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Abstract

Purpose: Severe congenital diaphragmatic hernia (CDH) requiring extracorporeal membrane
oxygenation (ECMO) is associated with high mortality. Timing of CDH repair relative to ECMO
therapy remains controversial. Our hypothesis was that survival would significantly differ between those
who underwent repair during ECMO and those who underwent repair after ECMO therapy.

Methods: We examined deidentified data from the CDH study group (CDHSG) registry from 1995 to
2005 on patients who underwent repair and ECMO therapy (n = 636). We used Cox regression analysis
to assess differences in survival between those who underwent repair during and after ECMO.
Results: Five covariates were significantly associated with mortality as follows: timing of repair relative
to ECMO (P = .03), defect side (P = .01), ECMO run length (P <.01), need for patch repair (P = .03),
birth weight (P <.01), and Apgar score at 5 minutes (P = .03). Birth year, inborn vs transfer status,
diaphragmatic agenesis, age at repair, and presence of cardiac or chromosomal abnormalities were not
associated with survival. Repair after ECMO therapy was associated with increased survival relative to
repair on ECMO (hazard ratio, 1.407; P = .03).

Conclusion: These data suggest that CDH repair after ECMO therapy is associated with improved survival
compared to repair on ECMO, despite controlling for factors associated with the severity of CDH.

© 2009 Elsevier Inc. All rights reserved.
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the removal of the compressive effects of the herniated
viscera on the heart and lungs, as well as for cardiopulmon-
ary support during the repair [3,4]. The primary disadvantage
to repair on ECMO is the increased risk of bleeding because
of the anticoagulation necessary for circuit function [5,6].
One retrospective study performed at 2 institutions showed
higher survival when repair was performed after ECMO [7].
We sought to compare outcomes when CDH repair was
performed on ECMO compared to cases in which it was
performed after ECMO.

The approach to surgical management of CDH in patients
requiring ECMO varies widely between institutions, includ-
ing repair within 48 hours of initiation of ECMO [8,9] or
waiting until the patient is nearly ready to be decannulated
before attempting repair [10-12]. Our data set was drawn
from all reporting institutions contributing to the Congenital
Diaphragmatic Hernia Study Group (CDHSG), regardless of
which of the above surgical approaches was used.

1. Methods

1.1. Registry data

We examined a limited, deidentified data set of 1108
patients from the registry of the CDHSG from 1995 to 2005.
As the data were deidentified, this project was exempted
from continuous institutional review board oversight. The
data in this registry are provided from more than 50 centers
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around the world and include information on multiple
aspects of the clinical course of patients with CDH [13]. The
cases included in our data set were those patients who
underwent both repair of CDH and ECMO therapy. There-
fore, our data set excluded less severe cases in which ECMO
was not required (2830 cases), as well as very severe cases of
CDH in which all patients died before repair (204 cases). A
total of 4146 CDH cases were entered in the CDHSG registry
for this 20-year period; the 1108 cases that were extracted for
our analysis represent 26% of that total.

Because we sought to examine the association between
timing of repair and mortality in the context of a patient with
CDH on ECMO who still requires repair, we excluded some
patients from our statistical analysis (Fig. 1). From our initial
data set of 1108 patients, we chose to exclude patients who
had repair of CDH but later required ECMO, as their clinical
course did not require a decision on whether to repair on
ECMO or after decannulation (n = 140). We also chose to
exclude those patients who underwent repair after 2 runs of
ECMO for the same reason (n = 7). We then performed one
round of regression analysis; of the 963 cases remaining in
our data set, 709 had all the requisite registry information to
be included.

We then attempted to control for the fact that all the
patients who underwent repair after ECMO had, by
definition, been weaned off ECMO, whereas this was not
necessarily true for the group of patients who underwent
repair on ECMO. This would represent a potential bias
toward increased disease severity among those who under-
went repair on ECMO. Therefore, we excluded all patients
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Fig. 1  Process of inclusion of data from the initial sample of 1108 patients from the CDHSG registry.
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who underwent repair on ECMO but could not be
successfully weaned from ECMO, which we defined as
those dying within 24 hours of cessation of ECMO (n = 73).
This gave us a final data set of those patients who had
surgical repair of CDH, received ECMO treatment, and were
successfully weaned from ECMO for at least 24 hours (n =
636), which we then entered into the second round of
regression analysis.

1.2. Cox regression analysis

To address the relationship between timing of repair on
ECMO and survival, we used a Cox regression procedure,
also known as proportional hazards analysis [14]. Cox
regression is a form of survival analysis that identifies the
degree to which different factors contribute to the odds of an
event (in this case, death) over time. The regression equation
takes the following form:

h(t) = exp(p, + f,*covariate; + ... + f*covariatey; ),

where A(f) is the expected hazard, exp is the exponential
function (e*), and each B, term represents a coefficient
generated by the regression analysis.

For this study, the end point was defined as days of life at
either death or discharge home. The first step was calculating
Kaplan-Meier survival curves to judge the appropriateness of
the Cox regression model (Fig. 2). Second, each considered
covariate was examined for any possible correlations with
other covariates that might bias the results. Finally, the
covariates were added into a Cox regression model; then
using a backward likelihood ratio procedure, the covariates
that were not significantly associated with survival at the level
of 0.10 were removed. We then generated survival curves for
those who underwent repair on ECMO and after ECMO with
all other covariates held constant (Fig. 3). We repeated this
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Fig. 2 Kaplan-Meier survival curves for patients undergoing
CDH repair on ECMO and after ECMO therapy.
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Fig. 3  Proportional hazards survival model separated by timing
of CDH repair relative to ECMO treatment, limited to 200 days
(total n = 709).

final step for the data set once the 73 patients who could not be
weaned from ECMO were removed (Fig. 4). Tests of
statistical significance were run on each coefficient in the
regression equation to assess for a significant association
between that covariate and survival.

1.3. Other outcomes

We examined oxygen requirements of survivors by
comparing ventilator-free days (number of the first 60 days
of life when the patient was not mechanically ventilated)
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Fig. 4 Proportional hazards survival model separated by
timing of CDH repair relative to ECMO treatment, limited to
200 days, after removal of cases who underwent repair on
ECMO but were unable to be weaned from ECMO for 24 hours
(total n = 636).
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Table 1  Baseline statistics for 635 patients with congenital diaphragmatic hernia in the CDHSG registry
Repaired Repaired Total Test statistic *
on ECMO after ECMO
N 348 288 636
Birth data
Mean birth weight (kg) 3.10 £ 0.52 3.14 £ 0.52 3.11 £.052 t=-1.05 (P =.30; df=612)
Mean Apgar score at 5 min 6.00 £ 2.05 6.20£2.12 6.15 +2.09 t=-1.17 (P = .24; df= 601)
Demographics
Significant cardiac defects (%) 15 (4.3) 15 (5.2) 37 (5.2) > =029 (P=.59; df=1)
Significant genetic abnormalities (%) 9 (2.6) 5(1.7) 14 (2.0) > =0.52 (P=—-47;df=1)
Outborn (%) 220 (63.2) 176 (61.3) 443 (61.9) =024 (P=.62;df=1)
Right-sided CDH (%) 72 (20.7) 74 (25.8) 160 (22.4) =231 (P=.13;df=1)
Agenesis of diaphragm (%) 139 (39.9) 99 (34.5) 257 (35.9) =192 (P =.16;df=1)
ECMO and surgery
Mean length of ECMO run (d) 127+ 6.5 84+49 10.6 £ 6.1 t=9.4 (P<.01; df = 629)
Mean age at CDH repair (d) 89+£5.6 153 +8.6 10.8 £7.9 t=—11.0 (P <.01; df=471)
Patch closure of diaphragm (%) 287 (82.5) 221 (77.0) 560 (78.2) =294 (P=.09; df=1)

# Equal variances not assumed.

between the 2 groups, as well as oxygen use at discharge. All
statistical analysis was performed using SPSS 16.0 (SPSS
Inc, Chicago, Ill) with statistical significance set at 0.05.

2. Results

The overall results of our Cox regression analysis were
similar for the data set including those patients who
underwent surgery but did not survive their ECMO run
(n=709) and the data set excluding those patients (n = 636).
We examined baseline statistics of each data set and report
them for the final data set (n = 636) in Table 1. Kaplan-Meier
survival functions for each group (those who underwent

repair on ECMO and after ECMO) are shown in Fig. 2.
Because the Kaplan-Meier curves appeared to diverge, it was
judged to be appropriate to pursue Cox regression analysis.
In examining the bivariate correlations of individual
covariates, none were correlated to a degree that would
preclude their use as covariates. The maximum correlation
coefficient between any 2 covariates was 0.18.

We then analyzed our covariates with 2 Cox regression
procedures, which did not yield significantly different
results. Because the second Cox regression is a more
conservative analysis, we report those results in Table 2.
Likelihood ratio analysis showed that 5 covariates were not
found to be significantly associated with mortality, and their
removal did not significantly affect the regression model

Table 2  Covariates used in Cox regression analysis of survival among 635 patients with CDH from the CDHSG registry
Covariates found to be significantly associated HR 95% confidence Wald > dr=1) P
with mortality (included in regression model) interval
Lower Upper

Repair on ECMO vs repair after ECMO 1.41 1.03 1.92 4.60 .03
Birth weight 0.64 0.49 0.84 10.49 .00
Apgar score at 5 min 0.93 0.87 0.99 4.67 .03
Left-sided defect vs right-sided 1.66 1.14 241 7.08 .01
ECMO run length 1.04 1.02 1.06 11.62 .00
Primary repair vs patch repair 0.59 0.37 0.94 4.89 .03
Covariates not found to be significantly associated Wald 3> (df=1) P

with mortality (excluded from regression) *
Year of birth <0.01 .96
Inborn vs outborn status 0.28 .59
Diaphragmatic agenesis 0.25 .62
Presence of major cardiac abnormalities 0.50 48
Presence of chromosomal abnormalities 0.81 37
Days of life at repair 1.34 25

# (No HR calculated because these variables are not part of the regression model).
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Table 3  Other outcomes for 488 patients with CDH in the CDHSG registry who survived to discharge
Outcomes Repaired Repaired Total Test statistic
on ECMO after ECMO

n 348 288 636
Survived (%) 206 (48.2) 222 (77.1) 488 (60.6) =233 (P<0l;df=1)
Days of life at extubation in survivors 37.7 £58.1 32.7+214 343 +£41.5 t=1.09 (P = .28; df = 235)
Ventilator-free days (of 60) in survivors 4.6+59 54+6.2 53+£6.3 t=-134 (P=.18; df=373)
Days of life at discharge (alive) 79.3 £ 61.8 72.2 £ 56.5 74.1 £57.8 t=1.241 (P = .22;df=413)
Required supplemental oxygen at 111 (56.6) 107 (50.2) 243 (52.4) ¥ =1.68 (P = 20; df=1)

discharge (%)
Required tube feeds at discharge (%) 66 (53.2) 50 (43.5) 137 (47.9) =227 (P=.13;df=1)

? Equal variances not assumed.

(year of birth, inborn vs transfer status, presence of cardiac
anomalies, presence of chromosomal anomalies, and days of
life at repair; o for removal of a covariate was 0.10). The 5
remaining variables were found to contribute significantly to
the regression model as follows: CDH repair on ECMO
compared to repair after ECMO therapy (hazard ratio [HR],
1.41; P =.03), birth weight (HR, 0.64; P <.01), Apgar score
at 5 minutes (HR, 0.93; P = .03), left-sided CDH compared
to right-sided CDH (HR, 1.66; P = .01), ECMO run length
(HR, 1.04; P <.01), and primary repair compared to patch
repair (HR, 0.59; P = .03).

Separate survival curves were generated for those who
underwent CDH repair during ECMO and after ECMO
therapy (Figs. 3 and 4). These are the predicted survival
curves when all the covariates included in the regression are
held at their mean values for this data set. As mentioned
above, there is a statistically significant difference in the
proportional hazard of death between those who had CDH
repair after ECMO vs those who underwent repair on ECMO
(HR, 1.41; 95% confidence interval, 1.03-1.92; P = .03)
relative to after-ECMO repair.

Among the survivors, there was no significant
difference found between the 2 groups for ventilator-free
days at 60 days (r = 0.66; P = .51) or other measures of
short-term morbidity including days of life at discharge
and the need for supplemental oxygen or tube feeds at
discharge (Table 3).

3. Discussion

Although survival in CDH has improved in select centers
[10,15-17], overall survival remains approximately 68%
[18]. The patients with highest risk for death are those who
require extracorporeal membrane oxygenation (ECMO),
with survival rates ranging from 50% to 65% [19,20].
Although preoperative stabilization and delayed surgery has
proven beneficial for CDH patients not requiring ECMO
[21,22], the optimal timing of CDH repair in patients
requiring ECMO remains controversial.

Our analysis of data from the CDHSG registry shows
increased survival among patients who undergo repair of
CDH after ECMO therapy relative to those who undergo
repair on ECMO, when holding constant the side of the
defect, Apgar score at 5 minutes, birth weight, ECMO run
length, and type of repair. The hazard ratio associated with
repair on ECMO relative to repair after ECMO is 1.41. The
odds of dying for a given period for a patient who underwent
repair on ECMO is 1.41 times the odds of dying for a patient
who underwent repair after ECMO therapy. We found no
significant association between year of birth, inborn vs
transfer status, presence of cardiac anomalies, presence of
chromosomal anomalies, or days of life at repair and
mortality. In analyzing outcomes among survivors, we did
not find a significant difference in ventilator-free days of the
first 60 days of life between the 2 groups.

The approach to surgical management of CDH in patients
requiring ECMO varies widely between institutions. One
institutional approach involves early repair on ECMO (repair
within 48 hours of initiation of ECMO) with the idea of
harnessing the advantages of ECMO and leaving more time
for pulmonary recovery [8,9]. Other institutions wait to
repair CDH until approaching the end of the ECMO run (thus
allowing more time for stabilization in anticipation of the
repair), then weaning ECMO [10-12]. In a modification of
this last approach, some institutions attempt to wean ECMO
before repair, but repair CDH on ECMO if the patient cannot
be weaned after about 2 weeks of ECMO.

Previous studies of timing of CDH repair in patients
requiring ECMO include a review of CDHSG data that
showed a lower rate of survival for those patients who were
repaired on ECMO [1,23]. One study of 36 patients with
CDH requiring ECMO found improved survival among
those repaired after ECMO therapy relative to those repaired
on it [7].

We speculate that one reason for the survival benefit of
postponing repair until ECMO has been weaned may be
because of decreased bleeding risk associated with repair
after ECMO therapy. Data from the registry of the
Extracorporeal Life Support Organization showed a higher
incidence of some types of bleeding complications in
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patients who underwent repair on ECMO, as well as a
significantly lower survival rate in that group [24]. A 5-
center review of 42 patients who underwent repair on ECMO
showed a similarly high incidence of hemorrhage and a low
survival rate in those cases [25]. Although aminocaproic acid
has been shown to decrease the incidence of bleeding
complications in CDH patients requiring ECMO [26-28], the
use of such adjunct therapies is not captured in our data. New
strategies and techniques to minimize bleeding may
significantly decrease the risks of operating on ECMO and
affect future analyses. Our data do not allow us to address the
issue of bleeding directly, and therefore, further investigation
is necessary to elucidate the actual causes of the increased
proportional hazard of mortality observed in this data set.

The strengths of our analysis include a large sample size
from a high volume of registry data. Cox regression, or
proportional hazards analysis, is a robust form of statistical
analysis that allowed us to address the associations of each
covariate with mortality. We were able to control for several
factors that would normally obscure comparisons of patients
based on their timing of CDH repair. In effect, Cox
regression allowed us to assess survival while holding
other factors constant within a group. Although we were able
to control for several relevant factors, we were still limited to
the use of proxies rather than any measurements that have
been proven to directly quantify CDH severity. For example,
the degree of pulmonary hypoplasia and pulmonary
hypertension may have varied between the 2 groups because
this information is not directly captured in registry data.
More specific indices of pulmonary hypoplasia (including
lung-to-head ratio and lung volume calculated by fetal
magnetic resonance imaging) may prove better measures of
CDH severity in future analyses.

We are unable to draw conclusions about the timing of
CDH repair within the on-ECMO and after-ECMO groups.
We had originally wanted to address the practice of repairing
ECMO early in the course of ECMO (ie, <48 hours after
initiation) in addition to our between-groups comparison.
This early-repair approach, which is theorized to allow for
removal of compressive effects on the heart and allow lung
expansion and recovery during the remainder of the ECMO
course, was only performed in 30 of the 636 patients in our
data set. It would be interesting to compare survival
associated with repair during the initial part of the ECMO
run vs repair done later on in the ECMO run, but we do not
have sufficient data in the CDHSG registry to do so. This
avenue of research would also require information on
institutional policies regarding the timing of repair during
ECMO, institutional volume, expertise, and information on
the extent to which individual patients’ treatment followed or
deviated from institutional norms. Therefore, we restricted
our analysis to a comparison of all those repaired on ECMO
vs all those who underwent repair after ECMO therapy. We
also acknowledge that patients differ in indications for
ECMO and for surgery on ECMO but feel that among
patients with severe enough CDH to require ECMO, the

range of specific indications is narrow enough to allow for
retrospective analysis. We partially controlled for this by
including “days of life at repair” as one of our covariates, but
like defect size, it was not significantly associated with
survival.

There were a number of ancillary findings, some of which
validate prior studies. We found a strong association between
both Apgar score at 5 minutes and birth weight with survival.
The CDHSG previously performed a logistic regression
analysis that examined a number of factors. This analysis
found Apgar score at 5 minutes and birth weight to be the only
factors significantly associated with survival of CDH [29].

In contrast to previous studies, our analysis did not find
evidence of a significant relationship between the presence
of either cardiac or chromosomal abnormalities and survival.
This was likely because of the relatively small number of
patients with these conditions in our data set. Both analysis
of data from the CDHSG and a meta-analysis of previous
studies have shown an association between “major abnorm-
alities” and mortality [30,31]. Our data set excludes those
patients who died before repair could be performed, a
population more likely to have cardiac abnormalities, and
this may be partly responsible for the lack of this association
in our data.

We are unable to comment on any association between
the size of the diaphragmatic defect and survival, although
an association between defect size and mortality has been
demonstrated in CDHSG registry data in the past [32]. This
is most likely because our data are limited to those patients
requiring ECMO and undergoing surgery, so we excluded a
large number of patients with very small defect sizes
(because they did not require ECMO) that contributed to
those findings. We did include the presence of diaphrag-
matic agenesis as a covariate in our regression procedure
and, therefore, would have controlled for it in our
regression analysis if it had proven to be significantly
associated with mortality in our data. We also do not have
long-term follow-up data that would allow us to comment
on the morbidity associated with ECMO for CDH, a
significant issue in the initial decision to initiate ECMO that
remains unresolved [1,33,34].

In conclusion, these data suggest that CDH repair after
ECMO therapy is associated with improved survival
compared to repair on ECMO, despite controlling for factors
associated with the severity of CDH. The potential selection
bias in this study is reflective of the inherent nature of
registry-based analysis but has been minimized by the Cox
model. The limitations of our study discussed above prohibit
us from saying with certainty that the timing of surgery
relative to ECMO entirely explains the difference in
mortality between those who underwent repair on ECMO
compared to those who underwent repair after it. A
randomized controlled trial has long been called for to help
answer the question of optimal timing of CDH repair in
patients who require ECMO. Pending such evidence, the
strongest claim possible is that after controlling for severity
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between groups to the furthest extent that available registry
data allows, CDH repair after ECMO therapy is associated
with improved survival compared to repair on ECMO.
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Discussion

Dr Juan Sola (Miami, Fla): A very nice presentation, I just
had one question. Did you look at the time period when
the analysis was performed, before 2000 and after 2000?
Did you try to control for that?

Benjamin S. Bryner, BA (response): We did. One of the
covariates we used was the year of repair and that
was found to be almost completely uncorrelated with
the outcome.
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Dr Andrea Hayes-Jordan (Houston, Tex): 1 saw that you
looked at day on ECMO of repair and it was not
significant, but did you look at greater than 3 days or less
than 3 days for the timing of the repair. In other words,
within the ECMO run, was there any difference in the day
on ECMO that they were repaired?

My Bryner (response): Thank you, we think that is a very
interesting question. We had initially hoped to address the
issue of early repair, but it turned out that the data in this
data set, fell into a rectangular distribution. Repairs were
about evenly distributed from the first day of ECMO to
the last day of ECMO, so we weren’t able to address
that question.

Dr Ed Yang (Nashville, Tenn): Nice work. What we all want
to do is repair our kids off ECMO. The problem is with
the patients you excluded in the very beginning, the
patients who died within a day of coming off ECMO. We
all want to figure out which kids cannot come off ECMO
without repair, or which would benefit from ECMO, or
from repair early in ECMO, and there is almost no way to

prove that without doing a randomized trial. Did you look
at the children they excluded, and were there any
differences in the survival with repair either during the
ECMO run or within the course? I guess there couldn’t be
any difference in survival because they all died, but were
there any differences in the proportion of patients who
were repaired on ECMO, or after, or not repaired at all?

Mr Bryner (response): Thank you. That is a good question.

Obviously, it is hard to really read into which subset of
patients is going to benefit from on ECMO repair from
this kind of retrospective study. I completely agree it
would need to be done with a trial. The 73 patients that we
excluded because they died on ECMO or died shortly
after ECMO did not differ significantly from the rest of
the “repaired on ECMO” group. We also looked at some
data on the patients that were excluded from the
regression because some information was missing but,
basically, with any of those patients if they were missing
even one data point we couldn’t enter them into the Cox
regression. Nevertheless, they were, essentially, the same
on most univariate measures.
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