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Abstract: In congenital diaphragmatic hernia (CDH), abdominal organs are displaced into the chest,
compress the lungs, and cause mediastinal shift. This contributes to development of pulmonary hypoplasia
and hypertension, which is the primary determinant of morbidity and mortality for affected newborns. The
severity is determined using prenatal imaging as early as the first trimester and is related to the laterality
of the defect, extent of lung compression, and degree of liver herniation. Comprehensive evaluation of
fetal CDH includes imaging-based severity assessment, severity assessment, and evaluation for structural
or genetic abnormalities to differentiate isolated from complex cases. Prenatal management involves
multispecialty counseling, consideration for fetal therapy with fetoscopic endoluminal tracheal occlusion
(FETO) for severe cases, monitoring and intervention for associated polyhydramnios or signs of preterm
labor if indicated, administration of antenatal corticosteroids in the appropriate setting, and planned delivery
to optimize the fetal condition at birth. Integrated programs that provide a smooth transition from prenatal
to postnatal care produce better outcomes. Neonatal care involves gentle ventilation to avoid hyperinflation
and must account for transitional physiology to avoid exacerbating cardiac dysfunction and decompensation.
Infants who have undergone and responded to FETO have greater pulmonary capacity than expected,
but cardiac dysfunction seems unaffected. In about 25-30% of CDH neonates extracorporeal life support
is utilized, and this provides a survival benefit for patients with the highest predicted mortality, including
those who underwent FETO. Surgical repair after initial medical management for the first 24-48 hours
of life is preferred since later repair is associated with delayed oral feeding, increased need for tube feeds,
and increased post-repair ventilation requirement and supplemental oxygen at discharge. With overall
survival rates >70%, contemporary care involves management of chronic morbidities in the context of a

multidisciplinary clinic setting.
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Introduction
Background

Congenital diaphragmatic hernia (CDH) is the consequence
of a partial or complete defect in the diaphragm that allows
displacement of abdominal contents into the thoracic
cavity during fetal development. Intrathoracic crowding
and compression of the fetal lungs by abdominal organs
predispose the neonate to intrinsic bilateral pulmonary
hypoplasia and hypertension, which manifest after birth
(1,2). CDH is present in approximately 1 in 3,000 births,
with over 80% being on the left side, and is associated with
significant neonatal and infant morbidity and mortality
(1-4). Up to 70% of CDHs are detected prenatally. The
degree of lung compression is related to prenatally acquired
pulmonary hypoplasia and is a significant determinant of
postnatal care complexity and ultimately, infant survival
(5-8). In the last decade, significant developments in CDH
care have transformed the management approach to one
that begins before delivery. This strategy harnesses the
benefits of improved prenatal risk stratification, offers the
option for fetal therapy for selected cases, and allows for
coordinated delivery and care transition to a pediatric care
setting that optimizes lung function, decreases the risk
of infant mortality and morbidity, and improves overall
outcome.

Rationale and knowledge gap

Advancements in pre- and postnatal care have shown
potential benefits for CDH management resulting in
improved outcomes in integrated care programs (9).
However, knowledge gaps can arise when developments
within the various specialties that provide CDH care may
not be universally recognized leading to potential delays in
optimizing care.

Objective

This review aims to summarize advances in pre- and
postnatal management of infants with CDH and highlight
opportunities for integrating care.

Risk stratification of CDH

Recognizing the importance of standardized risk adjustment
to evaluate outcomes for children with CDH, the
Congenital Diaphragmatic Hernia Study Group agreed on a
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standardized classification scheme for defect size as observed
during hernia repair. Defects are coded as “A” defects if
entirely surrounded by diaphragmatic muscle, “B” defects if
less than 50% of the chest wall is devoid of diaphragm, “C”
defects if more than 50% of the chest wall lacks a diaphragm
and “D” defects if the diaphragm is mostly absent
(Figure 1) (10). Defect size is the primary determinant of
respiratory, gastrointestinal, and neurologic morbidity,
and together with a coexisting major cardiac anomaly,
it is the overarching determinant of survival (Figure 2).
The association between larger defect size and adverse
outcome is due to the greater magnitude of intrathoracic
organ herniation earlier in gestation, ultimately resulting
in more severe pulmonary hypoplasia at birth (5,11).
The ability to diagnose CDH by prenatal ultrasound
and quantify factors that correlate with infant outcome
forms the basis of prenatal risk stratification and informs
management decisions including the option to undergo fetal
treatment when indicated.

Prenatal diagnosis and identification of isolated
and complex CDH

CDH is suspected when prenatal ultrasound demonstrates
mediastinal shift to the contralateral side of the hernia and
evidence of intrathoracic herniation of abdominal contents,
which may be observed as early as the first trimester
(Figure 3). When the diaphragmatic defect is on the left
side bowel is most frequently seen in the thorax, and the
stomach bubble is at the level of the heart in 80% (12).
The likelihood for liver, spleen and even kidney herniation
increases with the size of the defect. In right-sided defects
the liver is the primary abdominal organ that herniates
upward due to its normal intraabdominal position. The
similar ultrasound echotexture of compressed lung and
liver make it difficult to distinguish these two organs and
contributes to lower prenatal detection of right CDH (6).
Overall, up to 74% of CDH is diagnosed prenatally by
these ultrasound findings (Figure 4). The likelihood and
timing of diagnosis is related to the defect size. Larger
defects can be detected earlier in gestation. Accordingly,
while first trimester diagnosis is only made in 30% of
CDH (13), these are more likely to be larger defects that
carry a worse prognosis after birth.

Once the diagnosis of CDH is suspected and the
laterality has been determined the next step is evaluation
for associated physical, genetic or syndromic conditions.
The presence of any of these findings distinguishes isolated
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Figure 1 Schematic representation of diaphragmatic hernia size at surgery. Visual representation of a standardized classification scheme for

defect size as observed during hernia repair. “A” defects are entirely surrounded by diaphragmatic muscle, “B” defects have less than 50% of
the chest wall devoid of diaphragm, “C” defects have more than 50% of the chest wall lacking diaphragm and in “D” defects the diaphragm

is mostly absent.

100
99% o I:‘ Isolated
. Cardiac anomaly
80 88% |
) 78%
§ 60 67% |
H
@ 56% ot
S
@ 40 |
& 39%
20 |
0 L J

Type A defect Type B defect Type C defect Type D defect

Figure 2 Survival in relationship to hernia size and presence of a
cardiac defect. The bar graphs represent the observed survival in
four types of left diaphragmatic hernia, stratified by the presence
of an isolated defect or a coexisting cardiac anomaly [based on
ref. (11)].

from complex CDH. In almost 50% of fetuses with CDH
additional structural abnormalities are identified on prenatal
imaging (14). The most common structural abnormalities
in non-syndromic and syndromic conditions are cardiac
defects identified in approximately 30% of patients (15)
(Tables 1,2). In addition to structural anomalies, detailed
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survey for dysmorphic features is essential as it may point to
a range of genetic conditions that are identified in 2-33%
of patients with CDH dependent on the testing strategy
employed (16-19). Compared to traditional karyotype,
microarray testing has a higher diagnostic yield for genetic
abnormalities extending beyond the common aneuploidies
and is considered most appropriate if parents desire genetic
evaluation (19).

Other than extrapulmonary abnormalities there
may be ultrasound findings associated with CDH that
are not considered anomalies but may impact clinical
management (20,21). Intrafetal fluid effusions are seen in
5% of left, and 29% of right CDH without any adverse
effect (22). Approximately 15% of fetuses have ineffective
gastrointestinal passage of swallowed amniotic fluid which
can predispose to polyhydramnios and precipitation of
preterm labor due to uterine overdistention. Overall, over
20% of CDH deliver prematurely with the severity of the
hernia as a primary determinant of polyhydramnios and
preterm birth (23).

A small left ventricle is commonly seen in left CDH and
its decrease in dimensions is proportional to the degree of
mediastinal shift (Figure 5). Normal fetal cardiovascular
development requires preferential ductus venosus shunting
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Figure 3 Prenatal ultrasound appearance of diaphragmatic hernia in early gestation. Prenatal ultrasound images obtained in two patients
with a left diaphragmatic hernia at 13 weeks’ gestation (A) and 16 weeks’ gestation (B). The first trimester defect was suspected due to the
rotation of the cardiac axis to the left and the intrathoracic retrocardiac position of the stomach. The second patient was diagnosed based on

the marked mediastinal shift of the heart towards the right of the fetus and the intrathoracic location of the stomach.

Figure 4 Ultrasound appearance of left and right diaphragmatic hernia in the second trimester. Prenatal ultrasound images obtained
in a patient with left diaphragmatic hernia at 26 weeks’ gestation (A) and a right diaphragmatic hernia at 22 weeks’ gestation (B). The
left diaphragmatic hernia is characterized by a right mediastinal shift of the heart and intrathoracic bowel and stomach herniation.
The contralateral right lung is posterior to the right atrium and there is reduction of the observed to estimated lung to head ratio to a
moderate hernia severity. In right diaphragmatic hernia the cardiac axis is rotated to the left and the mediastinal shift is less marked despite

intrathoracic herniation of the liver. Both lungs measure smaller in size and there is a pericardial effusion (*) which is common in this setting.

of oxygenated umbilical venous blood to the left side of the disease may range from very mild dysfunction to aortic

heart ensuring adequate nutrient and oxygen supply of the coarctation or even hypoplastic left heart (27).
coronary and cerebral circulations (24). Prenatal distortion
f these fl i h i i
of these flow d‘y’namlcs and the assoc1a'fed decrease in Prenatal stratification of CDH severity
oxygen and nutritional content of left ventricular preload as

well as decrease in stroke volume from external compression Approximately 40% of prenatally diagnosed CDH cases

has been linked to abnormal cardiac growth and myocardial
dysfunction (25,26). The spectrum of left-sided heart
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are associated with other anomalies while 60% are isolated

(7,28-31). Mortality of complex CDH is determined by the
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Table 1 Non-syndromic structural anomalies associated with congenital diaphragmatic hernia

Location Anomalies

Frequency

Cardiovascular Ventricular septum defect

Atrial septum defect

Tetralogy of Fallot

Double outlet right ventricle
Transposition of the great arteries
Shone complex

Hypoplastic left heart
Coarctation of the aorta

Thoracic Bronchopulmonary sequestration

Congenital pulmonary airway malformation

Abdominal Bowel malrotation
Omphalocele
Horseshoe kidney
Pelvic kidney
Musculoskeletal Polydactyly or syndactyly
Limb reduction defects
Nervous system Neural tube defects
Hydrocephaly

Others Undescended testes

25-30%

2-10%

2-10%

1-15%

1-10%

5%

combined impact of pulmonary hypoplasia and associated
physical or genetic abnormalities with expected survival
as low as 15% (29). In isolated CDH determination of
defect laterality, prenatal quantification of lung size, degree
of liver herniation, and overall mediastinal displacement
refines prediction of survival and morbidity. A number of
prenatal imaging parameters have been described utilizing
ultrasound as well as magnetic resonance imaging (MRI)
to quantify mediastinal displacement and a standardized
prenatal imaging protocol to capture these key variables has
been proposed (8).

Postmortem pulmonary hypoplasia is defined as a lung
weight to body weight ratio <0.015 before 28 weeks’
gestation and <0.012 thereafter (32,33). Recognizing the
relationship between prenatal lung size and postnatal
pulmonary hypoplasia, quantification of lung size is a crucial
factor in prenatal imaging for patients with isolated CDH.
In 1996, Metkus and coworkers described the ultrasound-
derived two-dimensional lung area measurement of the
contralateral lung at the level of the cardiac four-chamber
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view in left CDH (34). Using the head circumference as a
reference value for gestational age, they determined that the
lung-to-head ratio (LHR) in the presence of intrathoracic
liver herniation predicted survival most reliably between
22-26 weeks’ gestation. However, since the head and
lungs grow at different rates, predictive reliability of the
LHR varies across gestation and predictive cutoffs must
be adjusted for gestational epochs (35). This may also
be further accentuated in the presence of fetal growth
restriction leading to smaller head measurements. Jani and
colleagues developed the observed to expected LHR (o/e
LHR) where the lung area is expressed as a percentage of
the expected measurement for gestational age (36,37). The
o/e LHR predicts survival reliably across gestation and lung
area measurement is most reproducible when measured
using the trace method (38,39). Another technique that
uses the ultrasound traced lung to thorax area ratio in the
transverse plane (40). Since these ratios do not reflect all
three lung dimensions ultrasound and MRI techniques were
developed to estimate volumes of both the contralateral
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Table 2 Common genetic abnormalities associated with congenital diaphragmatic hernia

Category

Genetic abnormalities or syndromes

Additional prenatal findings

Aneuploidy

Mendelian disorders

Syndromes with
unidentified genetic
etiology

Trisomy 21, 18, 13, 22, 16

Tetrasomy 12p (Pallister-Killian)

Translocation der (22) t(11:22) (923:q11)

Monosomy 15q

Monosomy 4p (Wolf-Hirshhorn)
8p.23.1 deletion

1941-1942 deletion
Xpter-Xp22

16p11.2 microdeletion

15924 microdeletion

Xq26 (Simpson-Golabi-Behmel)

11p15.5 (Beckwith-Wiedemann)
Xp

Xp22 (Goltz)

Xp22 (Craniofrontonasal)

11p13 (Denys-Drash)

Fryns

Gershoni-Baruch
Goldenhar

Pentalogy of Cantrell

Cardiac, CNS, craniofacial, shortened limbs, nuchal edema, hydrops,
polyhydramnios

Nuchal thickening, shortened long bones, polyhydramnios
Nuchal thickening, craniofacial, FGR

Cardiac, facial, FGR, talipes, SUA

Cardiac, facial, digital, talipes, FGR

Cardiac, FGR

Cardiac, craniofacial, cleft palate, talipes

Variable prenatal phenotype

Nonspecific prenatal phenotype

Craniofacial, digital, genital, FGR

Macrosomia, organomegaly, omphalocele, macroglossia, polydactyly,
polyhydramnios

Macrosomia, omphalocele, macroglossia
Cardiomyopathy, microphthalmia
Syndactyly

Coronal synostosis, hypertelorism, digital
Nephromegaly, ambiguous genitalia

Cardiac, facial, cleft lip/palate, neuronal heterotopias, limb,
genitourinary

Omphalocele, radial ray abnormalities
Cardiac, absent ears, cleft lip palate, vertebral

Ectopia cordis, bifid sternum, omphalocele

CNS, central nervous system; FGR, fetal growth restriction; SUA, single umbilical artery.

and ipsilateral lungs. Ultrasound and MRI derived
measurements correlate more closely for the contralateral
lung although mean volume estimated by ultrasound can
be up to 25% smaller than those measured by MRI (41).
MRI derived lung volumes have been generated from 17
weeks onward using dedicated postprocessing software
(42) and correlate with postmortem lung volumes (43,44).
These reference ranges can be utilized to interpret
total fetal lung volume (TFLV), observed to expected
TFLV (o/e TFLV), the percentage of predicted lung
volume (45) (PPLV) or the lung volume to body weight
ratio (46) obtained from patients with CDH (Table 3).
Ultrasound visualization of the ipsilateral lung is inferior to
MRI and therefore measurements correlate better for the
contralateral lung. Inconsistencies between the two imaging

© Translational Pediatrics. All rights reserved.

modalities are further attributable to variable contribution
of the ipsilateral lung to the total lung volume (47).

Liver herniation can be classified qualitatively as
intrathoracic or intraabdominal or quantified by measuring
the fraction of the total liver length extending above
the diaphragm (48). A degree of operator dependence
in ultrasound detection of liver herniation led to the
development of stomach grading in left CDH. Because
intrathoracic stomach herniation and position are
dependent on the edge of the left diaphragmatic defect,
presence of the stomach in the posterior or mid-thorax
is an excellent predictor of liver herniation (7able 3) (49).
Particularly grade 3 and 4 stomach herniation have a 100%
positive predictive value for intrathoracic liver herniation
and associated postnatal risk for adverse outcome (50-52).
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Stomach

Figure 5 Third trimester ultrasound findings in left congenital
diaphragmatic hernia. Prenatal ultrasound images obtained in
a patient with left diaphragmatic hernia at 37 weeks’ gestation
demonstrate a left diaphragmatic hernia with compression and
relative hypoplasia of the left ventricle. RV, right ventricle; LV, left

ventricle.

Accordingly, intrathoracic stomach position is considered
an indirect outcome predictor for increased mortality which
in left-CDH is related to the degree of liver herniation
likely to be present under these circumstances (53).
Another imaging technique to evaluate the magnitude of
intrathoracic herniation of abdominal organs is mediastinal
shift angle (MSA), which has been described for left and
right CDH and can be performed using ultrasound or
MRI (54-57) (Table 3). The prognostic use of the MSA is
based on the hypothesis that contralateral lung volume in
CDH is not only influenced by the presence of abdominal
organs but also by displacement of the mediastinal axis in
the opposite direction. The normal mediastinal angle of
15-20 degrees is increased significantly in fetuses with left
and right CDH. An increased mediastinal angle correlates
with the decrease in lung volume and predicted postnatal
pulmonary hypertension, extracorporeal life support (ECLS)
by membrane oxygenation need and length of hospital stay
similarly to o/e LHR or o/e TFLV (54-57).

Research about prenatal risk stratification of CDH has
established several important principles. Prenatally acquired
pulmonary hypoplasia, which is proportional to the decrease
in lung dimension and liver herniation, are the primary
factors responsible for neonatal pulmonary morbidity and
early mortality. The predictive accuracy of prenatal imaging

© Translational Pediatrics. All rights reserved.
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is not interchangeable between left and right CDH, and
the latter has to be considered a distinct disease entity
requiring a dedicated prognostic approach. This may be
due to several factors, including obligatory liver herniation
in right-sided defects, the physiologically smaller volume
of the contralateral lung which shares the left thoracic
cavity with the heart, and less robust statistics available for
this rare condition (58). Accordingly, right CDH should
not be simply considered a variant of left-sided defects
but a distinct disease entity requiring specific prenatal risk
stratification models to direct management.

In left-sided isolated CDH, the observed to expected
contralateral lung size and liver position are reliable
predictors of neonatal respiratory function, anticipated care
complexity, defect size, and the associated mortality and
morbidity in survivors. With stringent adherence to reliable
imaging standards, ultrasound measured o/e LHR, MRI
measured o/e TFLV, and qualitative or quantitative liver
herniation perform comparably in identifying patients with
severe, moderate, and mild diaphragmatic hernia prenatally
(59-63). The ultrasound-based assessment of left CDH the
o/e LHR and liver position has been used to identify the
highest risk patients to determine the potential benefits of
fetal therapy.

Fetal therapy for CDH by fetoscopic tracheal
occlusion

The potential value of fetal therapy for patients with left-
sided isolated CDH was established following several key
observations. The accuracy of prenatal assessment was
able to identify patients with a high likelihood of lethal
pulmonary hypoplasia as the primary contributor to early
mortality (36,37). Compared to milder forms, survival of
severe CDH did not significantly improve over a decade
(11,64). There was experimental evidence that temporary
prenatal tracheal occlusion partly reversed pulmonary
hypoplasia (65). At the same time prenatal CDH repair,
or open surgical techniques for tracheal occlusion did not
improve outcomes and were associated with significant
infant morbidity and mortality (66,67). In 2004, a new
minimally invasive fetoscopic endoluminal tracheal
occlusion (FETO) technique with the off-label use of a
latex vascular occlusion balloon became available that
circumvented the significant risks demonstrated for prior
fetal surgical approaches (68).

Establishing the feasibility and safety of this technique
led to two randomized trials (Tracheal Occlusion to
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Table 3 Prenatal imaging parameters for prognostic assessment in congenital diaphragmatic hernia

Imaging

modality Technique

Imaging parameter Acronym

Lung to head ratio LHR Ultrasound The ratio of the contralateral lung area (at the level of the cardiac four chamber view) to the
head circumference in millimeters. Three lung measurement techniques are described:

e Longest diameter method: product of longest diameter of the lung by its longest
perpendicular diameter

e AP method: product of AP lung diameter at mid-clavicular line by perpendicular
diameter at AP diameter midpoint

e Trace method: manual tracing of the lung circumference

Observed to expected o/e LHR Ultrasound Lung to head ratio of the contralateral lung is normalized for expected size for gestational
lung to head ratio age (38)

Total fetal lung volume TFLV MRI Sum of three dimensionally measured lung volumes for both lungs

Observed to expected o/e TFLV MRI The total fetal lung volume is expressed as a percentage of the expected total lung volume
total fetal lung volume using gestational age references (45,46)

Percent of predicted lung PPLV MRI Expressed as the measured thoracic volume minus measured mediastinal volume (47)
volume

Lung volume to body LVBWR Ultrasound Lung volume measured by 3-dimensional ultrasound divided by fetal weight estimated by
weight ratio the Hadlock formula

Lung to thorax ratio T Ultrasound Transverse lung and thoracic area measured at the level of the four-chamber view using the
trace method

Liver herniation Liver-up Ultrasound Qualitative determination of any liver portion above the diaphragm

Percent liver herniation LiTR; %HL MRI Determination of the amount of intrathoracic liver herniation above the plane of the
diaphragm expressed in two ways:

e LiTR: ratio of intrathoracic liver to total thoracic volume
® %HL: ratio of intrathoracic liver to total liver volume

Stomach grading Cordier Ultrasound Position of the stomach assessed on the four-chamber view of the heart
e Grade |: stomach not seen

e Grade II: next to the apex of the heart, with no structure in between the stomach and
the sternum

e Grade llI: stomach visualized along from the apex of the heart and abdominal structures
anteriorly

e Grade |V: stomach with its larger portion posterior to the level of the AV heart valves
Basta Ultrasound In the true axial plane at the level of the four-chamber view of the heart

e Grade |: stomach intraabdominal

e Grade lI: anterior left chest contacting the anterior chest wall

e Grade lll: mid-to posterior chest possibly contacting posterior chest wall

e Grade |IV: retrocardiac with at least a portion of the stomach posterior to the left atrium
of the heart within the right chest

Kitano MRI Grade |: stomach intraabdominal
Grade lI: left chest intrathoracic
Grade lII: less than half of the stomach herniated into right chest
Grade IV: more than half of the stomach herniated into the right chest

Mediastinal shift angle MSA MRI The angle between a sagittal reference line between the posterior surfaces of the vertebral
body and the sternum with a line between the vertebral body and the right atrium

LHR, lung-to-head ratio; AP, antero-posterior; o/e, observed to expected; TFLV, total fetal lung volume; MRI, magnetic resonance imaging; MSA,
mediastinal shift angle; PPLV, percentage of predicted lung volume; LVBWR, lung volume to body weight ratio; L/T, lung to thorax; LiTR, liver in
thorax ratio; %HL, percent liver herniation; AV, atrioventricular.
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Severe Moderate Mild
left CDH left CDH left CDH

>80%

50-60%

Percent survival, %

25-35% >35% + liver down

<25% 35-45% + liver up >45%

Observed/expected lung to head ratio

Figure 6 Left CDH severity assessed by observed to expected lung
to head ratio and liver position. The figure illustrates the prenatal
severity assessment of isolated left congenital diaphragmatic hernia
based on the ultrasound measured observed lung to head ratio
and liver position and the anticipated postnatal survival (37,38).
This assessment was utilized to determine eligibility for fetoscopic
tracheal occlusion in the randomized TOTAL trials (70,71). CDH,
congenital diaphragmatic hernia.

Video 1 Fetoscopic balloon insertion and removal.

Accelerate Lung Growth: TOTAL) evaluating survival for
severe left CDH (o/e LHR <25% and liver up) and 6-month
O, dependence for moderate left CDH (o/e LHR 25-34.9%
and 35-44.9% with liver herniation) (69-71) (Figure 6).
In these trials, FETO was performed in up to 14 fetal
therapy centers at 27" to 29" weeks for severe CDH and
between 30* to 31" weeks for moderate CDH with planned
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balloon removal at 34" to 34" weeks for both groups
(Video I). Following balloon removal neonates delivered in
over 40 tertiary care facilities with standardized neonatal
care according to international guidelines (72). For severe
left CDH, survival to discharge was significantly higher
after FETO {40% compared to 15% with expectant
management [relative risk (RR) =2.67; 95% confidence
interval (CI): 1.22-6.11; P=0.009]}. In moderate left CDH,
6-month oxygen dependence was not significantly decreased
by FETO. Other neonatal outcomes were comparable
for severe- and moderate-risk CDH. The primary risk
associated with FETO was preterm delivery which was
highest with earlier balloon insertion (7azble 4).

A secondary analysis of pooled data from the severe
and moderate TOTAL trials suggested a survival benefit
for severe and moderate CDH with FETO associated
prematurity as the primary factor limiting this benefit (73).
However, low rates of neonatal repair, ECLS utilization
and survival with expectant management in the TOTAL
trials raised questions about the generalizability of FETO
benefits to pediatric CDH programs with better outcomes
with traditional management (4,74,75). Other investigators
have also reported repair of all neonates with up to 50%
ECLS utilization achieving over 80% survival at discharge
without fetal therapy (76-78).

A recent meta-analysis found that the survival benefit of
FETO is most apparent in care settings where the fetal and
neonatal therapy programs operate in an integrated institutional
care setting (9). Given the higher background survival rates for
CDH achieved at pediatric high volume centers the benefit of
FETO may extend beyond a measurable impact on survival
but also decrease respiratory (79), gastrointestinal as well as
neurodevelopmental morbidity (80). Based on the current
level I evidence FETO should be strongly considered
for isolated severe left sided CDH, recognizing that the
anticipated survival benefit may vary based on care setting
and integration with the pediatric management expertise.
In the United States, FETO can currently only be offered
under an investigational device exemption with the
oversight of the Food and Drug Administration. While
immediate benefits of FETO may become more apparent
when associated prematurity risks can be mitigated,
potential long-term benefits require further study (79).

Prenatal and delivery management

Optimal CDH care is initiated prenatally. As part of the
prenatal severity assessment, parents have the opportunity

Transl Pediatr 2024;13(4):643-662 | https://dx.doi.org/10.21037/tp-23-602
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Severe CDH

Moderate CDH Pooled data

Parameter

FETO (n=40) Expectant (n=40)

FETO (n=98) Expectant (n=98) FETO (n=145) Expectant (n=142)

Median o/e LHR 21.0 (19.6, 23.3) 21.0(18.0, 23.0)

Liver herniation 36 [90] 35 [88]
Survival until NICU discharge 16 [40] 6 [15]
Without supplemental O, at 9 [22] 31[8]

6 months

Gestational age at delivery  34.6 (32.2, 36.6) 38.4 (36.5, 39.1)

Delivery <34 weeks 16/40 [40] 0/38 [0]
Neonatal repair 20/38 [53] 14/38 [37]
Patch repair 18/20 [90] 11/14 [79]
Repair day of life 2(2,5) 74,9
ECLS use 2/38 [5] 11/38 [29]

30.9 (28.0, 34.0) 31.0 (28.0, 34.5)

35.9 (34.3, 37.9) 38.1(37.0, 38.9)

28.0 (24.0, 33.0) 28.0 (23.2, 33.4)

79 [81] 78 [80] 121 [83] 116 [82]
62 [63] 49 [50] 79 [54] 55 [39]
53 [54] 43 [44] 63 [43] 46 [32]

35.6 (33.8, 37.3) 38.3 (37.0, 39.0)

19/97 [20] 7/94 (7] 35/137 [26] 7/132 [5]
81/97 [84] 70/94 [74] 91/135 [67] 84/108 [78]
67/81[83] 50/70 [71] 85/101 [84] 61/84 [73]
3(2,6) 3(2,5) - -
20/97 [21] 19/94 [20] 22/135 [16] 30/132 [23]

Data are n [%], n/N [%] or median (interquartile range). CDH, congenital diaphragmatic hernia; FETO, fetoscopic tracheal occlusion; o/e
LHR, observed to expected lung to head ratio; NICU, neonatal intensive care unit; ECLS, extracorporeal life support.

to gather in-depth information on postnatal management
strategies and expected outcomes from a range of pediatric
experts that form the CDH management team. Prenatal
surveillance of fetal growth and development is important.
For patients that experience polyhydramnios and preterm
labor, amnioreduction and medical management can
prevent premature delivery (81). Obstetric management
strategies that decrease the risk for membrane rupture and
preterm birth after FETO have been described, thereby
increasing the likelihood for a planned term delivery (78).
In preparation for delivery maternal administration of
a course of betamethasone or dexamethasone to enhance
fetal lung maturity should be considered in alignment with
current society recommendations (82). Because multiple
maternal steroid courses are associated with fetal and
neonatal adverse effects, prenatal administration is limited
to two courses in the presence of continued risks for
preterm birth. Patients undergoing FETO and subsequent
balloon removal are at risk for preterm birth in the context
of these procedures. Accordingly, two courses of maternal
betamethasone should be considered concurrently with
these two procedures (70,71,78,79). In patients managed
expectantly, the potential risks and benefits of steroids in
the setting of anticipated neonatal respiratory insufficiency
should be discussed with the parents. Based on the benefits
of steroids in normal infants at increased risk for pulmonary
immaturity (83), a single course of maternal steroid
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administration can be considered in the week prior to
delivery irrespective of gestational age.

Planned delivery at 39 weeks is optimal because it offers
control over the delivery setting. Delivery route (i.e., vaginal
versus cesarean delivery) should be guided by obstetric
factors and ideally be scheduled to allow an early week
daytime delivery. This facilitates the availability of dedicated
staffing and the ability for an early scheduled CDH repair
within a one-week window. Obstetric management should
aim for delivery of a neonate with a normal cord arterial pH
value to minimize the depth of respiratory acidemia during
neonatal transition. Key elements of a CDH delivery are
the swift establishment of a reliable airway to maximize the
likelihood for control of ventilation pressures after birth,
and gastric decompression to maximize lung excursion. This
is best accomplished by pre-delivery coordination planning
with the pediatric management team.

Principles of neonatal management of CDH

Neonatal CDH care focuses on three overlapping
domains: pulmonary hypoplasia, pulmonary hypertension,
and biventricular cardiac dysfunction (27,72,84). These
patients present with issues inherent to their underlying
disease as well as those attributable to fetal-to-neonatal
transition and when applicable, prematurity. Therefore, the
neonatologist must attempt to identify which proportion
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of the patient’s symptoms are transitional and temporary,
versus those inherent to the underlying structural disease.
Initial management of CDH patients must begin with
ventilator practices that optimize ventilation and V/Q
matching, allowing postnatal pulmonary vascular resistance
(PVR) to drop as naturally as possible. Without optimal
ventilation, these infants suffer from acidosis, high PVR,
and exacerbated cardiac dysfunction, increasing the chances
that their care may require ECLS. Oxygen should be
offered judiciously, as excessive exposure may attenuate
the subsequent efficacy of nitric oxide, should it become
necessary later in the infant’s care (85,86).

Ventilation strategies and care of asymmetrically
hypoplastic lungs in CDH

Caring for asymmetric lungs requires clinicians to find the
delicate balance between atelectasis of the larger lung and
hyperinflation of the smaller lung. Hyperinflation is likely
a more frequent issue than atelectasis, prevented by the use
of lower mean airway pressures that better approximate
the functional residual capacity (FRC) of hypoplastic
lungs. Concerns for hyperinflation naturally include
parenchymal injury and air leak, but the most common
finding is mechanical compression of the surrounding
alveolar vasculature, with cumulative compression leading
to an iatrogenic increase in PVR. Furthermore, severe
hyperinflation and the resulting increased intrathoracic
pressure is well known to reduce pulmonary venous return,
in this case to an already vulnerable heart. To further
evaluate inflation with regards to ventilator choice, the
VICI trial compared conventional ventilation with high-
frequency oscillation as the initial mode of ventilation,
finding that infants who started their course on an oscillator
remained intubated longer and were more likely to use
inhaled nitric oxide and ECLS (87). Therefore, it is
generally recommended that infants start their journey on
conventional ventilation.

Pulmonary hypoplasia is variable and prenatally
predicted using o/e LHR, which is helpful in suggesting
postnatal pulmonary expectations but not prescriptive for
outcome. Postnatal pre-operative management should
focus on ventilating the larger lung well, to an expansion of
8-9 ribs on chest radiograph. The smaller lung ipsilateral
to the hernia should not be visible on pre-operative
radiograph. Visible inflation of the ipsilateral lung indicates
that the contralateral lung is no longer the path of least
resistance for inspiratory airflow, having already exceeded
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maximum inflation capacity. Low positive end-expiratory
pressures respect the low FRC inherent to hypoplastic
lungs (27,72) and a volume-based inspiratory strategy
allows instantaneous pressure titration to dynamic postnatal
compliance. Infants who undergo successful FETO
treatment with uneventful balloon removal have greater
pulmonary capacity than otherwise expected, allowing ease
with ventilation (88). Most centers do not alter their a priori
ventilator strategy specific to a history of FETO, but rather
to the patient’s presentation and need for support.

The multifactorial pulmonary hypertension of CDH

The etiology of pulmonary hypertension is multifactorial
and dynamic in infants with CDH, with the overall
cumulative pulmonary vascular resistance declining
with time during the neonatal period (89,90). The first
contributor derives from normal transitional physiology.
Pulmonary vascular pressures are high in all infants at
the time of birth and remain high until appropriately
ventilated. In normal infants, a cry is usually sufficient,
and V/Q matching leads to a drop in PVR. This process is
delayed in specific situations such as prematurity, cesarean
birth, maternal or fetal illness, or cardiopulmonary disease
like CDH. Transitional pulmonary hypertension should
decline with time once adequate ventilation is established.
The second contributor in infants with CDH is pulmonary
vascular hypoplasia, potentially limiting the amount of
pulmonary blood flow even after pressures have significantly
declined. Third, infants with cardiopulmonary disease
undergo vascular remodeling that starts antenatally in an
effort to compensate for the physiologic inadequacies of
their structural disease (91,92). Signal pathway alterations
lead to extensive muscularization that may reduce
responsiveness to pulmonary vasodilators (93). PVR also
may be actively increased by iatrogenic circumstances,
such as hyperinflation, atelectasis, acidosis, hypothermia,
inadequate sedation, or certain medications (94).

Active management of PVR essentially revolves around
allowing fetal-to-neonatal transition to occur as smoothly
as possible, while avoiding iatrogenic factors that increase
PVR. Keeping the primary focus on gentle ventilation
will allow PVR to drop smoothly and naturally, utilizing
the infant’s own pulmonary potential. Until pulmonary
vascular pressures have dropped enough to welcome the
entirety of right ventricular output, prostaglandin E1 may
be used to keep the ductus arteriosus open and detour
some deoxygenated blood to the descending aorta (95,96).
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Clinicians must be willing to accept low post-ductal PO,
or oxygen saturations, as these are necessary consequences
of using the ductus arteriosus as a pop-off for the right
ventricle. Saturations, PO,, A-a gradients, and lactate levels
used for judging progress and adequate tissue perfusion
should all come from pre-ductal sources.

When ventilation is not enough to reduce pulmonary
hypertension, clinicians may consider using inhaled
pulmonary vasodilators such as nitric oxide for further
vasodilation (89). Drug delivery is contingent on optimal
ventilation; however, efficacy does not necessarily reduce
the incidence of ECLS or mortality (97,98). Clinicians
must also be wary of the adverse effects of pulmonary
vasodilators, as efforts to increase pulmonary blood flow
may overwhelm the underdeveloped left heart. Signs of such
pathology include pulmonary edema exacerbated cardiac
dysfunction (99). Providers may choose to proactively
treat with inotropes and/or diuretics to preempt these side
effects.

Management of cardiac dysfunction in CDH

The anatomic distortion of CDH has critical effects on the
fetal heart, leading to maldevelopment and dysfunction,
which appears to be proportional to defect size (89,100-102).
Infants with CDH who do not undergo FETO tend to have
pulmonary and cardiac disease that are parallel in prenatal
risk severity, whereas those who undergo FETO often
demonstrate lung disease that is much milder than their
cardiac findings.

Cardiac dysfunction in CDH is bilateral, consisting of
an overworked right ventricle and an underdeveloped left
ventricle. Medical therapy consists of relieving unnecessary
afterload to the right side, and unnecessary preload to the
left side. Prostaglandin E1, as mentioned before, allows
fetal circulation to continue (95,96). Inotropic drugs such
as epinephrine or milrinone may also be indicated. Early
echocardiograms should focus on function and direction of
ductus and foramen ovale shunting to help guide therapy.

Extracorporeal life support

Despite advances in prenatal fetal interventions and
improved understanding of transition physiology and
early postnatal therapies, ECLS is employed in 25-30%
of CDH babies as a rescue means of support (103).
Prior to the availability of fetal therapy, ECLS showed
the greatest survival benefit in patients with the highest
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predicted mortality (104). Various predictive models exist
encompassing prenatal and postnatal factors estimating
the fetus’ or neonate’s risk for need of ECLS (105,106).
Contemporary data reveal excess mortality with ECLS use
in neonates with low and moderate risk CDH, but continued
survival benefit in those with high-risk disease (107).
The ECLS service is a valuable and important member of
the multidisciplinary CDH team, and prenatal counseling
discussions in higher risk cases can provide valuable
information regarding the specifics of ECLS and outcomes.
Additionally, as a resource intensive technology, awareness
of impending CDH deliveries is helpful for ECLS resource
planning. Higher volume centers with a well-integrated
approach seamlessly encompassing the fetal, neonatal,
surgical, and ECLS services; volume and experience
portend a survival benefit (107).

Standardized criteria for ECLS cannulation should be
used with multidisciplinary agreement on maximum and
time-limited trials of medical support prior to transitioning
to extracorporeal support. Both veno-venous (VV) support
via a dual lumen cannula and veno-arterial (VA) support via
two separate cannulas are options for ECLS cannulation
of the neonate with CDH and are associated with similar
outcomes (108). For the neonate with pure respiratory
failure or respiratory failure with borderline cardiac
failure, VV-ECLS may be preferred since it preserves the
carotid artery and may have inotropic effects secondary to
the delivery of oxygenated blood to the coronary vessels.
Conversion to VA-ECLS is usually an option should the
cardiac failure progress. However, primary VA cannulation
remains the most popular approach for initiating ECLS
support in CDH (>80% per the Extracorporeal Life
Support Organization registry) due to a variety of factors,
including institutional preference, more reliable cannula
flows, and the ability to directly support cardiac dysfunction
until the patient can be medically optimized. VV-ECLS is
also not possible in lower birthweight neonates due to the
small size of the right internal jugular vein.

All CDH patients on ECLS support require systemic
anticoagulation to maintain the circuit and to prevent
thromboembolic complications. Nevertheless, cannulation
onto ECLS need not delay surgical repair of the hernia
defect once the neonate is adequately supported. Registry
data from the CDH Study Group suggested that early repair
on ECLS (usually defined as repair within 24-48 hours of
cannulation) is superior to both delayed repair on ECLS and
repair after decannulation from ECLS (109). While major
bleeding was historically a major barrier to safe operative
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repair on ECLS, the risk can now be substandally mitigated
through peri-operative protocols that emphasize meticulous
surgical technique and anti-fibrinolytic infusions, such as
aminocaproic acid or tranexamic acid (110-112).

A standardized approach to ECLS care, including
ongoing use of gentle, lung protective ventilation both
during the duration of the ECLS run and in the transition
from weaning to decannulating from ECLS support, is
paramount for the care of CDH neonates. The balance lies
in providing adequate support while limiting complications
of ECLS such as neurologic sequelae, bleeding, and
infection and avoiding iatrogenic barotrauma, such as
aggressive ventilator use in an attempt to shorten the
duration of ECLS. Based on recent CDH Study Group
data, the mean duration on ECLS in CDH neonates is
11 days (103).

In CDH fetuses undergoing FETO, there was a higher
usage of ECLS in integrated pre- and postnatal care
programs associated with improved overall survival (9).
In addition to the same institution care, integrated
programs are more likely to have protocolized postnatal
care algorithms. Integrated programs had higher rates of
hospital survival at 70.7% (versus 45.7% at nonintegrated
institutions); in multilevel regression analysis, access to
an ECLS program was a survival predictor, although this
may have been a surrogate for a more advanced level of
neonatal care. Single center data reveal that in fetuses
with poor response to FETO, defined as post FETO
o/e TLV increase <10%, there was higher ECLS utilization
and lower survival when compared with fetuses that had
a more robust response to fetal therapy after controlling
for gestational age at delivery and defect severity (113).
Even with more widespread experience with FETO, ECLS
may still be required in those with the more severe disease
phenotype, and robust involvement of the ECLS team
ensures readiness to support these babies.

Intraoperative and postoperative management

Although emergent repair of the CDH defect at birth
was initially advocated to reduce mediastinal mass effect,
this practice has been abandoned to allow for physiologic
stability under medical management during the initial
24-48 hours of life (114,115). CDH neonates without
evidence of liver herniation and who can be adequately
supported on minimal ventilator settings are excellent
candidates for minimally invasive thoracoscopic repair
using 3 mm ports. In those with moderate or severe
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cardiopulmonary disease, transabdominal repair through
a subcostal incision continues to be the favored surgical
approach (85% of cases) due to lower rates of recurrent
hernia, among other reasons (116). For larger hernia defects
(some type B and all type Cs and Ds), a synthetic permanent
mesh [(polytetrafluoroethylene (PTFE)] is the most popular
material used to close the defect. While the mean age
at repair is 7 days based on recent data from the CDH
Study Group, it was day 4 for infants where ECLS was not
utilized (117,118). In this second group, later repair was
associated with delayed full oral feeding and increased need
for tube feeds as well as increased post-repair ventilation
requirement and supplemental oxygen at discharge (118).
After surgical repair of the diaphragmatic defect, care
focuses on weaning off cardiorespiratory support and
optimizing nutrition. Pulmonary hypertension crises,
often triggered by inadequate pain control and sedation,
can also manifest in the post-operative period. Therefore,
coordination of sedation and weaning of narcotics are
important in facilitating ongoing stability on ventilatory
support. The transition to non-invasive modes of
ventilation (such as continuous positive airway pressure
and high-flow oxygen) is often required. Based on recent
CDH Study Group data, mean ventilator duration was
17 days, and approximately half required some supplemental
oxygen support at 30 days of life. Fortunately, tracheostomy
is relatively uncommon (4%) and is employed in the
most severe cases in which there were multiple failures to
extubate or to wean from positive pressure ventilation (119).
Infants with severe CDH are at increased risk for high
nutritional morbidity. Some patients have a prolonged ileus
and are hypermetabolic, requiring parenteral nutrition
supplementation to meet the higher basal metabolic
demands suggested by normative references for age
in critical illness (120). The prevalence of significant
malnutrition at discharge has been estimated to be
26% (121). More than 30% of infants are discharged on
supplemental tube feeds, and over 10% received surgical
feeding tube procedures (e.g., gastrostomy tubes) to ensure
caloric needs owing to poor oral feeding (11). Patients at
high risk for severe gastroesophageal reflux disease (GERD)
include those with large hernia defects, FETO survivors,
and those with liver herniation or substantial gastric
distortion on prenatal imaging (122). CDH survivors with
ongoing severe GERD that is refractory to standard medical
therapy might be candidates for anti-reflux procedures. The
operative intervention rate for fundoplication in CDH has
been reported to be as high as 20-33% (123). Although
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overall postnatal survival rates have only modestly increased
from 69% to 74% over the past two decades, this represents
a statistically significant improvement when risk-adjusted
for disease severity in a recent multicenter study (11).

Long-term care

Increased survivorship of CDH infants has prompted a
shift in focus toward the management of chronic morbidity
affecting many organ systems in a unique cohort of
patients with complex medical and surgical needs that can
extend into adolescence and beyond. For these reasons,
structured and long-term health surveillance of CDH
patients, including those who had fetal therapy, within a
multidisciplinary clinic setting can be helpful for affected
children and their families (80,124). Surveillance guidelines
developed in collaboration with the American Academy of
Pediatrics tend to be more useful for CDH patients with a
moderate or severe disease phenotype (125).

Nutritional status affects approximately 25% of survivors
but tends to improve during the first year of life (126).
Hernia recurrence is a concern in CDH, particularly
in those with larger defects within the first three years
of life. Symptomatic recurrence often manifests with
bowel obstruction or respiratory distress. However, many
recurrent cases are asymptomatic, prompting the need for
serial surveillance by chest radiography (127). Postnatal risk
factors for long-term pulmonary morbidity include the need
for respiratory support at 30 days, which predicts ongoing
morbidity at 1 and 5 years, the need for supplemental
oxygen, and a subsequent diagnosis of asthma (128). More
recently, FETO-related tracheal complications, including
tracheomalacia and tracheomegaly, have been reported in a
small fraction of children (129). Though CDH is inherently
associated with pulmonary hypertension related to vascular
remodeling, only a subset will proceed to experience
clinically significant chronic pulmonary vascular disease.
Infants who require pulmonary vasodilator therapy during
hospitalization, are discharged on pulmonary vasodilators,
or have significant echo findings have been found more
likely to have chronic disease (130,131). Evidence of
pulmonary hypertension is observed in 10-20% of patients
at discharge, but most survivors tend to experience clinical
and echocardiographic resolution over time (132). Prenatal
risk factors for persistent pulmonary hypertension include
liver herniation and low o/e LHR or TFLV. At least
one-quarter of CDH survivors will have some form of
neurodevelopmental impairment, which ranges from motor
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or sensory deficits to cognitive, language, and behavioral
challenges (133). In those who undergo fetal therapy, there
is now emerging data to suggest that neurodevelopmental
outcomes at 24 months of age are improved compared to
those with severe CDH who were managed expectantly in
the prenatal period.

Conclusions

Advances in fetal and pediatric care for patients with CDH
can optimize outcome, especially if applied in an integrated
care model utilizing the expertise of all involved specialties.
Early prenatal diagnosis and prognostic assessment provides
parents the opportunity to consider the spectrum of
management options. For patients eligible for FETO, higher
infant survival can be anticipated, particularly if risks of
preterm birth can be mitigated. For all pregnancies with fetal
CDH, carefully planned delivery timing and circumstances
facilitates transition to early neonatal intensive care. Use
of lung-protective ventilation strategies and a balanced
cardiovascular management approach that harnesses the
benefits of physiologic neonatal transition and minimizes
iatrogenic exacerbation of pulmonary hypertension and
cardiac dysfunction. For patients with severe disease,
ECLS can be lifesaving and tailored to address the primary
contributor to deterioration. ECLS is of greatest benefit
when lung protective ventilation strategy and principles
of cardiovascular management are maintained. Timing
of surgical correction is directed by the severity of the
condition but is typically possible in the first week of life.
Early surgical repair after initial neonatal stabilization confers
benefits for respiratory function and achievement of feeding
goals. As more infants with CDH survive, a long-term
multidisciplinary care model is essential to address ongoing
cardiorespiratory, gastrointestinal, and developmental care
needs. For the subset of infants eligible for fetal therapy,
management in such a multidisciplinary care model suggests
they may have additional benefits that extend beyond
increased survival for patients with severe disease.
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