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Introduction

Congenital diaphragmatic hernia (CDH) is a severe congeni-
tal anomaly affecting 2 to 3 per 10,000 live births.1 There has
been a slight increase in CDH prevalence over time,1 and
mortality has been decreasing with advancements in clinical
management but still remains as high as 20%.2 CDH is a
developmental defect of the diaphragm, the skeletal muscle
involved in respiration and gastrointestinal transit that
divides the thoracic and the abdominal cavity.3 Its main
tissue components aremyofibers and connective tissue.4 The
phenotypic spectrum of CDH is variable, ranging from dia-
phragmatic eventration to localized defects to complete
agenesis of a hemidiaphragm. Most defects (�80%) occur

on the left side, fewer on the right side and rarely bilateral.5

The pathophysiology of CDH includes compression of intra-
thoracic organs during fetal development by herniated ab-
dominal viscera that leads to lung hypoplasia with
abnormalities of pulmonary structures and pulmonary hy-
pertension. This results in dilatation and insufficiency of the
right ventricle and subsequent respiratory and cardiac fail-
ure.5 CDH can present as the only structural anomaly or in
association with one or more anomalies.6,7 Associated
anomalies can be diverse and affect different organ systems.
Most frequent are cardiac defects, malformations of the
urogenital system, the central nervous system, musculoskel-
etal system, limbmalformations, and gastrointestinal anom-
alies.1,8 CDH is also a feature of some distinct clinical
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Abstract Congenital diaphragmatic hernia (CDH) is a relatively common and severe birth defect
with variable clinical outcome and associated malformations in up to 60% of patients.
Mortality and morbidity remain high despite advances in pre-, intra-, and postnatal
management. We review the current literature and give an overview about the
genetics of CDH to provide guidelines for clinicians with respect to genetic diagnostics
and counseling for families. Until recently, the common practice was (molecular)
karyotyping or chromosome microarray if the CDH diagnosis is made prenatally with a
10% diagnostic yield. Undiagnosed patients can be reflexed to trio exome/genome
sequencing with an additional diagnostic yield of 10 to 20%. Even with a genetic
diagnosis, there can be a range of clinical outcomes. All families with a child with CDH
with or without additional malformations should be offered genetic counseling and
testing in a family-based trio approach.
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syndromes with known monogenic causes. Patients with
associated malformations are referred to as “complex CDH”

or “non-isolated CDH” in contrast to patients without asso-
ciated anomalies, referred to as “isolated CDH.” Long-term
morbidity of surviving CDH patients can be related to the
developmental defect itself or to the required treatment and
includes poor growth, feeding problems, developmental
delay, behavioral problems, chronic lung disease, gastro-
esophageal reflux, chest asymmetry, and sensorineural hear-
ing loss.9–11

Diaphragm Development and CDH

Animal models have been instrumental for our understand-
ing of diaphragm development. Around E8.5 in mice, myo-
blast progenitors from the cervical somites (C3 to C5)
migrate to transient mesenchymal structures called pleuro-
peritoneal folds. They are guided to the pleuroperitoneal
folds by muscle connective tissue fibroblasts.12 Next, myo-
blast and other mesenchymal cells13migrate to and from the
posthepatic mesenchymal plate and subsequently these
structures fuse with the septum transversum between
E12.5 and E13.513,14 forming a primordial diaphragm around
E14.5. In CDH patients, this process is disturbed, and the
diaphragm does not fully close.15,16 Decreased proliferation,
increased apoptosis as well as migration and differentiation
defects of progenitor cells are proposed mechanisms under-
lying CDH.12,17–19 Implicated biological processes include
retinoic acid signaling and muscle connective tissue
formation.12,20–23

Diagnostic Course, Morbidity, and Mortality

In approximately 50% of patients, the diagnosis of CDH is
made prenatally, and in countries with prenatal ultrasound
screening programs in up to 74%.24 As soon as the diagnosis
CDH in a fetus is suspected, the expecting mother should be
referred to a center with expertise for further evaluation.
This typically includes a comprehensive ultrasound exami-
nation and/or fetal magnetic resonance imaging to detect
additional anomalies and determine the size of the diaphrag-
matic defect and lung volume.

Prenatal predictors for survival and clinical outcome can
be determined and include organ position,25–27 defect size,28

lung volume,29 lung-to-head ratio,30,31 and the presence of
associated malformations.1,32 Postnatal predictors are birth
weight and Apgar score. Survival is also decreased in patients
with persistent pulmonary hypertension and bronchopul-
monary sequestration.33,34 Clinical predictors can be com-
bined in several prediction tools.35–38

Genetic counseling with careful evaluation of the family
history is strongly recommended. Asymptomatic small
diaphragm defects or eventration may be present in family
members. Prenatal assessment also includes an amniocen-
tesis to screen for genetic anomalies, mostly by karyotype
or, superior in diagnostic yield, chromosome microarray
analysis. In 6 to 10% of cases, chromosomal anomalies can
be detected.24,39 A detectable chromosomal anomaly is

more commonly associated with nonisolated CDH and/or
an underlying genetic syndrome, and sometimes leads to
the detection of associated anomalies which have been
overlooked. If a typical combination of associated malfor-
mations suggests a specific syndrome, gene panel testing
can also be performed. The results of all prenatal inves-
tigations are integrated for families to make a decision
about expectant management, fetal intervention, or preg-
nancy termination.40

However, not all anomalies can be diagnosed prenatally,
so a diagnosis of isolated CDH can only be confirmed after
birth and only after several months for neurodevelopmental
disorders. Syndromic clinical characteristics that are non-
specific are described in 7.7% of patients.8 Often, these are
not major associated malformations and require meticulous
evaluation by a dysmorphologist or clinical geneticist. If the
chromosomal analysis is nondiagnostic, further genetic test-
ing can be offered. This can be targeted panel sequencing of
known CDH-associated genes or exome/genome sequencing,
preferably a parent/child trio approach to identify de novo
genetic alterations. Damaging de novo genetic alterations in
isolated and complex CDH are associated with higher mor-
tality, persistent pulmonary hypertension, andworse neuro-
developmental outcome.32 These de novo pathogenic
changes are seen more often in complex CDH.41–43However,
determining the contribution of individual de novo genetic
alterations not previously implicated in CDH and the pre-
dicted phenotype remains a challenge.

Most Frequent Genetic Alterations
Associated with CDH

The exact contribution of genetic factors to the etiology of
CDH is challenging to determine. CDH has been described to
segregate within families, although most cases are sporad-
ic.7,44 Further complicating heritability estimates are the
historically impaired reproductive fitness and the relatively
lowdisease incidence.44,45Different types of genetic variants
are associated with CDH. These include aneuploi-
dies,32,39,46–49 copy number variations (CNVs), and single
nucleotide variants.39,50–52 There are many (over 150) genes
and over 80 CNVs associated with CDH, mostly from animal
models or monogenic syndromes.4,49,50,53 However, not
many patients share the same affected gene or locus.41–43

These genes and loci have been comprehensively reviewed
elsewhere,43,53 and the more frequent findings are summa-
rized below in ►Tables 1 and 2. Somatic mosaicism is not a
major contributor.54,55 In contrast, de novo variants in the
germline can usually be detected in blood.32,54–56 Con-
strained coding regions are enriched for de novo variants57

and diagnostic yields of at least 20% are feasible depending
on the technology used to determine the genetic variation.

Recurrence Risk

The overall recurrence risk for subsequent pregnancies after
a sporadic case of CDH with unknown etiology is low,
approximately 1%.44 This is due to the high prevalence of
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de novo genetic alterations in sporadic CDH cases. It has been
noted that the recurrence risk might be underestimated as
parents with affected children might decide to have fewer
children. Chromosomal imbalances due to balanced parental
translocations have been described in CDH. For example, for
the 2q37 deletion and 4p16 deletion, the recurrence risk has
to be estimated for each individual case based upon the
parental karyotype. On the other hand, autosomal-
dominant,56–68 autosomal recessive,69,70 and X-linked71–73

inheritance patterns for monogenic syndromes associated
with CDH have been described. CDH survivors carrying a
confirmed causal variant can have up to 50% risk for their
offspring assuming complete penetrance. So, parents of an
affected child and CDH survivors have to be counseled
differently.

Conclusion and Outlook

Bioinformatics andmultiomics are increasingly valuable and
have been instrumental in identifying new disease
genes.42,74 Combining disease cohorts to increase sample
sizes revealed that damaging de novo variants are associated
with complex phenotypes and worse clinical outcome.32,75

The relative contributions and discovery of CDH disease
genes including GATA binding protein 4 (GATA4), FRAS1-
related extracellular matrix 1 (FREM1), myelin regulatory
factor (MYRF), zinc finger protein, FOG family member 2
(ZFPM2), and lon peptidase 1, mitochondrial (LONP1)
56,57,75–79 were all identified by combining cohorts. This
highlights the value of collaborations such as the CDH-
EURO consortium80 and the DHREAMS consortium (http://
www.cdhgenetics.com). Detecting de novo alterations is
important for genetic counseling of CDH due to the associa-
tion with clinical outcome, associated comorbidities, and
recurrence risk. It is therefore strongly recommended
to include parents in genetic analyses of exome/genome
sequencing using a trio approach.
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