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Inheritance of congenital heart disease

J.W. Roos-Hesselink, W.S. Kerstjens-Frederikse, F.J. Meijboom, P.G. Pieper

Congenital heart defects (CHD) are the most
common developmental anomalies and are the
leading noninfectious cause of mortality in
newborn babies. It has been estimated that
between four and ten live-born infants per 1000
have a cardiac malformation (0.4 to 1.0%), 40% of
which are diagnosed in the first year of life."2 The
European Registration of Congenital Anomalies
(EUROCAT) reported a prevalence of 58.9/
10,000 live births in the northern part of the
Netherlands (0.6%). Hoffinan estimated that the
true prevalence ofCHD may be as high as 53 per
1000 pregnancies (5.3%), induding a 20% oc-
currence ofheart defects in spontaneous abortion,
a 10% occurrence in stillbirth, and a 1% occurrence
in live birth.3 (Netd HeartJ2005;13:88-91.)
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n spite of tremendous advances in diagnosis and
treatment ofcongenital heart disease, the underlying

causes of the majority of CHD are only partly
understood. Prior epidemiological studies suggested
that Mendelian disorders constituted a very small
percentage ofCHD and that multiple factors were
responsible for the majority ofcases.4 However, recent
studies have shown that CHD caused by single gene
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or single locus defects is more common than had been
expected.5 Furthermore, it has become apparent that
a higher percentage ofheart defects occur in the con-
text of familial disease than previously recognised.6

Because many children with corrected congenital
heart defects now reach adulthood and childbearing
age, the birth prevalence of congenital heart defects,
particularly ofthe more severe defects, may increase in
subsequent years.

Classification of causes

Chromosome disorders
At the moment, chromosome disorders are known to
be the underling cause in 8 to 10% ofnewborn babies
with congenital heart disease; at adult age this percen-
tage is lower because many children with chromosomal
defects die at a young age. Examples of patients with
a numeric chromosomal defect who reach adult age
are patients with Down's syndrome (complete atrio-
ventricular septal defect) and Turner's syndrome
(coarctation).

Mendelian disorders
Mendelian inheritance (single gene disorders) may be
autosomal dominant, autosomal recessive or X-linked.
Noonan's syndrome, Marfan's syndrome and Alagille's
syndrome are examples of autosomal dominant dis-
orders. Also some isolated cardiac disorders are single
gene disorders, such as atrioventricular septal defects.
Recent molecular genetic studies suggest that the
genetic basis of congenital heart disease has been
underestimated.7'8 Known genes with associated heart
defects and familial clustering ofheart defects are pre-
sented in table 1. In table 2 the most frequent syn-
dromes with congenital heart defects are mentioned.

Multifactorial inheritance
The majority of congenital heart defects (80 to 85%)
can not be explained by chromosomal or single gene
disorders at the moment. In these patients it is assumed
that multifactorial causes play a role. Multifactorial
inheritance is a model that assumes that a disease is
caused by the interaction of several genetic and
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environmental factors (such as maternal diabetes,
maternal infections, alcohol, drugs and smoking).

Genetic mechanisms hampering classification
Several genetic mechanisms contribute to the dif-
ficulties in recognising the genetic causes ofcongenital
heart disease.

Genetic heterogeneity
Tetralogy of Fallot (ToF) is a common type of con-
genital heart disease. Although the anatomic features
are dear, at least five different genetic causes ofToF
have been identified: approximately 16% of patients
with ToF have a deletion of chromosome 22qll,
nearly 7% have trisomy 21 (Down's syndrome), and a

smaller number of ToF patients have mutations in
NKX2.5, FOG2 or JAGI (Alagille's syndrome).9"10 So
a genetic cause has been identified in nearly one third
ofToF patients; additional genetic causes remain to
be identified.

Reduced penetrance
Reduced penetrance refers to a situation where an

individualwho appears normal carries a disease causing
gene mutation in a dominant gene. This is observed

in familial anomalous pulmonary venous connection,
familial atrioventricular septal defect and other familial
congenital heart disease.5

Variable expression
Variable expression refers to the situation that
individuals with the same genetic defect show variable
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Table 1. Known genes and most frequent heart defects.*

Aut.dom. NKX2.5 (CSX) (5q35), Schott et al. Science 1998 Atrial septal defect + conduction disorder

Aut.dom. GATA4 (8p), Garg et al. Nature 2003 Atrial septal defect without conduction disorder
(Ventricular septal defect/atrioventricular septal defect)

Sporadic cases: FOG2 (8q22), Pizzuti et al. Human Mutation 2003 Fallot's tetralogy

X-linked: ZIC3 (Xq26) (+heterotaxia), Ware et al. Am J Hum Genet 2004 Transposition of the great arteries
Aut.dom. PROSIT240 (12q24), Muncke et al. Circulation 2003
Aut.dom. CFCI (2q21.1)(+heterotaxia), Golmuntz. Am J Hum Genet 2002

Aut.dom. JAG1 (20p12), Eldadah et al. Hum Molec Genet 2003 Fallot's tetralogy

Aut.dom. CRELD1 (3p25.3), Robinson. Am J Hum Genet 2003 Atrioventricular septal defect

Aut.dom. Elastine (7q11), Metcalfe et al. EurJ Hum Genet 2000 Supravalvular aortic stenosis

Familial heart defects with unknown genes*

Aut.dom. Gerboni et al. J Med Genet 1993 Coarction of aorta

Aut.dom. Bleyl et al. Am J Hum Genet 1995 (linkage 4pq) Total abnormal pulmonary venous return

Aut.dom. Sheffield. Hum Molec Genet 1997 (linkage 1p31-21) Atrioventricular septal defect

Aut.rec. Abushaban et al. Pediatr Cardiol 2003 Truncus arteriosus

* Most families with congenital heart defects (the above included) do not show Mendelian inheritance!

Table 2. Most frequent syndromes with congenital heart
defects.*

Down's, Pateau's, Edwards' syndrome (Trisomy 21, 13, 18)
Turner's syndrome (45,XO )
Velocardiofacial syndrome (microdeletion 22qll (TBX1))
Holt-Oram syndrome (TBX5)
Noonan's syndrome (PTPNII)
Williams syndrome (microdeletion 7qll)
Alagille's syndrome (JAG1)
VACTERL association
CHARGE association
Oculo-auriculo-vertebral spectrum

* Reviews of these syndromes can be found in genetic textbooks.
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Table 3. Recurrence risks for offspring of patients with a congenital heart defect.

OffsprIng recurrence rate
(If non-syndromatic)

Associated syndromes

Atrial septal defect

Ventricular septal defects

Atrioventricular septal defect (complete)
Pulmonary stenosis
Tetralogy of Fallot
Aortic valve stenosis

Subaortic stenosis
Coarctation

Patent arterial duct
Ebstein's anomaly

Complete transposition of the great arteries

Congenitally corrected transposition

3-5%
Familial ASD with long PR higher
2-5%
Occasionally familial
10-14% in affected mother
3-5%
3-5%
12-20% in affected mother
5% in affected father
Bicuspid valve may be familial
Familial cases described
May be familial
Association with bicuspid
aortic valve
No information
6% in affected mother
Familial occurrence documented
2%
Rare familial recurrence
3-5%

Holt-Oram upper limb deformity autosomal dominant

Down's syndrome
Holt-Oram
Down's syndrome in >50%
Noonan, congenital rubella, Williams, Alagille
Deletion of chromosome 22qll (16%)
Scheie's syndrome

Shone's syndrome (left heart abnormalities)
22qll deletion

Congenital rubella
Rare
Associated with maternal lithium use
None

None

phenotypes. The variety of observed malformations
caused by mutations in NKX2.5 and the fact that the
gene is expressed throughout the heart suggest that
this gene may affect a number ofpathways in cardiac
development.
A well-known example ofvariable expression is in

microdeletion 22q1 1.2. The features of this micro-
deletion syndrome mayvary from subtle abnormalities,
as mild velopharyngeal insufficiency being the only
feature, to the serious DiGeorge syndrome, with
congenital heart defect, mental retardation, hypo-
calcaemia and severe immunodeficiency. Cardio-
vascular abnormalities seen in patients with 22ql1.2
deletion are often abnormalities in the outflow tract,
such as truncus arteriosius, interruption of the aortic
arch, pulmonary atresia, ventricular septal defect and
tetralogy of Fallot.

Genomic imprinting
For many congenital heart defects the risk of the
offspring getting the same disorder is higher if the
mother has a heart defect than the father.5 This is
probably caused by a phenomenon called genomic
imprinting. Genomic imprinting means that a certain
part ofthe genome is modified in the germ cells with
an 'imprint' that turns certain genes on or off, de-
pendent on the gender ofthe person. This imprint is
reversible in the next generation.

Recurrence risks and prenatal diagnosis
Recurrence risks for offspring of patients with a
congenital heart defect depend on the cause of the
defect (table 3).

Most patients with a chromosomal defect are not
reproductive, although some women with Turner's
syndrome do have the possibility of having children.
The recurrence risks of these chromosomal defects
depend on the precise diagnosis and exceed the scope
ofthis paper.

The offspring ofpatients with Mendelian or single
gene disorders (autosomal dominant, autosomal re-
cessive or X-linked recessive) have increased recurrence
risks. For autosomal dominant traits the risk that the
offspring is a mutation carrier is 50%. Because of
reduced penetrance and variable expression the true
risk of a heart defect may be lower. For autosomal
recessive disorders the offspring risk is low because
usually the carrier risk is low. In X-linked disease the
situation is more complicated as males have only one
X-chromosome and females have two. The offspring
risk mayvary as it depends on the gender ofthe parent
and the level ofexpression in female carriers.

In multifactorial inheritance the recurrence rate of
heart defects in the offspring ofan affected parent may
vary between 1.5 and 14% with higher rates if the
affected parent is a female and ifmore family members
are affected.4 Several studies have recently reported
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large families with congenital heart defects with high
risks ofrecurrence."-20 To estimate the recurrence risk
for an individual couple it is essential to perform a
thorough family investigation.2'

Cardiac structural anomalies and functional problems
in the foetus can be detected by prenatal echo-
cardiography from 16 weeks of gestation or earlier.
Many defects are already visible at that time, although
not all defects will be detected.22 Prenatal diagnosis by
chorion villus biopsy or amniocentesis is only an option
in cases with a known chromosomal or Mendeian
(single gene) defect.

The future Is nearby
Dividing causes of congenital heart defects into
chromosomal, Mendelian (single gene) and multi-
factorial disease is a simplification. The possibility that
phenotype variability ofsingle gene disorders is due to
complex interactions between other genetic factors
and/or environmental factors is a logical extension of
the concept that simple Mendelian traits are, in fact,
complex traits. On the other hand presumed complex
traits may sometimes be due to a single gene disorder
with low penetrance.

Considerable interest has developed in identfying
the modifying genetic and environmental factors.
Identification ofthe factors that modify the phenotype
ofsingle gene disorders will enhance our appreciation
ofthe clinical diversity ofcongenital heart defects.23-26
More genetic research is necessary for further identifi-
cation of the genes. Many studies suggest a long list
of (candidate) genes. Environmental factors such as
maternal smoking, maternal exposition to drugs and
supplements offolic acid and other nutritional factors
are also subject ofextensive research.

In conclusion
The interactions ofgenetic and environmental factors
in patients with congenital heart defects are still a topic
ofresearch. Hopefully this will lead to a better under-
standing of the aetiology of these defects and
consequently to the availability of better information
to patients about the risk oftheir off-spring. In the end
this may lead to prevention ofa substantial part ofthese
defects in the future. Further research in this field is
necessary. U
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