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ABSTRACT

Purpose: This study aimed to identify prognostic factors based on treatment outcomes
for congenital diaphragmatic hernia (CDH) at a single-center and to identify factors that
may improve these outcomes.

Methods: Thirty-five neonates diagnosed with CDH between January 2011 and De-
cember 2021 were retrospectively analyzed. Pre- and postnatal factors were correlated
and analyzed with postnatal clinical outcomes to determine the prognostic factors.
Highest oxygenation index (OI) within 24 hours of birth was also calculated. Treatment
strategy and outcome analysis of published literatures were also performed.

Results: Overall survival rate of this cohort was 60%. Four patients were unable to
undergo anesthesia and/or surgery. Three patients who commenced extracorporeal
membrane oxygenation (ECMO) post-surgery were non-survivors. Compared to
the survivor group, the non-survivor group had a significantly higher occurrence of
pneumothorax on the first day, need for high-frequency ventilator and inhaled nitric
oxide use, and high OI within the first 24 hours. The non-survivor group showed
an early trend towards the surgery timing and a greater number of patch closures.
Area under the receiver operating characteristic curve was 0.878 with a sensitivity of
76.2% and specificity of 92.9% at an OI cutoff value of 7.75.

Conclusion: OI within 24 hours is a valuable predictor of survival. It is expected that
the application of ECMO based on OI monitoring may help improve the opportunity
for surgical repair, as well as the prognosis of CDH patients.
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INTRODUCTION

Congenital diaphragmatic hernia (CDH) is a rare form of
congenital disease with a frequency of 1 in 2,000 to 5,000 births;
however, CDH mortality is high'®. Kim et al.? reported that CDH
is the most frequent cause of death among infants aged <1 year
(1.31%) between 2010 and 2013. Death of CDH patients is not
due to the absence of the diaphragm itself, but due to secondary
conditions, including pulmonary hypoplasia and pulmonary
hypertension caused by infiltration of abdominal organs into the
thoracic cavity due to the absence of the diaphragm.

In most patients with CDH, although variable in their seve-
rity, pulmonary hypoplasia and pulmonary hypertension are
predictable, and the basic principle is the stabilization of vital
signs and subsequent surgical correction of the CDH. Never-
theless, there are various proposed treatment guidelines, includ-
ing those of the American Heart Association and American
Thoracic Society”, CDH EURO Consortium Group®, and Cana-
dian Congenital Diaphragmatic Hernia Collaborative®, which
still have disagreements in certain domains, although each insti-
tution applies a different treatment protocol. With advances in
prenatal diagnosis and neonatal management, the survival rate
of patients with CDH has shown an increasing trend. However,
because of the variation in approaches adopted at each center
regarding prenatal diagnosis and postnatal treatment, the report-
ed rate of survival ranges substantially from 32% to 90%'%".

CDH is a disease with a high risk of mortality, and knowledge
of its prognostic factors is crucial in the setting of treatment
strategies, as well as for consultations with patients’ guardians.
To date, various prognostic factors suggested include gestational
age (GA) at prenatal diagnosis, whether the CDH is right-sided,
associated chromosomal and/or major heart anomalies, lung-
to-head ratio (LHR), and observed-to-expected LHR. Thus, this
study aimed to identify prognostic factors based on treatment
outcomes of the past 11 years at a single-center, analyze these
outcomes, and determine points of improvement in diagnostic
and therapeutic approaches compared with those used in pre-

vious studies.

MATERIALS AND METHODS

1. Study population
Medical records of neonates diagnosed with CDH at the neo-
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natal intensive care unit (NICU) at the center between January
2011 and December 2021 were retrospectively analyzed. Parti-
cipants included inborn and outborn neonates who were
transferred to the center within 24 hours of birth. Patients with
complex heart defects were excluded from the study.

2. Data collection and study design

The following demographic data and clinical characteristics
were collected: GA at birth, birth weight, sex, mode of delivery,
twin birth, small for GA, Apgar scores at 1 and 5 minutes,
outborn, first day of pneumothorax, age at CDH repair, duration
of assisted ventilation, duration of inhaled nitric oxide (iNO),
duration of hospitalization, and outcome (survival). Prenatal
and postnatal factors were investigated to identify poor
prognostic factors related to mortality. Regarding the prenatal
factors, GA at CDH diagnosis, right-sided CDH, liver herniation,
and maternal factors, such as polyhydramnios, maternal age,
maternal hypertension, and gestational diabetes mellitus were
used. Highest oxygenation index (OI; fraction of inspired O,
[FiO,]xmean airway pressure [MAP]x100/partial pressure of
oxygen in arterial blood), high-frequency oscillation (HFO), iNO
within 24 hours of birth, herniated organs found in the thoracic
cavity during surgery, as well as the highest OI, HFO, and iNO
within 24 hours of operation, and the use of extracorporeal
membrane oxygenation (ECMO) were considered postnatal
factors. The MAP in the calculation was the set MAP in a case
of HFO ventilation, or the calculated MAP using the following
equation: PEEP+[(PIP-PEEP)x(ti/ti+te)] (PEEP, positive expira-
tory pressure; PIP, peak inspiratory pressure; ti, inspiratory time;

te, expiratory time), in a case of conventional ventilator mode'?.

3. Postnatal management protocols for CDH patients

We maintained similar diagnostic and surgical methods during
the study; there was no change in that preoperative stabilization
was mainly performed with the current standard management
that did not include the ECMO. The postnatal management
provided to patients with CDH at the center was as follows: in
cases of suspected prenatal CDH, the obstetrician, neonatologist,
and surgeon made preparations prior to delivery. A neonatologist
participated in all the deliveries. Immediately after the delivery,
the neonate was transferred to the NICU for mechanical ven-
tilation. In most cases, the conventional ventilation mode was
first applied, and the mode was then switched to HFO ventilation

in the absence of effective gas exchange. Echocardiography was
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performed within 24 hours of birth to detect pulmonary hyper-
tension or structural abnormalities of the heart. We administered
iNO therapy to infants with pulmonary hypertension when they
had evidence of extrapulmonary right-to-left shunting and if the
OlIwas greater than 25 despite effective ventilator management'.

Immediate surgery within 48 hours of birth was the preferred
choice at this center. The operation was performed by surgeons
in the NICU, following the decision of the neonatologist based on
the vital signs and results of radiography and echocardiography.
Preoperative ECMO was avoided, considering the risk of po-
tential hemorrhage and death during surgery. Postoperative
ECMO indications were as follows: (1) OI >40 for >4 hours; (2)
right and/or left ventricular dysfunction; (3) pressor-resistant
hypotension; and (4) refractory acidosis and shock (pH <7 for 2
to 4 hours). The ECMO was not performed in the following cases:
(1) irreversible brain damage; (2) lethal chromosome disorder;
(3) uncontrolled bleeding or coagulopathy; (4) grade >3 intra-
ventricular hemorrhage; (5) GA <34 weeks; and (6) weight <2
kg'?.

4. Statistical analysis

All statistical analyses were performed using R version 4.1.3 (R
Core Team 2022, R Foundation for Statistical Computing, Vienna,
Austria; https://www.R-project.org/). Comparisons between the
two groups were evaluated using an independent 2-sample
t-test. The Pearson’s chi-square test was used to analyze differ-
ences in the proportions of more than two categories. Logistic
regression was used to detect significant covariates in the out-
comes. Area under the receiver operating characteristic (ROC)
curve (AUC) analysis was performed, and the optimal cutoff
value of the preoperative Ol in 24 hours after birth was evaluated
based on the ROC.

RESULTS

1. Study population

During the study period, 38 patients with CDH were admitted
into the NICU, of whom 35 were selected as the study population
after excluding three patients with tetralogy of Fallot. The
mean GA was 37.9%1.5 weeks, and the mean birth weight was
2,987.7+464.5 g. Twenty (57.1%) patients were males. Twenty-one
(60%) patients needed iNO treatment for pulmonary hyperten-
sion, and the mean iNO treatment period was 5.6+5.2 days. Four
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patients were unable to undergo surgery because their clinical
condition was so severe that they could not tolerate anesthesia
and/or surgery. Twenty-one of the 35 patients survived with a
60% survival rate (Table 1). The mean number of hospitalization
days for survivors was 27+18.3 and 6.1+6.8 days for non-survivors.

2. Risk factors for mortality of CDH

In the analysis of prenatal factors for prognosis prediction, no
factor exhibited a significant between-group difference, includ-
ing GA at diagnosis, right-sided CDH, and liver herniation
(Table 2). On analysis of postnatal factors, compared with the
survivor group, the non-survivor group had a significantly higher
occurrence on the first day of pneumothorax (6 [42.9%)] vs. 0, P=
0.002) and need for high-frequency ventilator (9 [64.3%] vs. 5
[23.8%], P=0.041) and iNO (11 [78.6%)] vs. 4 [19%], P=0.001). The
highest OI within 24 hours of birth was also significantly higher in
the non-survivor group (32.4+22.7 vs. 7.7+9.5, P=0.001). Regard-
ingthe surgery, the non-survivor group showed an earlier trend in
timing of the surgery (1.3+0.5 days vs. 2.1+1.1 days, P=0.015) and
a greater number of patch closures (3 [30%)] vs. 0, P=0.027). After
the surgery, the highest OI within 24 hours of surgery (41.5+46.8
vs. 5.6£7.3, P=0.039) and need for high-frequency ventilation
(8 [80%)] vs. 6 [28.6%], P=0.018) and iNO (8 [80%] vs. 6 [28.6%],
P=0.021) were also significantly higher and more frequent in the

non-survivor group (Table 3). However, a multivariate analysis

Table 1. Baseline Characteristics of Study Object Infants with
Congenital Diaphragmatic Hernia

Variable Value
Gestational age (wk) 37.9+1.5
Birth weight (g) 2,987.7+464.5
Male sex 20 (57.1)
C-section 29 (82.9)
Twin 2(5.7)
Small for gestational age (<10%) 4(11.4)
Apgar score at 1 min 4.6+2.2
Apgar score at 5 min 6.8+1.7
Outborn 7(20)
1st day pneumothorax (before operation) 6(17.1)
Corrective surgery 31(88.6)
Duration of assisted ventilation (d) 10.2+11.0
Use of inhaled nitric oxide 21 (60)
Duration of inhaled nitric oxide (d) 5.6+5.2
Duration of hospitalization (d) 18.4+17.9
Survivors 21 (60)

Values are expressed as meantstandard deviation or number (%).
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Table 2. Prenatal Risk Factors for Mortality of Congenital Dia-
phragmatic Hernia
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Table 3. Postnatal Clinical Outcome for the Mortality of Con-
genital Diaphragmatic Hernia

. Survivors  Non-survivors . Survival Non-survivor
Variable (n=21) (n=14) P-value Variable (n=21) (n=14) P-value
GA at CDH diagnosis (wk) 28.2+6.0 25.6+3.9 0.178 Gestational age (wk) 38.1+1.2 37.7+1.9 0.445
Site (right side) 3(14.3) 2(14.3) 1.000 Birth weight (g) 2,997.6+392.1 2,972.9+572.2 0.889
Liver herniation 4(19) 4 (40)* 0.381 SGA 2(9.5) 2(14.3)  1.000
Polyhydramnios’ 2(11.8) 4(36.4) 0.174 Apgar score at 1 min 5.2+1.9 3.7+2.3 0.061
Maternal age 32.1+2.8 33.313.6 0.327 Apgar score at 5 min 7.1+1.2 6.2+2.3 0.167
Maternal hypertension 0 1(7.1) 0.400 Preoperative
Maternal GDM 3(14.3) 0 0.259 Pneumothorax before OP 0 6(42.9)  0.002
Values are expressed as meantstandard deviation or number (%). (1st day)

*Of the non-survivors, four died before definitive surgery: no clear liver Ol in 24 hr after birth 7.7+9.5 32.4422.7  0.001
herniation was identified in these; "The maternal polyhydramnios of four HFO applied 5(23.8) 9(64.3)  0.041
surv1v0r.s al.nd three non-sur}vwors was not conflrmed.. . ‘ HFO (d) 0.3+0.7 0.740.6 0.105
Abbreviations: GA, gestational age; CDH, congenital diaphragmatic . .
hernia; GDM, gestational diabetes mellitus. iNO applied 4(19) 11(78.6) 0.001
iNO (d) 0.3+0.7 0.9+0.5  0.011
incorporating all the above factors did not identify a significant /e atsurgery (postnatal d) 2.1£1.1 13+0.5  0.015
risk factor. Surgical findings
Patch closure d/tlarge defect 0 3(30) 0.027
L. i Hernia sac 7(33.3) 2(20) 0.677
3. Characteristics of CDH non-survivors o
i N Intrathoracic liver 4(19) 4 (40) 0.381
Four of the non-survivors could not be stabilized by conser- Intrathoracic stomach 11 (52.4) 4(40) 0.704
vative treatment after birth of which they eventually died without Intrathoracic bowel 18 (85.7) 8(80) 1.000
corrective surgery. Time of death was postnatal day 1 (n=1), Other intrathoracic solid organ ~ 12(57.1) 8(80) 0.262
postnatal day 2 (n=2), and postnatal day 4 (n=1), with an average Postoperative*
OI of 53.1+15.6 on the first day of life. All the three patients who Ol after OP 5.6£7.3 41.5+46.8  0.039
commenced ECMO post-surgery were non-survivors; they HFO applied 6(28.6) 8(80) 0.018
showed stable vital signs on the first day of life (mean preopera- HFO (d) 1.6£3.3 4£5.0 0.193
tive OI, 7.843.2) and underwent corrective surgery, but they iNO applied 6(28.6) 8(80) 0.021
. o es iNO (d 2.5+4.7 4.8+5.8 0.282
subsequently deteriorated. The ECMO was initiated after the iNO(d)
ECMO applied 0 3(30) 0.027

surgery on days 3, 6, and 8 (mean OI, 65.9+23.6; just before the
ECMO), but eventually, two patients died on postnatal day 20,
and one died on postnatal day 15. The average ECMO period was
9.3+3.1 days.

4. ROC curve of the highest preoperative Ol within 24 hours
of birth
The ROC curve analysis of the preoperative OI within 24 hours
of birth was performed to identify an appropriate cutoff value
predictive of mortality (Figure 1). The AUC was 0.878 with a
sensitivity of 76.2% and a specificity of 92.9% at a cutoff value of
7.75.

Values are expressed as meanztstandard deviation or number (%).
*Information on 10 people except 4 who died before surgery.
Abbreviations: SGA, small for gestational age; OP, operational/surgical
procedure; Ol, oxygenation index; HFO, high-frequency oscillatory
ventilation; iNO, inhaled nitric oxide; d/t, due to; ECMO, extracorporeal
membrane oxygenation.

DISCUSSION

In this study, the survival rate of the patients with CDH was
60%. Recent studies on CDH conducted by other centers in
South Korea have also reported a similar survival rate of 57.6%'?
and 63.2%'®. However, studies have reported a trend of survival
improvement in CDH patients abroad, including 75.4% of CDH
survival rates in Japan between 2006 and 2010'”. Considering

that the pulmonary hypertension in CDH is a major risk factor for
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Figure 1. Area under the receiver operating characteristic curve
(AUC) of the highest preoperative oxygenation index within 24
hours of birth.

mortality, the stabilization strategy before and after the surgery
is key to the difference in outcome. Many studies have reported
improvements in survival after the introduction of ECMO. Morini
et al."” reported that the mortality rate decreased from 83.5% to
38.3% after the introduction of ECMO in patients with CDH. A
simple survival rate comparison is not desirable, considering
that each patient's risk factors, such as defect size and location
are different. However, it is important to analyze institutional
treatment outcomes and recent treatment trends in other insti-
tutions to improve patient outcomes.

Widely acknowledged mortality-related prenatal risk factors,
such as GA at diagnosis, right-sided CDH, and liver herniation
were not significant factors in this study. However, considering
the small sample size of this study and unknown liver herniation
in the four preoperative deaths, the trend reported by previous
studies cannot be refuted. Notably, among five of the 35 (14.3%)
patients with confirmed right-sided CDH, three survived, which
was similar to the 66.7% survival rate reported by Jeong et al.'®).
Also, as survival was observed in a case of early diagnosis at 20
weeks, a poor prenatal prognostic factor should not be considered
to predict death or be areason to delay treatment. Importantly, as
there is a limitation to the prediction of actual cardiopulmonary
function based only on assessing anatomical structures, it is
important to analyze other postnatal prognostic factors that may
enable accurate prognostication. In this study, the percentage
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of outpatients transferred to the present center after birth at a
different center, owing to lack of CDH detection during prenatal
examinations was 20%. This indicates that despite advances in
prenatal diagnosis, there are still neglected areas that need im-
provement. Thus, the analysis of postnatal prognostic factors is
critical for establishing treatment plans and providing explana-
tions to the patients’ guardians.

Pneumothorax has been shown to be a significant postnatal
risk factor. Despite gentle conventional ventilator management
through the use of low PEEP, PIP, and MAP in these patients,
optimization of mechanical ventilation should still be the
primary aim. Patch closure was shown to be a significant prog-
nostic predictor, as it indicated a large defect. This is likely to
have been associated with poor cardiopulmonary function
(lung hypoplasia and pulmonary hypertension), owing to a large
defect, rather than the surgical method of patch closure itself,
which is consistent with the findings of Brandt et al.”. In contrast,
OI reflects actual pulmonary function, and the optimal cutoff
for OI in this study was 7.75. This was slightly lower than that
reported in previous studies; a cutoff point of 18 with an AUC of
0.82 was observed in the study by Salas et al.?"). A cutoff value of
40 with an AUC of 0.88 was observed in the study by Ruttenstock
etal.’?, and the best Ol set of 11 mm Hg was observed in the study
by Oh et al.'®. Although the variation may be due to differences
in basic ventilator management, it seems necessary to consider
other treatments applied simultaneously alongside the ventilator.
It is likely challenging to identify the cause of such variations. In
this study, it is apparent that in line with previous studies, the
OI within 24 hours of birth was the most significant predictor of
mortality and survival, with an AUC of 0.878, sensitivity of 0.762,
and specificity of 0.929 when the optimal cutoff (threshold) was
set to 7.75. In patients with CDH, arterial catheter insertion for
1 or more days during the early days after birth is anticipated to
enable continuous blood pressure monitoring and blood gas
testing. Considering this, OI is an indicator of hemodynamics,
which fluctuates in real time and should be recognized for its
value as a prognostic predictor, such that it may be used more
actively in clinical practice.

Taken together, the mean timing of surgery for the patients
was 1.8+1.0 days, which tended to be earlier than that of an
institution with 84.6% survival rate (timing of surgery: survivors,
9.1426.6 days; and non-survivors, 10.1+9 days)*. Furthermore,
preoperative Ol was found to be higher in the non-survivor group

than in the survivor group, leading to earlier timing of surgery
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in this group. This was because it is believed that surgery was
a necessity in those patients where stabilization could not be
achieved by using only the ventilator, iNO, and drug treatment.
As previously mentioned, if possible, the application of ECMO
was avoided at the present center, owing to concerns regarding
the invasive nature of ECMO and possible complications, such
as hemorrhage. Our treatment strategy was based on the fact
that the utility of ECMO is controversial in patients with CDH*®,
Analyzing subsequent progress, HFO and iNO use after surgery
transiently increased in the survivor and non-survivor groups,
which could be due to the fluctuation in hemodynamics caused
by the invasive nature of the surgery. In contrast, the postope-
rative OI decreased in the survivor group, but increased in the
non-survivor group. This suggests that while surgical correction
may support further stabilization of cardiopulmonary function
in CDH patients with stable hemodynamics, deciding on surgical
correction too rapidly may not guarantee survival in CDH patients
with signs of unstable hemodynamics in the presence of severe
pulmonary hypoplasia and hypertension. Therefore, ECMO can
onlybe considered for stabilization before surgery in patients with
pulmonary hypertension who do not respond to conservative
treatment. Additionally, all the three patients who underwent
ECMO after the surgery died, which may have been a selection
bias due to the fact that the most serious patients were likely to
have been assessed as requiring ECMO. However, considering
that the OI immediately before the ECMO commencement was
already high, one could speculate that commencing the ECMO
earlier may have resulted in better outcomes.

Looking at the treatment trends of other institutions in Korea
and abroad, there are reports that the survival rate has been
improved by actively attempting ECMO if necessary, with
the principle of "post-stabilization surgery”" rather than "fast
corrective surgery."” A report by Choi et al.> in Korea showed that
the survival rate of patients with CDH undergoing ECMO was
31.4%, which is suboptimal, but shows a possibility of survival.
Although the frequency of ECMO use varies between 11% to
61% among hospitals®, Seetharamaiah et al.® reported that
34% (1,063/3,100) of patients with CDH were managed by ECMO
support between 1995 and 2004. ECMO is not only widely used
in newborns with CDH**, but the application of ECMO has also
been shown to increase the survival rate of patients who do not
respond to conventional treatment™*", Brandt et al.*” introduced
ECMO in 32.3% (n=21) of critically unstable CDH patients, of
whom 66.7% survived. Hung et al.*? reported that the survival
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rate of all patients with CDH was 84.6%, indicating a 57.1%
survival rate within their ECMO group, which was a significant
improvement compared to their outcomes prior to ECMO
introduction. Howevey, even if ECMO was used, disagreements
regarding the timing of surgery remain. There are conflicting
reports of early repair (within 72 hours on ECMO)**) and late
repair (after ECMO decannulation)**”, regarding the optimal
surgical timing that increases the survival of CHD and decreases
surgical morbidity; this requires further research.

This study has several limitations. As this was a single-cen-
ter study, the sample size was small. Additionally, since this
was a retrospective study, there was a limit to the analysis and
interpretation because of missing data. The LHR was not rou-
tinely assessed among prenatal ultrasound results; therefore,
analysis was not possible. However, this study is valuable in the
presentation of its data in an attempt to find ways to improve the
prognosis of this group of patients. By analyzing the experience
of CDH outcomes in a single institution in Korea and reviewing
previous studies, useful information can be obtained for rare
conditions that are managed in a small number of hospitals.

Despite advances in medicine, a proportion of cases of CDH
remains fatal. If the management does not stabilize patients with
CDH, it will be difficult to expect an improvement in the survival
rate. Our data analysis confirms the usefulness of OL As the
results of studies showing the effectiveness of ECMO in patients
with CDH are accumulating, it is expected that the application
of ECMO, based on the OI monitoring, may help improve the
opportunity for these patients to achieve corrective surgery, as
well as improve their prognosis. Above all, it is essential that a
well-designed protocol is used to conduct a multicenter study
prospectively and on a greater number of participants to demon-

strate improved outcomes and to refine a validated protocol.
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