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Abstract
Cardiovascular diseases are the leading cause of death worldwide and are caused by a
combination of genetic and environmental influences. Hence they have a great social and
economic impact on our society. The onset and treatment of these diseases can be greatly
influenced and controlled if it is known beforehand if a patient has a hightened risk to develop a
CVD. In such cases it would be benifitial to reliably determine an individual’s risk to develop
these diseases based on their genetic data using preventive genetic screening.
Several published studies are discussed in this thesis that investigate the impact of adding
genetic data to commonly used CVD risk prediction models. The addition of a SNP located in
the Chr9p21.3 region that is strongly associated with a significantly higher risk for CVD
surprisingly does not lead to an iprovement in predicting individual risk for developing CVD. This
shows that based on genetic data alone it is difficult to predict risk for disease development.
Because of its strong genetic association with CVD, addition of this SNP did help improve
classification of persons into risk profiles, which could be beneficial for treatment.
Due to the development of next generation sequencing technologies and the possibility to
sequence complete human genomes, it becomes more and more interesting to start using NGS
based tests in the cinics for such purposes. However the complicated amounts of genomic data
that are being generated in these tests are difficult to interpret and lead to a whole new series of
complicated new technical and ethical issues.
Due to the fear of genetic discrimination it is important that current rules and regulations are
updated specifically for the purpose of genetic testing.
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1. Introduction
This thesis focuses on the feasibility of routine predictive genetic testing for cardiovascular diseases and
the accompanying ethical issues. Cardiovascular diseases are the leading cause of death worldwide and
are caused by a combination of genetic and environmental influences. Hence they have a great social
and economic impact on our society. The onset and treatment of these diseases can be greatly
influenced and controlled if it is known beforehand if a patient has a hightened risk to develop a CVD. In
such cases it would be benifitial to reliably determine an individual’s risk to develop these diseases based
on their genetic data using preventive genetic screening.
Several research questions will be addressed to answer the main research question of this thesis:
How does the general public health benefit from the implementation of routine predictive genetic testing
for cardiovascular disease?
With the recent development of next generation sequencing (NGS) technologies and the resulting
decrease in DNA sequencing costs it is now possible to analyze our complete genomic sequence and
gather information about our risk to develop certain diseases. Genomic sequence information can be
used to predict and prevent the onset of specific diseases in individuals and their families. We will discuss
the following questions in chapter 2: What is next generation sequencing? What are the technological
possibilities and the possible clinical applications of NGS? What future developments are required for the
implication of NGS in the clinic? What ethical issues are arising as a consequence of this?
Due to this technological development a whole new medical field termed personalized, predictive,
preventive and participatory medicine (P4 medicine) is evolving [1]. In general three application fields for
P4 medicine can be defined: pharmacogenomics, genetic risk assessment for common diseases, and
identification of rare disease-causing genetic variants.
Pharmacogenomics studies the genetic variation in genes involved in drug response pathways that
influence the action of a drug by their role in regulating drug absorbtion, distribution, metabolisis, and
excretion. This genetic information can be used to predict how a drug wil interact with its target and
determine its mechanism of action. Hence it is possible to predict both efficacy and toxicity of a drug
independently for every patient. This would obviously greatly increase the treatment potential and makes
pharmacogenomics a very interesting and promising field. A clinical example is the use of the drug
Trastuzumab in the treatment of breast cancer. When it is determined that a patient has an amplified
ERBB2(HER2) gene they can be treated with the drug Trastuzumab. The drug binds to the HER2
receptor and so inhibits cell growth of these breast cancers. However only 30% of the patients respond to
this treatment showing there is still considerable optimization required [2].
The identification and characterization of genetic variants to identify the molecular basis of rare and
common genetic diseases is another application that generates a lot of interest. Rare genetic diseases
affecting less then 1% of the population are still having an influence on more than 25 million people
worldwide. If individuals who are carriers for such diseases could be identified early in life the risk of
passing on their genetic mutations to future generations could be limited and controlled. Additionally the
identification of rare genetic variants using P4 medicine can also be applied to predict a person’s risk in
developing common diseases like rheumatoid arthritis, Alzheimer’s disease and cardiovascular diseases.
The focus of this thesis is on cardiovascular diseases and in chapter 4 we discuss the following research
questions: Why are cardiovascular diseases interesting for predictive genetic testing? Which
cardiovascular diseases exist and what is their genetic factor? What cardiovascular diseases are suitable
for predictive genetic screening?

6

The risk for a person to develop a certain disease is difficult to predict exactly because of the combination
of genetic and environmental influences. In chapter 5 we discuss the following research questions: Which
cardiovascular diseases can we currently predict and how is this applied in the clinic? With what certainty
can we predict (cardiovascular) diseases? Which factors are important and play a role in the development
of cardiovascular disease? How do these factors influence the disease outcome? How does disease
prediction improve treatment? What do we already know from previous studies about predicting
cardiovascular disease related to genomic variance?
The personal advantages of P4 medicine are clear; it can be very beneficial for the general public health if
diseases are prevented and treated in time. This will reduce our health care costs and it will have a strong
positive psychological effect. But if someone is diagnosed with a disease that cannot be cured the effect
can be completely adverse. The strong phsycological and social implications are leading to a whole new
series of disease specific ethical issues influenced by the severity and the type of disease.
Currently there is a lot of debate on how to prevent discrimination by employers or insurance companies
based on genomic information. There is also much debate on how to protect our privacy. It is important
that our genomic data is safely stored and not just everyone has access to a person’s genomic
information. In chapter 6 we will discuss the following research questions: Which ethical aspects are
currently considered in the clinic and applied to predictive medicine? What are the current regulations and
how should they be adjusted, especially regarding the informed consent and right not-to-know? What are
the specific ethical issues regarding cardiovascular disease? How do we deal with informed consent
when someone is tested for a genetic disorder and other unwanted information is gained? Specialized
genetic counseling is required and probably new laws have to be made.
In the past medicine was more diagnosis based and treatment started only after symptoms of disease
arise. The evolution of P4 medicine will lead to a change of medicine to a more pro-reactive field
focussing more on prediction of the onset of disease and maintaining a healthy life style with for example
dietary restrictions. It is being speculated that in the future every person’s medical file wil contain
gigabytes of data from not only their own and their families genomes, but also their enviroment and social
lives[2]. Therefore it is very interesting to investigate what factors play a role in the onset of a disease and
how these factors can help with disease prediction.
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2. Next Generation Sequencing
2.1 Sequencing platforms
Before we discuss the possibilities of predicting cardiovascular diseases using next generation
sequencing (NGS) data we first have to take a look at the technological possibilities that are currently
available. How does NGS work, which platforms are available and what are the current technical
possibilities and limitations?
The principle of NGS is fundamentally different from the Sanger sequencing method, which has been the
dominant sequencing technology since it was first published in 1975 [3]. Sanger sequencing was the
method used to sequence the entire genome in the human genome project [4,5]. The sequencing
machines used for these projects could read around 2 million bases of DNA sequence per day. Since the
size of the human genome is around 3 billion base pairs this was a very costly and time inefficient
method.
Next generation sequencing technologies were introduced on the market around 2005, they parallelize
the process (hence the term massive parallel sequencing) and increase the throughput of a sequencing
machine up to 50 billion bases a day. This technical development resulted in a dramatic decrease in the
cost of sequencing per base and an increase in throughput.
However the costs of sequencing an entire human genome still remain high and the ultimate goal is to be
able to sequence the entire human genome for $100 [6].
There are multiple NGS platforms available from different companies that are all continuously improving
their methods to make sequencing cheaper, faster and more reliable. The three leading sequencing
systems in the market are the 454 from Roche, the ABI/SOLiD and Illumina’s Hi-seq. Every company
developed its own method of sequencing. An overview of the characteristics of each platform is given in
table 1 [7].
Platform
PCR
Cluster formation
Sequencing method
Read Length

Roche 454
Emulsion PCR
One DNA fragment per bead
Pyro-sequencing
400-500 bp

ABI/SOLID
Emulsion PCR
One DNA fragment per bead
Sequencing by ligation
50 bp

Illumina
Solid Phase amplification
One DNA fragment per cluster
Sequencing by synthesis
100 bp

Table 1. Technological features of three leading next generations sequencing platforms
For every NGS platform the characteristics for library generation, sequencing technology and read length are summarized [7].
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2.2 Technological principle
The sequencing strategies of the different NGS platforms are largely based on the same technological
principles (Figure 1). Genomic DNA is isolated from for example blood, and fragmented. Sequence
adapters are ligated to the fragments and then hybridised to a slide in the case of Solexa sequencing or
attached to a bead (SOLiD, 454). At that location the DNA is amplified to form clusters containing DNA
molecules with identical sequences. These DNA sequences are then sequenced by the platforms own
methods. The sequences are read by registration of the incorporated fluorescent signals for each cluster
at the same time. The obtained DNA sequences are then aligned in silico and compared to a reference
sequence and further analyzed. Each NGS platform has its own advantages and disadvantages and they
are usually chosen depending on the experimental purpose [6,7].

Figure 1. Schematic overview of next generations sequencing technology
A Genomic DNA is fragmented and platform specific ‘adaptors’ are attached. The DNA is immobilized and then clonally amplified to provide a cluster of molecules with identical
sequences and sequenced. B DNA is sequenced by incorporatin of fluorescet nucleotides and these are imaged to read the sequence. C The sequenced DNA fragments are
aliged in silico to a reference genome and can be further analyzed [6].
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2.3 Clinical application
The very high resolution of NGS (every base pair is read and identified) makes it very suitable for
detecting mutations. Most Mendialien disorders are caused by genomic variations that are small
variations of 1 bp up to a few kb and therefore making them difficult to detect [8]. The methods that are
currently used like chromosome karyotyping, FISH and micro-array analysis all have a MB resolution and
therefore sometimes miss mutations. Additionally with NGS it is possible to multiplex samples allowing
the sequencing of small regions of multiple samples in a single lane/well and thereby significantly
lowering the costs.
The clinical application of NGS is still in its infancy, but there are several clear advantages over traditional
diagnostic technologies. First the resolution of the generated data is very high. Every single nucleotide in
a genomic region can be sequenced at a very high depth. This greatly improves the chances of locating
mutations and identifying rare variants [9].
Secondly NGS provides an unbiased view of the genome. There is no prior knowledge of the patient of
disease required before analysis. This greatly improves discovery of novel genetic variations [10].
A third major advantage is the limited amount of DNA that is required. Some patients’ sample material
can be limited or hard to collect. For Sanger sequencing usually a few micrograms of DNA is required
[4,5] but for NGS as little as 50 ng of DNA can be enough [11]. And a recently improved sample
preparation technique using Illumina paired-end sequencing only requires picogram quantities of DNA
[12].
A final advantage are the many different research applications in which NGS can be applied, of which
some examples are: whole-genome re-sequencing, exome sequencing, targeted re-sequencing and
RNA-sequencing. All these methods have their own possibilities and limitations for clinical application.
2.3.1 Targeted re-sequencing
Targeted re-sequencing is the specific sequencing of only part of the genome, for example a gene locus
that is involved in a certain type of disease. The gene is first specifically enriched for by PCR or microarray and subsequently the enriched fragments are amplified and sequenced. [13]
Several advantages of this technique are the low costs, because less reads are required to generate
enough coverage, and the simplified data analysis. A disadvantage is ofcourse that prior knowledge of
the disease locus is required.
Targeted re-sequencing can for instance be used in traditional cytogenetic and Mendelian disorder
diagnosis, the diagnosis and prognosis of cancer, and genetic testing for common diseases.
A recently published study shows the application of targeted re-sequencing in the clinic for diagnosis of XLinked intellectual disability genes and testing of up to 84 human genes implicated in hearing loss. [14]
2.3.2 Exome sequencing
Exome sequencing is essentially also a form of targeted re-sequencing, but here the sample is first
enriched for all exons, the coding regions of the genome. Exons only make up approximately 1% of the
complete human genome, but carry 85% of the mutations with large effects on disease [15]. This makes
whole exome sequencing very effective in finding disease-causing mutations, much cheaper than wholegenome sequencing and is therefore probably the most promising clinical application of NGS. Exome
sequencing could for instance be applied in prenatal diagnostics, the screening for genetic disorders,
cancer diagnostics and personalized medicine. Exome sequencing has already revealed many novel
disease genes [16, 17].
In a recent paper exome sequencing has been used to identify de nove mutations in patients with
intellectual disability. DNA from 100 patients was sequenced to analyze more than 21,000 genes and
they identified 79 de novo mutations in 53 of 100 patients. [18] The identification of some mutations in
known intellectual-disability genes provided clinically useful information for clinicians and for patients and
their families, since much is known about the prognoses associated with these mutations. For some
patients this reulsted in effective treatments based on the findings in this study, showing the power of
whole exome sequencing as a diagnostic tool.
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2.3.3 Whole genome sequencing
Whole genome sequencing (WGS) could have many applications in the determining the genetics of
common complex diseases, in GWAS studies and in personalized medicine. Currently it has already been
used a lot in cancer studies [19]. In these studies they usually compare the genome of healthy and tumor
tissue of a patient providing us with important data of pathways involved in the origin of cancer and could
help in providing targeted treatments. [20]
However despite all its possible applications, WGS is at present too costly for routine application. Another
major drawback is our current lack of knowledge about genomic variants and their direct relation to
disease. WGS generates a lot of data besides the genomic date about the locus of interest and these are
not always wanted. Therefore targeted re-sequencing and exome sequencing will probably be the
methods of choice for clinical application and WGS will probably be used in a more research setting but
not for standard routine application.

2.4 Future developments
Besides the mentioned advantages for the application of NGS technologies in the clinic, there are
ofcourse also some disadvantages, with the major disadvantage being the high costs. Currently it costs
around $1000 to sequence a sample. The costs can be diminished by for example using exome
sequencing instead of WGS, although they are still too high for most clinical labs.
A second disadvantage is the complexity and the storage of the data. NGS generates a high amount of
data that requires a sophisticated computing infrastructure and skilled bio-informaticians. This makes it
very impractical for small diagnostic labs and clinics. The cost of managing, storing and analyzing NGS
data runs into hundreds of thousands of dollars and is currently a major bottleneck for the routine
application of NGS in the clinic. [21]
To overcome some of these problems new machines are being developed of which the first already have
been released (table 2). These machines are all based on the same principle as their predecessors
described in the previous section and are a great step towards the routine implication of NGS in the clinic.
Name
Illumina MiSeq

Read length
35-150

Throughput
Upto 1GB/ run

4545 GS Junior

400

35 MB / run

Life Technologies
SOLiD

35-75

Upto 15 GB / run

Advantages
Small sized, low cost instrument
($125.000)
Low error rate
Short run time
Acceptable read length
High level of multiplexing
Small sized, low cost instrument
Short run time
Long read length
Low error rate
Flexability and scalability
Short run time
Acceptable read length

Disadvantages
Complex data analysis
High costs of data generation

Low throughput
Complex data analysis
Low throughput

Table 2. Ooverview of NGS platforms developed for the clinic.
For every platform the characteristics for read length, throughput and the advantages and disadvantages are summarized [7].

Besides these smaller and cheaper NGS systems, completely new third generation sequencers are also
being developed. Whereas the platforms in the previous discussed sequencing techniques are all based
on the amplification of DNA fragments, these new tecnhiques are based on sequencing a DNA molecule
directly. This eliminates the need for PCR amplification, which can introuce a bias in your data [22].
Examples of these so called single molecule sequencers that are currently developed are the Heliscope
single molecule sequencer, Single molecule real time (SMRT) sequencer, Single molecule real time
(RNAP) sequencer, Nanopore DNA sequencer and The Ion Torrent sequencing technology [7].
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It is clear that NGS will lead to a revolutionary improvement in clinical diagnosis and might increase the
efficiency and efficacy of treating patients with all sorts of disorders, common diseases and cancer.
However for the routine application of NGS in the clinic a lot of technical developments are still required
and costs have to be diminished. These technical improvements will definitely occur in the coming years.
A final very important consequence that needs to be considered is the fact that implementation of NGS in
the clinic asks for the generation of new laws and rules and an ethical guideline for physicians. It will be
difficult to interpret all the data generated with especially WGS and the availability of the data will have a
strong impact on individual’s life and pshcycoligal health.
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3. Cardiovascular disease
3.1 Cardiovascular disease
Cardiovascular disease (CVD) is a general term for a large group of diseases that are related to the heart
and the vasculatory system (Appendix I). The most common types are cardiomyopathies (HCM, DCM)
myocardial infarction, stroke, and sudden cardiac death (SCD).
Cardiovascular disease (CVD) is the leading cause of death in Europe and the USA [23, 24] and
responsible for 30 percent of all deaths worldwide [25]. In The Netherlands 29 percent of all deaths in
women and 28 percent of deaths in men were caused by a CVD, in 2011 [26]. From these numbers it is
clear that CVD have a great impact on our health and our social economic systems.
To reduce the number of deaths caused by CVD several public health campaigns have been initiated
world wide to raise awareness of the risk factors like smoking, a high blood pressure and maintaining a
healthy diet. These campaigns have been successful and have even lead to a decrease in prevalence of
CVD in the western world. In addition the treatment has improved due to a more personalized drug
treatment by analyzing specific symptoms individually thereby preventing or delaying the onset in
individuals with a high risk of developing a CVD.
Nevertheless worldwide the CVD mortality rate has been increasing due to an aging population, life style
changes (the third world is becoming more westernized), an increase in obesity and people suffering from
type 2 diabetes [27]. As a result more than 80 percent of CVD-related deaths worldwide now occur in low
and middle-income countries [28]. It is thought that CVD will in the future probably still be a major cause
of death and that percentage might even increase [29]. Therefore to improve treatment and prevention it
is crucial to generate a better understanding of the genetic background and molecular mechanisms
contributing to CVD.

3.2 Risk factors
There are different factors that can lead to an increased risk of CVD, some of these factors can be
modified, but some are beyond our control, like genetics. If a first-degree blood relative has had coronary
heart disease or stroke before the age of 55 years (in the case of a male) or 65 years for a female, the
risk of CVD increases significantly. Besides genetics there are some risk factors that cannot be controlled
and are based on for instance gender, age and ethnic origin. People with African or Asian ancestry are at
higher risks of developing cardiovascular disease than other racial groups. As a man you are at greater
risk of heart disease than a pre-menopausal woman. But once past the menopause, a woman’s risk is
similar to a man’s. The risk for stroke doubles every decade after age 55 and is similar for men and
women. [24]
3.2.1 Modifiable risk factors
Besides genetics, CVD can be caused by modifiable risk factors that are affected by a persons life style,
such as high blood pressure, obesity, use of tobacco, diabetes, cholesterol levels and lack of physical
activity[26].
A raised blood pressure is currently the leading CVD risk factor but if diagnosed in time this can be
prevented and treated successfully. The use of tobacco especially increases risk if you started smoking
when at a young age, you smoke heavily or are a woman. Unfortunately passive smoking is also a risk
factor. Stopping tobacco use can reduce your risk of cardiovascular disease significantly, no matter how
long you have smoked [26,92].
Blood lipid levels are another risk factor for CVD. Raised blood glucose, high total cholesterol, high levels
of triglycerides, high levels of low-density lipoprotein or low levels of high-density lipoprotein (HDL)
cholesterol all increase the risk of heart disease and stroke. These emphasize the importance of a
healthy diet, enough exercise and medication. These factors can all modify your blood lipid profile [26,92].
Physical inactivity increases the risk of heart disease and stroke by 50%. In addition obesity is a major
risk for cardiovascular disease and predisposes you to diabetes, which is also a risk factor for
cardiovascular disease. Having diabetes makes you twice as likely as someone who does not to develop
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cardiovascular disease. A diet high in saturated fat increases the risk of heart disease and stroke. It is
estimated to cause about 31% of coronary heart disease and 11% of stroke worldwide [26, 92].
A chronically stressful life, social isolation, anxiety and depression increase the risk of heart disease and
stroke. Having one to two alcohol drinks a day may lead to a 30% reduction in heart disease, but above
this level alcohol consumption will damage the heart muscle [26,92].
The risk of heart disease also increases by the use of certain medicines like the contraceptive pill and
hormone replacement therapy (HRT) [30].
The influence and combined effects of all these different risk factors makes CVD a very difficult disease to
predict and prevent. Currently there is only limited information available on whether combining genetic
information with traditional risk factors improves prediction of heart disease.

3.3 Genetics of cardiovascular disease
CVD is a complex trait with a heterogeneous phenotype. Multiple diseases can for instance lead to the
outcome of CVD but can have completely different genetic backgrounds. This makes it very difficult to
identify the genetics underlying the molecular disease mechanisms in part due to the classification of the
disease. [31] It is known from literature that CVD have a strong genetic background but there is no
Mendelian inheritance for most types [32]. This is probably caused by the fact that multiple genes have an
effect on the development and severity of the disease in combination with environmental risk factors.
CVD can roughly be divided into two groups based on their genetics; Inherited cardiac conditions and the
common cardiovascular conditions.
3.3.1 Inherited cardiovascular conditions
Inherited cardiac conditions (ICC) are some of the most common human genetic disorders and can be
roughly divided into four groups; cardiomyopathies, aortopathies, arrhythmias and cardiovascular
malformations. These conditions usually have Mendelian forms of inheritance and are mainly caused by
mutations in single genes and mostly affect children and young adults. Additionally congenital heart
malformations are the most common cause of birth defect and the leading cause of death in infants [33].
The ICC will not be further discussed in this thesis.
3.3.2. Common cardiovascular conditions
Myocardial infarction, stroke, and sudden cardiac death (SCD) are some of the most common types of
CVD. Beause these disorders are polygenic and are influenced by genetic and non-genetic factors it is
difficult to identify the genes involved. However using GWAS 33 loci have now been identified and
replicated by several studies [27,34,35]. (Table 2 and 3) Interestingly most of the discovered loci were
found in genomic regions that have not previously been implicated in coronary artery disease [35].
Several genetic variants have been identified for arrhythmias, ventricular fibrillation, SCD and the sick
sinus syndrome (Table 2). In addition loci associated with ischemic stroke, intracranial aneurysm,
peripheral arterial disease, aortic aneurysm, venous thromboembolism, and erythrocyte phenotypes
where identified (Table 3). Interestingly some of these loci are shared between coronary artery disease
and myocardial infarction, suggesting a common genetic background.
It has proven difficult to identify and verify loci associated with heart failure and death from heart failure.
Mainly caused by the fact that GWAS for heart failure had a limited number of cases to study have been
limited by modest numbers of cases of heart failure (relative to the number of such studies and the
heterogeneous nature (and thus heterogeneic sets of cases) of heart failure.
These summarized GWAS results indicate that a lot of loci related to common CVD have been identified
in the past years. However the effect size of the identified variants is small and they probably have to be
combined with non-genetic risk factors to use them efficiently in risk prediction [27].
During the rest of this thesis the focus wil be on coronary artery disease and myocardial infarction. These
two forms of CVD are the leading cause of death in the world and although there is no clear mendelian
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form of inherentce for these 2 diseases there is strong evidence that genetics play an important role in the
development of these diseases [36].

Gene
ACTC1
CSRP3
MYBPC3
MYH6, MYH7
MYL2, MYL3
PRKAG2
TNNC1
TNNI3
TNNT2
TPM1
TTN
VCL
ABCC9
ACTC
ACTN2
DES
DSG2
DSP
EYA4
FCMD
LAMP2
LDB3
LMNA
NEXN
PLN
PSEN1, PSEN2
RBM20
SCN5A
SGCD
TCAP
TMPO
TNN
DSC2
DSP
JUP
PKP2
RYR2
TGFB3
TMEM43
KCNQ1
KCNH2
ANK2
KCNE1, KCNE2
KCNJ2
CACNA1C
CAV3
SCN4B

Disease
HCM
HCM, DCM
HCM, DCM
HCM, DCM. SS
HCM
HCM
HCM, DCM
HCM, DCM
HCM, DCM
HCM, DCM
HCM
HCM, DCM
DCM
DCM
DCM
DCM
DCM, ARVD
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM
DCM, LQT3, BrS1
DCM
DCM
DCM
DCM
ARVD
ARVD
ARVD
ARVD
ARVD, AD-CPVT
ARVD
ARVD
LQT1
LQT2
LQT4
LQT5
LQT7
LQT8, BRrS3
LQT9
LQT10

Gene
GPD1L
CACNB2
SCN1B
KCNE3
SCN3B
CASQ2
FBN1
GATA-4
TBX5
NKX2
APOB
PCSK9
ANGPTL3
LDLR
ABCG5, ABCG8
ARH
NOTCH1
MRAS
SLC22A3
LPAL2
LPA
CELSR2, PSRC1, SORT1
MIA3
WDR12
PHACTR1
CDKN2A, CDKN2B
CXCL12
BRAP
SLC5A3, MRPS6, KCNE2
NINJ2
CELSR1
BOLL, PLCL1
SOX17
PITX2
SORT1
ABO
ADAMTS7
LIPA
BAZ2B
GPC5
ACTA2
MYH11
TGFBR1, TGFBR2
DTNA
TAZ
AKAP9
SNTAI

Disease
BrS2
BrS4
BrS5
BrS6
BrS7
AR-CPVT
MS
AVSD
AVSD
AVSD
FHP, SHC
FHP, SHC, MI
FHP
SHC, MI
SHC
SHC
BAV, CAV
CAD, MI
CAD, MI
CAD, MI
CAD, MI
MI
MI
MI
MI
MI, IA
MI
MI
MI
Stroke
Stroke
IA
IA
IS
MI
CAD
CAD
CAD
SCD
SCA
TAA
TAA & PDA
TAA
LVNC
LVNC
LQT11
LQT12

Table 2. Genes associated with CVD
HCM: hypertrophic cardiomyopathy, DCM: dilated cardiomyopathy, LVNC: left ventricular noncompaction, ARVD: arrhythmogenic right ventricular dysplasia, TAA: Thoracic
Aortic Aneurysms, LQT: Long QT syndrome, BrS: Brugada syndrome , CPVT: catecholaminergic polymorphic ventricular tachycardia AR: Autosomal recessive, AD: Autosomal
Dominant, AVSD: Atrial or ventricular septum defects, FHP: Familial hypobetalipoproteinemia, SHC: Severe hypercholesterolemia, BAV: Bicuspid aortic valve, CAV Calcific
aortic valve disease, MS: Marfan’s syndrome, CAD: coronary artery disease, MI: myocardial infarction, IA: Intracranial aneurysm, IS: Ischemic Stroke, SS: Sick sinus syndrome,
SCD: Sudden Cardiac Death, SCA: Sudden Cardiac Arrest. [27,34,35]
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3.4 Coronary Artery Disease and Myocardial Infarction
Coronary artery disease (CAD) is caused by an accumulation of so called atheromatous plaques within
the coronary arteries. These plaques are made up of fat and cholesterol and form on the lumen inside the
arteries. The disease takes years to progress and is usually not noticible in the beginning. After some
time the formed plaques can rupture and are released from the lumen. In combination with blood cloth
formation they obstruct the vessel and
limit the blood flow, at one point
completely obstructing the vessel,
limiting blood flow to the heart. This
usually results in a myocardial
infarction, or heart attack, resulting in
an irreversible death of heart cells [37].

Figure 2. Stages of artherosclerosis
Artherosclerosis occurs when plaques are forming within the
arteries. The plaques are formed by accumulation of fat and
cholesterol. The plaques can eventually completely block the
artery leading to a myocardial infarction.

3.4.1 Symptoms and diagnosis
Chest pain is the most common symptom, which can irradiate to for instance the left arm or the neck.
Other symptoms are shortness of breath, heavy sweating, light-headedness, nausea, vomiting and
palpitations. In the worst case scenario there is a loss of consciousness and eventually death. There are
differences in the symptoms between men and women. At least one-fourth of all myocardial infarctions
are silent, without chest pain or other symptoms [38].
Diagnosis for myocardial infarction is based on chest pain persisiting for longer then 20 minutes in
combination with a rise in Troponin levels. Usually an ECG (Echocardiography) is performed to make an
echo from the heart. From this the physician can determine the size and shape of the heart (internal
chamber size quantification), pumping capacity, and the location and extent of any tissue damage. A
physical exam can be performed and if required a coronary angiogram can be made.
Diagnosis for CAD is made based on imaging techniques like ECG, Exercise ECG, Coronary
angiography, Intravascular sound and MRI [39].
3.4.2 treatment and prevention
For CAD several treatment options are possible depending on the state of the disease. Drugs that can be
used are cholesterol lowering medications, beta-blockers, nitroglycerin and calcium antagonists. Surgery
where they widen the artery using a balloon catheter or by implanting a coronary stent is also possible. In
severe cases of obstruction coronary artery bypass grafting surgery is applied.
Treatment of a MI requires immediate medical attention where they usually try to rescue as much of the
healthy myocardium as possible. Oxygen, aspirin and nitroglycerin are drugs that are commonly used in
the prevention of further complications [40].
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3.5 Genetics in treatment and prevention of CVD
As discussed in the previous sections there are many different risk factors that can affect the prevalence
of CVD in combination with genetics. Consequently genetics can play an important role in the treatment
and prevention of cardiovascular disease. In the past years a lot of research in the field of
pharmacogenomics and effects of environmental factors and the genetics underlying CVD has been
performed.
3.5.1 Pharmacogenomics
One of the best-studied CVD related genes are those involved in the cytochrome P450 pathway. Genetic
variants in these genes affect the metabolism of a number of commonly used CVD drugs [41]. Copy
number variants in the CYP2D6 gene for instance affect the metabolism of β-blockers and of the drugs
flecainide, propafenone. The copy number variants affect the metabolosis of the drugs by affecting the
metabolic rate of the enzyme or they produce an enzyme that is unstable or contains reduced to no
enzymatic activity. Other studies have shown that the metabolism of the drugs warfarin and losartan is
reduced in persons with genetic variants of the CYP2C9 gene [42].
There are also genetic variants that can affect the drug target itself. For example 2 SNPs have been
identified in the NADPH gene that are associated with smaller reductions in cholesterol in subjects treated
with pravastatin. Additionaly several common variants in the ESR1 (Estrogen receptor 1) gene further
increase HDL-C levels after using estrogen therapy [43].
3.5.2 Genetic and environmental interactions
Another important and complicated factor in CVD treatment is the interaction between environment and
genes. The great number of different risk factor have as a result that the same genotype can produce a
different phenotype. A well-known example is blood pressure response to a low-sodium diet influenced by
a SNP in the AGT-6 gene. The AGT-6 AA genotype is associated with a significant decrease in blood
pressure for individuals on a low salt diet. Knowledge of the effect of these kinds of SNPs can improve
treatment. Patients with the AGT -6 AA genotype could be placed on a low-sodium diet before exhibiting
elevated blood pressure, thereby avoiding hypertension and consequent end-organ damage. [44]
3.5.3 Clinical application
Before the available genetic data can be translated to the clinic and used for the treatment of CVD some
barriers remain. There are currently only a few genetic testing services available for relevant
pharmacogenetic CVD variants, and the services that are available are costly and not standardized well.
There is still a lack of rigorously performed clinical research that provides the evidence necessary to
justify incorporation of pharmacogenetic testing into routine clinical practice. Many physicians are not
familiar with the principles of genetics and the mechanisms by which gene variants might influence
clinical decisionmaking. A considerable amount of work also remains to be done to elucidate both the
genes contributing to CVD and the optimal interventions to address the genetic risk. The total costs of
CVD and its treatment in our society are so great that even modest gains achieved through application of
pharmacogenetics to CVD care could have a substantial impact on attributable risk and cost [45].
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4. Predictive genetic testing for CVD
4.1 Genetic testing vs genetic screening
Studying genetic variation can be done in the context of genetic testing or genetic screening. It is
important to clarify the difference between these two forms of genetic studies because the applications
and laws are different. Genetic testing is a targeted analyis, which searches for specific genetic variants
that are known to predispose individuals to a disease. These test are usually performed based upon prior
knowledge by symptoms or familial reasons and is only performed in a diagnostic, predictive, or
reproductive context. The genetic testing of embryos and fetuses is sometimes considered reproductive
screening because no prior knowledge is required to perform these tests [46].
Genetic screening is usually performed among large groups of people without any specific prior reason. A
well-known example of genetic screening is the Guthrie test, being performed on all new borns since
1975, to test for PKU. In 2005 the program was adjusted and the screening was broadened to test for in
total 17 diseases, which are all rare disorders that can be treated when identified early [47].
4.1.1 Current applications of predictive genetic testing for CVD in the clinic
Predictive genetic testing for CVD in The Netherlands is only done on a diagnostic basis and is available
for a number of monogenic forms of CVD. This is always based on familial history and is performed at
dedicated cardiogenetics outpatient clinics at any university medical centre in the Netherlands. Disorders
that can be tested for are listed in table 3. The request for testing is usually done by a clinical geneticist or
general practioner. Before predictive DNA testing in asymptomatic relatives is possible, a disease causing
mutation has to be identified in the index patient or proband. This so called proband is the first clearly
affected person from his or her family to undergo DNA testing. Patients first receive a counselling session
with a genetic counsellor and a cardiologist to discuss the clinical and psychosocial consequences of
DNA diagnostics for the patient and his or her relatives. During this counselling session a pedigree is
made and based on available data of the patient and his or her family the counsellor decides which genes
can be tested and in what order. When the results of the DNA diagnostics are known, the patient and the
referring physician are informed about the results and screening of relatives can be started. DNA testing
can also be performed on preserved tissue of a deceased proband. In families with a disease causing
mutation relatives are invited for a counselling session by means of a family letter to discuss the pros and
cons of (predictive) DNA diagnostics. Blood withdrawal is possible after this counselling session [48].
Besides the disorders mentioned in table 4 it is also possible to test for familial hypercholesterolaemia en
VSD en ASD at other clinics [49, 50]
Long QT Syndrome
Jervell-Lange Nielsen Syndrome
Andersen syndrome,
Timothy Syndrome
Short QT syndrome
Atrial Standstill
Sick Sinus Syndrome
Brugada Syndrome
Exercise induced polymorphic ventricular tachycardia
Wolff-Parkinson-White Syndrome
Hypertrophic cardiomyopathy
Dilated cardiomyopathy
Non compaction cardiomyopathy
Restrictive cardiomyopathy
Arrhythmogenic right ventricular dysplasia/cardiomyopathy
Carney complex, type 1
Danon Disease
Congenital heart defects
Table 3. CVD syndromes for which genetic tests are available at the AMC
Overview of genetic tests available at the AMC in Amsterdam. These tests are
only performed based on familial history [50].
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4.2 Genetic discrimination
Because of the enormous various implicative effects of genetic testing it is very important there are laws
that regulate what can and what can not be done with the data obtained from genetic tests, based on all
the ethical implications. Most of these laws are focusing on genetic discrimination.
With the application of NGS in the clinic one of the most heavily debated subjects has been the use of
genetic information by insurance companies and/or employers. The fear is that this will lead to a “genetic
underclass’ with people that are uninsurable, unable to get a mortgage and will have trouble finding a job.
These fears will also have an effect on the healthcare system. To keep genetic information out of their
medical records, and thus out of the hands of insurers and/or employers, patients sometimes refuse
genetic testing or screening [51].
In a recent study by Geelen et al.[52] the fears of dicrimination and impact of genetic testing were
investigated by following six Dutch families involved in genetic testing for HCM. They conducted
interviews with 57 members of these families and based on their anwers the fear of discrimination was
surpisingly found to be based in the social and life-planning of these families more than the fear of
discirimination by employers or insurance companies. An interesting finding was that this fear was mostly
based on earlier experiences of discrimination of diseased family members more than of their own
experiences. Therefore it is important for counselers to focus less on the information provision of genetic
non-discrimination legislation and more on the role of family dynamics and individual strategies to cope
with the social consequences of living with HCM as possible barriers for uptake of genetic testing [52].
4.2.1 Laws and regulations in The Netherlands
In The Netherlands we have several laws and regulations concerning genetic testing and screening.
The Dutch Medical Examination Act (MEA) restricts private insurers and employers in requesting a
genetic test and using genetic test results from individuals who want to obtain a civil employment
contract, a pension, or a life or disability insurance. The act states that – for a life insurance below a
predefined ceiling of 160 000 Euro – no questions may be asked about untreatable hereditary disease or
about the results of genetic tests for such diseases in the applicant and his/her relatives, except in case of
an already manifest disease. Nevertheless the fear of genetic discrimination persists [53].
Additionally there are different laws and regulations concerning genetic testing and screening. There is
the WGBO (Wet op de Geneeskundige BehandelingsOvereenkomst) that was accepted in 1995 and is
about patient rights and responsibilities of the medical care person [54]. In addition there is the WBP (Wet
Bescherming Persoonsgegevens) about gathering, storing and application of sensitive data like medical
and genetic data [55].
The WMO (Wet Medisch-wetenschappelijk Onderzoek met mensen) states that NGS can only be used
when the protocol gets permission from a METC (Medisch Ethische toetsingscomissie) and the test
subject has inclined with the genetic analysis and oher aspects of the test [57].
With respect to screening, the Netherlands’ government accepted the act “Wet op het
bevolkingsonderzoek” in July 1996, in which the acceptance criteria are described for population-based
research. It states that for some types of genetic research permition is needed from the Minister of
Health, Welfare and Sports. Permission is needed for tests that use ionizing radiation, cancer research,
research for severe diseases and traits for which no cure or prevention is available. This system was
introduced to establish and guarantee a fair balance between the right of self-determination of individuals
and the need to protect them against (potentially) harmful screenings techniques [57].
In the Act, population screening is defined as: “a medical examination which is carried out in response to
an offer made to the entire population or to a section thereof and to detect diseases of a certain kind or
certain risk indicators, either wholly or partly for the benefit of the persons to be examined.” Offering and
performing tests for detecting (risk indicators of) cancer and incurable diseases without a licence is
unlawful. Moreover, performing these screening methods without permission is a punishable offence.
Unfortunately the Act does not set quality norms for the information to be provided to the (potential) test
subjects, consent, the use of samples, and counselling to be provided. Nevertheless, health care workers
and companies wishing to perform a population screening programme have to comply with the
professional medical practice standards that entail the main rights of the patient as laid down in the Dutch
Civil Code [53, 58].
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4.3 Informed Consent
Besides the importance of having laws and regulations concerning genetic testing, it is also important to
inform every person undergoing a genetic test or screening with the implications, limitations and
possibilities [58, 59]. Before a genetic test is performed a patient receives a pre-test counselling session
where they need to give their consent on what will happen with the test results and how much information
they require. The counseller has to make sure the patient has a clear understanding of the facts,
implications, and future consequences of the test performed. This is particularly important to protect the
patient against unwanted test procedures and from receiving undesired information. Furthermore the
patient needs to be capable of deciding for him or herself whether or not to receive information with
regard to their health status or to undergo a physical examination or intervention. If a patient is incapable
of deciding for him or herself another person is generally authorized to make this decision. For a child this
is usually their parents [58, 59].
Important aspects that are generally discussed during the counselling session are the chances of finding
additional information and how to report any additional findings. Genetic information acquired from the
test can also have implications for family members of the patient [58].
With the new era of NGS based techniques and the possibility for genetic screening a lot more
(undesired) information becomes available. This make the pre-test counselling session important. The
right not to know will become a very important aspect of the counselling session.
Before consenting in a genetic test a patient can decide not to be informed with the result of the test or
any of the additional information gained. This right not to know is also part of the WBO and will become
particularly important with NGS based testing [58]. There are several reasons one can think of why a
patient wouldn’t want to know the outcome. First there is a huge psychological impact; It has been
described that for many people, the discovery that they have a genetic condition that places them at a
high risk of suffering certain untreatable diseases could so depress them that the quality, joy, and
purpose of their lives would be affected. Secondly there is the dilemma of how to deal with informing their
family members and again the psychological pressure this yields. Lastly there is a more practical
disadvantage in the application for health insurance or getting a mortgage. Every patient therefore has
the right not to know the outcome of a test.
It can seem that the right not to know is contrary to the doctor’s “duty to disclose” risks to patients.
Therefore it should be noted that the right not to know can be overruled by the physician if he thinks that
the information is required for the health of the patient and their family members. This is related to
another important aspect. The individual who chooses not to know his or her genetic status, thereby
putting him or herself in a position of being unable to disclose that vital information to family members,
could be said to be acting against solidarity [58].
For future application of NGS in the clinic it is of crucial importance to consider the type and of information
that is being generated by NGS-based diagnostic approaches. There are new rules and laws required to
prevent genetic discrimination and to make sure the generated data is stored and protected in an
adequate manner. Furthermore it is of crucial importance that patients are correctly informed before
performing tests and after test date has been acquired. These points are essential for a correct ethical
implementation of NGS in the clinic.
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5. CVD risk prediction
An accurate risk prediction for CVD is important for a reduction in the number of people affected by this
group of diseases and could greatly improve treatment. If an individual has been diagnosed with a high
risk for developing CVD a specialized treatment through lifestyle modification and/or drug therapy aimed
at risk factor modification can be applied. As previously described most cardiovascular diseases like CAD
are polygenic and are caused by a combination of genetic variants combined with non-genetic risk
factors. Because all these risk factors have to be considered simultaneously it is very complicated to
predict an individual’s risk for CVD. However several risk prediction models have been developed in the
past years.

5.1 CVD risk prediction models
The first developed CVD risk prediction model was the Framingham Risk Score, which can be used to
assess the 10-year risk for CHD [60,61]. The Framingham Risk Score (FRS) is based on data obtained
from the Framingham Heart Study and determines the risk separately for men and women. The risk
factors taken into account by this model are dyslipidemia, age range, hypertension treatment, smoking,
and total cholesterol [62].
The FHS started in 1948 with 5209 individuals. Original cohort participants were examined approximately
every 2 years. Subsequently, in 1971, the Framingham Offspring Study enrolled 5124 children and
spouses of the children of the original cohort. In 2002, the Framingham Third Generation study enrolled
4095 children of the Offspring cohort. Participants of the Framingham Offspring Study were evaluated
approximately every 4 years.
Other models that have been developed to predict CVD risk are: the assessing cardiovascular risk to
Scottish Intercollegiate Guidelines Network to assign preventative treatment (ASSIGN) score, systematic
coronary risk evaluation (SCORE) score, Prospective Cardiovascular Münster (PROCAM) score,
QRESEARCH cardiovascular risk (QRISK1 and QRISK2) algorithms and the Reynolds risk score.
All these studies have a similar efficiency in estimating disease risk, and they do not take genetics into
account [63].
GWAS studies have revealed around 33 loci involved in CAD and it would be interesting to know what
effect the genetic knowledge of a person would have on the prediction of disease. As an example I will
describe the 9p21.3 locus below along with its effect on risk prediction for coronary artery disease.
This will be done by discussing three very interesting studies looking at the accuracy of 10-year risk
prediction using traditional risk factors with, and without, measurement of the SNPs in the 9p21 locus.

5.2 The 9p21.3 locus
The 9p21.3 locus is the first risk variant associated with CAD that was published and has since then been
confirmed in many other studies [64, 65]. The identified rs10757274 SNP comprises an A>G transition
increasing the risk for individuals associated with an estimated 20% increase in CHD risk in
heterozygotes and 40% increase in CHD risk in homozygotes [66]. This is equivalent to non-genetic risk
factors such as smoking [67].
The risk allele is carried by 75% of the European population and has also been found in other ethnic
groups including Japanese [68], Korean [69], Chinese [70], Pakistani [71] and Indian [72], but interestingly
not among Africans [73].
The mechanism by which 9p21.3 increases the risk for CAD is unknown and is independent of known risk
factors [64, 65].
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5.2.1 The 9p21.3 genomic region
The rs10757274 SNP is part of a cluster of linked SNPs at chromosomal location 9p21.3 that are
associated with coronary artery disease, myocardial infarction, stroke, abdominal aortic aneurysm and
intracranial aneurysm [64, 65, 66, 74, 75]. It is located in a gene desert spanning about 50 kb which
contains a long noncoding RNA (lncRNA) of 126,000 bps, referred to as ANRIL (antisense noncoding
RNA in the INK4 locus) or CDKN2BAS (CDKN2B antisense RNA) [76, 77].
Adjacent to the 9p21.3 locus is the INK4/ARF locus that contains the genes CDKN2A and CDKN2B,
encoding cyclin-dependent kinase inhibitors, and MTAP, encoding methylthioadenosine phosphorylase.
The CDKN2A, CDKN2B, and MTAP genes are important targets in tumor biology because loss of the
INK4/ARF locus is a frequently found in the development of cancer. Moreover the Chr9p21 region has
also appeared as a risk locus in genome-wide association studies for several cancers, including glioma,
basal cell carcinoma, breast cancer, and nasopharyngeal carcinoma.
The lncRNA is transcribed into several alternate transcripts and expression of the 9p21.3 risk allele is
consistently associated with higher expression of ANRIL but lower mRNA expression of the nearby
genes CDKN2A andCDKN2B [76, 77, 78].
It has been shown that several conserved sequences in this region contain enhancer elements and can
regulate the surrounding genes indicating a possible role of this locus in affecting CAD via these genes
[77, 79].

5.3 CVD risk prediction using the 9p21.3 risk variant
In the past years several studies have investigated the potential clinical value of the association of
Chr9p21 with CVD risk prediction. This was done by analyzing the effect on risk prediction after adding
Chr9p21 to the currently available models of risk prediction such as the Third Report of the National
Cholesterol Education Program Expert Panel on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults (ATP III), FRS, Reynolds Risk score and ARIC Cardiovascular Risk Score (ACRS).
These three studies that all focused on the effect of risk prediction after the addition of the rs10757274
SNP into their risk prediction models (Table 2).

Reference
Talmud et al [84]
Brautbar et al [86]
Paynter et al [80]

Study
cohort
NPHS II
ARIC
WHS

Cohort
size
2742
9998
21.129

Risk model using
CRF
FRS
ACRS
Reynolds score

Significant improvement
in risk score
No
Yes
No

Significant improvement
in reclassification
Yes
Yes
No

Table 5. Summary of 9p21.3 studies
Summary of studies that evaluated the effect of adding the 9p21.3 genotype to their risk prediction models.

5.3.1 CVD risk prediction by addition of the 9P21.3 genotype
In the first published study performed by Paynter et al they used data from the Women’s health study
(WHS), which was started in 1992 [80]. The WHS recruited female health professionals in the United
States who had no major chronic disease at the beginning of the study and followed them for 10 years for
incident myocardial infarction, stroke, coronary revascularization, and cardiovascular death [81, 82]. Of
these women, 23 226 were genotyped for the rs10757274 polymorphism in the 9P21.3 locus, but they
only included the 22 129 white women for their analysis. Subsequently they assesed the effect of the
addition of rs10757274 SNP to the ATP III risk score and the Reynolds Risk Score [83].
Of the 22.129 selected women 26.2% had no risk (G) alleles at rs10757274, 49.5% had 1 risk allele, and
24.3% had 2 risk alleles. The number of risk alleles only had a significant association with a family history
of premature myocardial infarction (13% mortality rate for 1 or 2 risk alleles vs 11% for no risk alleles) and
a slight association with a history of diabetes. But there was no association with smoking, age, blood
pressure or any biomarkers as described before.
Next they analyzed the affect of addition of the rs10757274 SNP in prediction scores in both risk
prediction tests performed. They observed almost identical results in their analyses using either the ATP
III or Reynolds Risk Score prediction models. Thus unfortunately addition of the genetic variation only
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slightly improved the classification of risk prediction in a model based on ATP and did not improve
classification using the Reynolds Risk Score (Table 6).

Risk Factor

ATP III risk score

Age
Blood Pressure
Total Cholesterol
HDL cholesterol
Current smoker
History of diabetes
Family History of MI

4.092 ± 0.287 (<0.001)
3.578 ± 0.381 (<0.001)
1.174 ± 0.198 (<0.001)
-1.114 ± 0.143 (<0.001)
0.888 ± 0.091 (<0.001)
1.340 ± 0.110 (<0.001)
-

ATP III risk score +
genotype
4.108 ± 0.287 (<0.001)
3.569 ± 0.381 (<0.001)
1.173 ± 0.198 (<0.001)
-1.117 ± 0.143 (<0.001)
0.887 ± 0.091 (<0.001)
1.335 ± 0.110 (<0.001)
-

Reynolds Risk Score
0.074 ± 0.005 (<0.001)
3.653 ± 0.353 (<0.001)
0.997 ± 0.200 (<0.001)
-0.978 ± 0.145 (<0.001)
0.880 ± 0.092 (<0.001)
0.423 ± 0.100 (<0.001)

Reynolds Risk Score
+ genotype
0.074 ± 0.005 (<0.001)
3.648 ± 0.353 (<0.001)
0.996 ± 0.200 (<0.001)
-0.979 ± 0.145 (<0.001)
0.876 ± 0.092 (<0.001)
0.423 ± 0.100 (<0.001)

Table 6. Comparison of Cardiovascular Risk Prediction Models with and without 9p21.3 Genotype
The Reynolds and ATP III risk scores with and without genotye information are shown for each risk factor.

In the second study Talmud et al used the Framingham risk algorithm to determine the effect of adding
the genotype to the risk predciton algorithm [84]. They used the available data from the Northwick Park
Heart Study II (NPHS-II). This is a CVD study of 2742 healthy middle-aged men (50–64 years old)
recruited from 9 UK general practices that were followed for an average of 14 years, with 270 CHD
events [85]. They analyzed the effect of combining the rs10757274 SNP data to the Framingham risk
algorithm and again this did not significantly increase the risk prediction.
Interestingly however, when they modeled the effect on CHD risk of up to 10 hypothetical, randomly
assigned gene variants, with allele frequencies and risk similar to those of rs10757274 they did see a
significant improvement. The addition of 1 further SNP with similar characteristics increases the risk
association significantly (P <0.03), whereas the inclusion of 2 or more SNPs had a greater effect
(P<0.001), with the addition of further SNPs having smaller incremental effect. However, whether this
improvement is clinically significant is not known as the number of individuals with multiple independently
segregating risk alleles is likely to be small.
Genotype
CHD Risk
Model 1
Model 2
Model 3

AA
(no risk allele)
5.9
1.00
1.00
1.00

AG
(1 risk allele)
8.5
1.40 (1.02-1.92)
1.38 (1.00-1.90)
1.58 (1.09-2.28)

GG
(2 risk alleles)
9.5
1.60 (1.12-2.28)
1.57 (1.10-2.25)
1.96 (1.31-2.94)

Table 7. Comparison of Cardiovascular Risk Prediction Models With 9p21.3 Genotype
Model 1: adjusted for age and general practice.
Model 2: adjusted for age, smoking, blood pressure, chlesterol, triglycerides and BMI.
Model 3: adjusted for age, smoking, blood pressure, chlesterol and calculated baseline HDL.

5.3.2 Reclassification of CVD risk by addition of the 9P21.3 genotype
The above discussed studies from Paynter et al and Talbud et al showed that addition of the rs10757274
SNP to their risk prediction models did not significantly increase the risk prediction score, although this
SNP has been strongly associated with an increased risk for CVD. Therefore Talbud et al and other
studies from Brautbar et al looked at the effect of addition of the 9P21.3 genotype to the ability of using
this genotype to classify individuals into risk categories by determining the number of men correctly
reclassified. Based on their CRF score individuals are divided into risk categories to estimate their risk of
CVD in the coming 10 years. In the study by Talbud et al men were divided into those with a 10-year CHD
risk of <5%, 5%–10%, 10%–20%, and >20% risk. After addition of the p21.3 genotype, 21.9% of the men
were reclassified, of which a striking 63% moved into more accurate prediction categories.
The improvement in reclassification by the addition of the rs10757274 SNP was confirmed by the other
study performed by Brautbar et al. Here they assed the addition of 9p21 allele to the ARIC Cardiovascular
Risk Score (ACRS) [86]. The study used 9,998 white participants from the Atherosclerosis Risk in
Communities (ARIC) study. When they added the 9p21 allele to the traditional RF, 12–13% in the
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intermediate-low (>5% to ≤10% 10-year risk) and intermediate-high (>10% to ≤20% 10-year risk)
categories were reclassified in both ACRS and FRS models.
It is clear from these studies that despite having a strong correlation with an increased risk for CVD the
addition of the rs10757274 SNP in the 9p21.3 locus does not significantly approve the risk prediction
score in several well established risk prediction models. When combined with multiple SNPs the risk
prediction score becomes better, but this approach is not feasible since it is not likely for a patient to carry
more then 5 of these SNPs. Interestingly the addition of the genotype to the classification of individuals in
risk categories did improve by taking the genotype into account.
Addition of 9p21 genotype information might therefore influence treatment based on lifestyle modification
and initiation of targeted drug therapy.
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6. Discussion and conclusions
6.1 Application of NGS in the clinic
By applying massive parellel sequencing reactions, next generation sequencing has had an enormous
impact on the field of genetics. The new techniques that are being developed are more accurate in
detecting mutations and can supply physicians with a lot more detailed, and sometimes unwanted,
genetic information about their patients compared to the currently used techniques. This is making NGS
very suitable for clinical diagnostics and genetic testing or screening.
NGS could be useful in a whole scala of diagnostic tests and can help to identify the genetic cause, and
improve treatment, of many disorders. It can be applied for the analyis of DNA, RNA and even epigenetic
patterns like DNA methylation [7]. Some technical applications of NGS that are promising for clinical
application are targetetd re-sequencing, whole exome sequencing and whole genome sequencing.
Depending on the demands of the test each of these will have their benefits and drawbacks.
Before NGS can be routinely applied in the clinic there are some important challenges that need to be
overcome, the first one obviously being the high costs.
The current development of new third generation sequencing machines will make NGS more attractive for
routine diagnostic labs. NGS will become cheapier, more reliable and easy to use in the clinic.
A second challenge is the analysis and storage of NGS date. Specifically trained personnel is required
and there is the need for new rules and laws for the storage and management of the data. Skilled
personal needs to be trained to analyze the data in a reliable manner and ofcourse physicians and
clinicians need to be able to understand this data.
Whole exome sequencing will probably be the first most widely used NGS based technique applied in the
clinic. Since this is the most cost-effective way to detect disease causing mutations and the data analyis
is fairly simple compared to whole genome sequencing. It is clear that the implementation of NGS
technologies in the clinic will no doubt lead to a whole new era of diagnostic testing.

6.2 Risk prediction for CVD using genetic markers
Because of the high impact on worldwide mortality rates, CVD are a group of diseases for which it would
be very interesting to perform routine genetic screening. If the risk for an individual to develop a CVD
could be reliably predicted at a young age, effective precautions could be made to prevent disease onset.
CVD is, as many common traits, a group of complex polygenic disorders that are caused and influenced
by many different factors. Some of the risk factors for CVD can be controlled, like smoking, physical
activity and keeping a healthy diet, however some like genetics and age cannot. These factors together
influence the disease outcome.
To estimate the capacity of NGS to predict disease a recent study by Roberts et al used monozygotic
twins to determine how well they could establish a specific level of genetic risk for disease [89]. In their
study they found that the maximum capacity of WGS to identify individuals that have a clinically significant
risk lies at 24 different diseases. Their analysis also revealed that when individulals are tested for one of
these 24 diseases wil receive negative test results for 23 out of the 24 while they still hve a significant
chance in developing this disease [58].
Their date once more confirm that it is still very difficult to predict a person’s risk to develop disease
based on genetic data. More extensive knowledge about specific disease associated SNP’s and
associated environmental factors could be very beneficial.
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6.2.1 Knowledge of Chr9p21 doesn’t improve CVD risk prediction
At present it is possible to test for most Mendelian forms of CVD based on a familial history. The results
are used to reliably establish familial CVD disorders and are succesfully used for treatment. For common
forms of CVD however no testing is currently being applied and the current knowledge is not good
enough to be able to predict CVD on the basis of genetics.
Using GWAS, and lately using NGS, multiple loci have been found to be associated with an increased
risk for CVD. However these all have a low effect rate and it is not yet possible to reliable predict disease
from genetics alone. Using GWAS 33 loci were found to be specifically associated with myocardial
infarction and stroke. One of the highest associated loci being Chr9p21.3.
Since Chr9p21 has been intensively studied in the past years it is a very interesting candidate to use in
combination with the existing CVD risk prediction models. However from the several studies discussed in
this thesis we can conclude that addition of this genotype to risk prediction model such as the FRS,
Reynolds risk score and ARCS do not have any significant effect. One reason for this could be that the
SNP is located in a gene desert and only indirectly influences the surrounding genes complicating the
analysis. Another interesting keyplayer might be the long noncoding RNA ANRIL, which is transcribed
from this locus, the expression of which could be affected by SNPs in the locus. Unfortunately the
function of most long non-coding RNAs is still a mystery [90].
Interestingly the addition of the Chr9p21.3 SNP did have a positive effect when assigning people to the
right risk group. Because drug dosages are defined dependent on the risk classification, assigning people
to the right risk group can greatly affect treatment
6.2.2 Combining genomic variants improves risk prediction
Why the effect of addition of the rs10757274 SNP to the risk models is so small, while it has such a
strong assocation with CVD could also be caused by the fact that multiple genomic variants are playing a
role in complex traits like CVD. Talmud et al in their study showed that addition of multiple SNP’s greatly
improves the risk predicition signficance [84]. This was also studied in a recent combined analysis of the
prospective FINRISK and Malmö Diet and Cancer studies using a score of Chr9p21 and 12 additional
genetic markers identified in GWASs [91]. However, adding this score to conventional risk factors
unfortunately also did not lead to a significant improvement of risk prediction. A possible reason for this
result might be that most of the markers used in the genetic score had only very modest effect sizes [91].
Consequently genetic risk prediction may only be an added value when more genetic markers or markers
with greater effect sizes are combined. This greatly reduces the clinical usability of disease prediction
based on genetic markers because it will be difficult to find all these SNPs together in one individual.
Therefore it is still very important to take all the modifiable risk factors into account when prediciting risk
for cardiovascular disease.
6.3 Ethical and legal issues of predictive genetic screening
The use of NGS technologies in the clinic will generate a lot more detailed and sometimes unwanted data
after perfoming genetic tests. Therefore it is important to optimize certain aspects of the current
counselling sessions for them to be compatible with the implications of NGS based technologies.
First the informed consent, which is now mostly based on giving the patient a clear understanding of the
facts, implications, and future consequences of the test performed. However with NGS technologies
another important factor will be the additionally acquired data and how to handle this. It will be difficult for
a counselor to realize before hand all the consequences from the information that will be gained from a
genetic screening experiment. One proposal is to adjust the informed consent into a more generic
consent [60].
Secondly due to the additional information acquired in NGS based tests the right not to know will also
play a bigger role. It will be important to have rules set up for especially the physician indicating when he
or she can overcome this right in the context of health safety concerns of the patients and their families.
Predictive genetic screening can have a severe impact on an indivdual’s life path after knowing he or she
has a certain risk to develop a disease, which can lead to genetic discrimination. The current laws and
regulations for genetic testing are not sufficient to cover all aspects associated with genetic screening and
need to be adjusted and specified.
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6.3 Clinical implication of genetic testing for CVD
CVD are the leading cause of death worldwide and form a heterogeneous group of diseases with different
underlying genetic mechanisms. This heterogenous nature makes it difficult to perform accurate risk
prediction based on genetics alone. Current risk prediction models only take the modifiable risk factors
into account and it would be interesting to combine those models with the addition of genetic variants.
However from several studies it has become clear that until now we are not capable of providing an
accurate risk prediction based on genetic data combined with the current used risk prediction models.
In combination with the psychological consequences of these tests on the people that are tested and the
incomplete view of all ethical and legal aspects it is not yet feasible to implement routine predictive
genetic screening for CVD. Genetic testing based on family history is definately very helpful and the
acquired genetic variant data will be of great value in improving this field.
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Appendix 1 CVD affecting the heart
CVD Class

CVD Subclass

Clinical features

Angina pectoris

Stable angina
Unstable angina
Variant angina
Atrial fibrillation
Heart block, including first-degree AV
block, second-degree AV block, and
complete AV block
Premature atrial complex (PAC)
Atrial flutter
Paroxysmal supraventricular tachycardia
(PSVT)
Wolff-Parkinson-White syndrome
Premature ventricular complex (PVC)
Ventricular tachycardia
Ventricular fibrillation
Long QT syndrome
Dilated cardiomyopathy
Hypertrophic cardiomyopathy
Restrictive cardiomyopathy

Chest pain due to heart attack

Arrhythmias

Cardiomyopathy
Congestive heart failure
Congenital heart disease

Atrial septal defect (ASD)
Ventricular septal defect (VSD)
Patent ductus arteriosus
Pulmonic stenosis
Congenital aortic stenosis
Coarctation of aorta
Tetralogy of Fallot
Tricuspid atresia
Truncus arteriosus
Ebstein's anomaly of the tricuspid valve
Transposition of the great vessels

Coronary artery disease (CAD), also known
as heart disease, ischemic heart disease, or
coronary heart disease (CHD)
Cor pulmonale
Heart attack, myocardial infarction
Heart valve disease, such as:

Iregular Heart beat

Death of heart tissue
Heart failure
Birth defect of the heart

Plaque formation in the arteries of the
heart

Enlargement of the right ventricle of
the heart
Interuption of blood supply to the heart
Mitral stenosis
Mitral valve regurgitation
Mitral valve prolapse
Aortic stenosis
Aortic regurgitation
Tricuspid stenosis
Tricuspid regurgitation

Malfunction of the heart valves

Myocarditis
Rheumatic heart disease

Inflammation of heart muscle
Repeated inflammation of the heart

Pericarditis
Sudden cardiac death

Inflammation of the pericardium
Death by sudden heart failure

Cardiac tumor

Tumor in the heart

Table 7. Overview of CVD affecting the heart [92]
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Appendix 2 CVD affecting the blood vessels
CVD Class
Aortic aneurysm
Aortitis
Atherosclerosis
Aortic dissection
High blood pressure (hypertension),
Stroke
Other problems in arteries

Other problems in veins, including:

Lymphedema.

CVD subclas

Clinical features
Swelling of the aorta
Inflammation of the aortic wall

Thickening and hardening of the
arteries
Essential hypertension
Secondary hypertension
Malignant hypertension

Tear in the inner wall of the aorta
High Blood pressure
Loss of brain function

Atherosclerosis of the extremities
(arteriosclerosis obliterans)
Arterial embolism
Acute arterial occlusion, which is when a
blood vessel becomes blocked
Raynaud's phenomenon
Arteriovenous fistula
Vasculitis
Thoracic outlet syndrome
Venous thrombosis
Deep vein thrombosis (DVT)
Thrombophlebitis
Varicose veins
Spider veins
Tissue swelling caused by a defective
lymhayic system.

Table 8. Overview of CVD affecting theblood vessels [92]

36

