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INTRODUCTION
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Epidemiology of heart failure
The prevalence of heart failure in the Western world is estimated at 1-2%, and is increasing
progressively with age (≥10% in persons older than 70 years)1–8. The incidence of heart failure,
with 100 to 900 cases per 100 thousand person-years9, has stabilized and may even be declining
by 37% (95% confidence interval (CI); 20-44%) per decade due to improvements in prevention and
treatment10. Yet, increasing age, advances in therapeutic interventions and extended survival
rate will lead to an increase in the costs of medical care for heart failure11,12.

Heart failure is a clinical syndrome that can best be described as the inability of the heart to
meet the needs of the body, and has the following features13:

• Symptoms typical of heart failure (e.g. breathlessness at rest or during/after exercise,
fatigue, tiredness, ankle swelling).

• Signs typical of heart failure (e.g. tachycardia, tachypnoea, pulmonary rales, pleural effu-
sion, raised jugular venous pressure, peripheral edema, hepatomegaly).

• Objective evidence of a structural or functional abnormality of the heart at rest (e.g. car-
diomegaly, third heart sound, cardiac murmurs, abnormality on the echocardiogram, raised
natriuretic peptide concentration).

Because many of these signs and symptoms are non-discriminating, nonspecific or hard to
detect and reproduce, especially during the early stages, diagnosis of heart failure can be diffi-
cult14–18.

Pathophysiology of heart failure
Underlying causes for developing heart failure can be very diverse and many pathologies are in-
volved, both cardiovascular and non-cardiovascular. Common causes resulting in heart failure are:
previous myocardial infarction, high blood pressure, atrial fibrillation, coronary artery disease,
valvular heart disease, diabetes mellitus, excessive alcohol use, infection, and cardiomyopathy.
Where the majority of heart failure incidences can be traced back to these causes13, a small part
may be caused by a genetic predisposition. The relative risk for developing heart failure when
one parent developed heart failure is 1.69. When both parents developed heart failure the relative
risk increases to 1.9219. Most of this genetic predisposition is expressed through indirect and mul-
tiple complex mechanisms, but in some cases heart failure is caused by more direct Mendelian
inherited forms of myocardial diseases4,20–24. These Mendelian traits are by nature rare, and
although important at an individual level, are of limited significance in terms predicting heart
failure.

Heart failure was long seen as a problem of excessive salt and water retention caused by
abnormalities of renal-blood flow and/or pumping capacity of the heart, which was a result of
impaired left ventricular contractility, resulting in a reduced left ventricular ejection fraction
(LVEF). Ejection fraction (EF ) is the fraction of the end-diastolic blood volume (EDV ) in the
left ventricle that is ejected with each beat. It is the stroke volume (SV ) (the difference between
EDV and end-systolic blood volume (ESV )) divided by EDV : EF = SV

EDV = EDV −ESV
EDV . LVEF

is easy and inexpensive to measure by echocardiography and has been used to determine diagnosis,
assess prognosis of heart failure and select patients for clinical trials25. Normal LVEF in healthy,
non-heart failure, subjects varies between 55% and 75%26,27. Heart failure patients with LVEF
<40% are diagnosed with heart failure with reduced ejection fraction (HFrEF)28.

This view, however, has been unable to adequately explain the progression of heart failure29.
In recent years, it has been recognized that heart failure can occur not only in patients with
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HFrEF, but also in the presence of heart failure with preserved ejection fraction (HFpEF). In
HFpEF the heart muscle contracts well, but the ventricle does not entirely fill with blood in the
relaxation phase30. Estimations of HFpEF proportion in heart failure patients varies between
22-73%, depending on the definition, clinical setting and population differences2,31–43. Currently,
heart failure is thought to be a progressive disorder, the causes of which result in a decline in
pumping capacity of the heart44. Most patients will not show signs and symptoms of heart failure,
or only show signs and symptoms of heart failure after some time. The reasons causing patients
to remain asymptomatic often remain unclear. The human body has multiple compensatory
mechanisms to counter the processes involved in heart failure progression, ranging from sub-
cellular levels all the way through organ-to-organ interactions45–49.

Some of these compensatory mechanisms are well known: renin-angiotensin-aldosterone sys-
tem50,51, sympathetic nervous system52–54, cytokine systems55–58. Current pharmaceutical ther-
apies capitalize on these compensatory mechanisms, yet these known mechanisms are insufficient
to explain and prevent disease progression in heart failure. The development of new advanced
heart failure therapies requires a better understanding of the patho-biology of heart failure, from
cell-cell interactions, to the complex interactions that govern the compensatory mechanisms. An
important role in the search for these metabolic and molecular processes involved in heart fail-
ure lies the field of systems biology, or systems medicine when humans are involved59. Instead
of looking at separate independent processes, systems biology looks at the interaction between,
and thereby the integration of multiple levels of biology60–63. There are various strategies for
modelling these systems biology processes, all of which have their own, specific advantages and
disadvantages64,65.

Figure 1.1 presents an adaptation of the central biological dogma is presented66,67. This
Figure visualizes the multitude of levels that could be involved in the systems biology of heart
failure. The central dogma states that genes (represented by deoxyribonucleic acid (DNA) in
the leftmost item in Figure 1.1) contain the blueprint for making proteins. Genetic profiles can
be analyzed by doing a genome wide association study (GWAS), or measuring large numbers
of single nucleotide polymorphisms (SNPs) with e.g. Illumina, inc. (San Diego, CA, USA)
HumanOmniExpress BeadChip® or ©Affymetrix, Inc. (Santa Clara, CA, USA) GeneChip® chips:
>80 million markers
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Following Figure 1.1, we see that DNA is transcribed into messenger ribonucleic acid (mRNA).
There are several epigenetic mechanisms regulating DNA/ribonucleic acid (RNA) transcription.
One mechanism is associated with methylation of the DNA molecules68. DNA methylation is
a process by which methyl groups are added to the DNA code, thereby modifying its function.
DNA methylation is involved in many processes from cellular differentiation and pluripotency
to development and aging, and even in responses to environmental changes such as dietary
changes69–79. These methylation markers can be measured by e.g. Illumina (San Diego, CA,
USA) HumanMethylation450 BeadChip®: ∼1 million markers.

Another process in the development of mRNA is called splicing. During the splicing process,
parts of the precursor of mRNA (pre-mRNA) are removed by the spliceosome, a complex molec-
ular structure found in the cell nucleus. Pre-mRNA sequences consists of two different segments:
exons and introns. Exons are sequence segments retained in the final mRNA, while introns are
removed in the splicing process80,81. Not all exons are always retained in the final mRNA; during
splicing, some exons may be excluded as well. This process, called alternative splicing, enables
cells to create a multitude of different proteins from a single genetic sequence82–85 and is very
common in humans. It is estimated that as many as 74% to 95% of genes consisting of multiple
exons are alternatively spliced84,86,87 and 15-50% of human disease mutations have something
to do with splice-site selection88. There is also evidence that abnormalities and alterations in
regulation of alternative splicing are present in heart failure patients89–91.

Transcribed and spliced mature mRNA molecules are translated into proteins and peptides
in ribosomes in the cell cytoplasm. Here, the mRNA sequence is used as a template to assemble
a chain of amino acids to form a protein or peptide. Proteins and peptides are constructed out
of a set of only 20 different amino acids, but can be very complex and dynamic molecules. Small
changes in the molecule amino chain could alter its functionality or alter the molecule entirely. It
is estimated that there are ∼50-100 thousand different proteins in the human body92. Metabolites
are the intermediates and products of metabolism, and are usually restricted to small molecules93.
The human metabolism is involved in the conversion of food to energy, the conversion of food
to building blocks and the elimination of nitrogenous wastes. Metabolic profiling can provide an
instantaneous snapshot of the physiology of a cell, organ or organism94. The first and largest
metabolomics web database METLIN contains over 240 thousand metabolites95. Proteins, pep-
tides and metabolites can be measured in various ways with e.g. basic laboratory tests, specific
developed biomarkers panels or with high throughput techniques, e.g. mass spectrometry or
MALDI time-of-flight (MALDI-TOF), where the mass of a protein is determined by a pulsed
laser, triggering ablation and desorption of the material. After this, the analyte molecules are
ionized, and accelerated into a mass spectrometer96.

Systems biology deals with all these biological levels and enormous numbers of variables
8 · 107 SNPs × 1 · 106 methylation markers × 4 · 104 gene expression data × 5 · 105 proteins ×
24 · 105 metabolite markers ≈ 38 · 1029 interacting variables). By associating multiple levels of
these phenotypic, molecular and genetic data, underlying relations (e.g molecular and metabolic
mechanisms) could be revealed97.

Treatment of heart failure
Despite all efforts in cardiovascular research, there is as of yet still no cure for heart failure. Goals
of heart failure treatment are therefore limited to relieving signs and symptoms, preventing
heart failure hospitalization and extending survival. Currently, improvement of survival and
reduction of hospitalization is achieved by stopping or at least postponing the worsening of
heart failure11. Improvement of quality of life has also been shown to benefit survival98,99 and
is therefore important for heart failure patients, but this has not yet been a primary focus in
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clinical trials100.

At present, there are various treatment options for heart failure recommended by the Euro-
pean Society of Cardiology (ESC). Immediately after heart failure is diagnosed, pharmacological
treatment should be started, together with lifestyle changes and frequent follow-up by the cardiol-
ogist. When heart failure progresses, more advanced treatment, mechanical device implantation
or eventually heart transplantation are to be considered101. Although morbidity and mortality
are similar in HFpEF and HFrEF102,103, pharmacological therapies proven effective in HFrEF
did not appear to benefit HFpEF patients104–106. Different pharmaceutical therapies for HFrEF
and HFpEF have therefore been proposed by the ESC101.

First, for both HFrEF and HFpEF patients, diuretics (like furosemide) should be prescribed
to relieve dyspnoea and edema, which is beneficial for patients with signs of congestion107–111.
Although no large, long-term randomized controlled trials (RCTs) have been conducted on the
effect of diuretics in heart failure treatment, diuretics have been shown to improve cardiac func-
tion, symptoms and exercise tolerance in patients with heart failure108,111–113. Secondly, both
an angiotensin-converting-enzyme inhibitor (ACE-inhibitor) (or angiotensin II receptor blocker
(ARB), if an ACE-inhibitor is not tolerated) and a beta-blocker should be prescribed for HFrEF
patients to reduce the risk of hospitalization and death25,114–124. Both ACE-inhibitor/ARB and
beta-blocker should be gradually up-titrated to recommended target doses, which have been
proven to benefit survival and reduce morbidity25. The recommended target doses for the differ-
ent ACE-inhibitor/ARB and beta-blocker medicaments are presented in Table 1.1.

Table 1.1: Recommended doses of ACE-inhibitors, ARBs and beta-blockers in ESC guidelines
for patients with LVEF <40%

Drug Class Target dose Total daily dose
Captopril ACE-inhibitor 50 mg t.i.d. 150 mg
Enalapril ACE-inhibitor 10 mg b.i.d. 20 mg
Lisinopril ACE-inhibitor 35 mg q.d. 35 mg
Ramipril ACE-inhibitor 5 mg b.i.d. or 10 mg q.d. 10 mg
Trandolapril ACE-inhibitor 4 mg q.d. 4 mg
Perindopril ACE-inhibitor 8 mg q.d. 8 mg
Candesartan ARB 32 mg q.d. 32 mg
Valsartan ARB 160 mg b.i.d. 320 mg
Losartan ARB 150 mg q.d. 150 mg
Bisoprolol beta-blocker 10 mg q.d. 10 mg
Carvedilol beta-blocker 25-50 mg b.i.d.* 50-100 mg
Metoprolol CR/XL beta-blocker 200 mg q.d. 200 mg
Nebivolol beta-blocker 10 mg 10 mg
q.d.: once a day; b.i.d.: twice a day; t.i.d.: 3 times a day
*25 mg b.i.d. for patients <75 kg and 50 mg b.i.d. for patients >75 kg

Third, in addition to diuretics, ACE-inhibitors/ARBs and beta-blockers, HFrEF patients,
already treated with ACE-inhibitors/ARBs and beta-blockers, but with persisting symptoms
(New York Heart Association class (NYHA class) III/IV) should be given mineralocorticoid
receptor antagonist (MRA)125,126.

When patients remain symptomatic with LVEF ≤35%, despite of despite evidence-based
ACE-inhibitor/ARB, beta-blocker and MRA recommended treatment, an angiotensin receptor
neprilysin inhibitor (valsartan/sacubitril) should be considered to replace ACE-inhibitor44. An
If -channel inhibitor (ivabradine) should be considered in symptomatic patients with LVEF ≤35%,
in sinus rhythm and a resting heart rate ≥70 beats/ min127,128.
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Prognosis and risk prediction in heart failure
Despite significant improvements in heart failure treatment, heart failure still remains one of
the leading causes of death and hospitalization. The all-cause one-year mortality rate for acute
heart failure varied between 17% and 23%, 7% for chronic heart failure. Five-year survival,
adjusted for age and sex, is comparable to cancer and stroke1,129–131. Hospitalization accounts
for 1-2% of all hospitalizations132, with one-year hospitalization rates of 44% and 32% for acute
and chronic heart failure, respectively133,134. Heart failure deaths are more often related to
cardiovascular causes, mainly sudden death and worsening heart failure, while hospitalizations are
often due to non-cardiovascular causes10. Identifying cardiovascular causes as the primary cause
of death or hospitalization remains problematic135. Heart failure related re-hospitalization carries
a significantly higher mortality risk compared to first time hospitalization for heart failure1,136,137.
There are many other variables known to be associated with the prognosis of heart failure138–143:

• Demographic and medical history variables: Age, sex, ethnicity, chronic obstructive pul-
monary disease (COPD), history of depression, ischemic etiology, history of myocardial
infarction and diabetes mellitus

• Variables found by physical examination: NYHA class, body mass index (BMI), signs of
congestion, systolic blood pressure (SBP), jugular venous pressure, heart rate, LVEF and
3rd heart sound.

• Variables in routine laboratory data: Sodium, bilirubin, serum creatinine, blood urea ni-
trogen (BUN), estimated glomerular filtration rate (eGFR), hemoglobin, albumin, B-type
natriuretic peptide (BNP), N-terminal pro B-type natriuretic peptide (NT-proBNP), tro-
ponin and many more.

Some biochemical companies have developed specific cardiac-panels with biomarkers specific
for heart failure (e.g. markers from a Luminex multiplexed bead-based immunoassay (Alere,
San Diego, CA)144,145, or markers from a proximity extension assay (PEA) technique using the
Proseek Multiplex CVD96×96 reagents kit (Olink Bioscience, Uppsala, Sweden)146).

Many of these prognostic markers have predictive properties and are frequently used in models
to predict mortality and/or (heart failure related) hospitalization. But reviews of the predictive
ability of such models report moderate performance, and poor performance in models devel-
oped to predict the first occurrence of death or hospitalization or only hospitalization perform
poor147–150.

BIOSTAT-CHF project
The data of heart failure patients used in most chapters of this thesis is from the BIOSTAT-
CHF project. The BIOlogy STudy to TAilored Treatment in Chronic Heart Failure (BIOSTAT-
CHF) project was a European multicenter, multinational, prospective, observational study that
was especially designed to find biological mechanisms involved with response to ESC guideline-
recommended pharmacological therapy. This project aimed to select patients based on clinical
characteristics, basic laboratory markers, proteins, and genetics to find molecular mechanisms
which might explain the individual patient’s (non-)response to pharmaceutical therapy and risk
of mortality and heart failure hospitalization.

Patient population
The BIOSTAT-CHF project consisted of two patient cohorts and has been extensively described
elsewhere151. Baseline patient characteristics of both cohorts are presented in Table 1.2.
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Table 1.2: Patient characteristics of the index and validation cohort of BIOSTAT-CHF, with
percentage (number), mean ± SD or median (IQR), at baseline

Index cohort Validation cohort p-value
Number of patients 2516 1738
Demographics

Sex (male) 73.4% (1846) 65.9% (1145) 0.001
Age (years) 68.9 ± 12 73.7 ± 10.7 <0.001
Race (Caucasian) 98.9% (2489) 99.3% (1725) 0.28
Body mass index (kg/m2) 27.9 ± 5.5 28.1 ± 6.4 0.29
NYHA class <0.001

I 2.2% (56) 1.0% (17)
II 34.5% (868) 41.0% (712)
III 48.8% (1228) 44.4% (772)
IV 11.7% (294) 13.6% (236)

LVEF (%) 31 ± 10.6 41 ± 13.0 <0.001
HFpEF (LVEF>45%) 162% (7) 529% (34) <0.001

Clinical profile
Edema 29.7% (624) 54.9% (955) <0.001
Orthopnea 35% (879) 4.1% (71) <0.001
Rales >1⁄3 up lung fiels 19.2% (248) 2.9% (50) <0.001
Elevated jugular venous pressure 33.5 (554) 25.9 (450) <0.001
Hepatomegaly 14.3% (358) 3.5% (60) <0.001
Systolic blood pressure (mmHg) 124.7 ± 21.9 125.9 ± 22.6 0.09
Diastolic blood pressure (mmHg) 74.9 ± 13.4 69.2 ± 13.2 <0.001
Heart rate (beats/ min) 80 ± 19.5 74.2 ± 16.6 <0.001

Heart failure history
Years since first diagnosis 2.8 (0.1-9.4) 1.4 (0.1-4.7) 0.01
Ischemic heart disease 60.5% (1358) 64.9% (1128) 0.005
Previous heart failure hospitalization 31.6% (794) 26.5% (460) 0.003

Medical history
Hypertension 62.4% (1569) 57.9% (1007) 0.003
Atrial fibrillation 45.4% (1143) 43.7% (760) 0.27
Myocardial infarction 38.3% (963) 48.8% (849) <0.001
Percutaneous coronary intervention 21.6% (544) 18.7% (325) 0.02
Coronary artery bypass graft 17.2% (433) 17.7% (308) 0.67
Device Therapy

Pacemaker 7.3% (183) 6.6% (115) 0.40
ICD 8.1% (205) 4.0% (69) <0.001
Biventricular pacer (CRT) 1.9% (49) 1.6% (27) 0.41
Biventricular pacer (CRT and ICD) 6.9% (173) 3.2 %(55) <0.001

Diabetes mellitus 32.6% (819) 32.3% (561) 0.83
COPD 17.3% (436) 18.4% (319) 0.37
Peripheral artery disease 10.9 (273) 21.5% (374) <0.001
Stroke 9.3% (233) 18.1% (315) <0.001

Medication
ACE-inhibitors/ARBs 72.3 (1820) 70.1 (1218) 0.11

Target dose 13.4% (336) 15.2% (185) 0.14
Percentage of optimal dose 48 ± 35 43 ± 27 <0.001

Beta-blockers 83.2% (2093) 72.7% (1264) <0.001
Target dose 5.5% (138) 17.8% (226) <0.001
Percentage of optimal dose 32 ± 26 46 ± 28 <0.001

Loop diuretics 99.5% (2504) 99.4% (1728) 0.66
Aldosterone antagonists 53.2% (1339) 32.5% (564) <0.001
Digoxine 19.5% (491) 17.9% (311) 0.19

Laboratory
Hemoglobin (g/dL) 13.3 (11.9-14.5) 13.2 (11.8-14.5) 0.56
Serum creatinine (µmol/L) 101.0 (82.6-128.2) 97.0 (79.8-125.0) <0.001
BUN (mmol/L) 11.1 (7.4-17.7) 8.6 (6.5-11.9) <0.001
eGFR: MDRD formula (mL/ min /1.73 m2) 67.1 (50.4-86.1) 63.3 (46.9-80.4) <0.001
Sodium (mmol/L) 140 (137-142) 139 (137-141) 0.006
Potassium (mmol/L) 4.2 (3.9-4.6) 4.3 (4.0-4.6) 0.05
BNP (ng/mL) 668 (362-1267)
NT-proBNP (ng/L) 4275 (2360-8486) 1376 (507-3550) <0.001

BNP: B-type natriuretic peptide; BUN: blood urea nitrogen; CRT: cardiac resynchronization therapy;
COPD: chronic obstructive pulmonary disease; eGFR: estimated glomerular filtration rate;
HFpEF: heart failure with preserved ejection fraction; ICD: Implantable Cardioverter Defibrillator;
IQR: interquartile range; LVEF: left ventricular ejection fraction;
NT-proBNP: N-terminal pro B-type natriuretic peptide; SD: standard deviation
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Index cohort

The index cohort consisted of 2,516 patients from 69 centers in 11 European countries (Figure 1.2),
with inclusion period between December 2010 and December 2015. The median follow-up was
21 months, with an interquartile range of 15-27 months. Patients were required to meet the
following inclusion criteria:

• ≥18 years of age

• symptoms of new-onset or worsening heart failure

• objective evidence of cardiac dysfunction documented either by

– LVEF ≤40%
or

– plasma concentrations of >400 pg/mL BNP and/or >2,000 pg/mL NT-proBNP

• treatment with either oral or intravenous furosemide ≥40 mg/day or equivalent at the time
of inclusion

• no previous treatment with evidence based therapies (ACE-inhibitors/ARBs and beta-
blockers) or were receiving ≤50% of the target doses of these drugs at the time of inclusion

• anticipated initiation or up-titration of ACE-inhibitor/ARB and/or beta-blocker therapy
by the treating physician
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Figure 1.2: Number of patients included in each country of the BIOSTAT-CHF index cohort

Validation cohort

The Validation cohort consisted of 1,738 patients from 6 centers in Scotland (UK). The recruit-
ment period started in October 2010 and was completed in April 2014. Median follow-up was
21 months (interquartile range (IQR) 11-32 months). The Validation cohort did not have the
restriction of a LVEF ≤40% or plasma concentrations of >400 pg/mL BNP and/or >2,000 pg/mL

NT-proBNP. Instead patients had to:
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• be aged ≥18 years

• be diagnosed with heart failure

• have a a previous documented hospitalization for heart failure requiring diuretic treatment

• be on treatment with furosemide ≤20 mg/day or equivalent

• have not previously been treated or receiving ≤50% of target doses of ACE-inhibitors/ARBs
and/or beta-blockers according to the ESC guidelines 200813

• anticipate initiation or up-titration of an ACE-inhibitor/ARB and/or a beta-blocker

Study design and data collection
The design and moments of data collection in BIOSTAT-CHF is shown in Table 1.3. When
informed consent was signed, demographic details, medical history, cardiovascular risk factors
and current medication use was recorded. Patients underwent a six minute walking test and
completed two quality of life questionnaires (EQ5D (EuroQol five Dimensions questionnaire)
and KCCQ (Kansas city cardiomyopathy questionnaire)). Blood (plasma and serum) and urine
samples were taken. Participating centers were encouraged to conduct an electrocardiogram,
x-ray, and coronary angiography, but this was not compulsory.

Table 1.3: BIOSTAT-CHF study design and data collection

Enrollment 9 month visit
(± 1 month)

Follow-up visit:
Every 6 months End of index study

Informed Consent X
Medical history and demographics X
Physical examination X X
Signs and symptoms of heart failure X X
Six minute walking test⋆ X X
EQ5D (EuroQOL
five dimensions questionnaire)⋆ X X
KCCQ⋆ (Kansas City
Cardiomyopathy Questionnaire) X X
Local laboratory X X
Sample (blood) S X
Sample (urine) S X
Electrocardiogram⋆ X X
Echocardiography† X X
Chest x-ray† X X
Coronary angiography† X X
Right heart catheterization† X X
Up-titration of
ACE-inhibitor/ARB and beta-blocker X
Concomitant medication C C C
Death or Hospitalization ‡ X X X X
† These examinations were done as a part of routine clinical care.
When these examinations had to be done, the data was recorded.
They were, however, not performed specifically for this study

‡ When patient was hospitalized or died at any time during follow-up, a hospitalization or death form was completed
⋆ The six minute walking test, EQ5D, KCCQ and Electrocardiogram were performed
within 3 days before or at most 1 day after the blood and urine samples were obtained

S: Samples at enrollment visit were taken prior to initiation of up-titration of medication
C: Concomitant medication used on the day of informed consent, 9 month visit and end of study was recorded

During the first three months after inclusion, the physicians were expected to initiate and/or
optimize pharmaceutical treatment of heart failure to doses indicated in the ESC guidelines (Ta-
ble 1.1)25. After a three-month up-titration period, a six-month stabilization phase was consid-
ered and no further changes were desired unless clinically required. All dose changes in guideline
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recommended treatment were recorded. At nine months, a second visit was performed, during
which another physical examination, six minute walking test, EQ5D, and KCCQ were completed,
a blood sample was taken and current symptoms and medication use were recorded. Patients
were further followed by standard clinical care or telephone contact at six-month intervals.

Blood and urine samples were primarily used to measure numerous biomarkers from multiple
pathophysiological domains, including inflammation, apoptosis, remodeling, myocyte stretch or
injury, angiogenesis, endothelial function and markers of renal function. The plasma proteome
in heart failure patients was examined using high throughput mass spectrometry. In addition to
biomarker- and proteomic panels, a GWAS was undertaken, analyzing a great number of SNPs.

Main study endpoints
All deaths and hospitalizations were recorded. The primary outcomes of interest were time to
all-cause mortality, unscheduled hospitalizations for heart failure and the first occurrence either
all-cause death, or unscheduled heart failure hospitalization. When calculating the incidence of
hospitalization, each subject was counted only once and any repetitions of hospitalizations were
ignored.

In the index cohort 26% (657) patients died, 24% (609) were hospitalized for heart failure, and
40% (1,017 ) died and/or were hospitalized for heart failure. In the validation cohort 32% (557)
died, 41% (708) were hospitalized for heart failure, and 55% (944) either died or were hospitalized
for heart failure.

Aim and outline of this thesis
The aim and focus of this thesis is twofold. In the first part (Chapters 2 to 5), we have focused
on individualized treatment of heart failure and tried to identify those patients at risk, patients
who did and did not benefit from recommended pharmaceutical treatment. The second part
(Chapters 6 to 9) is of a more methodological nature. Here, we have compared several cluster
methods in their ability to robust- and consistently group patients based on a small set of clinical
variables. We have also developed data-analytic methods for analysing the enormous amounts of
data collected for systems biology analysis.

Part I

One method of individualizing treatment is to find patients at high or low risk of mortality
and hospitalization. In Chapter 2 we have reviewed existing prognostic and prediction models
for patients with heart failure published in recent years in medical scientific literature. Where
previous reviews focused on descriptive analyses to explain the predictive power of the models, we
have aimed to give an overview of different models and to determine which patient characteristics
were most often used in these models and what their prognostic strength was. We also looked at
the characteristics associated with better model performance, and performed a meta-analysis to
detect the predictive and discriminating value of the various models.

Given the poor average performance of prediction models in heart failure outcome, in Chap-
ter 3 we have developed our own models for predicting mortality, heart failure hospitalization
and the first occurrence of death or heart failure hospitalization. We developed three versions,
namely a full model, a reduced model and a point score which could easily be implemented in daily
clinical practice. We followed the Transparent Reporting of a multivariable prediction model for
Individual Prognosis Or Diagnosis (TRIPOD) statement, which is an evidence-based, minimum
set of recommendations for reporting prediction modelling studies in biomedical sciences152. We
also validated all models, developed in the index cohort, in the independent validation cohort.
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In daily clinical practice, not all patients are able to achieve recommended medication
doses153–155. Clinical trails have shown that some patients cannot tolerate the high doses pre-
scribed. In daily clinical practice, however the number of patients not achieving recommended
treatment doses is much higher than what is shown in clinical trails155. There is a lack of infor-
mation about reasons for patients not achieving recommended treatment dose. Previous studies
noted that age and gender have some effect on achieving recommended treatment dose, along with
external factors (e.g. poor follow-up by physician and insufficient communication between pri-
mary and secondary care and inadequate patient education)156,157. In Chapter 4 we determined
what percentages of recommended ACE-inhibitor/ARB and beta-blocker doses were achieved in
BIOSTAT-CHF, where physicians were strongly encouraged to follow ESC-recommended guide-
lines. We also determined what effect the achieved ACE-inhibitor/ARB and beta-blocker doses
had on mortality and the first occurrence of death or heart failure hospitalization. We searched
for factors associated with achieving higher percentages of recommended treatment doses, and
looked at what reasons were given for not achieving recommended doses and if this had an
influence on survival.

Although higher ACE-inhibitor/ARB and beta-blocker doses have proven to improve survival
on average, some patients will not benefit from high dose recommended ACE-inhibitor/ARB and
beta-blocker treatment. These patients do experience the negative effects, without its benefits,
of recommended pharmaceutical ACE-inhibitor/ARB and beta-blocker therapy, such as: fatigue,
dizziness, headache, dry cough, diarrhea, fainting.

Therefore, it would be of considerable help to be able identify those reliable predictive (bio-
)markers in selecting patients who would benefit from treatment and reduce the number of
patients receiving treatment without benefit. In Chapter 5 we have tried to find markers and de-
velop models to predict and quantify the benefit a patient would have from current recommended
treatment. We estimated the benefit when all patients would tolerate and achieve recommended
treatment dose. For development of the biomarker-based model we used 161 biomarkers, includ-
ing standard biochemical blood-parameters, heart failure markers, novel heart failure biomarkers
and proteomics. We estimated the effect of using our treatment-selection model versus a scenario
whereby no patients would achieve >50% ESC-recommended treatment dose, and a scenario
where all patients would achieve at least 50% ESC-recommended treatment dose for either ACE-
inhibitors/ARBs or beta-blockers.

Part II

Clustering algorithms are frequently used methods to distinguish patient groups based on clini-
cally meaningful phenotypes158,159. However, the overall usage of clustering algorithms has been
criticized with regard to their robustness and reproducibility160–162. In Chapter 6 we tried to
compare four well-known and broadly used clustering methods. We clustered BIOSTAT-CHF
index cohort patients using these four different methods with a set of variables known to influ-
ence survival. We compared cluster methods on the number of clusters created, their ability
to consistently put patients in the same cluster with the use of multiple imputed data, and the
difference in mortality between the created clusters. We also tried to reproduce cluster results in
the validation cohort of BIOSTAT-CHF.

Clustering based on clinical characteristics has been criticized163,164. Especially, since the
purpose of clustering is most frequently to distinguishing relevant disease subtypes within heart
failure patient population158,159. Clustering on clinical phenotypes will almost always find distinct
subgroups that differ in patient characteristics and also in prognosis. A more unbiased approach
for subgroup determination was suggested to find meaningful subgroups of heart failure patients
with distinct pathophysiologies163,164. Chapter 7 first aimed to identify different subtypes
in heart failure using pathophysiological determinants. Secondly, whether these subtypes have
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differences in survival and uptitration rates. We also tried to identify these subtypes in the
BIOSTAT-CHF validation cohort comsisting of HFrEF and HFpEF patients. Lastly, we tried to
find biomarkers that best identified cluster membership.

Predicting splicing variation in gene expression data is very difficult, especially in microarray
data which returns highly fragmentary information from probes targeting specific exons or exon-
exon junctions. mRNAs could be measured using e.g. Affymetrix® GeneChip® Arrays which
analyses over 47 thousand transcripts and variants, including over 38 thousand well-characterized
human genes. Yet reconstructing the contribution of alternative splicing variants is very complex,
in this type of data. On average, there are 9 exons per gene in humans165. This means there
are 28 = 512 possible splicing variations; with an increasing number of exons, however, the
number of possible variants increases exponentially. There are human genes with more than
100 exons, making the number of possible variations enormous (2100). But not all possible
splicing variants are equally expressed; some theoretically possible splicing variants do not exist
at all. In Chapter 8, therefore, we introduced a probabilistic formulation for this alternative
splicing reconstruction problem using a finite mixture model, and provide a solution based on
the maximum likelihood principle.

There are only a limited number of statistical methods available to analyze the enormous
numbers of variables involved in projects such as the BIOSTAT-CHF study166,167. There is
the possibility, for example, to analyze all variables separately in multiple bivariate association
analyses of one marker with one phenotype168–170. This would result in a tremendous number
of comparisons and possibly many false-positives. Principal component analysis, partial least-
squares, and several penalized multiple regression methods, however, are some of the commonly
used multivariate data analysis that can overcome the challenges associated with multidimension-
ality of the data, multicollinearity, missing data, and variation introduced by disruptive factors
such as experimental/measurement error and noise. These methods all have their strengths and
weaknesses. Principal component analysis (PCA) methods try to combine multiple variables that
reflect the variations in some unobserved (underlying) variables. The process of dimensionality
reduction is not without flaws, due to the loss of information, and PCA results are highly depen-
dent on the scaling of variables171. Partial least-squares has the tendency to overfit and thereby
overestimate the results172. There are many more multivariate approaches, and new ones are
continually being developed.

Sparse canonical correlation analysis (CCA) is another well-known method for dealing with
the enormous number of variables. Sparse CCA can be used to find linear combinations of all
variables in one set which correlate maximally with linear combinations in other sets173. Sparse
CCA supports the idea that variations in e.g. SNPs influence gene-expression which in turn
influences biomarker concentrations. The disadvantage of this method is that classical sparse
CCA can only deal with two datasets. In Chapter 9 we therefore adjusted a generalized version of
the penalized sparse canonical correlation analysis approach, previously described by Waaijenborg
and Zwinderman174,175, for quantifying the association of multiple datasets. We used this method
to find molecular mechanisms associated with seven phenotypic parameters (mortality, heart
failure hospitalization, the first occurrence of death or heart failure hospitalization, achieved
recommended ACE-inhibitor/ARB or beta-blocker dose and the highest achieved percentage of
the recommended dose of ACE-inhibitor/ARB or beta-blocker). We attemted to identify these
mechanisms using three different datasets, all collected by BIOSTAT-CHF. In doing so, we used
∼675,000 SNPs, ∼1,000 protein/metabolite expression values, and 161 biomakers.




