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Background:Within congenital diaphragmatic hernia (CDH) care, there have been attempts to identify clinical pa-
rameters associated with patient survival, including markers of postnatal pulmonary gas exchange. This study
aimed to identify whether postnatal pulmonary gas exchange parameters correlated with CDH patient survival.
Methods:A retrospective reviewwas performed of isolated CDHneonates treated at a single institution from1/2007
to 12/2013. Patient demographics, prenatal imaging, and postnatal clinical parameters, including arterial blood gas
values within the first 24 hours of life, were collected.
Results: Seventy-four patients with isolated CDH were identified. Fifty-seven had fetal MRI. Overall, 30-day patient
survival was 85%. Sixteen infants (22%) required ECMO within 24 hours. Mean initial PaCO2 in nonsurvivors was
higher, and infants who remained hypercarbic postresuscitation (72 ± 19 mmHg) had a worse prognosis than
those who resuscitated to a normal PaCO2 (39 ± 1.6 mmHg) (p b 0.001). Prenatal fetal lung volumes measured
by MRI were not strongly correlated with PaCO2 levels.
Conclusion: CDHnonsurvivors are unable tomaintain sufficient pulmonary gas exchange during thefirst 24 hours of
resuscitation. Furthermore, prenatal fetal lung volumes are weakly correlatedwith actual pulmonary gas exchange.
These data may be useful for patient counseling during the resuscitative phase of CDH care.

© 2015 Elsevier Inc. All rights reserved.

1. Background

Congenital diaphragmatic hernia (CDH) is a rare congenial anomaly
that is present in 1 in 3000 live births [1–3]. The reported mortality rate
for this disease is 20–50%, depending on the series [4–6]. Historically,
patients with severe CDH were treated with immediate surgical repair.
However, as understanding of the disease has evolved, the timing of
CDH surgery has shifted to a delay in repairwith a focus on preoperative
pulmonary resuscitation and stabilization. Patient survival during the
resuscitative period is largely dependent on the severity of pulmonary
hypoplasia and pulmonary hypertension, and this area has been the
focus of increasing research efforts. Although prenatal imaging parame-
ters have been used as predictors of pulmonary morbidity and mortali-
ty, there currently exists no postnatal measurement to accurately
determine pulmonary function. This paradigm has led to increased ef-
forts to define clinical variables that serve as markers of pulmonary hy-
poplasia to predict patient prognosis. As such, attention has been
directed to preoperative arterial blood gases (ABGs) as a potential indi-
cator of pulmonary function. One of the initial studies to examine this

relationship was published in 1991 by Price et al. using the Extracorpo-
real Life Support Organization database [7]. In this study, they reported
that a low PaO2 on ABGwas found to be associated with increasedmor-
tality in CDH patients.

After this initial study by Price et al., other studies began evaluating
ABGs for prognostication and found an association between the ability
to resuscitate to a normal PaCO2 level and higher survival [4,8]. Salas
et al. reported a cutoff of PaCO2 of 60 mmHg that was associated with
or predictive of survival in their patient cohort. Although these studies
are limited as one was performed in the era of minimal preoperative sta-
bilization before operative intervention [4] and the other reviewed ABGs
only at a specified time point [8], these studies suggest the importance of
PaCO2 as a potential marker for pulmonary hypoplasia. The identification
of potential predictive variables of severe pulmonary hypoplasia can be
central in the clinical decision making for CDH patients. This is especially
crucial in instanceswhen the clinician is evaluating a CDHpatient and de-
cidingwhether ECMOor surgerywill confer any benefit given the severity
of the pulmonary hypoplasia. Therefore, the objective for this study was
to evaluate prenatal imaging parameters and laboratory trends that may
serve asmarkers for pulmonary hypoplasia to delineate if any one param-
eter was associated with increased 30-day mortality. Specifically, we hy-
pothesize that postnatal PaCO2 provides an accurate measure of
pulmonary function and ventilatory capacity and, as such, is useful in
predicting 30-day mortality in infants with isolated CDH.
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2. Methods

2.1. Patient population

Neonates included in this study were patients with isolated congen-
ital diaphragmatic hernias thatwere evaluatedwithin the first 24 hours
of life at a single large academic center. The study time period was from
January 2007 to December 2013. The majority of patients were inborn;
however, patients transferred from outside institutions were included if
the patient arrived within 24 hours of birth. Patients were excluded
from the study if they had concomitant congenital heart disease,
major congenital anomalies such as omphaloceles, known genetic syn-
dromes (Trisomy 13, 18, and 21), or Fryns syndrome.

2.2. Prenatal imaging measurements

The measurements for prenatal imaging parameters have been de-
scribed in previous studies from our institution [9,10]. In brief, the
total fetal lung volume (TFLV) was calculated using MR images. Lung
volumes were measured in axial planes by standard volumetric tech-
nique. Observed-to-expected total fetal lung volume (O/E-TFLV) was
calculated by dividing the measured TFLV by the mean expected TFLV
reported in the literature at the respective gestational age of each
fetus. The ultrasound derived lung-to-head ratio (LHR) was measured
using two-dimensional ultrasonography bymultiplying the two longest
perpendicular diameters of the contralateral lung at the level of the
four-chamber view of the heart and dividing this by head circumfer-
ence. Quantification of liver herniationwas evaluated bymeasuring vol-
umes of the herniated liver and the total liver in coronal planes on MR
images and %LH was obtained by calculating the ratio of herniated
liver volume to total fetal liver volume.

2.3. Neonatal CDH management protocol

A standardizedmanagement protocol [11]was utilized to direct care
in all cases to attempt optimal cardiopulmonary stability prior to CDH
repair. To summarize, the protocol entails immediate endotracheal in-
tubation and gentle mechanical ventilation. High-frequency oscillatory
ventilation (HFOV) was initiated when criteria for transition from con-
ventional mechanical ventilation to HFOVweremet. Pulmonary vasodi-
lators such as nitric oxide were initiated for patients with severe
pulmonary hypertension. Extracorporeal membrane oxygenation
(ECMO) was used for patients with severe pulmonary or cardiac com-
promise refractory to medical management.

2.4. Study design and clinical variables

The study was a retrospective chart review. Patient demographics
collected included, gestational age, side of defect, and survival at
30 days. Pulmonary data were collected for all ABGs obtained within
the first 24 hours of life or prior to the initiation of ECMO, whichever
was reached first. After collecting all appropriate ABG measurements,
the best PaCO2was defined as the value closest to the normal physiolog-
ic range (Texas Children’s Hospital reference value: 27–40 mmHg), and
this was documented for each patient and used for analysis. Trends for
PaO2 were also collected. As a recent study reported that initial PaCO2-

60 mmHg was a marker for poor survival [12], we also performed an
analysis using a threshold of PaCO2 N 60 mmHg in our patient popula-
tion to determine mortality outcomes.

2.5. Statistical analysis

Patient survival was calculated at 30 days of life. Prenatal imaging
parameters and postnatal laboratory measurements for both groups
were evaluated using a comparison of means with a student’s t test. A
Pearson correlation coefficient was calculated to assess the relationship

between best PaCO2 and prenatal imaging variables of significance on
univariate analysis. Data are represented as mean ± standard error of
the means. A p-value b 0.05 was considered statistically significant.

3. Results

3.1. Study population

Seventy-four neonates met inclusion criteria for the study. Patients
that were evaluated at the Texas Children’s Hospital (TCH) Fetal Center
were diagnosed at an average gestational age of 24.7 ± 6.4 weeks. Of
the 74 neonates, 84% (n = 63) of patients had isolated left sided con-
genital diaphragmatic hernia and 77% (n = 57) had prenatal imaging.
Therewere no differences between survivors and nonsurvivors with re-
gard to gestational age at diagnosis, gender, inborn status, or side of di-
aphragmatic defect (Table 1).

3.2. Patient outcomes

Twenty-two percent of the patients (n= 16) required ECMOwithin
the first 24 hours of life. The 30-daymortality rate was 15% (n= 10) in
our cohort. The mean initial PaCO2 was higher in nonsurvivors than
those who survived (121 ± 20 vs. 68 ± 4 mmHg, p b 0.001) and the
mean initial PaO2 was significantly lower in nonsurvivors than in survi-
vors (36 ± 5.4 vs. 55 ± 3.3, p = 0.032). After resuscitative efforts, neo-
nateswho did not survive had an average best PaCO2 in the hypercarbic
range (72 ± 19mmHg) while survivors had best PaCO2 within physio-
logic range (39 ± 1.6 mmHg) (p b 0.001) (Fig. 1). There was no signif-
icant difference between the best PaO2 between survivors and
nonsurvivors (Table 2). Furthermore, when followed over a 24-hour
time continuum, survivors and nonsurvivorswere able to reach an aver-
age physiologic range of PaCO2, but nonsurvivors were unable to main-
tain that lower range (Fig. 2).

3.3. Association of neonatal survival with PaCO2

Patients were stratified by initial PaCO2 of less than or greater
than 60 mmHg, 36 infants had PaCO2 N 60 mmHg and 38 infants had
PaCO2 b 60 mmHg. Of the patients with PaCO2 N 60 mmHg, 22% (n =
8) were nonsurvivors compared to 5.3% nonsurvivors (n= 2) with ini-
tial PaCO2 b 60mmHg (p= 0.033) (sensitivity 20%, specificity 44%, PPV
5%, NPV 78%).

Patients were then restratified based on best PaCO2 with a cutoff
value of 60 mmHg. Of the 8 infants with best PaCO2 N 60 mmHg, 50%
(n = 4) were nonsurvivors compared to the 9.1% nonsurvivors with a
best PaCO2 b 60 mmHg (p = 0.001) (sensitivity 60%, specificity 6%,
PPV 9%, NPV 91%).

3.4. Prenatal imaging and association with postnatal PaCO2

In the 57 patients with prenatal imaging, there were no differences
in LHR between the survivors and nonsurvivors. However, there was a
significant difference in the percent of liver herniation (18% ± 2.6 vs.
31% ± 1.2, p = 0.024) and O/E-TFLV (0.39 ± 0.02 vs. 0.23 ± 0.04) be-
tween survivors and nonsurvivors (Table 2). Despite the difference in
imaging parameters and 30-day outcomes, there was no strong

Table 1
Characteristics and outcomes of CDH patients who survived or died at 30 days of life.

Clinical factors Survived (N = 64) Died (N = 10) p-Value

Gestational age at diagnosis,
weeks (mean ± SEM)

25 ± 0.89 23.3 ± 2.5 0.507

Male, n (%) 38 (60) 6 (60) 1.0
Inborn status, n (%) 55 (87) 9 (90) 0.727
Left CDH, n (%) 52 (83) 8 (80) 0.761
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