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      Clinical Genetics                     

     J.  J.     van der     Smagt      and     Jodie     Ingles   

    Abstract  

  Clinical geneticists are medical doctors that combine general knowledge of medicine with 
specifi c expertise in genetics, genetic diagnosis, and genetic aspects of disease. Genetic 
counselors are masters-level university-trained health professionals who deal in the psycho-
social and genetic aspects of familial diseases. Both are specifi cally trained in communicat-
ing the implications of genetic information and genetic disease to patients and their families. 
Clinical geneticists and genetic counsellors often work together with cardiologists to ensure 
a high standard of care for families with cardiogenetic diseases.  

       Introduction  

 With the rapid advances in genetic knowledge, and more 
specifi cally genetic knowledge of human disease, many 
 physicians will not fi nd the time to keep up with the pace. 
Even though new generations of doctors are much better 
trained, both in genetics and in quickly acquiring adequate 
information from (Internet) databases, cooperation between 
“organ specialists” and “genetic specialists” seems to be the 
best option for the near future. Importantly, many genetic 
diseases are relatively rare, so that individual specialists will 
only encounter patients with a specifi c genetic disease on an 
occasional basis. This makes it diffi cult for them to obtain 
suffi cient experience in providing adequate genetic informa-
tion, in addressing the genetic questions of both patients and 
their families, and eventually in interpreting the often com-
plex genetic test results. 

 Genetics has become increasingly important to the fi eld 
of cardiology [ 1 ,  2 ]. There is increasing awareness that some 
cardiac disorders occur in families and that important genetic 
factors play a role in disease causation. This holds true not 
only for monogenic disorders such as hypertrophic cardio-
myopathy, congenital long QT syndromes, and catechol-
aminergic polymorphic ventricular tachycardia, but also for 
more common complex disorders such as coronary artery 
disease, hypertension, and diabetes. In the latter group of 
disorders, many different additive genetic and environmental 
contributions, each of relatively small effect size, are hypoth-
esized to be disease causing. Important progress has been 
made in understanding the molecular background predispos-
ing to different types of cardiac disease. 

 Meanwhile, in clinical genetic practice, focus has shifted 
from primarily reproductive issues (parents wanting to know 
the risk of recurrence after the birth of a child with a mental 
handicap or serious congenital abnormality, for example, a 
congenital heart defect) to include the assessment of risk of 
genetic disease, occurring later in life, in individuals with a 
positive family history. This started in neurology with indi-
viduals at risk of mostly untreatable neurodegenerative dis-
ease, like Huntington’s chorea, wanting to know their genetic 
status in order to make future plans. Subsequently, genetic 
diagnosis entered the fi eld of oncology, where it has become 
an increasingly important tool in identifying individuals at 
high risk of getting cancer. Of course, in the fi eld of oncol-
ogy, genetic testing has important medical implications, as 
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individuals at risk may opt for increased cancer surveillance 
and preventive treatment strategies may be devised, based on 
genetic information. 

 Cardiology is another discipline of medicine where large- 
scale so-called presymptomatic testing of healthy at risk 
individuals has become available for some of the primary 
electrical heart diseases and cardiomyopathies. In particular, 
following the sudden cardiac death of a young person, post-
mortem genetic testing (i.e., extraction of DNA from post-
mortem frozen blood or tissue sections for genetic analysis) 
can play an important role in clarifying the cause of death 
and risk to family members. Although for most disease enti-
ties, family studies have not yet actually been proven to be 
benefi cial, identifying those individuals at risk seems a logi-
cal fi rst step in the development of preventive strategies. 
However, genetics of cardiac disease is complicated, for 
example, by vast genetic heterogeneity (many different 
genetic causes result in clinically identical disease) and the 
fact that test results may be diffi cult to interpret. Cooperation 
between cardiologists and clinical geneticists is, therefore, of 
great importance. 

 In this chapter, basic concepts in genetics and important 
issues that have to be considered in case of genetic testing 
are discussed. 

     The Clinical Genetic Intake  

 For those cardiologists involved in caring for families with 
genetic cardiac disorders, it is important to gain some experi-
ence in constructing pedigrees and recording family 
histories. 

     Family History  
 History taking will be more time-consuming than usual as, 
besides the regular cardiac anamnesis, detailed information 
on several family members has to be obtained [ 3 ]. Usually, 
information on three (sometimes four) generations is 
 considered suffi cient. Whenever possible, information should 
be collected on fi rst-degree relatives (parents,  siblings, and 
children), second-degree relatives (grandparents, uncles/
aunts, and nephews/nieces), and third-degree relatives (fi rst 
cousins). On average, they share 50 %, 25 %, and 12.5 % of 
their DNA with the index patient. Information on past genera-
tions may be sparse or even misleading as many conditions 
could not be correctly diagnosed in the past, whereas in con-
trast, younger generations will be less informative as they 
may not have lived long enough yet for disease symptoms to 
become manifest. Therefore, information on more distant 
relatives, like fi rst cousins, from the same generation as the 
index patient may prove essential. 

 The reliability of the information obtained through family 
history taking will vary from case to case. In general, 
 accuracy decreases with the decreasing degree of  relationship. 

As a general rule, it is wise to confi rm important information 
by checking medical records, whenever possible. If this 
involves family members, their written consent to retrieve 
these records will be required. 

 While taking a family history, it is important to be as spe-
cifi c as possible. People may leave out vital information 
when they do not think that it is important. Possible cardiac 
events should be specifi cally asked for, and approximate 
ages at which they occurred should be recorded. Of course, 
also the circumstances in which the event took place have to 
be noted. Depending on the nature of the condition under 
investigation, it may be necessary to ask for specifi c events, 
like diving or swimming accidents in case of suspected long 
QT syndrome type 1. It is useful to keep in mind that syn-
cope resulting from arrhythmias may in the past have been 
diagnosed as seizures or epilepsy and that sudden death of an 
infant could have been documented as a sudden infant death 
syndrome (SIDS) [ 4 ,  5 ]. General questions about the entire 
family can be asked to elicit any additional information, such 
as “are there any other family members who have the same 
heart condition as yourself?” and “are there any individuals 
who have died suddenly or at a young age?” 

 If family members are under cardiac surveillance else-
where, it is prudent to record this, and if individuals are 
deceased as a result of a possible cardiac event always inquire 
whether autopsy has been performed. Information on con-
sanguinity is often not readily volunteered and should be 
specifi cally asked for. Depending on the nature of the disor-
der under investigation, it may also be important to inquire 
about medical conditions not specifi cally involving the heart. 
For example, when investigating a family with possible auto-
somal dominant dilated cardiomyopathy, it would be prudent 
to also ask for signs of skeletal muscle disease in family 
members.   

     Pedigree Construction  

 Drawing a pedigree is a helpful tool in assessing any familial 
disorder. Presenting family history information in a pedigree 
allows to quickly visualize family structure and asses the 
possible inheritance patterns [ 6 ,  7 ]. In addition, a drawn ped-
igree will make it more easy to see which, and how many, 
family members are at risk for cardiac disease, and who 
should be contacted. The symbols commonly used for pedi-
gree construction are represented in Fig.  2.1  . 

   Nowadays, different software packages exist for pedigree 
construction. These packages have the advantage that it is 
easier to update pedigrees and that pedigrees can be more eas-
ily added to other digital medical fi les. Frequently, the soft-
ware also offers options that are valuable for genetic research. 

 However, the great advantage of pen and paper is that the 
pedigree can be constructed while taking the family history, thus 
ensuring that no important family members are overlooked. 
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 A few tips and tricks (see Fig.  2.2 ):

•    Start drawing your pedigree on a separate sheet of paper. 
Start with your index patient in the middle of the paper 
and go from there.  

•   Add a date to your pedigree.  
•   Numbering: By convention, generations are denoted by a 

Roman numeral, whereas individuals within a generation 

are identifi ed by an Arabic numeral. In this way, each 
individual can be identifi ed unambiguously by combining 
the two numbers (II-3, III-1, etc.). Additional information 
on a specifi c individual can be added in a footnote refer-
ring to this identifi cation number.  

•   The most important clinical information can be directly 
added to the pedigree (see Fig.  2.2 ).  

•   Record approximate dates (e.g., birth year or 5-year inter-
val), not ages. Add age at time of death.  

•   Especially in case of a suspected autosomal recessive dis-
order, names and places of birth of all grandparents of the 
index patient should be recorded (usually in a footnote). 
Consanguinity is unlikely when paternal and maternal 
grandparents come from very different areas and may be 
more common in certain ethnic groups. If birthdates are 
also available this could facilitate genealogical studies in 
search of consanguinity.  

•   Levels of evidence: for individuals that are probably 
affected based on heteroanamnestic information, but 
whose medical records have not yet been checked, the 
symbol “affected by hearsay” (Fig.  2.1 ) can be used.  

•   For counseling reasons, add information on both sides 
of the family. Unexpected additional pathology may 
be of importance to your patient and his or her 
offspring.   

       Basic Concepts in Inherited Disease 

 A single copy of the human genome contains over three bil-
lion base pairs and is estimated to contain 20,000–25,000 
protein coding genes [ 6 ]. Genes are transcribed into messen-
ger RNA in the nucleus. Subsequently, the noncoding parts 
of genes (introns) are spliced out to form the mature mes-
senger RNA, which is in turn translated into protein in the 

Male/female unaffected

Sex unknown unaffected

Male/female affected

Deceased

Marriage

Consanguineous marriage

Heterozygous carrier autosomal recessive disease

X-linked female carrier

Affected by hearsay

Arrow indicates proband through whom family has been ascertained

Grey symbol may be used to denote individual with borderline phenotype upon examination

Clear symbol with N denotes individual with normal phenotype after cardiac examination

Clear symbol with arrow denotes as yet healthy individual  seeking genetic advice

  Fig. 2.1    Symbols used to denote 
individuals in a pedigree       
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  Fig. 2.2    Example of a small pedigree like one could draw up, while 
taking a family history, during consultation of a family suspected of 
long QT syndrome type 1. Footnotes with this pedigree could be: III-1 
index patient (27 October 2000), syncope while playing soccer, sponta-
neous recovery, QTc 0.48 s, repolarization pattern compatible with 
LQT type I. I-1: no medical information, died in unilateral car accident 
at age 32. II-1: (02 March 1975), no symptoms, QTc 0,49 sec. II-2 (10 
May 1977) known with seizures as a child. II-4: (13 June 1979) said to 
have fainted during exercise more than one occasion. III-4 sudden 
death, while swimming at age 12 years. No other persons known with 
seizures, syncope or sudden death known in the family       
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cytosol. Proteins consist of chains of amino acids. Each 
amino acid is coded by one or more combinations of three 
nucleotides in the DNA. 

 Less than 3 % of DNA is protein coding. The remainder 
codes for RNA genes, contains regulatory sequences, or con-
sists of DNA of undetermined function, sometimes mislead-
ingly referred to as “junk DNA.” 

 DNA is stored on 23 chromosome pairs (Fig.  2.3 ), present 
in the nucleus of each cell; 22 pairs of autosomes and one 
pair of sex chromosomes. During gametogenesis (the pro-
duction of oocytes and sperm cells), meiosis takes place 
ensuring that only one copy of each pair is transmitted to the 
offspring. Since chromosomes are present in pairs, humans 
are diploid organisms. They have two complete copies of 
DNA, one copy contributed by the father and one by the 
mother. Therefore, each gene at each locus is present in two 
copies. These are usually referred to as the two alleles of that 
specifi c gene.

   The exceptions to this rule are the sex chromosomes, as 
males have only one X-chromosome and one 
Y-chromosome, the fi rst being inherited from the mother, 
the latter from the father. Thus, males have only a single 
copy of most X-linked genes. In addition to the nuclear 
DNA, small circular DNA molecules are present in the 
mitochondria in the cytoplasm. Many copies of this 
mtDNA will be present per cell. The mtDNA is exclusively 
inherited from the mother. Oocytes may contain up to 
100,000 copies of mtDNA. MtDNA only codes for 37 
genes, all involved in mitochondrial function.  

     Mitosis and Meiosis  

 Two types of cell divisions exist: mitosis and meiosis. 
Mitosis ensures the equal distribution of the 46 chromo-
somes over both daughter cells. In order to accomplish this, 
fi rst, the DNA on each chromosome has to be replicated. At 
cell division, each chromosome consists of two identical 
DNA chromatids (sister chromatids), held together at a sin-
gle spot: the centromere. To ensure orderly division, the 
DNA in the chromosome has to be neatly packaged (a pro-
cess called condensation). This is when chromosomes actu-
ally become visible through a microscope. Prior to cell 
division, a bipolar mitotic spindle develops, the completely 
condensed chromosomes move to the equator of the cell, the 
nuclear membrane dissolves and microtubular structures 
develop reaching from both poles of the spindle to the cen-
tromere of each chromosome. Subsequently, the centromeres 
divide and the sister chromatids are pulled to opposite poles 
of the dividing cell. Cell division results in two daughter 
cells, each with 46 unreplicated chromosomes and exactly 
the same nuclear genetic information as the original cell 
(Fig.  2.4 )

   Meiosis is a specialized cell division that is necessary to 
fi nish the process of gametogenesis. The goal is to produce 
gametes that contain only 23 unreplicated chromosomes. 
The vital steps of meiosis are outlined in Fig.  2.5 . One of the 
hallmarks of meiosis is that both replicated chromosomes of 
each pair come in close apposition to each other and actually 
exchange genetic material before meiosis takes place. This 

1 2 3 4 5

6 7 8 9 10 11 12

13 14 15 16 17 18

19 20 21 22 x y

  Fig. 2.3    Normal female 
karyogram (46, XX): the way the 
chromosomes are shown, when 
DNA is visualized through a light 
microscope       
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more or less random process is called homologous recombi-
nation. Recombination ensures that each individual is able to 
produce an infi nite number of genetically different offspring. 
Apart from ensuring genetic diversity, recombination is also 
necessary for proper segregation of the homologous chromo-
somes during meiosis I. During male meiosis, the X and Y 
are able to function as a chromosome pair, thus ensuring 
proper segregation of sex chromosomes. They can recom-
bine at the tip of their short arms.

       Chromosomal Abnormalities  
 Mutations may affect single genes, but also the genomic 
architecture at a larger scale can be affected. Such aberra-
tions, when visible through a microscope, are called chromo-
somal abnormalities. Humans have 22 pairs of autosomes 
and one pair of sex chromosomes. Abnormalities can be 
divided into numerical (any deviation from 46 chromo-

somes) and structural defects (abnormal chromosomes). A 
whole set of 23 extra chromosomes is called triploidy. It 
results from fertilization or meiotic error. Children with trip-
loidy die before or immediately after birth. A single extra 
chromosome is called a trisomy. They most often result from 
meiotic error. Only three autosomal trisomies are potentially 
viable: trisomy 21 (Down syndrome), trisomy 18, and tri-
somy 13. All three have a high chance of being associated 
with congenital heart defects. 

 In structural chromosome abnormalities, a distinction is 
made between balanced and unbalanced defects. In balanced 
defects, chromosome parts are displaced, but there is no vis-
ible extra or missing chromosome material. Balanced rear-
rangements are most often not associated with an abnormal 
phenotype, but they may predispose to unbalanced offspring. 
Unbalanced chromosome abnormalities have a very high 
risk of being associated with mental retardation and birth 
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  Fig. 2.4    Different stages of 
mitosis, leading to two 
daughter cells with exactly 
the same nuclear DNA 
content. (Reprinted with 
permission Jorde, Carey, 
Bamshad, White, Medical 
Genetics third edition, Mosby 
Elsevier 2006)       
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defects. As heart development is a very complex process, 
probably involving hundreds of genes, chances are that this 
process will be disturbed in one way or another in case of a 
visible chromosomal abnormality. Indeed, heart defects are 
very frequent in children with structural chromosomal 
abnormalities. 

 Smaller abnormalities are not readily visible through the 
microscope and will be missed unless specifi c techniques are 
applied to detect them. Still, so-called microdeletions may 
contain a large number of genes and are often associated 
with heart defects. Examples of microdeletion syndromes 
associated with heart defects are the 22q11.2 (velo-cardio- 
facial/DiGeorge) deletion syndrome, Williams–Beuren syn-
drome, 1p36 deletion syndrome and Wolf–Hirschhorn 
syndrome. 

 As a general rule, regardless whether a visible chromo-
some abnormality or a microdeletion is involved, the result-
ing heart defect will usually not occur as an isolated feature. 
Often associated birth defects, developmental delay and/or 

abnormal growth will be present. Therefore, it is in this cat-
egory of heart defect patients with additional anomalies that 
a chromosome abnormality has to be considered. Nowadays, 
classical karyotyping (looking at chromosomes through a 
microscope) is most often replaced by SNP arrays (with a 
much higher resolution) that are able to detect copy number 
of hundred thousands of single SNPs across the genome. 
Therefore, microdeletions and microduplications will be 
easily detected, without ordering any specifi c test to detect 
them. 

 In contrast to mutation analysis, chromosome analysis by 
classical karyotyping requires dividing cells for the chromo-
somes to become visible through a microscope. Usually, 
white blood cells or cultured fi broblasts are used for chromo-
some analysis.  

     Inheritance Patterns  
 A genetic component plays a role in many diseases. Usually, 
the genetic contribution to disease is appreciated when either 

primary gamete after DNA replication, containing 46
replicated chromosomes, homologous
recombination takes place.

first meiotic division

2nd
meiotic
division

2nd
meiotic
division

2nd
meiotic
division

first meiotic division first meiotic division

mature gamete each containing 23
unreplicated chromosomes

mature gametes
containing 24
unreplicated 
chromosomes

mature gametes
containing 22
unreplicated 
chromosomes

22 24 22 24

CBA

a b c

  Fig. 2.5    Meiosis: ( a ) demonstrates the normal stages of meiosis (after 
division one cell contains 23 replicated chromosomes – 22 autosomes 
and 1 sex chromosome). ( b ) Demonstrates nondisjunction in meiosis 1 
(the most frequent cause of for instance Down syndrome). ( c ) 
Demonstrates nondisjunction in meiosis 2. Appreciate the effect of 

recombination in the mature gamete, in this way each grandparent con-
tributes to both copies of each autosome of his/her grandchild ( b ). 
(Adapted from Langman Inleiding tot de embryologie Bohn Scheltema 
& Holkema 9 e  herziene druk 1982)       

 

J.J. van der Smagt and J. Ingles



31

a clear pattern of inheritance or signifi cant familial clustering 
of a disease is noted [ 7 ]. 

 Classical genetic disease follows a recognizable 
Mendelian inheritance pattern. These disorders are called 
monogenic disorders as a mutation at a single locus conveys 
a very strong risk of getting the disease. Sometimes, indeed, 
everybody with a specifi c mutation develops the disease (this 
is called complete penetrance). In that case, the infl uence of 
environmental factors or contributions at other genetic loci 
seems negligible. In practice, however, most monogenic dis-
eases display considerable variation in disease manifesta-
tion, severity, and age at onset (clinical variability), even 
within a single family (where every affected person has the 
same mutation). Especially in autosomal dominant disease, 
the chance of developing clinical manifestations of disease 
when a specifi c pathogenic mutation is present is often far 
less than 100 % (incomplete or reduced penetrance). 
However, such clinically unaffected mutation carriers may 
foster severely affected children when they transmit the 
mutation to their offspring. So, even in so-called monogenic 
diseases many other genetic and nongenetic factors can usu-
ally modify clinical outcome. 

 Whereas monogenic diseases are often relatively rare, 
there is a clear genetic contribution to many common disor-
ders such as coronary artery disease, hypertension, and 
hypercholesterolemia. In the vast majority of patients, these 
diseases are explained by the combined additive effect of 
unfavorable genetic variants at multiple different loci and 
environmental factors (anything nongenetic), eventually 
causing disease. Polygenic disease, multifactorial disease, 
and complex genetic disease are all terms used to denote this 
category of diseases. When looking at pedigrees apparently, 
nonrandom clustering within the family can often be noted, 
however, without a clear Mendelian inheritance pattern. Very 
common complex disorders may mimic autosomal dominant 
disease, whereas in less common disorders like, for example, 
congenital heart defects, a genetic contribution is very likely 
although the majority of cases will present as sporadic cases 
without a positive family history. Importantly, frequent com-
plex genetic diseases may have less common monogenic 
subtypes like for example FH (familial hypercholesterol-
emia) as a result of mutations in the LDL receptor or MODY 
(maturity onset diabetes in the young), which are examples 
of monogenic subtypes of diseases that most often have a 
complex etiology.   

     Single Gene Disorders: Mendelian Inheritance  

 In single-gene disorders, inheritance patterns can be 
explained in terms of Mendelian inheritance. Of importance 
in the fi rst place is whether the causative gene is on one of 
the autosomes or on one of the sex chromosomes, more 

 specifi cally on the X-chromosome (the Y-chromosome 
 contains very few disease-related genes and will not be dis-
cussed further). 

 The second distinction to be made is whether mutations in 
the gene follow a dominant or recessive mode of 
inheritance. 

     Autosomal Dominant Inheritance  
 Autosomal dominant disease is caused by dominant muta-
tions on one of the autosomes. Dominant mutations already 
cause disease when only one of both alleles is mutated. Most 
individuals with dominant disease are heterozygous for the 
mutation (they have one mutated and one normal allele). 
Heterozygous carriers of such a mutation have a high risk of 
clinically expressing disease symptoms. It is the most 
 common form of inheritance in monogenic cardiac disease. 
It is characterized by (see Fig.  2.6 ):

•    Equal chance of males and females being affected.  
•   Individuals in more than one generation are usually 

affected (unless a new mutation has occurred).  
•   Father-to-son transmission can occur.  
•   On average, 50 % of offspring will be affected (assuming 

complete penetrance).   

   Although this inheritance pattern is rather straightfor-
ward, in practice precise predictions are often complicated 
by issues of penetrance and variable expression (see para-
graph on penetrance and variable expressivity). 

I

II

III

1 2 3 4

1 2

2

3 4 5 6 7

3 2

1 2

  Fig. 2.6    Example of a small autosomal dominant pedigree, the 
observed male to male transmission (II-1 > III-1) excludes X-linked 
dominant inheritance. If we assume this disorder has full penetrance, 
the novo mutation must have occurred in II-1       
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 An example in cardiogenetics is hypertrophic cardiomy-
opathy, and a typical pedigree demonstrating autosomal 
dominant inheritance is shown below. The vast majority of 
monogenic cardiogenetic diseases are inherited in an autoso-
mal dominant fashion, like most cardiomyopathies and the 
most common forms of congenital long QT syndromes and 
CPVT (Fig.  2.7 ).

        Autosomal Recessive Inheritance  
 In recessive inheritance, disease occurs only when both 
alleles of the same gene are mutated. 

 Affected patients carry mutations on both the paternal and 
maternal allele of a disease gene. New mutations are rarely 
encountered. Therefore, it is reasonable to assume that both 
healthy parents are heterozygous carriers of one mutation. 
These healthy individuals are often called “carriers.” It is 
reasonable to assume that each person is carrier of one or 
more disease-associated autosomal recessive mutations. 

 Affected patients can be homozygous (the same mutation 
on both alleles of the gene) or compound heterozygous (dif-
ferent mutations on the two alleles of the gene) for the 
 mutation. If consanguinity is involved, a single mutation that 
was present in the common ancestor is transmitted to the 
patient by both parents, leading to the homozygous state. 

 In most cases, but not always autosomal recessive condi-
tions are limited to a single sibship (see Fig.  2.8 ). If vertical 
transmission of an autosomal recessive disease occurs, this is 
called “pseudodominance.” Pseudodominance can be 
encountered in case of consanguinity in multiple generations 
or in case of a very high population frequency of healthy 

heterozygous carriers. Autosomal recessive inheritance is 
characterized by the following:

•    Equal chance of males and females to be affected.  
•   Parents of patients are usually healthy carriers.  

SCD
15 years

HCMN

  Fig. 2.7    Example of a 
hypertrophic cardiomyopathy 
(HCM) pedigree showing 
autosomal dominant inheritance. 
The proband was a 15-year-old 
boy who suffered a sudden 
cardiac death (SCD), as a result 
other family members were 
identifi ed on family screening       
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  Fig. 2.8    Example of an autosomal recessive pedigree, illustrating the 
role of consanguinity in AR disease. III-5 and III-6 are fi rst cousins. 
IV-1 and IV-2 inherited both their mutated alleles from a single hetero-
zygous grandparent (in this case I-1). In this pedigree, heterozygous 
carriers are indicated, usually heterozygous carriers for AR disorders 
can only be unambiguously identifi ed by DNA analysis       
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•   The chance that the next child (a sib) will be affected is 
25 %.  

•   Affected individuals are usually limited to a single 
sibship.  

•   The presence of consanguinity in the parents favors, but 
does not prove, the autosomal recessive inheritance mode.   

 While autosomal recessive inheritance is rare among car-
diogenetic diseases, there are reports including this family 
shown below (Fig.  2.9 ).

        X-Linked Recessive Inheritance  
 X-linked disorders are caused by mutations on the 
X-chromosome. The X-chromosome does not contain 
“female-specifi c” genes. As females have two X-chromosomes 
and males only one, in X-linked disorders, usually, a differ-
ence in disease expression will be noted between males and 
females. 

 In X-linked recessive inheritance (see Fig.  2.10 ),

•    No male-to-male transmission occurs.  
•   Heterozygous females are usually healthy.  
•   All daughters of affected males will be usually healthy 

carriers.  
•   Sons of carrier women have a 50 % chance of being affected.  
•   Daughters of carrier women have a 50 % chance of being 

a healthy carrier.   

 It should be noted that in female somatic cells only one 
X-chromosome is active. The other X-chromosome is inacti-
vated. This process of  X-inactivation  (called lyonization) is 
random, occurs early in embryogenesis and remains fi xed, so 
that daughter cells will have the same X-chromosome inacti-
vated as the cell they were derived from. Usually, in a given 
female tissue, approximately half of the cells will express the 
paternal X-chromosome and the other half of the cells, the 

I:1 I:2

II:2 II:3 II:4 II:5 II:6 II:7II:1

III:2 III:3 III:4 III:5 III:6 III:7 III:8 III:9 III:10III:1

N

N N

N

IV:1
+/-

+/- +/-

IV:4
+/-

IV:2
+/+

IV:3
+/+

  Fig. 2.9    Example of a 
recessively inherited form of 
hypertrophic cardiomyopathy 
(TNNI3 Arg162Trp). This 
family presented after the 
symptomatic presentation of 
IV:2 who subsequently 
required cardiac 
transplantation due to a 
severe restrictive phenotype. 
Her brother (IV:3) suffered a 
resuscitated cardiac arrest 
while awaiting cardiac 
investigation. Both parents 
and siblings were 
heterozygous carriers and 
showed no clinical evidence 
of disease (REF: Gray et al. 
[ 28 ])       

21 3 4 5 6

1 2 3 4 5 6

1 2 3 4 5

I

II

III

  Fig. 2.10    Example of an X-linked recessive disorder, the disease is 
transmitted via apparently healthy heterozygous females, only hemizy-
gous males manifest the disease. All daughters of an affected male will 
be carriers. Carrier females are indicated with dots within circles, usu-
ally DNA analysis will be required to unambiguosly identify carrier 
females       
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maternal X-chromosome. However, for a variety of reasons, 
signifi cant deviations of this equal distribution of active 
X-chromosomes may occur (called  skewing of 
X-inactivation ). Naturally, this may infl uence disease expres-
sion in case of X-linked disease. For example, if the 
X-chromosome containing an X-linked recessive mutation is 
expressed in over 90 % of cells in a given tissue, disease may 
develop in a female like it does in males.  

     X-Linked Dominant Inheritance  
 In X-linked dominant disorders, heterozygous females are 
most likely to be affected. However, on average, these het-
erozygous females are often less severely affected than 
hemizygous males. Exceptions, however, do exist. 

 Some X-linked dominant disorders may be lethal in hemi-
zygous males like, for instance, the Oculo-Facio-Cardio- 
Dental syndrome that is associated with congenital heart 
defects. Hemizygous males will miscarry, leading to a 
reduced chance of male offspring in affected females. 

 The characteristics of X-linked dominant inheritance are 
(see Fig.  2.11 ):

•    No male-to-male transmission occurs.  
•   Heterozygous females are affected.  
•   All daughters of an affected male will also be affected.  
•   Affected females have a 50 % chance of having affected 

children.   

 Especially in X-linked disorders, the distinction between 
dominant and recessive disease may be blurred, with some 
heterozygous females being not affected at all, while others 
are affected to the same degree as hemizygous men. In car-
diogenetics, several X-linked disorders are known where 
heterozygous females may be asymptomatic, but also run a 
high risk of signifi cant disease, like for instance in Fabry dis-
ease. In Duchenne muscular dystrophy, considered to be an 
X-linked recessive disorder, females only very rarely develop 
severe skeletal muscle weakness, but they are at considerable 
risk for dilation of the left ventricle and should be monitored 
by a cardiologist (Fig.  2.12 ).

         Non-Mendelian Inheritance  

 In fact, any deviation from the classical rules of Mendel 
could be categorized under the heading of non-Mendelian 
inheritance. Such deviations can, for example, result from 
genome disorders ( de novo  deletions or duplications of larger 
stretches of DNA or even whole chromosomes), epigenetic 

I
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III

  Fig. 2.11    Example pedigree of an X-linked dominant disorder with 
early lethality in males. Affected males that are conceived will miscarry 
(leading to skewed sex ratios in offspring). The black dots in the pedi-
gree represent miscarriages. Based on such a limited pedigree, defi nite 
distinction from autosomal dominant inheritance would be impossible       

I:1 I:2

II:1 II:2

III:1 III:2 III:3

II:3 II:4

  Fig. 2.12    Example of an X-linked dominantly inherited condition, 
Danon disease. This is a rare disease caused by mutations in the 
 LAMP2  gene and is a known HCM phenocopy (i.e., causing clinical 
characteristics similar to HCM). In this family, the proband (III:1) pre-
sented with severe concentric left ventricular hypertrophy (LVH) aged 
12 years. His mother (II:2) was found to be a carrier of the causative 
loss of function variant in  LAMP2  though had no clinical evidence of 
disease herself. Other family members have not been assessed. Female 
carriers of  LAMP2  mutations can be affected, though often less 
severely than males.       
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factors (these are factors not changing the actual DNA code, 
but change the way in which specifi c genes are expressed) 
and unstable mutations (trinucleotide repeat mutations such 
as in myotonic dystrophy that may expand over generations 
and lead to a more severe phenotype in subsequent genera-
tions). However, for sake of brevity only multifactorial 
inheritance and maternal (mitochondrial) inheritance will be 
briefl y discussed. 

     Multifactorial Inheritance  
 Although genetic factors very often contribute to disease, 
most of the time this will not be in a monogenic fashion. The 
majority of disorders are caused by a complex interplay of 
multiple unfavorable genetic variants at different loci in 
combination with environmental (nongenetic factors). The 
genetic variants involved may each by themselves have a 
limited effect. It is the additive effect of multiple factors that 
eventually will lead to disease, hence the name multifactorial 
inheritance. In this paragraph, no distinction is made between 
multifactorial inheritance and polygenic inheritance (no 
important environmental contribution). In general practice, 
such a distinction is most often of no importance unless spe-
cifi c environmental factors can be identifi ed that can be infl u-
enced. Hereditability is a measure used to indicate the 
contribution of inherited factors to a multifactorial pheno-
type. In animal studies, heritability can be calculated, as both 
environment and genetic composition of the animals can be 
controlled. In man, hereditability can only be estimated 
indirectly. 

 In multifactorial inheritance, sometimes clustering of a 
condition within a family may be observed that cannot be 
easily explained by chance. Especially in common diseases 
like diabetes or hypertension (when the underlying genetic 
variants occur at high frequency in the population), this clus-
tering may mimic Mendelian inheritance. However, in more 
rare disorders like, for example, in congenital heart disease, 
an identifi ed patient may well be the only affected one in the 
family. Still, family members may be at increased risk of a 
congenital heart defect. 

 Many continuous traits like, for example, blood pressure, 
can be explained in terms of the additive effect of multiple 
deleterious or protective genetic and environmental factors. 
In case of hypertension, the sum of all these factors would be 
defi ned as disease liability, which is distributed as a Gaussian 
curve in the population. At the right side of the curve (highest 
liability), those with hypertension are found. Their close 
relatives who will share many of the predisposing genetic 
(and possibly also environmental factors) with the hyperten-
sive patient, will usually have a higher than average disease 
liability; however, they may not meet with the clinical crite-
ria for hypertension. For discontinuous traits like, for exam-
ple, congenital heart defects, a threshold model has been 
proposed (Fig.  2.13 ). If disease susceptibility exceeds the 

threshold level, disease will arise. Again, the liability of 
close relatives of a patient with a heart defect will be, on 
average, closer to the disease threshold than that of unrelated 
individuals, but most of them will not exceed the threshold 
and therefore will have anatomically normal hearts.

   It is important to realize that some disorders are more 
multifactorial than others. Sometimes mutations at a single 
locus will not be suffi cient to cause disease, but have a strong 
effect. If a mutation in such a major gene is present, little else 
has to go wrong for disease to occur. Therefore, strict separa-
tion between Mendelian and multifactorial disease is artifi -
cial. Indeed, genes that are involved in rare monogenetic 
variants of a disease may also play a role in the more com-
mon multifactorial forms of the disease. 

 The following characteristics can be applied to multifac-
torial inheritance:

•    Familial clustering may occur, but usually no Mendelian 
inheritance pattern can be identifi ed.  

•   Recurrence risks for family members are in general lower 
than in monogenic disease.  

•   Risk of disease rapidly falls with decreasing degree of 
relationship to the index patient.  

•   Risk may be higher for relatives of severely affected 
patients.  
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  Fig. 2.13    Example of a liability distribution of a discontinuous multi-
factorial trait (a congenital heart defect) in a given population. The red 
curve is for the general population. The area under the red curve to the 
right of the threshold represents the proportion of individuals with CHD 
in the general population. The blue curve is for fi rst degree relatives of 
a patient with CHD. Since CHD is a discontinuous trait (it is either 
present or absent) a threshold is introduced. Everybody with a liability 
exceeding the threshold will have CHD. Liability for CHD will be 
determined by the additive effect of unfavorable genetic and environ-
mental factors. As a result of shared unfavorable factors, the liability 
curve for fi rst-degree relatives has shifted to the right explaining the fact 
that a larger proportion of fi rst-degree relatives will be affected with 
CHD in comparison to the general population, whereas the majority of 
relatives has no CHD, as their liability does not exceed the threshold       
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•   Risk estimations are usually based on empirical (observa-
tional) data.  

•   These risks are not fi xed risks, like in Mendelian disease. 
New disease cases in a family may indicate a higher 
genetic load, and therefore a higher risk for relatives.   

At this point in time, the use of predictive genetic testing in 
multifactorial disease is limited, as usually only a small part 
of morbidity can be explained by the genetics variants that 
have thus far been identifi ed for these disorders. As these 
variants have by themselves only a small effect, the odds of 
getting the disease, once an unfavorable variant has been 
identifi ed, are small. Still, commercial genetic tests, supply-
ing risk profi les for many common conditions, based on 
genetic profi les, are readily available via the internet. Such 
risk predictions may be imprecise and differ substantially 
between different test providers. 

 Although exceptions may exist, predictive genetic testing 
in multifactorial disease is not likely to play a role of impor-
tance in genetic counseling in the near future. In contrast, 
genetic tests for common disorders may play a role in clini-
cal practice in the near future, for example, in risk stratifi ca-
tion, and in identifying groups that are eligible for specifi c 
treatments.  

     Maternal (Mitochondrial) Inheritance  
 Mitochondria are present in most cells in different numbers 
and are the principle providers of energy by means of the 
respiratory chain. Mitochondria contain small circular DNA 
molecules of their own ( mtDNA ). These molecules are only 
16,569 base pairs in length and code for only 37 genes. 
Thirteen polypeptides of the respiratory chain are encoded 
by the mitochondrial DNA, whereas the remainder (the 
majority) are encoded by the nuclear DNA. The rest of the 
mitochondrial genes play a role in mitochondrial translation 
(transfer RNAs and ribosomal RNAs). 

 Somatic cells typically contain 1000–10,000 mtDNA 
molecules (two to ten molecules per mitochondrion). 
Mitochondrial DNA replication is under nuclear control and 
suited to meet with the energy requirement of the cell. It is 
not associated with cell division like the nuclear DNA. When 
a cell divides, mitochondria randomly segregate to daughter 
cells within the cytoplasm. Oocytes may contain up to 
100,000 copies of mtDNA, whereas sperm cells usually con-
tain only a few hundreds. Moreover, these paternal copies do 
not enter the oocyte at fertilization. Therefore, the paternal 
contribution to the mtDNA is negligible, and mtDNA is 
inherited exclusively via the mother, hence the concept of 
maternal inheritance. 

 Whereas nuclear genes are present in two copies per cell, 
mitochondrial genes are present in thousands of copies. In 
maternally inherited disease, in a specifi c tissue, a signifi cant 
part of the mtDNA copies may carry a similar mtDNA 

 mutation, whereas the remainder of the copies is normal (wild 
type). This phenomenon is called heteroplasmy. Here, again, a 
threshold is important, that is determined by the specifi c energy 
requirement of the tissue. If the percentage of mutated mtDNA 
becomes so high that the energy requirement cannot be ful-
fi lled, this may result in mitochondrial disease. If a mutation is 
present in all mtDNA molecules in a specifi c tissue, this is 
called homoplasmy. The mechanism that leads to homoplasmy 
of certain mtDNA mutations is not yet fully understood. 

 Mitochondrial DNA differs in many aspects from nuclear 
DNA. In contrast to nuclear DNA, most of the mtDNA codes 
for genes. Therefore, any random mutation in the mtDNA is 
much more likely to disrupt an actual gene than is the case in 
the nuclear genome. DNA repair mechanisms to repair 
acquired DNA damage, as are present in the nucleus, are 
lacking, leading to accumulation of mtDNA mutations, for 
example, in aging. On the other hand, since mtDNA genes 
are present in hundreds to thousands of copies per cell, 
acquired mutations rarely lead to recognizable mitochondrial 
disease. Only a minute fraction of mtDNA mutations will 
become “fi xed” and will subsequently be transmitted to 
offspring 

 It is important to realize that maternal inheritance is not 
equivalent to mitochondrial disease. As most of the proteins 
active in the mitochondrion are encoded by nuclear genes, 
mitochondrial diseases may be inherited in other fashions, 
most often in an autosomal recessive manner. 

 Mitochondrial disease affects many tissues, although tis-
sues with the highest energy requirements (muscle, brain) 
are most often involved. Cardiac muscle may be involved in 
different mitochondrial conditions. Sometimes a cardiomy-
opathy may be the fi rst or most prominent manifestation of a 
mutation in the mtDNA. 

 The following characteristics apply to maternal inheritance:

•    Men and women are affected with similar frequencies; 
however, only females transmit the disease to offspring.  

•   Phenotypes may be extremely variable (and unpredict-
able) as a result of different levels of heteroplasmy in dif-
ferent tissues.  

•   The percentage of mutated mtDNA in one specifi c tissue 
may not accurately predict the level of heteroplasmy in 
other tissues. This is a major problem for example in pre-
natal diagnosis.  

•   Affected females are likely to transmit mutated mtDNA 
to all of their offspring, but nonpenetrance will result if 
the threshold for disease expression is not reached.      

     New (  De Novo  ) Mutations  

 Mutations can occur at any time both during gametogenesis or 
regular cell division. If a detected mutation is present in neither 
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of the parents (i.e., if it is absent in the blood of both parents), 
the mutation is called “ de novo. ”  De novo   mutations may have 
arisen in the sperm or egg cell or may even have occurred after 
conception. Mutation rates in genes (the number of mutations 
per gene per generation) are on average very low, in the order 
of 10 −5  to 10 −7 . Therefore, if in an isolated patient, a  de novo  
mutation in a candidate gene for the disorder is being found, it 
is usually regarded as a pathogenic mutation. 

 It should be realized that most new mutations will go 
unnoticed. When they are situated in noncoding DNA or in 
recessive genes, they will have no immediate effect, whereas 
new mutations in important dominant genes may be lethal 
and may therefore not be ascertained.  

     Mosaicism  

 When mutations (or chromosomal abnormalities) arise 
shortly after conception, mosaicism may result. Mosaicism 
is defi ned as the presence of genetically different cell popu-
lations (usually an abnormal and a normal cell line) within a 
single individual. The importance of mosaicism in relation to 
cardiac disease is that (at least in theory) mutations that are 
not detected in the blood of the affected individual may be 
present in the heart. Preliminary observations suggest that 
this may be important in some types of congenital heart 
disease. 

 Germline mosaicism is a special type of mosaicism, 
where a population of precursor spermatocytes or oocytes 
carries a specifi c mutation that is not detected in other tis-
sues. As a result of germline mosaicism, a healthy (appar-
ently noncarrier) parent may unexpectedly transmit the same 
disease mutation to several offspring. The classic observa-
tion of germline mosaicism is in Duchenne muscular dystro-
phy, where apparently noncarrier females may give birth to 
more than one affected son with exactly the same dystrophin 
mutation. However, germline mosaicism may occur in any 
disorder including cardiac disorders and, therefore, it should 
be considered a possibility in any apparently de novo muta-
tional event.  

     On Penetrance and Variable Expressivity  

 The penetrance of a specifi c mutation refers to its ability to 
cause a disease phenotype. In monogenic disease mutations 
may show 100 % penetrance. For instance, most pathogenic 
dystrophin mutations will cause Duchenne muscular 
 dystrophy in all hemizygous males. However, especially in 
autosomal dominant disease, penetrance is often reduced; 
not everybody with the mutation actually becomes ill. 
Whether or not disease symptoms develop may be dependent 
on a constellation of other genetic (genetic background) or 

 environmental factors, such as lifestyle. Disease penetrance 
is not necessarily identical to having actual clinical 
 complaints. Especially in cardiogenetics, many clinically 
asymptomatic individuals with, for example, a hypertrophic 
cardiomyopathy or long QT syndrome may have easily 
noticeable abnormalities on ECG or echocardiography. Such 
individuals may not realize their genetic status, but they can-
not be regarded as true nonpenetrants. Usually, they should 
be under cardiac surveillance and often preventive treatment 
will be indicated. Penetrance, in this way, is to some extent 
dependent on how well individuals have been examined for 
disease symptoms. If true nonpenetrance occurs, genetic 
diagnosis may be the only means to identify individuals that 
may transmit the disease to their offspring. For decisions 
with respect to patient care, it is more useful to look at pen-
etrance of specifi c phenotypic traits, for example, the chance 
of a ventricular arrhythmia in case of a  KCNQ1  mutation in 
long QT syndrome type 1. 

 In congenital heart disease, penetrance is fi xed, as the dis-
ease is either present or not. In diseases that manifest them-
selves later in life this is not true. For instance, in an 
autosomal dominant inherited cardiomyopathy penetrance at 
the age of 10 may be low, whereas at the age of 60 most 
individuals with the genetic defect will have developed dis-
ease manifestations. In this case, there is age-dependent 
 penetrance. Of course, this will infl uence risk estimations 
based on clinical observation. At the age of 10, a child of 
cardiomyopathy patient from this family may still have an 
almost 50 % chance of having inherited the familial mutation 
despite a normal cardiac evaluation, while at the age of 60, a 
normal cardiac evaluation severely reduces the chance of the 
mutation being present. If sound scientifi c data are available 
on penetrance, these can be used in genetic counseling and 
decision making. However, unfortunately, this is often not 
the case. 

 Variable expression is used to indicate the presence of 
variation in disease symptoms and severity in individuals 
with a similar mutation. For example, in desmin myopathy, 
some individuals may mainly suffer from skeletal myopathy, 
whereas in others from the same family cardiac manifesta-
tions may be the principle determinant of the disease.   

     Genotype–Phenotype Correlations  

 This term refers to the extent to which it is possible to predict 
a phenotype (i.e., clinical disease manifestation) given a spe-
cifi c genotype and vice versa. In an era where presymptom-
atic genetic testing becomes more and more customary, this 
is an issue of great importance. If it were possible to predict 
phenotype based on genotype with great accuracy, this would 
lend additional legitimacy to genetic testing, especially if 
early intervention would change disease course. Indeed, 
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there have been claims that, for example, hypertrophic car-
diomyopathy caused by mutations in the gene-encoding car-
diac troponin T ( TNNT2 ) has a higher potential for malignant 
arrhythmias than mutations in some other genes [ 8 ,  9 ]. Also 
within a given gene, some mutations may have a stronger 
pathogenic effect than others. 

 Without doubt signifi cant genotype–phenotype correla-
tions do exist, but it is prudent to regard such claims with 
caution, as some of them may also be the result of ascer-
tainment and publication bias. From a clinical point of 
view, it is obvious that if intrafamilial (where every 
affected individual has the same mutation) variation in dis-
ease severity and penetrance is considerable, little can be 
expected of phenotype predictions based on the presence 
of this family-specifi c mutation alone. As a result of the 
diffi culty in establishing straightforward genotype–pheno-
type correlations, the role of genetic information in cardiac 
risk stratifi cation protocols has been limited thus far. 
Nowadays, there are a few exceptions in genetic cases of 
DCM, where specifi c classes of mutations in LMNA and 
PLN seem to be associated with adverse outcome. In these 
selected cases, precise genetic diagnosis may infl uence 
clinical decision making for example with regard to ICD 
therapy [ 10 ,  11 ]. 

 The reverse situation needs also to be considered. 
Clinical history and clinical data such as, for example, 
T-wave morphology in patients suspected of having a form 
of long QT syndrome are very helpful in selecting the genes 
that should be analyzed fi rst [ 12 ]. In the long QT syndromes 
genotype–phenotype correlations can be used in practice: 
clinical parameters suggest a specifi c genotype and subse-
quently, genotype-specifi c therapy can be instituted. 
Accurate clinical information may improve the yield of 
genetic testing and may decrease costs and time needed for 
these analyses.  

     Basic Concepts in Population Genetics  

 Population genetics studies genetic variation and genetic dis-
ease in the context of populations. Here, a population is 
defi ned as the group of individuals that are likely to get off-
spring together, and the genetic diversity that is contained 
within this group. Populations are not only delimited by geo-
graphical boundaries such as borders, rivers, mountains, 
islands, but also by religious, ethnic, and cultural differences. 

 Some insights from population genetics are important to 
the fi eld of clinical genetics and necessary for understanding 
genetic phenomena that are relevant to clinical practice like, 
for instance, founder effects. Two important population 
genetic “laws” predict the distribution of neutral genetic 
variation (i.e., the Hardy–Weinberg equilibrium) and the fre-
quency of disease mutations (mutation-selection equilib-
rium), respectively. 

     Hardy–Weinberg Equilibrium  

 The Hardy–Weinberg equilibrium predicts that the relative 
frequency of different genotypes at a locus within a popula-
tion remains the same over generations. For an autosomal 
gene G with two alleles A and a with an allele frequency of p 
and q, respectively, the possible genotypes AA, Aa, and aa 
will occur with a frequency of p 2 , 2pq, and q 2 . As there are 
only two alleles for G, p + q = 1. 

 However, for the Hardy–Weinberg equilibrium to be true, 
many assumptions have to be made. The population has to be 
infi nitely large, there has to be random mating with respect 
to G, there has to be no selection against any of the G geno-
types, no new mutations occur in G, and there is no migra-
tion introducing G alleles into, or removing G alleles from 
the population. Clearly no situation in real life will ever sat-
isfy all these criteria. 

 The Hardy–Weinberg equilibrium is a neutral equilib-
rium. Small deviations from the expected genotype frequen-
cies occur by chance (genetic drift) and over multiple 
generations a signifi cant difference in genotype frequency 
(when compared to the original equilibrium) may become 
apparent. There is no driving force correcting such chance 
deviations. As a matter of fact a new Hardy–Weinberg equi-
librium is established with each generation. 

 In real life, new mutations do occur and often selection 
does exist against disease-associated alleles, causing them to 
disappear from the gene pool. However, mutation rates for 
recessive disorders are extremely small and selection pres-
sure is low, as selection works only against the homozygous 
affected. Therefore, in autosomal recessive disorders, the 
Hardy–Weinberg equilibrium can be used to calculate carrier 
frequencies for recessive disorders if the frequency of the 
disorder in the population (q 2 ) is known. Because of the limi-
tations mentioned above, such calculations have to be 
regarded as estimates and interpreted with caution.  

     Mutation–Selection Equilibrium  

 To understand the dynamics of disease causing (not neutral) 
alleles, another equilibrium is of importance: the mutation- 
selection equilibrium. New disease alleles will arise with a 
given frequency as a result of new mutations, but when dis-
eased individuals are less likely to reproduce, they also dis-
appear again from the gene pool. Therefore, the equilibrium 
that predicts the frequency of disease alleles is a function of 
the mutation rate, the reproductive fi tness, and the mode of 
inheritance of the disease. 

 The easiest example is a severe congenital heart defect as 
a result of a new autosomal dominant mutation. If this heart 
defect is lethal, reproductive fi tness is nil, and the population 
frequency of the mutated autosomal dominant gene would be 
identical to the mutation frequency. In, for example, long QT 
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syndrome type 1, most mutation carriers, however, will 
reproduce, but reproductive fi tness is somewhat reduced as a 
result of some affected individuals dying from arrhythmias 
at a young age [ 13 ]. Here, the actual frequency of the disease 
allele is much larger than the mutation frequency, as most 
disease alleles will be inherited. Still, if no new mutations 
would occur, the disease would eventually die out as a result 
of reduced fi tness. 

 Mutation-selection equilibrium is more stable than the 
Hardy–Weinberg equilibrium. If for some reason more new 
mutations arise than expected, selective pressure increases as 
well since there are more affected individuals to target, mov-
ing the equilibrium again in the direction of the original 
state. However, if reproductive fi tness increases signifi cantly 
as a result of improved therapies, eventually a new equilib-
rium with a higher population frequency of the mutated 
allele will be established.   

     Founder Mutations  

 If a population descends from a relatively limited number of 
ancestors, the genetic variation is largely dependent on the 
variation that was present in this small group of ancestors. If 
by chance a rare disease allele was present in one of these 
“founders,” this disease allele may achieve an unusual high 
frequency in this founder population, which is not found in 
other populations. This is especially true if selection against 
the mutation is small, so that the mutation is not easily elimi-
nated from the gene pool. 

 For example, in the Netherlands, over 20 % of hypertro-
phic cardiomyopathy is caused by a single c.2373_2374insG 
mutation in the MYBPC3 gene [ 14 ]. In order to prove that 
this is indeed a founder mutation and not a mutation that has 
occurred  de novo  more than once, it was established that the 
mutation in each patient lies on an identical genetic marker 
background (haplotype), which must have been present in 
the founder. If the mutation had occurred many times de 
novo it would have been expected to be associated with dif-
ferent haplotypes. 

 Founder effects, like the one described above, can help 
explain why certain diseases are more frequent in some pop-
ulations than others. Moreover, it is important to be aware of 
these mechanisms as they can aid in devising effi cient strate-
gies for molecular diagnosis in specifi c populations.  

     Genetic Isolates  

 Genetic isolates are small, closed communities within a 
larger population where people tend to marry among each 
other. Consanguinity is more likely and even if this is not the 
case, genetic variation within an isolate is much more lim-
ited, because of the absence of new genes contributing to the 

gene pool. As a result, some genetic diseases may have a 
much higher frequency within an isolate than in the popula-
tion as whole, while in contrast other genetic diseases may 
be virtually absent. Therefore, it may be important to realize 
whether or not a specifi c patient comes from a genetic 
isolate. 

     Consanguinity  

 Consanguineous marriages are very common in some cul-
tures and unusual in others [ 15 ]. Marriages between fi rst 
cousins are most frequent. They share 12.5 % of their DNA, 
derived from their common ancestor. In some cultures, 
uncles are allowed to marry their nieces. Such second-degree 
relatives share 25 % of their DNA. This situation, from a 
genetic point of view, is no different from double fi rst  cousins 
that have all four grandparents in common and, therefore, 
also share 25 % of their DNA. 

 Consanguinity may have signifi cant social and economi-
cal advantages, especially in low-income societies. However, 
the genetic risks cannot be ignored, but they are highly 
dependent on the degree of relationship. The problem with 
consanguinity arises from the reduction to homozygosity in 
offspring of consanguineous parents. If both parents carry 
the same recessive mutation in their shared DNA, there is a 
25 % risk of the mutation being homozygous in each child. 
Therefore, consanguinity mainly increases the likelihood of 
autosomal recessive disease. The chance that a recessive dis-
order is caused by consanguinity increases with decreasing 
frequency of the disorder. In other words, the relative risk 
increase as a result of consanguinity is highest for the rarest 
recessive disorders. For example, thus far a rare form of cat-
echolaminergic polymorphic ventricular tachycardia (CPVT) 
as a result of an autosomal recessive mutation in the CASQ2 
gene has only been found in consanguineous families [ 16 ]. 
In addition, one also has to be aware of the fact that autoso-
mal dominantly inherited disease may also run in consan-
guineous families. If offspring has inherited both affected 
alleles, the clinical picture is often severe and lethal at an 
early age. Examples have been found long in QT syndrome 
and hypertrophic cardiomyopathy [ 17 ,  18 ]. 

 If consanguinity occurs frequently within a population, 
the population becomes inbred. In such a population, for any 
genetic locus, the frequency of heterozygotes will be lower 
than expected under Hardy–Weinberg equilibrium (because 
of reduced random mating). This will lead to overestimation 
of carrier frequencies. 

 In multifactorial disease, consanguinity may play a role as 
well, although less conspicuous than in autosomal recessive 
disease. Shared predisposing genetic variants, present in het-
erozygous form in the parents, have a 25 % chance of being 
present in homozygous form in the offspring, thus increasing 
the likelihood for multifactorial disorders. 
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 Information on consanguinity is not always volunteered 
and should be specifi cally asked for. Sometimes consanguin-
ity is present, but not known to the family. Most individuals 
have little information on relatives dating further than three 
generations back. If ancestors from both parents are from the 
same small isolated community, consanguinity may still be 
suspected. When of importance, genealogical studies may be 
used to substantiate this.  

     Genetic Testing  

 Any test to identify a genetic disease can be considered a 
genetic test. Genetic testing using DNA analysis is available 
for an increasing number of cardiac diseases and conditions 
that are associated with cardiovascular disease in a wider 
context. Two important differences between genetic DNA 
tests, when compared to other diagnostic tests, need men-
tioning. First, DNA tests usually have health implications 
that last a life time, while the genetic defect in itself is not 
amenable to treatment. Second, the implications of genetic 
test results often are not limited to the patient in front of you, 
but also are of concern to family members including future 
offspring. The family and not the individual patient could be 
regarded as the “diagnostic unit” in genetic disease. As a 
result of these notions, DNA testing is and should only be 
offered as part of a genetic counseling procedure in order to 
assure that patients fully understand the scope of the tests 
that are being performed. This is especially true for mono-
genic disease and tests for very high risk genes.  

    Genetic Counseling 

 Genetic counseling is a two-way communication process 
aiming at helping patients with genetic disease or at (per-
ceived) increased risk of genetic disease, and their relatives, 
to understand the genetic risk and decide on a suitable course 
of action [ 19 ]. Genetic counseling is offered by trained medi-
cal or paramedical professionals. Its goals are as follows:

•    To help patients and their family members comprehend 
medical facts (diagnosis, symptoms, complications, 
course, variation, and management)  

•   To help patients and their family members understand the 
basic facts of the genetic contribution to their disorder, 
where this is relevant for communicating risks to specifi c 
family members and recurrence risks in (future) children  

•   To make them understand the options available to deal 
with risks and recurrence risks (preventive treatments, 
lifestyle adjustments, reproductive options, prenatal 
diagnosis)  

•   To help individuals choose a suitable course of action in 
view of their individual risk of disease, goals, personal 

and cultural values, and religious beliefs, and to facilitate 
this course of action  

•   Support individuals and their families in making the best 
possible adjustment to their disease condition or to their 
increased risk of genetic disease   

Most common counseling situations for cardiac disorders 
can be grouped into one of the three categories mentioned 
below. All three have their own dynamics and major issues:

•    Parents who have a child with a congenital heart defect, a 
syndrome that has important cardiovascular implications, 
or other cardiac disease. They want to be informed about 
prognosis, recurrence risk to other children, and the pos-
sibility of prenatal diagnosis.  

•   Patients that have a cardiac defect or cardiac disease 
themselves and have questions about genetic aspects and 
prognosis. They may also be concerned about risk to fam-
ily members, most often (future) children and/or sibs.  

•   Those who have been referred because of a positive fam-
ily history for cardiac disease or suspicion thereof, or 
have a family history for sudden cardiac death at a young 
age. They come for information on their personal risk, 
questions about the usefulness of presymptomatic cardiac 
evaluation and, if possible, they may opt for presymptom-
atic genetic testing.    

 Some basic principles of genetic counseling:

•    Nondirectiveness .  Historically, nondirectiveness is an 
important hallmark of genetic counseling. The counselor 
provides adequate information and support. The coun-
selee decides. This notion stems from time that genetic 
counseling was mainly concerned with reproductive 
issues. Naturally, counselors should have no say in the 
reproductive decisions made by their clients. Also, in pre-
symptomatic testing of late onset neurodegenerative dis-
ease, where medical interventions to change disease 
course are virtually absent, maximum nondirectiveness 
should be applied in counseling.  

•   However, with a changing focus in medical genetics to 
disorders that are, at least to some extent, amenable to 
early intervention or preventive treatment, the applicabil-
ity of nondirective genetic counseling becomes less obvi-
ous. For example, in long QT syndrome type 1, where 
β-blocker therapy has been proven to be effective in 
symptomatic patients, nondirective counseling seems less 
indicated [ 20 ]. In practice, in cardiogenetics, a balance 
that respects both patient autonomy, and assures that the 
appropriate medical decisions are made, should be sought 
for.  

•   Informed consent .  Informed consent is not unique to clin-
ical genetics or genetic counseling. However, some insti-
tutions will require written informed consent prior to 
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DNA testing, especially if presymptomatic testing of 
apparently healthy individuals is concerned. This is no 
rule of thumb and may vary based on individual insights 
and local differences in the medico-legal situation.  

•   Privacy issues .  These are also not unique to genetic medi-
cine, but may be more urgent in this discipline. Genetic 
information may have a huge impact on insurability and 
career options. The extent to which this is true is largely 
dependent on legislation dealing with genetic discrimina-
tion, which varies between countries. However, a danger 
of discrimination on genetic grounds always exists. 
Therefore, maximum confi dentiality of genetic informa-
tion should be assured. Providing genetic information to 
third parties, without written permission from the indi-
vidual involved, would be defendable only in case of a 
medical emergency. In contrast, genetic information is 
much harder to keep confi dential because DNA is shared 
by relatives that are likely to benefi t signifi cantly from 
this information. When appropriate, permission to use 
genetic information for the benefi t of relatives should be 
actively acquired by the genetic counselor. Especially in 
families that communicate insuffi ciently, clinical geneti-
cists may encounter problems with confi dentiality and 
fi nd themselves confronted with confl icting duties.      

     Cardiac   Genetic Counseling  

 The most notable feature of cardiogenetic diseases is the risk 
of sudden cardiac death. Every aspect of this devastating 
event defi nes the unique role of cardiac genetic counselors 
[ 21 ]. These include involvement in prevention strategies, 
such as helping patients to make lifestyle modifi cations and 
coordinating clinical screening of at-risk relatives. 
Furthermore, the cardiac genetic counselor may be involved 
in key treatment strategies such as implantable cardioverter 
defi brillator therapy, thorough investigation of the family 
history, and in many cases dealing with a grieving family 
who have unexpectedly lost a loved one. Given the impor-
tance of clinical screening of fi rst-degree relatives as a pri-
mary prevention strategy, cardiac genetic counselors 
frequently provide assistance in coordinating clinical sur-
veillance of at-risk family members. Being the fi rst point of 
call for many families, it is also important for cardiac genetic 
counselors to educate patients about how frequently clinical 
screening should occur, and often to dispel misinformation 
regarding family members who have been told in the past 
that they never need to return for clinical assessment. A diag-
nosis of many of these diseases will also impose exercise 
restrictions, particularly relating to competitive sports, and 
this can be devastating to many patients making adjustment 
to their disease much more diffi cult. This is particularly rel-
evant in the younger population where disqualifi cation from 
sports  participation can often lead to major psychosocial 

 consequences. Similarly, patients deemed at increased risk 
of SCD who are advised to undergo implantation of an ICD 
experience a range of emotions, and the role of the cardiac 
genetic counselor to provide information and emotional sup-
port can be signifi cant. Many of the families seen in the spe-
cialized cardiac genetic clinics will have direct experience 
with SCD, often having lost a close relative. In such cases, 
the grief of the family will be in the forefront and make the 
provision of information and adjustment to new diagnoses 
far more diffi cult.  

     Cardiac Genetic Testing  

 Next-generation sequencing technologies have paved the 
way for testing of a vast number of genes, with a typical 
cardiac gene panel now comprising 50–200 genes. Many of 
the genes included in these panels have only minimal evi-
dence of disease association or causation (i.e., accounting for 
less than 5 % of disease). Use of such panels has signifi -
cantly increased the yield of genetic diagnosis in cardiomy-
opathy families. However, as could be expected, it has also 
resulted in an enormous expansion of the detection of VUSs 
(VUS=variant of unknown signifi cance) (ref. Pugh et al. 
Genetics in Medicine 2014). Despite databases fi lled with 
sequence data of over 60,000 controls from different popula-
tions (ExAC.  broadintitute.org    ) and the availability of differ-
ent  in silico  prediction algoritms, these VUSs at this moment 
often cannot yet be satisfactorily resolved. Whole exome 
(WES; sequencing of the entire coding region of the genome) 
and whole genome sequencing (WGS; sequencing of the 
entire genome) are powerful tools for research and gene dis-
covery, and becoming increasingly common in the commer-
cial setting. Coupled with rapidly decreasing costs, and 
wider access and uptake, the complexity of the results gener-
ated when a cardiogenetic gene test is now ordered goes 
beyond the basic expertise and scope of current practices. 

 Genetic testing is an important component of cardioge-
netic disease management. Commercial genetic tests are 
available for most and increasing uptake among patients has 
contributed to a vastly improved knowledge of the genetic 
basis of these diseases. The incredible advances in genetic 
technologies have translated to more rapid, comprehensive 
and inexpensive genetic tests, completely changing the land-
scape of genetic testing in recent years. While there are enor-
mous challenges, mostly relating to interpretation of variants, 
the value of a genetic diagnosis should not be underesti-
mated. In almost all cases, the single greatest utility is for the 
predictive genetic testing of family members. 

 With increasing number of uncertain variants identifi ed 
after cardiac genetic testing, determining methods to ensure 
the highest yield of causative variants is important. One key 
consideration is defi ning the clinical phenotype both in the 
individual patient, and the family. A complete cardiogenetic 
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evaluation is required, which includes being certain of the 
clinical diagnosis in the proband. The highest yields from 
genetic testing are often based on patient cohorts with con-
fi rmed disease. A word of caution with respect to pathoge-
nicity seems justifi ed: a variant is not causative because it 
has been published as such. Many publications do provide 
neither adequate information on segregation (does the vari-
ant cosegregate with disease in the family?), nor functional 
data supporting pathogenicity. The fact that a variant has 
been reported in a series of 50 cardiomyopathy patients and 
was absent in 400 ethnically matched controls cannot now be 
regarded as suffi cient evidence for pathogenicity. Indeed, 
large-scale population sequencing efforts demonstrate that 
some mutations believed to be causal occur at a far too high 
population frequency to be actual monogenic causal patho-
genic mutations (ref: C.Andreasen et al. Eur J. Human Genet 
2013PMID:23299917). 

 The outcomes of cardiac genetic testing are summarized 
in Table  2.1 .

       Pre and Posttest Genetic Counseling  

 Cardiac genetic counseling is a key component of the multi-
disciplinary approach to care for families with cardiogenetic 
diseases, and this is not more evident than in the setting of 
cardiac genetic testing. With increasing complexity of car-
diac genetic results, ensuring individuals are well informed 
prior to testing is a challenging but critical task. 

 Genetic test results should not be considered a binary 
(yes/no) outcome, but rather a carefully considered result 

along a continuum from benign, to VUS, likely pathogenic, 
and pathogenic. The genetic test result is therefore a proba-
bilistic one, in which the weight of evidence for pathogenic-
ity determines the probability of the specifi c variant being 
disease- causing. Conveying this result to the family can be a 
challenge, but the basic principles of pretest counseling 
essentially remain unchanged with the ultimate goal of 
ensuring a full understanding of the process and conse-
quences of genetic testing. There is often inherent uncer-
tainty of the gene result and therefore discussion with a 
health professional who can effectively explain what this 
means to the family is preferable [ 22 ]. There should be an 
understanding that the identifi cation of a VUS may require 
initiation of further family investigation to clarify pathoge-
nicity, and indeed, a detailed family history at this point will 
give information about whether this is even possible. 
Furthermore, it should be highlighted clearly that there is a 
small chance new information will become available in the 
future that may change lead to reclassifi cation of the result. 
Trained genetic counselors are skilled in delivering complex 
information in a sensitive manner and should play a key role 
in the testing process.  

     Interpreting Genetic Test Results  

 Although nowadays most genetic tests are based on direct 
mutation testing, interpretation of the results is not always 
straightforward. Without going into great depths on this sub-
ject, it may be appropriate to spend a few lines on this sub-
ject. Mutations can basically have effects in three different 

    Table 2.1    Outcomes of cardiac genetic testing (Table modifi ed from Ingles et al. Heart Rhythm. 2014 PMID: 24632221)   

 Possible outcome  Consequences for the proband  Consequences for the family 

 No variants of potential clinical 
importance identifi ed 

 An indeterminate gene result does not 
exclude a cardiac genetic disease, but 
reassessment of the phenotype should be 
considered 

 Predictive genetic testing cannot be offered to the 
family. At-risk relatives are advised to be 
clinically assessed according to current 
guidelines 

 Variant of uncertain signifi cance 
identifi ed (VUS) 

 Efforts to delineate pathogenicity of the 
variant are required, including cosegregation 
studies involving phenotyped family 
members 

 While pathogenicity of a variant is under 
question, it cannot be used to inform clinical 
management of family members. Predictive 
genetic testing cannot be offered. At-risk relatives 
are advised to be clinically assessed according to 
guidelines 

 Pathogenic mutation identifi ed 
(pathogenic or likely pathogenic) 

 Confi rm clinical diagnosis, limited 
therapeutic and prognostic application except 
in familial long QT syndrome 

 Predictive genetic testing of asymptomatic family 
members is available following genetic 
counseling 

 Multiple pathogenic mutations identifi ed  Confi rm clinical diagnosis and potentially 
explain a more severe clinical phenotype 

 Complex inheritance risk to fi rst-degree relatives 
must be discussed. Predictive genetic testing of 
asymptomatic family members is available 
following genetic counseling 

 Incidental or secondary pathogenic 
mutation identifi ed 

 Action regarding incidental or secondary 
fi ndings must be discussed with the proband 
pretest 

 Genetic counseling to determine clinical and 
genetic impact to family members is available 
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ways. They can cause loss of normal protein function. This is 
called haploinsuffi ciency. They can cause gain or change of 
normal protein function, or they can make the protein become 
toxic, if normal metabolism is disturbed. For example, loss 
of function mutations in the SCN5a gene causes Brugada 
syndrome and progressive conduction disease, whereas gain 
of function mutations in the same gene underlies long QT 
syndrome type 3. 

 If nonsense mutations (leading to a stop codon) or frame-
shift mutations (leading to disruption of the reading frame, 
which usually causes a premature stop) occur, one can be 
confi dent that this will lead to haploinsuffi ciency, unless the 
truncation is very close to the C-terminus of the gene. As a 
result of a process called nonsense-mediated messenger RNA 
decay, only very little truncated protein will be produced. 
Most splice mutations (especially those disturbing the read-
ing frame) and larger rearrangements of genes will also lead 
to haploinsuffi ciency. In certain genes where haploinsuffi -
ciency is known to be a mechanism of disease, these changes 
will almost certainly be considered pathogenic. In cardioge-
netic diseases, this can include MYBPC3 mutations in HCM- 
and TTN-truncating mutations in familial DCM. Truncating 
mutations in MYH7 are an example of changes not expected 
to impact the protein, since loss of function is not thought to 
be the underlying mechanism of disease for this gene. 

 Missense mutations (mutations changing only one amino 
acid in the protein) may lead to both loss of protein function 
or gain/change of function. Especially in case of structural 
proteins, where different protein molecules act together to 
form a structure, missense mutations may be more deleteri-
ous than truncating mutations, as the mutated proteins are 
incorporated into the structure and disrupt it. This is called a 
dominant negative effect. 

 However, many of the missense mutations detected may 
actually be rare variants without signifi cant effect on protein 
function. Therefore, if a new missense mutation in a candi-
date gene for a specifi c disorder is identifi ed it will often be 
diffi cult to predict whether or not it is the actual causative 
mutation, that is, VUS (Table  2.1 ). Unfortunately, in clinical 
practice, VUSs occur rather frequently and cannot always 
be satisfactorily resolved. Some factors for consideration 
when classifying pathogenicity of a variant are shown below 
in Table  2.2 . Assumptions made regarding the pathogenic 
potential of missense mutations are therefore often provi-
sional. It is important to realize this when using genetic 
information in clinical practice. Overinterpreting missense 
variants for pathogenic mutations is harmful in several 
ways, as on the one hand some individuals without a genetic 
predisposition to the disease will be stigmatized and unnec-
essarily kept under surveillance, while on the other hand, 
the actual causative mutation will go unnoticed and indi-
viduals may be released from surveillance, based on 
 incorrect genetic information. The fact that a specifi c 

 missense  mutation has been published as a pathogenic 
mutation in the literature cannot always be regarded as 
 suffi cient evidence (one has to go back to the original publi-
cations and weigh the evidence).

         Predictive Testing and the Dynamics 
of Family Studies  

  Predictive, presymptomatic, or cascade genetic testing  is 
performed on family members with no apparent evidence of 
clinical disease to fi nd out whether or not they have inherited 
the gene variant. Often predictive testing takes place in the 
context of family studies. In family studies, specifi c individ-
uals are targeted for evaluation based on a positive family 
history for genetic disease. Both predictive testing and fam-
ily studies are unique features of clinical genetics practice. 

     Predictive DNA Testing  

 Predictive DNA testing is usually performed for monogenic 
disorders with important health risks. Demonstrating that an 
individual has not inherited the family-specifi c mutation usu-
ally reduces risks to population level and also risks for off-
spring will be normalized. However, if the mutation is indeed 
identifi ed, this does not automatically mean that the individ-
ual will get the disease. In many cardiac disorders, penetrance 
is signifi cantly reduced. In general, the presence of the famil-
ial mutation will not allow for predictions on severity of the 
disease or age of onset. Most genetic cardiac disorders show 
signifi cant locus heterogeneity, that is, many different genes 
are associated with a similar phenotype. Besides, molecular 
heterogeneity (the number of different mutations in a gene) is 
immense. Therefore, as a paradigm, predictive genetic testing 
in a family is only possible if a causative family- specifi c 
mutation has been identifi ed in the index patient. 

 It is important to emphasize that predictive testing does 
not necessarily involve DNA testing. A cardiologist perform-
ing echocardiography in a symptom free sib of a hypertrophic 
cardiomyopathy patient is involved in both a family study and 
predictive testing. The detection of, even a very mild, hyper-
trophy of the interventricular septum, that as yet does not 
need treatment, will have serious consequences for this per-
son. The adverse consequences (see next paragraph) of pre-
dictive testing based on concealed cardiac symptoms are no 
different from those associated with predictive DNA testing. 
Therefore, in a case like this, the same standards of genetic 
counseling should be applied prior to echocardiography. 

 In families where DNA studies have been unsuccessful, 
family studies will have to rely solely on phenotype and 
therefore on cardiac evaluation. An important difference 
between family studies based on phenotype and those based 
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on genotype arises when nonpenetrance or age-dependent 
penetrance occurs. In that case, of course, a genetic test will 
be more sensitive to demonstrate the predisposition espe-
cially in young individuals. In conditions with age- dependent 
penetrance, it may be prudent to re-evaluate individuals with 
a 50 % prior chance of having inherited the genetic defect 
after a couple of years.  

     Adverse Consequences of Predictive Testing  

 Predictive testing may offer important medical and psycho-
social benefi ts to the individuals tested. However, it should 
be realized that, in contrast to this, predictive testing can also 
have negative psychological and socioeconomic repercus-
sions [ 23 ]. Individuals may perceive themselves as less 

   Table 2.2    Key criteria used in determining pathogenicity of variants   

 Key criteria  Description  Tools/approach 

 The absence of rarity in general 
population 

 The variant has not been reported in 
general population databases. In 2016, 
the Exome Aggregation Consortium 
(reports >60,000 exomes giving allele 
frequencies by ethnicity. The absence 
of the variant in a large number of 
healthy controls is compatible with 
pathogenicity, but merely confi rms 
that the variant is indeed rare 

 ExAC database 
  ExAC.    broadinstitute.org      

 Variant previously reported in 
disease population 

 Many classifi cation criteria will 
require the variant to have been 
previously reported in >3 unrelated 
probands with the same phenotype. 
Public access databases such a NCBI 
ClinVar encourage laboratories and 
research groups to upload their details 
and experience of certain variants. 
Other disease specifi c databases exist 

 ClinVar website 
    clinvar.com      
 ARVD/C genetic variant database 
    arvcdatabase.info      

  De novo  event  If the variant has arisen spontaneously 
at conception, (i.e.,  de novo ) this can 
be regarded as very strong evidence in 
favor of pathogenicity. As mutation 
frequencies are exceedingly low, the 
chance that a new mutation would 
occur in the studied candidate gene 
just by coincidence is negligible 

 Genetic and clinical testing of both parents is necessary. 
Where there is question over paternity, this should be 
confi rmed by haplotype analysis following discussion with the 
family. In recent times, due to occurrence of egg donor  in 
vitro  fertilization options, it may also be necessary to confi rm 
maternity with a family. Paternity/maternity issues are 
sensitive discussion topics and should be carefully approached 

 Segregation with multiple affected 
family members 

 Proving that a variant cosegregates 
with the disease phenotype in a family 
can provide defi nite evidence for 
pathogenicity, but only if the family is 
large enough (about ten informative 
meiosis would be required). This is 
often not the case. In families where 
even two or more affected relatives 
can be shown to carry the variant, this 
will provide lower level supportive 
evidence for pathogenicity and should 
be pursued where possible 
 Absence of the variant in an affected 
family member is, of course, strong 
evidence against pathogenicity 

 Clinical and genetic testing of relatives is needed to gather 
segregation data. In general, we collect DNA samples from 
affected relatives only since unaffected relatives are not 
informative (i.e., we know there is incomplete penetrance 
among cardiogenetic diseases). When segregating an 
uncertain variant in a family, the individual should understand 
the importance of the variant is unknown. Often the approach 
is to request the DNA as a research sample, where there is no 
expectation to get a result. If pathogenicity can be adequately 
confi rmed then the family members will be invited to the 
clinical service to undergo predictive genetic testing 

 Variant causes loss of function of a 
gene known to result in a phenotype 
by this mechanism 

 As described above, loss of function 
in a handful of genes can be very 
strong evidence of pathogenicity 

 This rule does not apply to all genes 

  In silico  tools and conservation 
scores supportive of a deleterious 
role 

 There are a multitude of  in silico  
prediction software and conservation 
scores, no weight should be placed on 
a single score and in general whether 
a number of these are in support of a 
deleterious impact can be used as low 
level evidence to support 
pathogenicity 

 Polyphen2 
  genetics.bwh.harvard.edu/pph2  
 Polyphen HCM 
  genetics.bwh.harvard.edu/hcm  
 SIFT (Sorting Intolerant from Tolerant) 
  sift.    jcvi.org      
 CADD Score (Combined Annotation Dependent Depletion) 
  cadd.gs.washington.edu  
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healthy, even when no disease symptoms can yet be demon-
strated. Coming to terms with knowledge about one’s own 
genetic predisposition, feelings of guilt toward children that 
are now also at increased risk, forced lifestyle changes and 
diffi culty with choices regarding, for example, reproductive 
issues may cause a lot of distress and anxiety. Importantly, 
knowing that one has the predisposition for a serious late 
onset disorder is likely to complicate qualifying for, for 
example, life or health insurance or might interfere with 
career options. Last but not least, predictive testing can com-
plicate family relationships, especially if some family mem-
bers want to be tested while others decline testing. Test 
results of one person may also yield risk information with 
regard to other family members that may not want to know 
this. Therefore, predictive testing should not be embarked on 
without giving these issues serious thought. Opting for pre-
dictive testing should be a well-considered and autonomous 
decision of the individual involved. Pressure on individuals 
to undergo testing, for instance, by insurance companies or 
employers would be absolutely unethical.  

     Predictive Testing in Minors  

 Minors cannot make their own well-informed decisions with 
regard to predictive testing. It is a paradigm in clinical genet-
ics not to perform predictive genetic testing in minors if there 
is no direct and important medical benefi t [ 24 ]. Late-onset 
disorders, or disorders that are not amenable to preventive 
treatment, are not to be tested in healthy children [ 24 ]. In 
some countries, predictive genetic testing in minors is sub-
ject to specifi c restrictive legislation. 

 However, in many cardiac disorders like, for example, 
long QT syndromes, preventive therapy should be instituted 
at an early age. In such cases, postponing testing until chil-
dren can make their own autonomous decisions is often not a 
realistic option. Thus, predictive genetic testing of minors can 
certainly be indicated. In the Netherlands, for example, pre-
dictive genetic testing of minors for cardiac disorders is per-
formed in centers for cardiogenetics, according to a protocol 
that also involves participation of a psychologist or special-
ized social worker. It should be noted that parents who have 
their children tested for heritable arrhythmia syndromes are 
likely to experience major distress and anxiety [ 25 ]. This may 
infl uence the handling of their children and moreover paren-
tal anxiety is likely to lead to anxiety in children. 

 Although, as a rule of thumb, predictive testing in chil-
dren is only performed if treatment or surveillance is possi-
ble and necessary, there may be exceptions to this rule that 
have to judged on a case-by-case basis. The bottom line is 
that testing has to be in the interest of the child. For example, 
should a child from a hypertrophic cardiomyopathy family 
be talented enough to seriously pursue a professional career 
in sports, it would be unfair to postpone testing, thereby 

depriving the child from the possibility to choose another 
career at an earlier stage. 

     Conducting Family Studies  
 The way individuals are selected for evaluation in a family 
study primarily depends on the mode of inheritance of the 
disease. Cardiogenetic family studies most often involve 
autosomal dominant conditions, in which affected individu-
als are likely to occur in several generations and both males 
and females may be affected. Family studies are conducted 
using the “cascade method.” As soon as a new disease carrier 
has been identifi ed, his or her fi rst-degree relatives become 
the next targets for study. When parents of a disease carrier 
are deceased, it will often be diffi cult to determine whether 
the condition has been inherited from the mother or from the 
father. The possibility also remains that the disease predispo-
sition was inherited from neither parent, but resulted from a 
 de novo  mutational event. A decision will have to be made 
whether to stop here or to pursue the family study further to 
aunts, uncles, and often fi rst cousins at both sides. This deci-
sion depends in part on the medical information available on 
the parents and more distant relatives. Moreover, the magni-
tude of the risk for severe events that is associated with the 
familial disease, knowledge on the frequency of the familial 
character of the disease, and the availability of therapies that 
infl uence this risk are important issues when deciding how 
far family studies should be pursued. 

 The major justifi cation for family studies is to unambigu-
ously identify those individuals that run an increased risk of 
disease, in order to institute preventive therapies or closely 
monitor these individuals and enroll them in risk stratifi ca-
tion protocols. 

 However, sometimes the targeted family members them-
selves may not be at high risk for serious disease anymore. 
Contacting them may still be justifi ed if there is a consider-
able chance that the predisposition to a treatable disease has 
been transmitted to their children. This may, for example, be 
the case in elderly individuals from long QT syndrome fami-
lies that never experienced arrhythmias themselves. 
Demonstrating the predisposition in them will not necessar-
ily lead to treatment, but exclusion of the predisposition will 
render further testing unnecessary for all of his or her chil-
dren. The medical benefi ts for elderly tested individuals may 
be limited, but also the socioeconomic dangers of predictive 
testing may be less urgent in older individuals, as they will 
usually already have insurance and careers. 

 In case of a disorder that is not amenable to treatment, 
only reproductive counseling can be offered to family mem-
bers that turn out to have the genetic predisposition. For per-
sonal reasons family members may opt for predictive testing. 
Uncertainty regarding genetic status may by itself be a major 
cause of distress and anxiety. However, if no clear medical 
benefi ts are to be expected, family studies should only be 
initiated on specifi c demand of the relatives themselves.   
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     Prenatal Diagnosis  

 Prenatal diagnosis can be requested for a number of different 
reasons. Termination of pregnancy may be the ultimate con-
sequence once it has been established that the fetus has a very 
serious debilitating genetic disorder. However, the goal of 
prenatal diagnosis may also be to aid in planning peripartum 
medical interventions, or help parents to emotionally prepare 
for the birth of a child with a birth defect. Parents with a pre-
vious child with a congenital heart defect will qualify for spe-
cialized ultrasound in subsequent pregnancies. Depending on 
the severity and type of heart defect that is detected at ultra-
sound, parents may decide to terminate the pregnancy or to 
deliver in a center where appropriate neonatal intensive care 
is available. On rare occasions, even fetal therapy can be 
applied; for instance, some fetal tachyarrhythmias can be 
treated by putting the mother on medication. 

 Prenatal diagnosis can be divided in invasive diagnosis 
and noninvasive imaging studies, mainly prenatal ultrasound. 
Invasive prenatal diagnosis involves obtaining chorionic villi 
(placental cells), amniocytes (fetal cells present in amniotic 
fl uid), or rarely cord blood, for genetic and, sometimes, pro-
tein or metabolite studies. The invasive procedures are asso-
ciated with a small albeit signifi cant risk of pregnancy loss. 
Therefore, these should be undertaken only if the prenatal 
diagnosis will have medical consequences. Like in predictive 
genetic testing, prenatal DNA diagnosis for cardiac disorders 
will only be possible if the family-specifi c mutation has been 
identifi ed beforehand. 

 Except for ultrasound diagnosis in pregnancies of couples 
to whom an earlier child with a congenital heart defect has 
been born, requests for prenatal diagnosis are infrequent in 
cardiogenetic practice. However, requests for prenatal diag-
nosis should always be taken seriously and the reasons 
should be explored. Frequently, other issues like feelings of 
guilt, fear of disapproval from friends or relatives, uncer-
tainty about postnatal follow-up, and so on may be found to 
underlie such requests. 

 Preimplantation genetic diagnosis (PGD) is a technique 
in which  in vitro  fertilization (IVF) is combined with genetic 
diagnosis prior to implantation of the embryo into the womb. 
As genetic diagnosis has to be performed on one or two 
embryonal cells instead of millions of white blood cells, 
PGD is technically much more demanding. PGD may be an 
alternative to couples that are opposed to pregnancy termina-
tion, but would not be able to reproduce knowing that their 
child is at high risk of serious genetic disease. Success rates 
of PGD are limited by the limitations of the IVF procedure 
and the fact that after genetic testing fewer viable embryos 
may be left for implantation. PGD has been performed for a 
limited number of disorders that may have major cardiac 
consequences like, for instance, Marfan syndrome or myo-
tonic dystrophy [ 26 ,  27 ]. 

 Besides prenatal diagnosis, which is performed in selected 
cases because of increased risk of genetic disease, also pre-
natal screening programs exists. In principle all pregnant 
women are eligible for prenatal screening programs that may 
be differently set-up in different countries. In most western 
countries nowadays prenatal ultrasound screening is offered 
to pregnant women at around 20 weeks of gestation. As con-
genital heart defects occur at high frequency in the general 
population, many more heart defects will be found by chance 
during ultrasound screening than by using other methods of 
prenatal diagnosis, even if the sensitivity of ultrasound 
screening may be relatively poor.  

     The Cardiogenetics Out-patient clinic  

 Since the care for individuals with genetic cardiac disease 
and their relatives requires both cardiologic and genetic 
expertise, in the multidisciplinary outpatient clinics for car-
diogenetics are advocated as the ideal model of care. In 
these outpatient clinics that are operating within the univer-
sity hospitals, cardiologists, pediatric cardiologists, clinical 
geneticists, molecular geneticists, genetic nurses, psychol-
ogists, and/or social workers cooperate to provide inte-
grated health care for this specifi c patient group. This is of 
benefi t to patients because the number of hospital visits can 
usually be reduced and also to health care providers because 
of easier communication. Besides, from a data collection 
and research point of view, centralization of patients with 
inherited cardiac disease also has obvious advantages. It 
will be immediately clear that most of the regular care for 
this patient group will have to remain with cardiologists 
working in regional or local hospitals. With an estimated 
prevalence of 1 in 500 for hypertrophic cardiomyopathy, it 
would not only be unnecessary to follow all these patients 
in out-patient clinic for cardiogenetics, but it would also be 
impossible. This implicates that a general awareness of the 
genetic aspects of cardiac disease among cardiologists is 
needed.       
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