Children's Hospital Calgary AB Canada
Arkansas Children's Hospital Little Rock AR
Astrid Lindgren Children's Hospital Stockholm Sweden
Azienda Ospedaliera Papa Giovanni
XXIII

Bergamo Italy

BC Children's & Women's Health
Centre

Vancouver BC Canada

Carolinas Medical Center, Levine
Children's Hospital

Charlotte NC

Cedars Sinai Medical Center Los Angeles CA
Central Hospital Aichi Prefectural
Colony

Kasugai Aichi Japan

Children's Hospital & Research Center
Oakland

Oakland CA

Childrens Hospital at Skanes
University Hospital

Lund Sweden

Children's Hospital Boston Boston MA
Children's Hospital of Akron Akron OH
Children's Hospital of Buffalo Buffalo NY
Children's Hospital of Illinois Peoria IL
Children's Hospital of Los Angeles Los Angeles CA
Children's Hospital of Michigan Detroit MI
Children's Hospital of Oklahoma Oklahoma City OK
Children's Hospital of Philadelphia Philadelphia PA
Children's Hospital of San Antonio San Antonio TX
Children's Hospital of Wisconsin Milwaukee WI
Children's Hospital Omaha Omaha NE
Childrens Hospital, University Bonn Bonn Germany
Children's Hospitals and Clinics
(Minneapolis)

Minneapolis MN

Children's Memorial Hermann
Hospital

Houston TX

Children's Mercy Hospitals & Clinics Overland Park KS
Children's National Medical Center Washington DC
Children's of Alabama Birmingham AL
Cincinnati Children's Hospital Medical
Center

Cincinnati OH

Cleveland Clinic Foundation-
Children's Hospital

Cleveland OH

Connecticut Children's Medical Center Hartford CT
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3.3. Limitations, uncertainties, and future directions

As with any study conducted using the CDHSG database, the inten-
tions of the surgeons are unknown. Thus, one could argue that while
patients repaired in the early group did not have a chance to physiolog-
ically declare themselves, patients anticipated to have very severe dis-
ease (such as an unfavorable lung-to-head ratio or observed-to-
expected total fetal lung volume ratio) could have been chosen to not
be included for the early repair group. However, this argument is par-
tially invalid, as evidenced by the fact that when studying on-ECMO
mortality between those repaired on ECMO and those not repaired on
ECMO, the early repair group was noted to be an overall higher risk
group.

In addition to surgeon preference and intention, the norms and pol-
icies of the institutions treating patients are unknown. The CDHSG data-
base unfortunately does not identify which institution treated a patient.
Furthermore, it is unknown which centers, if any, preferentially offer
one treatment approach (such as early repair on ECMO) over another.
This has the potential to introduce a bias which would be impossible
to detect or eliminate.

It may be concluded that the higher rate of survival to ECMO
decannulation in the early repair group was due to improvement of
the patient’s physiologic parameters. However, if that were the case,
one would expect the early repair group to also have a shorter duration
of ECMO. The results of this study did not demonstrate that to be true.
This may be due to the heterogeneity of the patients in the early repair
group. We conjecture that there is a certain subset of severe CDH pa-
tients who benefit from early repair on ECMO. In the present study, it
may have been early repair of this group which led to the higher overall
ECMO survival rate for patients repaired early on ECMO. However, the
majority of patients with CDH requiring ECMO may not benefit from
early repair on ECMO, or may even have increased ECMO duration as a
result. This may account for the early repair group having a longer
ECMO duration in our study.

The authors agree that the thought of repairing all CDH patients re-
quiring ECMOwhile they are on ECMO is daunting, and this is not being
advocated at present. Further investigations should include an exami-
nation of patient outcomeswhile controlling for patient severity factors,
as well as providing details of any bleeding complications. Additionally,
more specific preoperative factors need to be identified to predictwhich
patients benefit the most from early repair or post-ECMO repair.
Cook Children's Medical Center Ft. Worth TX
Dell Children’s Medical Center of
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Austin TX
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4. Conclusion

The results of this study demonstrate that early repair on ECMO is
associated with a higher ECMO survival rate and higher survival to hos-
pital discharge rate, when compared with patients not repaired on
ECMO. However, patients repaired early on ECMO experience a longer
ECMO duration.
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(continued)

Hosp City State/Prov Country

Medical College of Virginia Richmond VA
Medical University of South Carolina Charleston SC
Miami Valley Hospital Dayton OH
National Center for Child Health and
Development

Setagaya-ku Tokyo Japan

NICU Health Sciences Centre Winnipeg MB Canada
North Carolina Baptist Hospital Winston-Salem NC
Norton Children's Hospital Louisville KY
Oespedale Pediatrico Bambino Gesu Rome Italy
Osaka Medical Center for Maternal
and Child Health

Izumi Osaka Japan

Osaka University Graduate School of
Medicine

Suita Osaka Japan

Palmetto Health Richland Columbia SC
Phoenix Children's Hospital Phoenix AZ
Polish Mother's Memorial Hospital
Research Institute

Lodz Poland

Primary Children's Hospital Salt Lake City UT
Radboud University Nijmegen
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