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Heart Failure
Heart failure is one of the great global public health crises of the 21st century. One in every five men
or women will develop heart failure during their lifetime (1). Unfortunately, the survival rates of
heart failure patients are poor and 50% of patients die within five years after the diagnosis of heart
failure is established (2). Diagnosis of heart failure is based on the presence of specific symptoms
of heart failure, such as shortness of breath on exertion or in rest and fatigue, as well as signs
including pulmonary rales, elevated jugular pressure and ankle edema. In addition, positive diagnosis
requires patients to have functional and/or structural abnormalities of the heart, which results in a
reduced cardiac output (3).
Two types of heart failure can be distinguished: acute heart failure and chronic heart failure. Acute
heart failure patients are characterized by the acute onset of severe signs and symptoms of heart
failure requiring immediate treatment. In contrast, chronic heart failure patients

have signs and

symptoms which slowly develop over time and gradually become worse (3). Heart failure is often
subdivided according to the left ventricular ejection fraction (LVEF); heart failure with a reduced
ejection fraction (HFrEF; LVEF <40%); heart failure with a mid-range ejection fraction (HFmrEF;
LVEF 40-49%); and heart failure with a preserved ejection fraction (HFpEF, LVEF ≥50%). Over
the years, several novel treatment modalities, including angiotensin converting enzyme inhibitors
(ACE-inhibitors), beta-blockers and mineralocorticoid receptor antagonists (MRA), have greatly
improved patient outcomes for heart failure with HFrEF (2, 3). Unfortunately, these treatment
options have not proven effective in patients with HFpEF (4–7).
The heart failure syndrome is highly heterogenous. We currently recognize a plethora of etiologies
underlying heart failure including ischemic heart disease, valvular heart disease, hypertensive heart
disease as well as dilates and hypertrophic cardiomyopathies, characterized by a distinct geographic
distribution (Figure 1). These different etiologies of heart failure all share a final common pretreatment of patients with HFpEF has not proven effective, there currently is a one-size-fits all
approach in the treatment of HFrEF with ACE-inhibitors, beta-blockers and mineralocorticoid
receptor antagonists (3). This has proven problematic as it has become increasingly clear that even
between patients with HFrEF there is considerable heterogeneity in response to guideline-directed
treatment. An important example is the recent finding that patients with both HFrEF and atrial
fibrillation might not derive a treatment benefit from beta-blockers (9). This suggests that a more
comprehensive classification of patients with HFrEF is needed to tailor treatment to the individual
patient.
Patients with HFmrEF have recently been recognized as a novel subgroup of heart failure patients.
It remains unclear whether these patients can benefit from current guideline treatment recommendations including ACE-inhibitors, beta-blockers and MRAs (3, 10). Recent evidence has suggested
that the etiology of HFmrEF is closer to HFrEF (11, 12). Additionally, several post-hoc analyses
of important clinical trials including the CHARM program have suggested that patients with HFm-
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sentation, which includes a reduced cardiac output and increased filling pressures (3, 8). While
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Figure 1: Geographic distribution of the etiology of HFrEF: shown are the second most prevalent etiologies
of heart failure in countries across the world. Based on data from BIOSTAT-CHF (unpublished); ASIAN-HF,
THESUS-HF and INTER-CHF.

rEF might benefit from RAAS-inhibition (13). Nevertheless, the pathophysiological background
of HFmrEF remains unclear. Furthermore, additional more advanced clinical tools are needed to
distinguish patients with HFmrEF who might benefit from guideline directed treatment.
Current guideline treatment recommendations for patients with HFrEF have not proven effective in patients with HFpEF (2, 4–7). Patients with HFpEF constitute approximately 50% of all
patients with heart failure and, despite having better outcomes than patients with HFrEF, they
are still subject to dismal outcomes (14). Treatment options for these patients remain one of the
greatest unmet needs in heart failure. Patients with HFpEF are usually elderly, female, and have
high rates of comorbidities such as hypertension, diabetes mellitus, obesity and atrial fibrillation
(16). Unfortunately, the underlying pathophysiology of patients with HFpEF remains poorly understood. The dominant present-day paradigm suggests that multimorbidity causes a pro-inflammatory
state, which in turn causes stiffening of the heart muscle, thereby increasing filling pressures and
Chapter 1

reducing cardiac output (17). Nevertheless, the HFpEF syndrome in itself is considered to be
highly heterogenous (18). It remains unclear what specific disease mechanisms play a role in the
pathophysiology of HFpEF. A more personalized medicine approach is needed to target specific
subtypes of HFpEF with their respective disease mechanisms.
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BIoMArKers In HeArT FAIlure
The International Programme on Chemical Safety, led by the World Health Organization (WHO),
together with the United Nations and the International Labor Organization, has defined a biomarker
as “any substance, structure, or process that can be measured in the body or its products and inﬂuence or predict the

incidence of outcome or disease” (19). The National Institutes of Health Biomarkers Definitions Working
Group defines a biomarker as “a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.” (20). Within
cardiovascular research, biomarkers are generally considered to be blood circulating biomarkers
(21). These could be either proteins, microRNAs or even genetic markers (22, 23).
Biomarkers have several clinical and empirical applications. An important clinical application is
diagnosis: a biomarker can be used to identify patients with a certain disease. Within heart failure,
particularly B-type natriuretic peptide (BNP) and its N-terminal form N-terminal pro-BNP (NTproBNP) are of key importance for diagnosis. BNP and NT-proBNP have been widely used in
clinical practice to identify patients with heart failure among patients with (acute) shortness of
breath who present at an out-patient clinic or the emergency department (24).
Another important function of biomarkers is monitoring treatment response. Here, biomarkers
can be used to assess the effectiveness of treatment. An important example of this is the usage of
HbA1C in diabetes mellitus treatment. In heart failure research, BNP and NT-proBNP are used
as an alternative study endpoints to monitor treatment with a novel drug (25). This is of particular
importance in early stages of drug development, where pharmacodynamic biomarkers can be used
to assess a pharmacological response in dose-finding studies. Unfortunately, trials using BNP and/
or NT-proBNP as a guide for therapy, have come out neutral. This suggests that using NT-proBNP
for guiding treatment decisions might not be the way forward (26). Results from the CHAMPION
trials, which compared the use of an implantable wireless pulmonary artery hemodynamic monitoring system as a guide for treatment to standard of care, greatly reduced hospitalizations for HF (27).
One of the most well studied applications of biomarkers is that of outcome prediction. Here,
biomarkers are used to predict future adverse disease outcomes such as death or unplanned hospitalizations. Within heart failure, blood urea nitrogen (BUN) and sodium are the strongest predictors of outcome (28). While a great number of studies have been performed in search of novel
few have succeeded (29). Potential novel biomarkers with clinical utility include: ST2, a remodeling
and inflammation marker, and growth-differentiation factor 15 (GDF-15), which is involved in
coronary inflammation and arteriosclerosis (30, 31). Additionally, several studies have employed
multi-marker-based approaches to improve outcome prediction. Here, investigators have used
multiple biomarkers from different pathophysiological domains (e.g. inflammation, cardiac stretch)
to improve outcome prediction (32). While interesting from an empirical perspective, the results
of these studies have been disappointing. This suggests that the usage of single biomarkers for
predicting outcome in HF as a whole is limited to NT-proBNP, urea and sodium (28).
The last and also more novel application is the usage of biomarkers for disease characterization.
Biomarkers can be used to identify possible pathophysiological processes associated with a disease
or syndrome. An early example of this is a study in chronic heart failure patients that investigated
a large panel biomarker in patients with HFrEF and HFpEF. The authors found that levels of
renal damage markers were relatively higher in patients with HFpEF compared to patients with
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predictive biomarkers that might have additional predictive value on top of BNP/NT-proBNP,
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HFrEF (33). Other studies have shown that biomarkers can be used to identify mutually exclusive
subgroups of patients: an early study published in 2002 identified mutually exclusive subgroups of
ovarium cancer patients based on proteomic signatures (34). This particular subfield of biomarker
application might lead to a more personalized approach in treatment of heart failure.

Biomarkers in personalized and precision medicine
The concept of personalized medicine is relatively novel and is often considered the next frontier in human medicine. The overall goal of the personalized medicine approach is to provide better tailored
treatment options to individual patients in accordance with their individualized disease profile. The
individualization of a disease profile comes from drawing on information on the collective burden
of an individual’s genetic background, biomarker profile, relevant clinical characteristics such as sex,
age, and past as well as present comorbidities (Figure 2). Within personalized medicine, the concept of
precision medicine is of particular importance. The term precision medicine refers to using computational
network knowledge that summarizes information from (heart failure) patients, healthy individuals,
and experimental systems to identify key disease mechanisms which can lead to therapies that more
precisely target pathophysiological mechanisms in heart failure (35).
Recently, the American Heart Association (AHA) created a precision medicine platform for cardiovascular research. This research platform was accompanied by a guideline for opportunities in
precision medicine in cardiovascular research (36). Within heart failure, some early adoption studies
used multi-marker scores to identify patients with heart failure at risk for adverse outcomes such
as mortality or an unplanned hospitalization for heart failure (32, 37). In addition, risk calculators
have been developed to identify individuals with heart failure who are at risk for adverse cardiac
remodeling (38). While relatively successful, these early studies are still far from clinical application.

Aims and outline of this thesis
Heart failure is a heterogenous syndrome and the empirical literature indicates that a one-size-fitsall approach is ineffective. While previous early adoption studies have helped to tailor treatment to
the needs of patients, more comprehensive approaches are needed. Therefore, the main aims of
Chapter 1

this thesis are as follows:
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1) To use biomarker profiles to better understand pathophysiological differences between
patients with HFrEF and HFpEF;
2) To distinguish clinically relevant subgroups using biomarkers as a first step in a personalized medicine approach.
To address these aims we used a novel approach to identify differences between HFrEF and HFpEF
based on precision medicine. Subsequently we identify clinically relevant subgroups of heart failure
patients using a personalized medicine approach (Figure 2).
In Chapter 2 we investigate syndecan-1 in chronic heart failure. Syndecan-1 is a fibrosis marker,
which is associated with cardiac remodeling and inflammation following myocardial injury (39–41).
This suggests that syndecan-1 may be able to differentiate between patients with HFrEF and HFpEF

and might provide us with additional information on its possible pathophysiological involvement.
In this chapter, we focus in specific on the differential association of syndecan-1 with outcomes in
HFrEF and HFpEF. Furthermore, we investigate the association of syndecan-1 with other markers
relevant to heart failure pathophysiology, to establish a possible rationale for the differential association of syndecan-1 with outcomes between HFrEF and HFpEF.
Next, we investigate differences in biomarker profiles between chronic patients with HFrEF and
HFpEF in Chapter 3. Here, we study differences in levels of biomarkers as well as differences in
predictive power of biomarkers between patients with HFrEF and HFpEF. In doing so we use
network analysis, a novel precision medicine-based approach, to investigate differences in biomarker
profiles between HFrEF and HFpEF.
In Chapter 4 we study biomarker profiles in acute heart failure patients. Here, we will specifically
investigate the biomarker profiles of patients with HFmrEF. It is unclear whether patients with
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Figure 2: Concept figure of personalized and precision medicine in heart failure
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HFmrEF are closer to patients with HFrEF or HFpEF and thus might benefit from guideline
directed therapy. This chapter will study whether patients with HFmrEF are closer to patients with
HFrEF or HFpEF.
While the usage of network analysis in Chapters 3 and 4 represents the first step towards an
improved practice of precision medicine, techniques that are more sophisticated are needed. Therefore, we will identify key differences in biomarker profiles and biological mechanisms between patients with HFrEF and HFpEF in a large multi-centre European cohort of patients with worsening
heart failure in Chapter 5. The results of this study are validated in a large contemporary validation
cohort. In this chapter we move beyond conventional techniques and examine possible differences
in disease mechanics between patients with HFrEF and HFpEF.
In Chapter 6 we use a personalized medicine based approach to identify mutually exclusive endotypes of heart failure patients based on their biomarker profiles. We will investigate differences in
outcomes and clinical characteristics between endotypes. Also, we study the association between
uptitration of ACE-inhibitors and beta-blockers as well as the treatment benefit of these critical
medications across endotypes.
In Chapter 7, we will discuss the possible implications of a personalized medicine approach in
predicting heart failure and point to possible ways forward in improving heart failure prediction
based on personalized medicine approaches.
Finally, we discuss the main findings and conclusions of this thesis, as well as possible steps for

Chapter 1

future research, in Chapter 8.
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Abstract
Background: Syndecan-1 is a member of the proteoglycan family involved in cell-matrix interactions. Experimental studies showed that syndecan-1 is associated with inflammation in acute
myocardial infarction and remodeling. The goal of this study was to explore the role of syndecan-1
in human heart failure (HF).
Methods: We analyzed plasma syndecan-1 levels in 567 patients with chronic HF. Primary endpoint
was a composite of all-cause mortality and re-hospitalization for HF at 18 months.
Results: Mean age was 71.0±11.0 years, 38% was women, and mean LVEF was 32.5±14.0%.
Median syndecan-1 levels were 20.1 ng/mL (IQR 13.9-27.7 ng/mL). Patients with higher syndecan-1 levels were more often men, had higher N-terminal probrain-type natriuretic peptide levels
and worse renal function. Multivariable regression analyses showed a positive correlation between
syndecan-1 levels and fibrosis and remodeling but no correlation with inflammation markers.
Interaction analysis revealed an interaction between LVEF and syndecan-1 (p=0.047). A doubling
of syndecan-1 was associated with an increased risk of the primary outcome in patients with HF
with preserved ejection fraction (hazard ratio: 2.10, 95%confidence interval [1.14-3.86]; p=0.017)
but not in patients with HF with reduced ejection fraction (hazard ratio: 0.95, 95%confidence
interval [0.71-1.27]; p=0.729). Finally, syndecan-1 enhanced risk classification in patients with HF
with preserved ejection fraction when added to a prediction model with established risk factors.
Conclusion: In patients with HF, syndecan-1 levels correlate with fibrosis biomarkers pointing
towards a role in cardiac remodeling. Syndecan-1 was associated with clinical outcome in patients
with HF with preserved ejection fraction but not in patients with HF with reduced ejection fraction.

Abbreviations
COACH: Coordinating study evaluating Outcomes of Advising and Counseling in Heart Failure
CRP: C-reactive protein
Chapter 2

eGFR: estimated glomerular filtration rate
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ELISA: enzyme-linked immunosorbent assay
HF: heart failure
HFpEF: heart failure with a preserved ejection fraction
HFrEF: heart failure with a reduced ejection fraction
IL-6: interleukin-6
LVEF: left ventricular ejection fraction
MDRD: modification of diet in renal disease
MMP: matrix metalloproteinase
TGF-β: transforming growth factor beta
TIMP: tissue inhibitors of metalloproteinase

Extracellular matrix components, particularly proteoglycans, are associated with inflammation,
fibrosis and cardiac remodeling (1). Members of the syndecan family have been found to be associated with the onset of cardiac fibrosis by functioning as an important target for transforming
growth factor-β (2, 3). Experimental studies in mice have shown that syndecan-1 was involved in
both inflammation and fibrosis after myocardial injury (2–4). Syndecan-1 had a protective effect
in short-term inflammation post-myocardial infarction resulting in less remodeling through direct
ECM involvement in wound healing (3, 4). However, in the long term it might lead to increased
fibrosis and remodeling through the involvement of activated RAAS stimulation (2). The ectodomain of the transmembrane receptor syndecan-1 protein has been known to shed into the extracellular matrix; consequentially the ecto-domain of syndecan-1 is measurable in plasma (5). We
recently reported sex-specific differences in biomarker levels in heart failure (HF) patients related
to inflammation and fibrosis (6). We therefore hypothesized that syndecan-1 might be associated
with fibrosis and adverse outcome in patients with HF. In the present study we aimed to further
establish the association between syndecan-1 and markers of inflammation and fibrosis, and assess
the prognostic value of syndecan-1 in patients with HF with preserved and reduced left ventricular
ejection fractions.

Methods
Patient population and study design
The current study was performed as a sub-study of the Coordinating study evaluating Outcomes
of Advising and Counseling in HF (COACH). In brief, 1023 patients were included to participate in a prospective randomized disease management study. The rationale and outcomes of this
trial have been reported elsewhere (7–9). Both patients with HF with preserved ejection fraction
(HFpEF) and reduced ejection fraction (HFrEF) were included in the study. The cut-off point of
left ventricular ejection fraction (LVEF) to identify HFpEF was predefined at >40% in the study
protocol, and similar to a previously published study from this cohort (9). Samples for biomarker
analysis were obtained from a subset of 567 patients, who were representative for the entire study
population regarding baseline characteristics. Prior to discharge, when patients were stabilized after
an acute HF admission, samples were collected. In 460 patients, measurement of LV function was
performed at discharge. This study complies with the Declaration of Helsinki, local medical ethics
committees approved the study, and all patients provided written informed consent.

Endpoints
The primary endpoint in this study was defined as the combined end-point of all-cause mortality
or re-hospitalization at 18 months, where re-hospitalization was defined as an unplanned overnight
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hospital stay connected to worsening HF. The secondary endpoint was defined as all-cause mortality
at 3 years. All events were evaluated and adjudicated by an independent end-point committee.

Biochemical Analysis
Prior to discharge fibrosis markers including syndecan-1, galectin-3, periostin and ST-2 were measured, using a commercially available competitive enzyme-linked immunosorbent assay (ELISA)
(Alere San Diego Inc. (San Diego, CA, USA). Measurements were made with the usage of the
luminex platform. Lower limits for the detection of syndecan-1 with this specific ELISA were 2.4
ng/ml; intra- and interassay coefficients of variation are 25% and 25% respectively. Interleukin-6 (IL6), C-reactive protein (CRP) and Transforming Growth Factor beta one (TGF- β1) were measured
in a 96-well polystyrene microtiter plate using searchlight proteome arrays, as previously described
(10, 11). Measurement of N-terminal pro-brain-type natriuretic peptide (NT-proBNP) was done
using the Elecsys proBNP ELISA, (Roche diagnostics, Mannheim, Germany). Estimate glomular
filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease (MDRD)
formula (12).

Statistical analysis
Data are expressed as means ± SD when normally distributed, as medians with lower and upper
quartiles when non-normally distributed or as numbers and percentages when categorical. Baseline
characteristics were divided into quartiles of syndecan-1. Intergroup differences were tested using
the 1-way analysis of variance test, Kruskal-Wallis test, or Pearson χ2test when appropriate. For
further analyses, skewed variables were transformed to a 2-log scale to achieve a normal distribution. Risk estimates for the transformed variables should be interpreted as the relative risk if values
were doubled (e.g. 2 to 4 mmol/L).
To establish clinical determinants of syndecan-1 levels and its relation to other markers of inflammation and fibrosis, multiple linear regression models were constructed. Variables with a significant
univariate association with syndecan-1 (< 0.10) were entered in a stepwise backward multivariate
model based on the strength of their univariate association.
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Univariate and multivariate Cox proportional hazard regression models were used to calculate the
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predictive value of syndecan-1 on both the primary and secondary endpoint. In 2 consecutive
multivariable models, syndecan-1 was adjusted for age, sex, the presence of diabetes, previous HF
hospitalizations, LVEF, renal function, levels of NT-proBNP and finally for galectin-3, periostin,
ST-2 levels and a history of MI.
Finally, risk stratification of syndecan-1 levels on top of the COACH risk engine model, as described
elsewhere, was tested for both endpoints using the continuous net reclassification improvement
(NRI) and integrated discrimination improvement (IDI) (13). As suggested, the continuous NRI is
a more objective and versatile measure of improvement in risk prediction compared to the categorical NRI (14). Variables in the COACH risk model include: age, sex, BMI, blood pressure, pulse
pressure, a prior stroke and/or MI, previous HF hospitalizations, the presence of peripheral artery

disease, atrial fibrillation and/or diabetes, renal function, and levels of NT-proBNP and sodium. All
were performed using STATA version 11.0 (StataCorp LP, College station, Texas, USA).

Results
Patient characteristics
Baseline characteristics are described in Table 1. Of the 567 patients, 38% was female, 47 percent
was in NYHA class II and 49 percent in NYHA class III. Mean left ventricular ejection fraction
(LVEF) was measured in 460 patients prior to discharge and was 32.5 ± 14.0%. Patients with
higher syndecan-1 levels were more often male, had lower blood pressures, a lower LVEF and more
previous HF related hospitalizations. Additionally, higher levels of NT-proBNP, fibrosis markers
and a worse renal function were observed in patients with higher syndecan-1 levels. Interestingly,
no elevated levels of inflammatory markers were observed in patients with higher syndecan-1 levels.

Table 1. Baseline characteristics of all 567 patients at discharge, divided into quartiles of syndecan-1 (ng/mL)
Variable

All
(n = 567)

Q1
(n = 141)

Q2
(n = 143)

Q3
(n = 142)

Q4 p-value
(n = 141) (trend)

Syndecan-1, min-max (ng/mL)

2.4 - 393.0

2.4 - 13.9

14.0 - 20.1

20.2 - 27.6

27.7 - 393.0

NA

71.0 ± 11.0

70.3 ± 11.5

70.6 ± 11.5

72.3 ± 9.7

71.0 ± 11.0

0.544

38.1

48.2

39.2

31

34

0.004

26.1 (23.5 29.5)

26.7 (24.0 29.9)

26.8 (23.9 30.1)

25.9 (23.9 29.0)

25.8 (23.1 29.4)

0.079

Demographics and clinical signs
Age (years)
Female sex (%)
2

BMI (kg/m )

118.2 ± 21.2

122.2 ± 23.2

120.4 ± 20.4

116.7 ± 20.4

Heart rate (bpm)

Systolic BP (mmHg)

74.3 ± 13.1

74.6 ± 12.2

73.8 ± 12.3

75.0 ± 15.6

73.8 ± 11.7

0.355

LVEF (%)

32.5 ± 14.0

33.0 ± 13.8

34.2 ± 13.8

32.6 ± 14.7

30.0 ± 13.4

0.036

28.4

32.2

35.9

41.1

0.026

56.8/39.6/3.6 41.3/57.3/1.4 43.9/51.8/4.3 44.7/50.3/5.0

0.087

Previous HF hospitalization

34.4

NYHA class, II/III/IV (%)

46.6/49.8/3.6

113.3 ± 19.5 < 0.001

Medical history (%)
Myocardial infarction

40.9

35.5

39.8

43.7

44.7

0.11

Stroke

15.3

12.1

21.7

16.9

10.6

0.524

Hypertension

42.3

37.6

51.1

38

42.6

0.876

46

38.3

47.6

48.6

49.7

0.054

30.5

32.2

31.5

27.5

31.9

0.762

28

29.1

21

33.8

28.4

0.606

13.1 ± 2.0

13.3 ± 2.2

13.2 ± 2.1

13.0 ± 1.9

13.0 ± 1.8

0.533

139 ± 4

139 ± 4

139 ± 4

139 ± 5

138 ± 4

0.142

Atrial fibrillation of flutter
Diabetes
COPD
Laboratory
Hemoglobin (g/dL)
Sodium (mmol/L)
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Table 1. Baseline characteristics of all 567 patients at discharge, divided into quartiles of syndecan-1 (ng/mL)
(continued)
Variable
NT-proBNP (pg/dL)
high-sensitive CRP (mg/L)

All
(n = 567)

Q1
(n = 141)

Q2
(n = 143)

Q3
(n = 142)

2534
(1314-5869)

1943
(1039-3398)

2346
(1072-4590)

3242
(1706-6779)

2.3 (0.9 - 5.1)

IL-6 (pg/mL)

12.0
(6.9 - 24.5)

ST-2 (ng/mL)

2.5 (1.4 - 5.4)

Galectin-3 (ng/mL)

25.6
(21.2 - 32.1)

Q4 p-value
(n = 141) (trend)
3957
(1641-9429)

<0.001

2.3 (0.8 - 5.3) 2.0 (0.7 - 5.0) 2.2 (0.8 - 4.9) 2.9 (1.6 - 6.0)

0.073

12.0
(6.1 - 21.6)

11.2
(6.4-20.4)

11.9
(6.7 - 25.6)

15.4
(8.2 - 29.6)

0.081

1.2 (0.7 - 1.9) 2.1 (1.4 - 4.7) 3.1 (2.1 - 5.4) 4.8 (2.7 - 8.6) < 0.001
21.1
(16.6 - 25.5)

25.0
(21.1 - 30.1)

28.0
(23.0 - 32.8)

31.1
< 0.001
(25.1 - 39.7)

Periostin (ng/mL)

4.7 (3.4 - 6.6)

TGF-beta (ng/mL)

51.0
(35.8 - 75.0)

69.0
(41.5 - 97.0)

49.6
(35.8 - 67.8)

46.8
(28.9 - 62.7)

45.8
< 0.001
(33.4 - 66.2)

Creatinine (μmol/L)

127.4 ± 54

110.6 ± 38.1

128.3 ± 52.0

134.7 ± 57.7

138.3 ± 62.4 < 0.001

eGFR (mL/min/1.73m2)

53.9 ± 20.2

59.7 ± 20.8

53.1 ±19.6

50.9 ± 17.9

52.0 ± 21.3

0.001

61.4

51.1

62.2

63

69.1

0.016

11.1
(8.3 - 15.8)

9.8
(7.5 - 13.6)

11.6
(8.9 - 17.5)

11.5
(8.3 - 15.4)

12.0
(8.9 - 18.3)

0.002

0.888

< 60 (%)
BUN (mmol/L)

3.3 (2.3 - 4.4) 4.4 (3.4 - 5.6) 5.2 (3.8 - 7.1) 6.6 (5.2 - 8.9) < 0.001

Treatment at discharge (%)
ACE inhibitor or ARB

82

83.7

79.8

83.8

80.9

Beta blocker

66.7

61.5

62.4

66.9

75.9

0.01

Diuretic

95.6

94.3

95.1

96.8

97.2

0.235

MRA

54.8

59.6

51.8

53.5

54.6

0.486

Statin

38.8

36.2

42.7

37.3

39

0.866

Digoxin

32.6

29.8

31.5

37.3

31.9

0.487
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Abbreviations: ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker; BMI, body mass index;
BP, blood pressure; BUN, blood urea nitrogen; COPD, chronic obstructive pulmonary disease; CRP, C-reactive
protein; eGFR, estimated glomerular filtration rate; HF, heart failure; IL-6, Interleukin 6; LVEF, left ventricular
ejection fraction; MRA, Mineralocorticoid receptor antagonist; NT-proBNP, N-terminal pro-brain-type natriuretic
peptide; NYHA, New York Heart Association; TGF-beta, transforming growth factor beta; sTNFR-1, soluble
tumor necrosis factor receptor.
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Predictors of syndecan-1 levels in heart failure
To assess the whether syndecan-1 was associated with fibrosis or inflammation, a multivariable
regression analysis was performed as shown in Table 2. A clear positive association was found
relating to fibrotic and remodeling markers, including periostin, galectin-3 and ST-2 (all p <0.001).
No correlation could be observed between syndecan-1 and the inflammatory markers hs-CRP (p=
0.635) and IL-6 (p= 0.838). A negative correlation was observed between syndecan-1 and renal
function (p= 0.009). Furthermore, sex was found to be a predictor of syndecan-1 levels (p= 0.029).

Table 2. Clinical variables associated with syndecan-1 (per doubling) in chronic heart failure
Univariate

Multivariate

Beta

p-value

Beta

p-value

-0.125

0.029

Demographics and clinical signs
Age (years)

-0.008

0.854

Female sex (%)

-0.092

0.027

-0.1

0.02

BMI (kg/m2)
Systolic BP (per 5 mmHg)

-0.141

0.001

Heart rate (bpm)

-0.058

0.171

LVEF (%)

-0.054

0.249

Previous HF hospitalization

0.091

0.031

NYHA class, II/III/IV (%)

0.085

0.043

Medical history (%)
Myocardial infarction

0.039

0.358

Stroke

-0.03

0.474

-0.002

0.963

Hypertension
Atrial fibrillation
Diabetes
COPD

0.087

0.037

-0.021

0.619

0.013

0.765

Laboratory
Hemoglobin (g/dL)

0.024

0.67

Sodium (mmol/L)

-0.048

0.259

0.23

< 0.001

high-sensitive CRP (per doubling)

NT-proBNP (per doubling)

0.021

0.635

IL-6 (per doubling)

0.009

0.838

ST-2 (per doubling )

0.622

< 0.001

0.23

< 0.001

Galectin-3 (per doubling )

0.499

< 0.001

0.357

< 0.001

0.516

< 0.001

-0.027

< 0.001

0.634

< 0.001

TGF-beta (per doubling )

Periostin (per doubling)

-0.024

0.573

eGFR (per 5 mL/min/1.73m2)

-0.111

0.009

0.112

0.011

BUN (per doubling)
Treatment at discharge (%)

-0.042

0.312

Beta blocker

ACE inhibitor or ARB

0.099

0.018

Diuretic

0.073

0.081

MRA

-0.009

0.833

Statin

-0.015

0.718

0.008

0.845

Digoxin

Values are standarized beta coefficients. Abbreviations: ACE, angiotensin converting enzyme; ARB, angiotensin
receptor blocker; BMI, body mass index; BP, blood pressure; BUN, blood urea nitrogen; COPD, chronic
obstructive pulmonary disease; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; HF,
heart failure; IL-6, Interleukin 6; LVEF, left ventricular ejection fraction; MRA, Mineralocorticoid receptor
antagonist; NT-proBNP, N-terminal pro-brain-type natriuretic peptide; NYHA, New York Heart Association;
TGF-beta, transforming growth factor beta; sTNFR-1, soluble tumor necrosis factor receptor 1.
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Syndecan-1 & clinical outcome in heart failure
After 18 months, 240 patients reached the combined endpoint and 234 patients died after 3 years. In
univariable analysis, a doubling of syndecan-1 levels showed a significant increase risk for both the
combined endpoint (hazard ratio (HR): 1.20, 95% confidence interval (CI) [1.05 - 1.37]; p = 0.005)
and for all-cause mortality after 3 years (HR: 1.27, 95%CI [1.12-1.44]; p<0.001) (Table 3). However, when adjusting for age, sex, presence of diabetes, previous HF hospitalizations, LVEF, renal
function and NT-proBNP, syndecan-1 was no longer significantly associated with both endpoints.
Table 3. Hazard ratios in predicting the combined endpoint (HF hospitalizations or all-cause mortality at 18
months) or all-cause mortality at 3 years in overall HF and divided into HFrEF and HFpEF
Syndecan-1
(per doubling)

Combined endpoint

All cause mortality

HR (95% CI)

p-value

HR (95% CI)

p-value

Univariate

1.20 (1.05 - 1.37)

0.005

1.27 (1.12 - 1.44)

< 0.001

Model 1

1.21 (1.06 - 1.40)

0.004

1.29 (1.13 - 1.48)

< 0.001

Model 2

1.08 (0.91 - 1.28)

0.385

1.11 (0.93 - 1.33)

0.238

Model 3

1.08 (0.84 - 1.39)

0.563

1.21 (0.94 - 1.56)

0.143

Univariate

1.12 (0.95 - 1.33)

0.18

1.17 (1.00 - 1.39)

0.05

Model 1

1.12 (0.94 - 1.33)

0.223

1.18 (1.00 - 1.41)

0.055

Model 2

0.98 (0.80 - 1.21)

0.901

1.04 (0.84 - 1.28)

0.721

Model 3

0.95 (0.71 - 1.27)

0.729

1.11 (0.83 - 1.48)

0.477

Univariate

1.30 (1.05 - 1.61)

0.016

1.52 (1.22 - 1.90)

< 0.001

Model 1

1.33 (1.07 - 1.66)

0.009

1.54 (1.23 - 1.93)

< 0.001

Model 2

1.37 (1.01 - 1.86)

0.046

1.45 (1.02 - 2.08)

0.04

Model 3

2.10 (1.14 - 3.86)

0.017

2.00 (1.01 - 3.98)

0.044

Overall HF (n = 567)

HFrEF (n = 353)
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HFpEF (n = 107)
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Model 1 is adjusted for age en sex. Model 2 is adjusted for model 1 + presence of diabetes, previous HF hospitalizations, LVEF (only in overall HF), renal function and NT-proBNP levels. Model 3 is adjusted for model 2 + levels
of Galectin-3, ST2 and periostin and prior MI. Abbreviations: CI, confidence interval; HFrEF, heart failure with
reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; HR, hazard ratio.

Interaction analysis showed an interaction between syndecan-1 and LVEF for both the combined
endpoint (p = 0.047) and 3-years mortality (p = 0.003). Consequently, patients were sub-divided
into those with preserved LVEF (n = 107) and reduced LVEF (n = 353). Within these subgroups,
143 patients with HFrEF and 50 patients with HFpEF reached the primary combined end point
at 18 months. Furthermore, 142 patients with HFrEF and 44 patients with HFpEF reached the
secondary end point at 3 years. The interaction between HFrEF, HFpEF and syndecan-1 levels is
shown in Figure 1. This figure depicts how an increase in syndecan-1 levels pose a much stronger
increase in risk for patients with HFpEF than in patients with HFrEF (Figure 1). There was no

interaction between syndecan-1, sex and the primary endpoint (p= 0.232). A significant interaction
patients with HFpEF by sex, a significant predictive value was found for syndecan-1 levels in female
patients with HFpEF (HR, 8.44; 95% CI, 2.18–32.70; P=0.002), but not in males with HFpEF (HR,
1.08; 95% CI, 0.52–2.25; P=0.843). Syndecan-1 was not associated with an increased risk for either
the primary end point (HR, 0.95; 95% CI, 0.71–1.27; P=0.729) or the secondary end point (HR,
1.11; 95% CI, 0.83–1.78; P=0.477) in patients with HFrEF (Table 3). A strong predictive value was
found for doubling of syndecan-1 in patients with HFpEF for the combined end point (HR, 1.30;
95% CI, 1.05–1.61; P=0.016) and for 3-year mortality (HR, 1.52; 95% CI, 1.22–1.90; P<0.001; Table
3). This association remained statistically significant in the multivariable corrected model for both
the combined endpoint (HR: 2.10, 95%CI [1.14-3.86]; p = 0.017) and 3-year mortality (HR: 2.00,
95%CI [1.01-3.98]; p = 0.044).
Finally, NRI and integrated discrimination improvement showed a significant additive value for

Figure 1. Graphical depiction of the risk estimates for the primary endpoint in patients with HFpEF versus
HFrEF. The distribution of (log2-transformed) syndecan-1 is depicted in grey bars in the background

the combined primary end point in patients with HFpEF, when syndecan-1 was added on top of
variables of the COACH risk engine model. This additive value was not observed in patients with
HFrEF (Table 4).
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Table 4. Risk stratification improvement of syndecan-1 levels on top of established clinical risk factors for both
endpoints in patients with HFrEF and HFpEF
Syndecan-1 (per doubling)

NRI*

p-value

IDI

p-value

HFrEF (n = 353)
Combined endpoint

0.026

0.816

0.001

0.674

3 year all-cause mortality

0.006

0.952

0.001

0.517

Combined endpoint

0.485

0.016

0.031

0.026

3 year all-cause mortality

0.031

0.56

0.029

0.06

HFpEF (n = 107)

*COACH risk engine model includes: age, sex, blood pressure, pulse pressure, history of stroke and/of MI, presence of atrial fibrillation, peripheral artery disease and/or diabetes, renal function, levels of NT-proBNP sodium,
and previous HF hospitalization. Abbreviations: HFrEF, heart failure with reduced ejection fraction; HFpEF,
heart failure with preserved ejection fraction; IDI, integrated discrimination improvement; NRI, net reclassification improvement.

Discussion
This study aimed to extend the knowledge of syndecan-1 plasma levels by assessing the role of
syndecan-1 in HF patients. The findings of this study have demonstrated that syndecan-1 is associated with fibrotic and remodeling markers galectin-3, periostin and ST-2, whereas no correlation
with inflammation markers was observed, confirming earlier published experimental in vitro results
in a human clinical setting (2). In addition, this study identified syndecan-1 as a specific predictor
for clinical outcome in HFpEF, but not in HFrEF patients.
Syndecan-1 is a heparan-sulfate proteoglycan that functions as an important cell receptor in the
extracellular matrix and is found on the cell surfaces of almost all cell types. As such, it is involved in
a wide array of processes in human (patho)physiology (15). Animal models showed that syndecan-1
is associated with inflammation in the acute phase post-myocardial infarction (3, 4). Furthermore,
in vitro and in vivo studies have provided evidence for the involvement of syndecan-1 in fibrosis
and remodeling following angiotensin-II induced HF through the TGF-β/Smad-3 pathway. These
Chapter 2
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infusion in which the ecto-domain of syndecan-1 plays a key role in the onset of fibrosis; blockage of the ecto-domain led to a diminished effect of angiotensin-II stimulation resulting in less
collagen disposition (2). Shedding of the ecto-domain, leading to increased levels of soluble levels
of the ecto-domain of syndecan-1 in plasma, may be part of a protective mechanism in HF. The
correlation of shedding and detectable plasma levels is currently unknown. One may speculate that
the loss of its ecto-domain might inhibit the function of the syndecan-1 receptor in activating the
smad3/TGF-β pathway. Moreover, the soluble ecto-domain has been suggested to retain its binding
properties, reducing the bioavailability of syndecan-1 receptor ligands (5).
The ecto-domain of the syndecan-1 protein has been shown to shed under the influence of matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) (16). Previous

studies have shown the subtle balance between MMPS and TIMPS to be primarily responsible for
shown to be disturbed in HF, leading to measurable levels of the syndecan-1 ecto-domain in plasma
(16–18). In addition, cellular syndecan-1 levels have been shown to be increased in WT mice in a
HF model after angiotensin-II stimulation, the relative increase of shedding of the ecto-domain
of syndecan-1 has however not been shown (2). To determine whether the shedding of the ectodomain of syndecan-1 has a protective or harmful effect, additional evidence for the relative share
of shedding of the syndecan-1 ecto-domain to the possible increased expression of syndecan-1
on a cellular level during HF is needed. Furthermore, HFpEF-induced fibrosis might be altered
by directly or indirectly influencing the activity of the syndecan-1 receptor through syndecan-1
receptor antagonists or through decreasing the bioavailability of syndecan-1 andpossibly increasing
the presence of soluble syndecan-1 by influencing the tissue inhibitors of metalloproteinase/matrix
metalloproteinase balance. However, more research has to be done to unravel the specific ligand(s)
of syndecan-1 and how these relate to HF.
Interestingly, Cox regression analysis showed that syndecan-1 was related to clinical outcome in
HFpEF patients, but not in HFrEF patients, which is independent of other known HF risk factors
and the earlier reported correlation between sex and syndecan-1 levels (6). In addition, syndecan-1
showed prognostic value by adding it to known risk factors in HF as defined in the COACH risk
model for the primary endpoint for HFpEF patients. Significant added value was not observed in
NRI/IDI analysis for the secondary endpoint, however this could be explained by the nature of the
COACH risk model, which is particularly designed for the primary endpoint in the COACH trial
(13). This is of particular interest because syndecan-1 appears to be a marker for collagen turnover,
which is suggested to play a central role in the pathophysiology of HFpEF (19). As such, this study
shows that syndecan-1 has both prognostic value for the combined endpoint at 18 months as well
as all-cause mortality at 3 years, this may indicate a possible biological involvement of syndecan-1
in the pathophysiological process of HFpEF on short- as well as long-term follow-up, suggesting an ongoing involvement of syndecan-1 throughout the progression of HFpEF. In addition,
a significant interaction for syndecan-1, sex, and the secondary end point was found, as reported
earlier (6). When dividing patients with HFpEF by sex, a significant predictive value was found
for female patients but not for male patients. The results with regard to sex should, however, be
critically interpreted because of the small size of the sex subgroups in the HFpEF population and
the accompanying wide CIs, especially because no interaction was observed for syndecan-1, sex, and
the primary end point. Additional research is needed to explore its role as a possible new marker
in the treatment of patients with HFpEF. However, our observations are in line with a previous
study published by our group, where we showed that the fibrotic biomarker galectin-3 has particular
value in patients with HFpEF (11). Herein, we also found an interaction between the association
of syndecan-1 and clinical outcome. This study provides further support for such an association
between collagen and HFpEF, but less so for HFrEF.
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the cleavage of the syndecan-1 ecto-domain from the cell-surface; a balance that has readily been
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Limitations
This is a post hoc analysis, warranting the possibility of a selection bias. Furthermore, the relatively small number of patients limits the prognostic value of syndecan-1 in HFpEF in this study.
Sampling of patients in the COACH trial was performed at time of discharge, when patients were
already recompensated. As such, this study includes patients who, at time of sampling, cover a gray
area between acute and chronic HF. Furthermore, measurements of syndecan-1 were plagued by
relatively high intra- and interassay coefficients of 25% and 25%, respectively, providing for possible
variations between measurements. The findings reported in this study should not be regarded as
providing evidence for a causal relationship, but should be seen in a more exploratory context. With
regard to the role of syndecan-1 in patients with HFpEF, more research is needed in populations in
which solely patients with HFpEF are included.

Conclusions
In patients with HF, syndecan-1 levels strongly correlate with other fibrosis markers pointing
toward a role in cardiac fibrosis and remodeling. Syndecan-1 was independently associated with

Chapter 2

clinical outcome in patients with HFpEF but not in patients with HFrEF.

34

1.
2.
3.
4.
5.
6.
7.

8.

9.
10.
11.
12.

13.
14.
15.
16.
17.

18.
19.

Schellings MWM, Pinto YM, Heymans S. Matricellular proteins in the heart: possible role during stress
and remodeling. Cardiovasc. Res. 2004;64:24–31.
Schellings MWM, Vanhoutte D, van Almen GC, et al. Syndecan-1 Amplifies Angiotensin II-Induced
Cardiac Fibrosis. Hypertension 2010;55:249–256.
Vanhoutte D, Schellings MWM, Götte M, et al. Increased expression of syndecan-1 protects against
cardiac dilatation and dysfunction after myocardial infarction. Circulation 2007;115:475–82.
Lei J, Xue SN, Wu W, et al. Increased level of soluble syndecan-1 in serum correlates with myocardial
expression in a rat model of myocardial infarction. Mol. Cell. Biochem. 2012;359:177–182.
Alexopoulou AN, Multhaupt HAB, Couchman JR. Syndecans in wound healing, inflammation and
vascular biology. Int. J. Biochem. Cell Biol. 2007;39:505–528.
Meyer S, van der Meer P, van Deursen VM, et al. Neurohormonal and clinical sex differences in heart
failure. Eur Hear. J 2013;34:2538–2547.
Jaarsma T, Van Der Wal MH, Hogenhuis J, et al. Design and methodology of the COACH study: a
multicenter randomised Coordinating study evaluating Outcomes of Advising and Counselling in Heart
failure. Eur J Hear. Fail 2004;6:227–233.
Jaarsma T, van der Wal MHL, Lesman-Leegte I, et al. Effect of moderate or intensive disease management program on outcome in patients with heart failure: Coordinating Study Evaluating Outcomes of
Advising and Counseling in Heart Failure (COACH). Arch. Intern. Med. 2008;168:316–24.
van Veldhuisen DJ, Linssen GCM, Jaarsma T, et al. B-type natriuretic peptide and prognosis in heart
failure patients with preserved and reduced ejection fraction. J. Am. Coll. Cardiol. 2013;61:1498–506.
Kleijn L, Belonje AMS, Voors AA, et al. Inflammation and anaemia in a broad spectrum of patients with
heart failure. Heart 2012;98:1237–41.
de Boer RA, Lok DJ, Jaarsma T, et al. Predictive value of plasma galectin-3 levels in heart failure with
reduced and preserved ejection fraction. Ann Med 2011;43:60–68.
Smilde TDJ, van Veldhuisen DJ, Navis G, Voors AA, Hillege HL. Drawbacks and prognostic value
of formulas estimating renal function in patients with chronic heart failure and systolic dysfunction.
Circulation 2006;114:1572–80.
Postmus D, van Veldhuisen DJ, Jaarsma T, et al. The COACH risk engine: a multistate model for predicting survival and hospitalization in patients with heart failure. Eur J Hear. Fail 2012;14:168–175.
Pencina MJ, D’Agostino RB, Steyerberg EW. Extensions of net reclassification improvement calculations to measure usefulness of new biomarkers. Stat. Med. 2011;30:11–21.
Tkachenko E, Rhodes JM, Simons M. Syndecans: new kids on the signaling block. Circ. Res.
2005;96:488–500.
Endo K, Takino T, Miyamori H, et al. Cleavage of syndecan-1 by membrane type matrix metalloproteinase-1 stimulates cell migration. J. Biol. Chem. 2003;278:40764–70.
Kandalam V, Basu R, Moore L, et al. Lack of tissue inhibitor of metalloproteinases 2 leads to exacerbated
left ventricular dysfunction and adverse extracellular matrix remodeling in response to biomechanical
stress. Circulation 2011;124:2094–105.
Spinale FG. Matrix metalloproteinases: regulation and dysregulation in the failing heart. Circ. Res.
2002;90:520–30.
Borlaug BA, Paulus WJ. Heart failure with preserved ejection fraction: pathophysiology, diagnosis, and
treatment. Eur. Heart J. 2011;32:670–9.

The Fibrosis Marker Syndecan-1 and Outcome in Heart Failure Patients with Reduced and Preserved Ejection Fraction

References

35

Chapter 23
CHAPTER
The fibrosis
and with
Biomarker
Profilesmarker
in Heartsybdecan-1
Failure Patients
outcome
in heart
patients
reduced
Preserved
andfailure
Reduced
Ejectionwith
Fraction
and preserved ejection fraction

Jasper Tromp
Jasper Tromp
Mohsin
F. Khan
Jasper A.
Tromp
IJsbrand
T. Klip
Jasper Tromp
Jasper
Sven Tromp
Meyer
Jasper
Tromp
Rudolf A.
de Boer
Jasper Tromp
Tiny Jaarsma
Jasper Tromp
Hans Tromp
Hillege
Jasper
Dirk J. van Veldhuisen
Peter van der Meer
PublicatieA.
uitgave
Adriaan
Voors
Journal of the American Heart Association. 2017 Mar 30;6(4)

Abstract
Background: Biomarkers may help us to unravel differences in the underlying pathophysiology between heart failure (HF) patients with a reduced ejection fraction (HFrEF) and a preserved ejection
fraction (HFpEF). Therefore, we compared biomarker profiles to characterize pathophysiological
differences between patients with HFrEF and HFpEF.
Methods: We retrospectively analyzed 33 biomarkers from different pathophysiological domains
(inflammation, oxidative stress, remodeling, cardiac stretch, angiogenesis, arteriosclerosis and renal
function) in 460 HF patients (21% HFpEF, LVEF ≥ 45%) measured at discharge after hospitalization for acute HF. The association between these markers and the occurrence of all-cause mortality
and/or HF-related rehospitalizations at 18 months was compared between patients with HFrEF
and HFpEF.
Results: Patients were 70.6±11.4 years old and 37.4% were female. Patients with HFpEF were
older, more often female and had a higher systolic blood pressure. Levels of Hs-CRP were significantly higher in HFpEF, while levels of pro-ANP and NT-proBNP were higher in HFrEF.
Linear regression followed by network analyses revealed prominent inflammation and angiogenesis
associated interactions in HFpEF and mainly cardiac stretch associated interactions in HFrEF. The
angiogenesis specific marker, neuropilin and the remodeling specific marker, osteopontin were
predictive for all-cause mortality and/or HF- related rehospitalizations at 18 months in HFpEF, but
not in HFrEF (p for interaction <0.05).
Conclusion: In HFpEF, inflammation and angiogenesis mediated interactions are predominantly
observed, while stretch-mediated interactions are found in HFrEF. The remodeling marker osteopontin and the angiogenesis marker neuropilin predicted outcome in HFpEF, but not in HFrEF.

Abbreviations
COACH: Coordinating study evaluating Outcomes of Advising and Counseling in Heart failure
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HF: heart failure
LVEF: left ventricular ejection fraction
HFpEF: heart failure with a preserved ejection fraction
HFrEF: heart failure with a reduced ejection fraction
MDRD: Modification of Diet in Renal Disease

Introduction
The difference in pathophysiology between HFrEF and HFpEF remains poorly understood, and
effective treatment options are currently not available for HFpEF (1–4). Therefore, a better understanding of the pathophysiology of HFpEF is required which eventually may help to improve
outcome.
Patient specific biomarker profiles are useful for the purpose of monitoring disease severity and
progression, to guide therapy, but also for characterizing the pathophysiology of HF (5–9). We
HFpEF may provide important insights into specific activities of pathophysiological processes
(5–9).
The aim of this study was to characterize HFpEF and HFrEF using a network analysis on an
extensive set of 33 biomarkers of various pathophysiological pathways. Therefore, we investigated
differences in biomarker levels, patterns of correlations and predictive value of biomarkers in
patients with HFpEF and HFrEF.

Methods
Study design and population
Measurements of biomarkers were performed in a sub-cohort of the COACH (Coordinating study
evaluating Outcomes of Advising and Counseling in Heart failure) trial of which rationale, design
and results have been previously described (10, 11). In short, the COACH trial studied the effects of
additional intensive nurse led support on the prognosis of 1023 chronic heart failure patients with
a hospital admission for HF (NYHA II-IV) and patients had to be at least 18 years of age. Patients
were excluded if they underwent an intervention (PTCA, CABG, HTX, valve replacement) in the
previous six months or if they had a planned intervention in the following three months. Additionally, patients were excluded if they had an ongoing evaluation for HTX(10). Left ventricular ejection
fraction (LVEF) measurements were available in 832 patients. Biomarkers were measured in blood
collected from 460 patients shortly before discharge between 8:00 AM and 4:00 PM, after patients
had been clinically stabilized and were considered well enough to go home. Baseline characteristics
of the current sub-study were comparable to the entire COACH study (supplementary Table 1). The
study complies with the Declaration of Helsinki, local medical ethics committees approved the
study, and all patients provided written informed consent.

Study and laboratory measurements
HFpEF was defined as having a LVEF ≥45%. Measurements of high-sensitive C-reactive protein
(hs-CRP), pentraxin-3 (PTX3), growth differentiation factor (GDF-15), Soluble receptor of advanced glycation end-products (RAGE), interleukin 6 (IL6), tumor necrosis factor alpha (TNF-a),
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TNF associated receptor 1 alpha (TNF-aR1a), myeloperoxidase (MPO), syndecan-1, periostin,
ST-2, osteopontin, pro-ANP, VEGF receptor (VEGFR), angiogenin, end terminal pro c-type natiuretic peptide (NT-proCNP), neuropilin-1, endothelial cell-selective adhesion molecule (ESAM),
neutrophil gelatinase-associated lipocalin (NGAL), d-dimer, WAP four-disulfide core domain protein HE4 (WAP4C), mesothelin, polymeric immunoglobulin receptor (PIGR), prosaposin (PSAP)
and TROY were measured by Alere San Diego, Inc., San Diego, CA, USA, using enzyme- linked
immunosorbent assays (ELISAs). Immunoassays to ST2 were developed by Alere. This research
assay by Alere has not been standardized to the commercialized assays used in research or in clinical use. Further, the extent to which this Alere assay correlates with the commercial assay is not
fully characterized. Galectin-3 was measured using ELISA by BG Medicine, Inc., Waltham, USA.
Transforming growth factor-beta (TGF-b) and vascular endothelial growth factor (VEGF) were
analyzed using a quantitative multiplexed sandwich ELISA system, SearchLightw proteome arrays,
Aushon BioSystems, Billerica, MA, USA. N-terminal pro-brain natriuretic peptide (NT-proBNP)
was measured using the Elecsys proBNP ELISA by Roche Diagnostics, Mannheim, Germany.
Erythropoietin alpha (EPOa) was measured using the IMMULITEw EPO ELISA by Diagnostic
Products Corporation, Los Angeles, CA, USA. Inter- and intra assay coefficients of the assays used
can be found in supplementary Table 2. Endothelin-1 (ET-1), Interleukin-6 (IL-6) and cardiac specific
Troponin I (cTnI) was measured in frozen plasma samples collected at baseline using high sensitive
single molecule counting (SMC™) technology (RUO, Erenna® Immunoassay System, Singulex
Inc., Alameda, CA, USA). Estimated glomerular filtration rate (eGFR) was based on the simplified
Modification of Diet in Renal Disease (MDRD) (12).

Study endpoints
For studying the relationship between biomarker levels and outcome, the primary endpoint of the
COACH trial was used. This endpoint is a combined endpoint consisting of all-cause mortality
and/or HF related rehospitalizations at 18 months. An independent endpoint committee adjudicated the endpoint.
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Continuous variables are presented as medians with interquartile range or means ± SD where appropriate. Categorical variables are presented as numbers with percentages. Baseline characteristics and
biomarker concentrations at baseline were stratified according to HFrEF and HFpEF. Intergroup
differences were tested using Student’s t-test or Mann-Whitney-U test for continuous variables or
chi2-test for categorical variables. Principal component (PC) analysis was performed to correct for
multiple comparisons with HFrEF and HFpEF as categorical variables, using an established statistical
method described elsewhere (13). This method is often used in -omics based studies, where there is a
natural correlation between markers due to the fact that these often belong to similar pathophysiological processes (14). Indeed, also for the 33 biomarkers employed in this study, biomarkers are clearly
inter-related, belonging to several similar pathophysiological processes (Figure 1). In this situation the

Bonferroni correction can be considered too conservative(15). Here, the PC-based correction has
been suggested to be more effective (14, 15). Additionally, this method has been previously successfully used in correcting for multiple comparisons in pairwise correlations (13). A total of 21 PCs of
which the eigenvalues cumulatively explained > 95% of the variation observed in the dataset when
comparing HFrEF with HFpEF were found. The corrected significance level for multiple testing
was thus set at P < 0.05/21, equating to an adjusted p-value cut-off of 0.00238. To correct for
multiple comparison for inter-biomarker correlations, 0.05/[PC*(PC-1)/2] was used for the adjusted
p cut-off value, where PC is the number of principal components found. To study the influence of
was performed. Here, HFpEF is coded as 1 and HFrEF as 0. An odds ratio above 1 signifies that
higher levels are associated with HFpEF. Associations were corrected for age, sex, eGFR, a history of
diabetes and other clinical covariates that significantly differed between HFrEF and HFpEF. Next, a
Spearman’s rank correlation coefficient was calculated for each possible biomarker pair in the HFrEF
cohort of patients and the procedure was repeated for HFpEF. This resulted in two sets of R-values
with associated p-values for both HFrEF and HFpEF. To adjust for multiple testing, only those
correlations passing the adjusted p-value cut-off calculated from the PCA were deemed statistically
significant and subsequently retained. These significant correlation coefficients for HFrEF and HFpEF were then graphically displayed as heatmaps with associated disease domains for all biomarkers.
Network analysis was performed to analyze associations between biomarkers in HFrEF and HFpEF.
First, all significant associations found within HFrEF and HFpEF were separately depicted as circular networks. Next, significant associations between biomarkers exclusive to HFrEF and HFpEF
were identified. To ascertain whether these associations were significantly different, the Fishers ztransformation test was used to compare R-values between HFrEF and HFpEF. The p-values from
these associations were corrected using the PCA method described above.
For outcome analysis, a univariable interaction test was performed between the (log2-transformed)
biomarker and HF status (HFrEF vs. HFpEF). The interaction test was then bootstrapped with
1000 iterations to validate the results. Following this, a multivariable interaction test was performed
correcting for the COACH risk engine. The COACH risk engine includes sex, age, pulse pressure,
diastolic blood pressure, history of stroke, history of diabetes, eGFR, atrial fibrillation, myocardial
infarction, peripheral arterial disease and levels of NT-proBNP and sodium and is powered for the
primary endpoint used in this study, as published elsewhere (16). The relationship of the primary
endpoint with biomarkers, showing a significant interaction with HF status and outcome, were then
graphically depicted using Kaplan-Meier curves. To correct for potential optimism and given the
limited sample size, we bootstrapped the estimates with 1000 iterations (17). The significance of a
difference between tertiles of biomarker levels and association with outcome was tested using the
Log-rank test. Univariable and multivariable associations of biomarkers with outcome were tested
using the Cox regression. Tests performed were two-tailed and a p-value of <0.05 was considered
statistically significant. All statistical analyses were performed using STATA version 13.0 (StataCorp
LP, College station, Texas, USA) and R, version 3.2.3.
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Results
Patient characteristics
The 460 patients in this cohort had a mean age of 70.6 ± 11.1 years and 37.4% were female. Most
patients were in NYHA class III (52%) with a mean LVEF of 32.5 ± 14.0% (Table 1). 96 patients
had HFpEF (21%). Patients with HFpEF in this cohort were relatively older (74.5 vs. 69.6 years, p=
<0.001) and more often female (51.0 % vs. 33.8%, p= 0.002). Additionally, patients with HFpEF
Table 1: Baseline characteristics.
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HFpEF
HFrEF
Total cohort
(LVEF < 45%) (LVEF ≥ 45%)
(n = 460)
(n=96)
(n=364)
32.5 ± 14.0
26.7 ± 8.5
54.4 ± 7.5

p-value
NA

Demographics and HF characteristics
Age, years
Female sex, n (%)
NYHA class (at discharge) II/III/IV, %
Previous HF hospitalization n (%)

70.6 ± 11.1
172 (37.4%)
44/52/4
155 (33.7%)

69.6 (11.2)
123 (33.8%)
42/54/4
118 (32.4%)

74.5 (10.0)
49 (51.0%)
55/41/4
37 (38.5%)

<0.001
0.002
0.064
0.260

Clinical signs
BMI, kg/m2
Systolic BP, mmHg
Diastolic BP, mmHg
eGFR, mL/min/1.73 m2
Heart rate, bpm

27.0 ± 5.6
117.9 ± 21.3
68.9 ± 12.3
54.9 ± 20.5
74.2 ± 13.4

26.8 ± 5.5
115.6 ± 20
68.9 ± 12.4
55.1 ± 20.4
74.7 ± 13.8

28.0 ± 5.7
126.6 ± 23.1
68.9 ± 12.1
53.8 ± 21.1
72.2 ± 11.8

0.08
<0.001
0.980
0.580
0.110

Medical history, n (%)
Myocardial infarction
Hypertension
Diabetes
COPD
Atrial fibrillation/flutter
Anemia

187 (40.7%)
191 (41.5%)
135 (29.3%)
130 (28.3%)
209 (45.4%)
128 (27.8%)

161 (44.2%)
143 (39.3%)
104 (28.6%)
99 (27.2%)
159 (43.7%)
92 (25.3%)

26 (27.1%)
48 (50.0%)
31 (32.3%)
31 (32.3%)
50 (52.1%)
36 (37.5%)

0.002
0.058
0.048
0.320
0.140
0.017

Medication, n(%)
ACE-inhibitor/ARB
Beta-blocker
Diuretic
Statin
Digoxin

378 (82.2%)
312 (67.8%)
440 (95.7%)
183 (39.8%)
155 (33.7%)

311 (85.4%)
255 (70.1%)
350 (96.2%)
153 (42.0%)
120 (33.0%)

67 (69.8%)
57 (59.4%)
90 (93.8%)
30 (31.2%)
35 (36.5%)

<0.001
0.005
0.300
0.055
0.052

8.5 (7.7, 9.2)
138.6 ± 4.3
4.2 (3.9, 4.6)
11.0 (8.2,15.5)

8.6 (7.8, 9.3)
138.6 ± 4.4
4.3 (3.9, 4.6)
10.7 (8.3,15.6)

8.1 (7.2, 8.8)
138.6 ± 4.2
4.1 (3.7, 4.6)
11.1 (7.7, 15.1)

<0.001
0.973
0.214
0.653

Laboratory
Hemoglobin, g/dL
Sodium, mEq/L
Potassium, mEq/L
BUN, mmol/L

Abbreviations: NYHA, New York heart association; MLHF, Minnesota living with heart failure; BMI, body mass
index; BP, blood pressure; eGFR, estimated glomerular filtration rate; COPD, chronic obstructive pulmonary disease; ACE, angiotensin converting enzyme; ARB, angiotensin II receptor blocker.

were found to have a higher systolic blood pressure (126.6 vs. 115.6 mmHg, p= <0.001) compared
to patients with HFrEF. Furthermore, patients with HFpEF used less ACE-inhibitors (55.2% vs.
76.9%, p= <0.001) and beta-blockers (59.4% vs. 70.1%, p=<0.001) at discharge.

Biomarker levels in HF with reduced and preserved ejection fraction
Principal component analysis revealed 21 principal components that accounted for a cumulative
proportion of variance of 95% between HFrEF and HFpEF, which were subsequently used for
adjusting the p-value significance threshold (supplementary Figure 1). Table 2 shows the baseline
corrected for multiple testing. Levels of hs-CRP were higher in HFpEF (3.6 vs 2.1 mg/L, p 0.001)
and levels of pentraxin-3 were higher in HFrEF (3.9 vs. 3.2 ng/mL, p 0.009). Levels of cardiac
stretch markers NT-proBNP (2988 vs 1948 pg/mL, p <0.001) and proANP (21.9 vs 17.0 pg/mL)
were higher in HFrEF. Additionally, the angiogenesis specific marker VEGFR (0.8 vs 0.7 ng/mL,
0.009) was higher in HFrEF. After adjusting for multiple comparisons, levels of hs-CRP (p 0.022)
remained significantly higher in HFpEF, while the cardiac stretch markers NT-proBNP (p <0.001)
and proANP (p 0.042) remained significantly higher in HFrEF.
Table 2: baseline markers stratified to HFrEF and HFpEF.
Total cohort
(n = 460)

HFrEF
(n = 364)

Inflammation
hs-CRP, mg/L
Pentraxin-3, ng/mL
GDF-15, ng/mL
RAGE, ng/mL
Interleukin 6, pg/mL
TNF-α, pg/mL
TROY ng/mL
TNF-α-R1a, ng/mL

2.3 (0.9, 5.2)
3.7 (2.5, 5.6)
2.8 (1.9, 4.2)
2.9 (1.9, 4.8)
7.0 (3.7, 12.2)
47.9 (6.2, 119.4)
0.9 (0.7, 1.5)
3.0 (2.1, 4.5)

2.1 (0.8, 4.7)
3.9 (2.7, 5.8)
2.8 (1.9, 4.3)
3.0 (1.9, 4.9)
6.7 (3.6, 11.3)
47.3 (8.1, 109.5)
0.9 (0.7, 1.4)
3.0 (2.1, 4.4)

3.6 (1.8, 7.0)
3.2 (2.4, 4.7)
2.6 (1.9, 4.1)
2.6 (1.7, 4.0)
8.2 (4.5, 13.6)
56.7 (4.8, 194.4)
0.9 (0.6, 1.6)
3.1 (2.2, 4.9)

0.001
0.009
0.670
0.053
0.100
0.350
0.540
0.490

0.022
0.198
1.000
1.000
1.000
1.000
1.000
1.000

Oxidative stress
MPO, ng/mL

20.4 (15.6, 28.2)

20.6 (15.6, 28.4)

19.9 (15.2, 27.2)

0.530

1.000

20.2 (14.1, 27.5)
20.5 (14.1, 28.1)
4.6 (3.4, 6.6)
4.7 (3.4, 6.6)
19.9 (15.2, 25.7)
20.0 (14.8, 25.9)
2.5 (1.4, 5.6)
2.4 (1.4, 5.5)
160.1 (108.8, 219.5) 161.2 (108.4, 217.1)
50.6 (34.4, 75.1)
51.4 (35.3, 77.5)

19.2 (14.0, 24.6)
4.5 (3.4, 6.6)
19.3 (15.8, 25.3)
3.1 (1.6, 6.2)
153.8 (110.7, 240.5)
44.3 (30.9, 63.3)

0.360
0.520
0.960
0.140
0.980
0.069

1.000
1.000
1.000
1.000
1.000
1.000

2988.8 (1511.0,
6708.9)
21.9 (13.2, 35.4)
14.1 (7.3, 29.4)

1948.0 (855.3,
3827.0)
17.0 (10.0, 28.2)
13.1 (5.8, 34.8)

Remodeling
Syndecan-1, ng/mL
Periostin, ng/mL
Galectin-3, ng/mL
ST-2, ng/mL
Osteopontin, ng/mL
TGF-ß, ng/mL

HFpEF
P-value P-value*
(n = 96)

Cardiomyocyte stretch
NT-proBNP, pg/mL
proANP, ng/mL
cTnI, pg/mL

2601 (1398 - 5989)
20.4(12.1-33.3)
13.9 (7.1, 30.2)

<0.001

<0.001

0.002
0.530

0.042
1.000
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Table 2: baseline markers stratified to HFrEF and HFpEF. (continued)
Total cohort
HFrEF
(n = 460)
(n = 364)
Angiogenesis
VEGF, pg/mL
VEFGR ng/mL
Angiogenin, ug/mL
NT-proCNP, ng/mL
Neuropilin-1 ng/mL
Arteriosclerosis
ESAM, ng/mL
Renal function
NGAL, ng/mL
BUN, mmol/L
Haematopoiesis
EPOa, IU/L
Other
D-Dimer ug/mL
WAP4C ng/mL
Mesothelin, ng/mL
PIGR ng/mL
PSAP ng/mL
ET-1, ng/mL

62.8 (31.4, 148.7) 62.5 (28.5, 139.9)
0.8 (0.6, 1.0)
0.8 (0.6, 1.1)
5.0 (3.5, 7.4)
5.0 (3.5, 7.5)
0.024 (0.017, 0.035) 0.023 (0.017, 0.034)
10.0 (7.1, 13.7)
10.1 (7.1, 14.0)

HFpEF
P-value P-value*
(n = 96)
63.0 (35.8, 162.9)
0.7 (0.5, 1.0)
5.2 (3.5, 7.3)
0.024 (0.015-0.037)
9.6 (7.0, 13.5)

0.280
0.009
0.840
0.440
0.770

1.000
0.255
1.000
1.000
1.000

52.9 (44.5, 64.4)

53.8 (45.3, 64.8)

50.2 (41.1, 63.2)

0.065

1.000

84.6 (60.4, 119.9)
11.0 (8.2, 15.5)

84.2 (59.4, 119.2)
10.7 (8.3, 15.6)

84.7 (63.3, 122.3)
11.1 (7.7, 15.1)

0.440
0.650

1.000
1.000

9.6 (5.1, 15.9)

9.5 (5.0, 15.5)

10.3 (5.2, 16.5)

0.560

1.000

0.5 (0.2, 1.1)
0.5 (0.2, 1.1)
5.7 (3.1, 10.1)
5.8 (3.5, 10.0)
29.4 (22.8, 38.7)
29.8 (22.9, 38.8)
600.6 (337.4, 952.0) 609.0 (388.7, 952.0)
68.6 (49.2, 98.5) 68.8 (49.8, 101.0)
4.5 (3.6, 6.1)
4.5 (3.6, 6.1)

0.6 (0.2, 1.0)
5.3 (3.1, 10.3)
28.3 (22.5, 38.0)
598.7 (331.5, 943.0)
67.3 (48.0, 93.6)
4.5 (3.4, 5.7)

0.710
0.910
0.380
0.330
0.760
0.430

1.000
1.000
1.000
1.000
1.000
1.000
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*corrected p-value
Abbreviations: PTX3, pentraxin-related protein 3; GDF-15, growth differentiation factor 15; RAGE, receptor of
advanced glycation end-products; IL-6, Interleukin 6; TNF-a, tumor necrosis factor alpha; TNF-aR1a, tumor necrosis factor alpha receptor 1a; MPO, myeloperoxidase; TGF-b, transforming growth factor beta;NT-proBNP, Nterminal pro-brain-type natriuretic peptide; Pro-ANP, pro-atrial-type natriuretic peptide; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; NT-proCNP, amino terminal pro-C-type
natriuretic peptide; ESAM, endothelial cell-selective adhesion molecule; NGAL, neutrophil gelatinase-associated
lipocalin; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; EPOa, erythropoietin; Hb, hemoglobin; WAP4C, WAP 4 disulfide core domain protein; PIGR, polymeric immunoglobulin receptor; PSAP,
prostate-specific acid phosphatase; LVEF, left ventricular ejection fraction; HFrEF, heart failure with a reduced
ejection fraction; HFpEF, heart failure with a preserved ejection fraction.
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Biomarker associations with HFrEF and HFpEF are shown in supplementary Table 3. When correcting
for clinical covariates (age, sex, eGFR, systolic blood pressure, a history of myocardial infarction;
diabetes; atrial fibrillation and anemia) higher levels of hs-CRP (OR: 1.29; 95%CI 1.09-1.52, p=
0.003) remained associated with HFpEF, while higher levels of NT-proBNP (OR: 0.68; 95%CI
0.57-0.82, p= <0.001) and proANP (OR: 0.69; 95%CI 0.53-0.88, p= 0.003) remained associated
with HFrEF. After additionally correcting for beta-blocker and ACEi/ARB usage, the statistical
associations for these three markers remained (supplementary Table 3).

Biomarker associations and network analysis
Heatmaps for the association between biomarkers in HFrEF and HFpEF are depicted in Figure 1.
Figure 2 shows the graphical depiction of biomarker networks in HFrEF and HFpEF. Results from
the correlation analysis and associated heatmaps reveal that correlations between biomarkers in
HFpEF are more associated with remodeling and inflammation, while in HFrEF angiogenesis is a
more prominent feature (Figure 1). Network analysis further showed myeloperoxidase (MPO) to be
involved in interactions in both HFrEF and HFpEF. Additionally, renal marker NGAL and BUN as

A

B

Figure 1: Heatmaps depicting correlation between biomarkers in HFrEF and HFpEF. Biomarker correlations that
did not pass the corrected p-value (0.05/21) are black. Red entails a negative correlation, green entails a positive
correlation.

A

B
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well as inflammation marker RAGE, were involved in biomarker associations in HFpEF.
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Figure 2: Network analysis depicting associations between biomarkers in HFrEF(A) and HFpEF(B). Associations
shown are those that passed the p-value cutoff (0.05/21). Node size and color are based on the clustering coefficient. The edge betweenness was used as a criterion for the edges.

When examining the exclusive interactions between biomarkers in HFrEF and HFpEF, HFpEF
revealed interactions, which were mainly associated with inflammation (IL6; pentraxin-3 Table 3,
corrected p-value for difference <0.05). In contrast, HFrEF showed exclusive interactions that
were NT-proBNP mediated (Table 3), indicating that biomarker interactions are more associated
with cardiac stretch in HFrEF and inflammation in HFpEF. In sensitivity analysis with a definition
of HFrEF at LVEF ≤40% and a definition of HFpEF at LVEF ≥ 50%, exclusive associations
in HFpEF remained inflammation mediated, while NT-proBNP mediated associations in HFrEF
(supplementary Table 4).
Table 3: Interaction within HFrEF and HFpEF
HFpEF
Biomarker

R

p-value*

HFrEF
R

p-value*

p-value
(difference)

p-value*
(difference)

HFpEF
IL6

D-Dimer

0.365

0.030

0.149

1.000

0.001

0.021

Pentraxin-3

VEGF

-0.344

0.029

-0.154

1.000

0.002

0.043

Periostin

VEGF

-0.438

0.001

-0.112

1.000

<0.001

0.001

NGAL

PSAP-B1

0.396

0.010

0.138

1.000

<0.001

0.007

NT-proBNP

IL6

0.135

1.000

0.363

<0.001

0.001

0.023

NT-proBNP

EPO-A

0.147

1.000

0.36

<0.001

0.001

0.025

HFrEF

*Corrected p-value
Abbreviations: IL-6, Interleukin 6; NT-proBNP, N-terminal pro-brain-type natriuretic peptide; VEGF, vascular
endothelial growth factor; NGAL, neutrophil gelatinase-associated lipocalin; EPO-A, erythropoietin; HFrEF, heart
failure with a reduced ejection fraction; HFpEF, heart failure with a preserved ejection fraction

Outcome
Of the total cohort, 41% reached the clinical endpoint of death and/or heart failure rehospitalization (41% HFrEF vs. 44.8% HFpEF, p=0.659, supplementary Figure 2). NT-proBNP was found to
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be equally predictive in HFrEF and HFpEF (supplementary Table 5). A significant interaction in both
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univariable and multivariable analysis was found for HF status and neuropilin as well as osteopontin
(both p <0.05). Both biomarkers were found only to be predictive in HFpEF (Figure 3 & 4, supplementary Table 5). Interaction between neuropilin (p=0.007) and osteopontin (p=0.018) and HF status
for the primary endpoint remained following sensitivity analysis for a definition of HFpEF of
LVEF ≥50%. Also, after bootstrapping with 1000 iterations, the interaction between HF status and
neuropilin (p=0.022) and osteopontin (p=0.011) remained statistically significant. After bootstrapping with 1000 iterations, the interaction with HF status for the primary endpoint stayed significant
for both osteopontin (p 0.002) and neuropilin (p 0.011) in univariable analyses. Also in multivariable
analyses, the interaction remained significant for osteopontin (p 0.016) and neuropilin (p 0.015).

When examining the relationship with HF rehospitalizations and all-cause mortality separately in
univariable analysis, we see that osteopontin is predictive for both HF rehospitalizations (p= 0.007)
and all-cause mortality (p= 0.031) separately, but not in HFrEF (supplementary Figures 3 & 4). Neuropilin was predictive in univariable analysis for all-cause mortality in both HFrEF (p= 0.003) and
HFpEF (p= 0.023). However, neuropilin was only predictive of HF rehospitalizations in HFpEF

Figure 3: Kaplan-Meier curves depicting the relationship with outcome of osteopontin in tertiles, stratified to
HFrEF and HFpEF.

Figure 4: Kaplan-Meier curves depicting the relationship with outcome of neuropilin in tertiles, stratified to
HFrEF and HFpEF.

Discussion
In this study, we demonstrate a distinct biomarker profile for HFpEF and HFrEF patients by
using a novel approach employing network analysis to identify exclusive interactions within the two
disease entities. Higher levels of Hs-CRP and lower levels of cardiac stretch markers NT-proBNP
and pro-ANP are found in HFpEF, which confirm previous studies (8, 18). Furthermore, exclusive
interactions between biomarkers in HFpEF were found to be associated with inflammation and
angiogenesis. In contrast, HFrEF showed exclusive interactions associated with NT-proBNP. This
is the first study reporting on exclusive interactions between biomarkers in HFrEF and HFpEF. Ad-
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(p= 0.026) and not in HFrEF (p= 0.026) (supplementary Figures 5 & 6).
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ditionally, this study showed for the first time that angiogenesis marker neuropilin and remodeling
marker osteopontin have exclusive predictive value for clinical outcome in HFpEF.
Levels of hs-CRP were found to be higher in HFpEF patients compared to HFrEF patients.
Overall, reports with regard to differences in association of CRP between HFrEF and HFpEF
have lacked consensus (8, 19–21). Yet, patients included in the previous studies were older and had
relatively low levels of NT-proBNP (8, 19, 20, 22). Regardless of the difference in levels, predictive
value for hs-CRP was found to be limited in both HFrEF and HFpEF after correction for a risk
model in both this and an earlier study (21). The cardiac stretch markers proANP and NT-proBNP
were found to be lower in HFpEF. This is the first study reporting differential levels of proANP in
HFrEF and HFpEF. The difference in levels of NTproBNP between HFrEF and HFpEF confirms
earlier reports (8, 18, 23).
A recent study used a similar network analysis approach (8). However, the number of biomarkers
studied was limited and no exclusive correlations were identified. When examining exclusive correlations in HFpEF and HFrEF between biomarkers, we identified correlations that were inflammation and angiogenesis associated in HFpEF, while correlations were associated with NT-proBNP
in HFrEF. The relatively strong correlations between markers in both HFrEF and HFpEF provide
putative insights into possible differences at the pathophysiological pathway level. For HFpEF, correlations were found to be associated with interleukin-6 and pentraxin-3. This is in line with earlier
suggestions, in which a pro-inflammatory state was proposed to underlie the pathophysiology of
HFpEF (24–29). In contrast, exclusive interactions in HFrEF were associated with NT-proBNP. As
such, the pathophysiology of HFrEF seems to be more associated with cardiac stretch and oxidative stress (24). However, using network analysis for determining underlying pathophysiological
differences between disease entities using biomarkers is a relatively novel approach. Future studies
should confirm these findings as well as combine them with data from experimental studies to
examine whether the pathophysiological relationships found in clinical data, also translate to pathophysiological differences in an experimental setting. Furthermore, most biomarkers are not cardiac
exclusive (5). This makes it relatively difficult to discern whether biomarker differences found in a
clinical study are the cause or consequence of HF. To optimize interpretability of biomarker studies,
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future studies should be focused on biomarkers which are highly cardiac specific. Secondly, when
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biomarker differences are found, experimental studies should validate the findings and discern possible underlying pathophysiological processes.
This study also showed differential association with outcome of angiogenesis markers neuropilin
and remodeling marker osteopontin, which were both found to be more predictive in HFpEF.
Results with regard to differential association with outcome should be interpreted in an explanatory context of the pathophysiology, in which an increase in levels of a certain biomarker can be
detrimental in one disease entity and not necessarily in the other through biological involvement
or reflecting an underlying pathway. Indeed, osteopontin was reported earlier to be involved in
prognosis in HF (30). However, a differential involvement between HFrEF and HFpEF has not

been previously reported. Earlier experimental studies found a direct involvement of osteopontin
and cardiac remodeling, which in turn was found to cause diastolic dysfunction (31).
Neuropilin is identified as a co-receptor of vascular endothelial growth factor receptor 2 (VEGFR-2) (32). In a murine model of cardiac pressure overload, animals that were heterozygous for
neuropilin showed higher mortality rates (33). This is the first study reporting the predictive value
of neuropilin in HF for the combined endpoint. Here, we found that neuropilin was predictive of
HF rehospitalizations in HFpEF. Additionally, in multivariable analysis, neuropilin only held predictive power in HFpEF. This suggests that neuropilin is more reflective of HF severity in HFpEF and
importance of angiogenesis markers in HFpEF compared to HFrEF (24).
In earlier studies a significant association between outcome and HF status was found for NTproCNP and galectin-3 with a definition of HFpEF of LVEF>40% (34, 35). These findings were
confirmed in this study. Additionally, an earlier publication found significant predictive value of syndecan-1 in HFpEF but not in HFrEF(6). The fact that no significant interaction was found in this
study for syndecan-1 and the primary endpoint can potentially be explained by the limited power
of this study for HFpEF patients at a definition of LVEF>45%, and the previous publication for
syndecan-1 corrected for a stepwise based model for syndecan-1 instead of the COACH risk model.
The clinical implications of this study are twofold. First of all, this study characterizes the underlying pathophysiology of patients with HFpEF to be associated with inflammation and endothelial
function. This confirms earlier studies with regard to HFpEF and endorses the earlier proposed
theory by Paulus et. al (24). Secondly, this study propagates a novel method for utilizing network
analysis to analyze a wide array of biomarkers in discerning the underlying pathophysiology of
disease entities in HF (8). This methodology provides a possible step forward in dissecting the HF
syndrome (5, 36).

Strengths and Limitations
The strengths of this study are the relatively high levels of NT-proBNP of both the HFrEF and
HFpEF patients and the large number of available biomarkers. By having relatively high NTproBNP levels the HFpEF patients in this study represent true HF patients and have a relatively
low number of false positives. Secondly, the large number of biomarkers from different disease
domains available in this study provide for a more unbiased approach towards discerning underlying
pathophysiological pathways.
However, the current analysis is a post-hoc analysis, leading to a possible selection bias. Secondly,
patients included are of European descent and relatively old, this limits extrapolation to patients
of different age and origin. Also, pharmacological treatment during hospitalization might have
influenced biomarker levels and associations between HFrEF and HFpEF. Furthermore, the choice
for biomarkers was restricted by limited baseline sample availability, with the result that several
interesting markers could not be studied. Therefore, this study is not an exhaustive studies of
biomarkers level differences in HFrEF and HFpEF and should be considered exploratory and
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not in HFrEF. Essentially; neuropilin is associated with angiogenesis. This again emphasizes the
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hypothesis generating. Also, some of the biomarkers measured had relatively high coefficients of
variation. Following, some possible interesting interactions and differences between biomarkers in
HFrEF and HFpEF may have been missed. Most importantly, results from this study should be
validated in a separate cohort.
The sampling of patients in COACH was performed at discharge after re-compensation. Since no
data is available on treatment during admission for heart failure previous to discharge, this might
confound some of the reported findings. In this context, patients in the COACH trial cover a grey
area between acute decompensated and chronic heart failure patients. The findings in this study
should be regarded as explanatory in the context of the pathophysiology of HFpEF and HFrEF,
acting as a stepping-stone for further research.

Conclusions
Biomarker levels differ in HFpEF and HFrEF, mainly in the domains of cardiac stretch and inflammation. Interactions in HFpEF were found to be associated with inflammation and angiogenesis,
while interactions in HFrEF were associated with cardiac stretch. The angiogenesis marker neuropilin and remodeling marker osteopontin found to only hold predictive value in HFpEF, possibly
reflecting underlying pathophysiological processes. Results of this study should be confirmed in
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prospective biomarker studies.
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Supplementary material.
Table 1: differences between entire cohort and subcohort
Total cohort (n=1023)

Sub cohort (n=460)

Treatment allocation
   Control group

33

32,2

   Basic support

33,3

32,4

   Intensive support

33,6

35,4

70.8 ± 11

70.6 ± 11.1

Demographics and clinical signs
   Age (years)
   Female sex (%)
   BMI (kg/m2
   Systolic BP (mmHg)

37,5

37,4

26.9 ± 5.3

27.0 ± 5.6

118.3 ± 21.0

117.9 ± 21.3

   Heart rate (bpm)

74.6 ± 13.4

74.2 ± 13.4

   LVEF (%)  

33.7 ± 14.4

32.5 ± 14.0

   Previous HF hospitalization

32,7

33,7

   NYHA class, II/III/IV (%)

50.9/45.7/3.4

44/52/4

Medical history (%)
   Myocardial infarction
   Stroke
   Hypertension

42,6

40,7

16

14,8

42,9

41,5

44

45,4

   Diabetes

29,3

29,3

   COPD

26,2

28,3

13.1 ± 2.0

13.2 ± 2.1

   Atrial fibrillation of flutter

Laboratory
   Hemoglobin (g/dL)  
   Sodium (mmol/L)  

139 ± 4

138.6 ± 4.3

   Creatinine (μmol/L)

125.0 ± 53

125.7 ± 52.8

   eGFR (mL/min/1.73m2)

55.2 ± 21.1

54.9 ± 20.5

10.7 (8.1 - 15.2)

11.0 (8.2 - 15.5)

   BUN (mmol/L)
Treatment at discharge (%)
   ACE inhibitor or ARB

82,8

82,2

   Beta blocker

66,2

67,8

   Diuretic

95,8

95,7

   MRA

54,1

56,3

   Statin

37,9

39,8

   Digoxin

30,2

33,7

Abbreviations: ACE, angiotensin converting enzyme; ARB, angiotensin II receptor blocker; BMI, body mass index;
BP, blood pressure; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; HF,
heart failure; HFpEF, heart failure with a preserved ejection fraction; HFrEF, heart failure with a reduced ejection
fraction; NYHA, New York heart association.

Table 2: biomarker assay data.
Biomarker

Chapter 3

Inter Assay
%CV

Low Cutoff

High Cutoff

Units

LTBR

13%

13%

0,028

45

ng/mL

Mesothelin

12%

12%

6,1

120

ng/mL

MPO

15%

14%

2

800

ng/mL

Neuropilin 1

14%

15%

1

900

ng/mL

Osteopontin

21%

22%

2,5

2500

ng/mL

Pentraxin 3

10%

11%

0,07

150

ng/mL

Periostin

12%

12%

2,3

1921

ng/mL
ng/mL

PIGR

16%

16%

12

2341

PSAP-B

14%

16%

2

530

ng/mL

ST-2

9%

10%

0,28

380

ng/mL

Syndecan-1

25%

24%

2,4

393

ng/mL

TNFR1A

11%

13%

0,025

68

ng/mL

Troy

15%

14%

0,044

87

ng/mL

RAGE

9%

10%

0,019

85

ng/mL

VEGFR1

13%

12%

0,38

195

ng/mL

NTProCNP

11%

12%

0,003

9

ng/mL

WAP4C

14%

14%

0,16

130

ng/mL

ANP propeptide

29%

28%

1600

110000

pg/mL

D-Dimer

9%

10%

0,028

26

ug/mL

ESAM

9%

9%

0,5

110

ng/mL

GDF-15

9%

10%

0,014

6,4

ng/mL

Angiogenin

18%

18%

170

40000

ng/mL

CRP

17%

16%

0,065

33

ug/mL

NGAL

19%

21%

7,5

1500

ng/mL

Biomarker

54

Intra Assay %CV

Low cut off

high cut off

Inter assay coefficient of variation (%)

IL-6

0.10

0.88

13

cTNI

0.20

1000

10

ET1

0.5

250

7

BG
medicine

Total Imprecision

Detection limit

Intra-assay variability (%) Intra-assay variability (%)
Galectin-3

3,2

5,6

LoB

LoD

LoQ Measuring range

0,86

1,13

1,32

1,4-94,8

Table 3: logistic regression correcting for clinical confounders
Odds ratio(95%CI)

P-value

1.25 (1.08-1.46)

0.003

Model 1

1.29 (1.09-1.52)

0.003

Model 2

1.28 (1.08-1.51)

0.004

0.74 (0.56-0.98)

0.037

Hs-CRP (doubling)

Pentraxin-3 (doubling)
Model 1

0.81 (0.60-1.09)

0.165

Model 2

0.83 (0.62-1.12)

0.212

0.75 (0.65-0.87)

<0.001

Model 1

0.68 (0.57-0.82)

<0.001

Model 2

0.74 (0.62-0.88)

0.001

0.72 (0.58-0.89)

0.002

NT-proBNP (doubling)

proANP (doubling)
Model 1

0.66 (0.51-0.85)

0.001

Model 2

0.69 (0.54-.0.89)

0.004

VEGF (doubling)

1.09 (0.97-1.23)

0.159

Model 1

1.03 (0.90-1.18)

0.639

Model 2

1.05 (0.92-1.20)

0.442

Model 1: age, sex, eGFR, systolic blood pressure, a history of myocardial infarction; diabetes; atrial fibrillation and
anemia Model 2: Model 1+ ACE-inhibitors/ARB & Beta-blocker usage
Abbreviations: Hs-CRP, high-senstive C-reactive protein; NT-proBNP, N-terminal pro-brain-type natriuretic peptide; Pro-ANP, pro-atrial-type natriuretic peptide; VEGF, vascular endothelial growth factor

Table 4: Sensitivity analysis exclusive interactions
HFpEF
Biomarker

R

HFrEF
p-value*

R

p-value*

HFpEF
IL6

D-Dimer

0.361

0.63

0.158

0.840

Pentraxin-3

VEGF

-0.388

0.21

-0.157

1.000

Periostin

VEGF

-0.476

<0.001

-0.102

1.000

NGAL

PSAP-B1

0.381

0.21

0.147

1.000

NT-proBNP

IL6

0.204

1

0.378

<0.001

NT-proBNP

EPO-A

0.315

1

0.360

<0.001

HFrEF

*corrected p-value
Abbreviations: EPO-A, erythropoietin; HFpEF, heart failure with a preserved ejection fraction; HFrEF, heart
failure with a reduced ejection fraction; IL-6, Interleukin 6; NGAL, neutrophil gelatinase-associated lipocalin; NTproBNP, N-terminal pro-brain-type natriuretic peptide; PSAP, prostate-specific acid phosphatase; VEGF, vascular
endothelial growth factor.
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Table 5: relationship with outcome of biomarkers.
HFrEF (n = 364)

HFpEF (n = 96) p-value1

p-value2

HR (95%CI) p-value

HR (95%CI) p-value

hs-CRP, (doubling)

0.98 (0.88-1.08) 0.684

1.00 (0.77-1.30) 0.982

0.615

0.638

Pentraxin-3, (doubling)

0.89 (0.71-1.12) 0.336

1.14 (0.73-1.77) 0.569

0.074

0.277

GDF-15, (doubling)

1.09 (0.81-1.48) 0.563

2.06 (1.16-3.65) 0.014

0.180

0.064

RAGE, (doubling)

1.05 (0.86-1.28) 0.629

1.34 (0.90-1.98) 0.147

0.174

0.451

Interleukin 6, (doubling)

1.00 (0.87-1.16) 0.943

1.68 (1.14-2.48) 0.008

0.136

0.014

TNF-α, (doubling)

1.01 (0.96-1.06) 0.707

0.97 (0.88-1.07) 0.580

0.282

0.610

TNF-α-R1a, (doubling)

1.31 (0.99-1.73) 0.057

1.47 (0.90-2.39) 0.120

0.666

0.653

0.89 (0.74-1.08) 0.243

1.12 (0.70-1.79) 0.644

0.505

0.276

Syndecan-1, (doubling)

1.01 (0.82-1.24) 0.955

1.38 (0.99-1.93) 0.059

0.244

0.163

Periostin, (doubling)

1.03 (0.80-1.33) 0.824

1.17 (0.76-1.79) 0.485

0.798

0.849

Galectin-3, (doubling)

0.86 (0.59-1.25) 0.425

2.57 (1.19-5.53) 0.016

0.070

0.026

ST-2, (doubling)

0.98 (0.86-1.11) 0.694

1.27 (0.96-1.67) 0.092

0.268

0.219

Osteopontin, (doubling)

0.90 (0.72-1.14) 0.398

1.60 (0.98-2.62) 0.062

0.004

0.009

TGF-ß, (doubling)

1.01 (0.91-1.13) 0.834

1.07 (0.89-1.28) 0.465

0.702

0.466

Inflammation

Oxidative stress
MPO, (doubling)
Remodelling

Cariomyocyte stretch
1.28 (1.14-1.43) <0.001

1.42 (1.10-1.84) 0.007

0.417

0.605

proANP, (doubling)

NT-proBNP, (doubling)

1.02 (0.82-1.27) 0.840

1.23 (0.85-1.76) 0.268

0.364

0.437

TnI, (doubling)

1.16 (1.06-1.28) 0.001

1.07 (0.86-1.33) 0.532

0.347

0.269

VEGF, (doubling)

0.88 (0.81-0.96) 0.004

1.13 (0.88-1.47) 0.326

0.273

0.080

VEFGR (doubling)

1.19 (0.94-1.51) 0.156

1.37 (0.93-2.01) 0.106

0.918

0.603

Angiogenin, (doubling)

0.89 (0.74-1.06) 0.195

0.67 (0.47-0.95) 0.026

0.139

0.156

NT-proCNP, (doubling)

0.96 (0.73-1.25) 0.749

1.69 (1.15-2.49) 0.007

0.232

0.042

Neuropilin-1 (doubling)

1.12 (0.85-1.48) 0.425

2.34 (1.40-3.90) 0.001

0.017

0.024

1.35 (0.79-2.29) 0.268

1.77 (0.85-3.71) 0.127

0.571

0.528

NGAL, (doubling)

0.95 (0.69-1.29) 0.729

0.84 (0.46-1.53) 0.569

0.702

0.884

BUN, (doubling)

0.91 (0.63-1.33) 0.632

1.03 (0.49-2.19) 0.929

0.673

0.816

1.09 (0.96-1.24) 0.197

1.27 (1.00-1.62) 0.049

0.745

0.129

Angiogenesis

Arteriosclerosis
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ESAM, (doubling)
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Renal function

Haematopoiesis
EPOa, (doubling)

Table 5: relationship with outcome of biomarkers. (continued)
HFrEF (n = 364)

HFpEF (n = 96) p-value1

p-value2

D-Dimer, (doubling)

1.09 (0.97-1.22) 0.132

1.31 (0.99-1.75) 0.056

0.452

0.331

WAP4C (doubling)

1.18 (0.93-1.50) 0.164

1.61 (1.09-2.37) 0.016

0.413

0.181

Mesothelin, (doubling)

1.19 (0.88-1.61) 0.258

0.93 (0.46-1.89) 0.841

0.569

0.803

PIGR (doubling)

1.03 (0.79-1.34) 0.825

1.79 (1.13-2.83) 0.013

0.207

0.101

PSAP (doubling)

1.24 (0.96-1.59) 0.099

1.26 (0.79-2.01) 0.324

0.786

0.844

ET-1, (doubling)

1.30 (0.93-1.80) 0.120

0.99 (0.46-2.13) 0.972

0.746

0.859

TROY (doubling)

0.98 (0.73-1.31) 0.868

1.63 (1.05-2.54) 0.030

0.351

0.101

1.
Univariable interaction p-value
2.
Multivariable interaction p-value
Abbreviations: BUN, blood urea nitrogen; cTNI, cardiac troponin-I; EPOa, erythropoietin; ESAM, endothelial
cell-selective adhesion molecule; ET-1, endothelin-1; GDF-15, growth differentiation factor 15; HFrEF, heart
failure with a reduced ejection fraction ; HFpEF, heart failure with a preserved ejection fraction; hs-CRP, highsensitive C-reactive protein; IL-6, Interleukin 6; MPO, myeloperoxidase; NGAL, neutrophil gelatinase-associated
lipocalin; NT-proBNP, N-terminal pro-brain-type natriuretic peptide; NT-proCNP, amino terminal pro-C-type natriuretic peptide; PIGR, polymeric immunoglobulin receptor; Pro-ANP, pro-atrial-type natriuretic peptide; PSAP,
prostate-specific acid phosphatase; RAGE, receptor of advanced glycation end-products; TGF-b, transforming
growth factor beta; TNF-a, tumor necrosis factor alpha; TNF-aR1a, tumor necrosis factor alpha receptor 1a;
VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; WAP4C, WAP 4
disulfide core domain protein.
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Supplementary figure 1: PCA analysis
Principal Component Analysis – PCA plot illustrating the first two principal components, collectively accounting for 43.4% (PC1 accounting for 30.8%, and PC2 for 12.6%) of the overall variance in the combined HFpEF
and HFrEF biomarker measurements. The PCA was performed using HFpEF and HFrEF as categorical variables,
where biomarker levels are displayed as red and blue for patients with HFpEF and HFrEF respectively.
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Supplementary figure 2: Survival stratified according to HFrEF and HFpEF
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Supplementary figure 3: Osteopontin in HFrEF and HFpEF for HF related hospitalizations at 18 months.
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Supplementary figure 4: Osteopontin in HFrEF and HFpEF for all-cause mortality at 18 months.
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Supplementary figure 5: Neuropilin in HFrEF and HFpEF for HF related hospitalizations at 18 months.
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Supplementary figure 6: Neuropilin in HFrEF and HFpEF for all-cause mortality at 18 months.
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Abstract
Background: Limited data is available on biomarker profiles in acute HFmrEF. We used biomarker
profiles to characterize differences between patients with acute heart failure with mid-range ejection
fraction (HFmrEF) and compare them to patients with a reduced (HFrEF) and preserved (HFpEF)
ejection fraction.
Methods: A panel of 37 biomarkers from different pathophysiological domains (e.g., myocardial
stretch, inflammation, angiogenesis, oxidative stress, hematopoiesis) were measured at admission
and after 24h in 843 AHF patients from the PROTECT trial. HFpEF was defined as LVEF
≥50%(n=108), HFrEF as LVEF <40%(n=607) and HFmrEF as LVEF 40-49%(n=128).
Results: Hemoglobin and BNP levels (300 pg/mL (HFpEF); 397 pg/mL (HFmrEF) 521 pg/mL
(HFrEF, ptrend <0.001) showed an upward trend with decreasing LVEF. Network analysis showed
that in HFrEF interactions between biomarkers were mostly related to cardiac stretch, whereas
in HFpEF, biomarker interactions were mostly related to inflammation. In HFmrEF biomarker
interactions were both related to inflammation and cardiac stretch. In HFpEF and HFmrEF (but
not in HFrEF), remodeling markers at admission and changes in levels of inflammatory markers
across the first 24 hours were predictive for all-cause mortality and rehospitalization at 60 days
(Pinteraction <0.05).
Conclusion: Biomarker profiles in patients with acute HFrEF were mainly related to cardiac stretch
and in HFpEF related to inflammation. Patients with HFmrEF showed an intermediate biomarker
profile with biomarker interactions between both cardiac stretch and inflammation markers.

Abbreviations
AHF: acute heart failure.
HF: heart failure
HFmrEF: heart failure with a mid-range ejection fraction
Chapter 4

HFpEF: heart failure with a preserved ejection fraction.
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HFrEF: heart failure with a reduced ejection fraction.
LVEF: left ventricular ejection fraction.

Introduction
Heart failure with a midrange ejection fraction (HFmrEF) has recently been recognized as a new
entity within the heart failure (HF) syndrome (1, 2). There is limited understanding of the differences in pathophysiological mechanisms behind HFmrEF, and how these relate to HF with a
reduced (HFrEF) and with a preserved (HFpEF) ejection fraction. Previous attempts to understand
potential differences in HFrEF and HFpEF have used biomarker-based approaches (3–7). In
these conventional biomarker-based studies, baseline biomarker levels and the prognostic value
of different biomarkers have been observed between HFrEF and HFpEF (5, 6). However, these
using conventional statistical methods with limited power to uncover underlying pathophysiological
differences. Additionally, biomarker profiles of HFmrEF have not been investigated (8–10).
Recently, novel approaches have been useful in increasing the understanding of the pathophysiology of chronic HF by uncovering biomarker associations, previously overlooked by conventional
methods (10, 11). In the current study, we aimed to characterize biomarker profiles of patients with
HFmrEF and compared these to biomarker profiles of HFrEF and HFpEF (1).

Methods
Study design and population
This study was performed in a subcohort of the Patients Hospitalized with acute heart failure and
Volume Overload to Assess Treatment Effect on Congestion and Renal FuncTion (PROTECT)
trial. The results and methodology of PROTECT have been published previously (12–14). In short,
the PROTECT trial was a multicenter, randomized, double blinded, placebo-controlled trial assessing the effect of the Selective A1 Adenosine Receptor Antagonist Rolofylline in 2033 patients
with a history of HF, who were admitted with AHF and mild-moderate renal dysfunction. Patients
eligible for inclusion had NT-proBNP levels of >2000 pg/mL with dyspnea at rest or at mild exertion. Patients with severe renal dysfunction or potassium levels below 3.1 mmol/L were excluded
(12). Overall results of this trial were neutral (14). Biomarker measurements were performed in
1266 patients. This study assessed a subcohort of 843 patients with available measurements of left
ventricular ejection fraction (LVEF) and biomarkers at admission, which were similar in characteristics to the original study population (supplementary Table 1). Subsequent biomarker samples after
24h were available in 790 patients.

Study measurements and laboratory tests
Blood sampling was performed at admission before the administration of the study drug and after
24h. Echocardiographic assessment of LVEF was performed at admission or within 6 months
prior to admission. A total of 435 (52%) of the echocardiograms were performed at or around
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admission. HFpEF was defined as having an LVEF ≥50%, while HFrEF was defined as an LVEF
<40%. Patients with a LVEF between 40-49% were considered to have HFmrEF (HF with midrange ejection fraction) (1). A panel of 27 novel and established biomarkers were measured by Alere
Inc., San Diego, CA, USA in all available samples. Table 1 summarizes the biomarkers according to
pathophysiological domain. A literature summary for each biomarker was previously performed(11).

X

X

BNP

X

BUN
Creatinine

X

CRP

X

D-Dimer

X

Endothelin-1

X

ESAM

X

Galectin-3

X

X

GDF-15

X

X

X
X
X

X

X
X

X
X

X

X

Hemoglobin
Interleukin-6

X
X

KIM-1
LTBR

X
X

X

Mesothelin
MPO

X
X

X

Neuropilin
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X

X

X
X

Osteopontin

X

PCT

X

Pentraxin-3

X

Periostin

X

X

X

X

X

X

X

Platelet count

X

proADM

X

X

PSAP-B
RAGE

X
X

NT-proCNP

PIGR

Other

Metabolic markers

X

Hematopoiesis

Renal function

Angiogenin

Angiogenesis

Atherosclerosis

Endothelial function

Cardiomyocyte stress/
injury

Oxidative stress

Remodeling

Inflammation/
Immune system

Table 1: Biomarker classification

X
X

X
X

X

Other

TNF-R1a

Hematopoiesis

X

Metabolic markers

X

X

Renal function

Cardiomyocyte stress/
injury

X

X

Angiogenesis

Oxidative stress

X

Syndecan-1

Atherosclerosis

Remodeling

ST-2

Endothelial function

Inflammation/
Immune system

Table 1: Biomarker classification (continued)

RBC count

TROY

X
X

VEGFR

X
X

WAP4C

X

WBC count

X

X
X

Abbreviations: CRP, C-reactive protein; ESAM, endothelial cell-selective adhesion molecule; ET-1, endothelin-1;
GDF-15, growth differentiation factor 15; HFpEF, heart failure with a preserved ejection fraction; HFrEF, heart
failure with a reduced ejection fraction; IL-6, interleukin-6; KIM-1, kidney injury molecule 1; LTBR, lymphotoxin
beta receptor; NGAL, neutrophil Gelatinase-associated Lipocalin; NT-proBNP, N-terminal pro-brain natriuretic
peptide; NT-proCNP, N-terminal pro-C-type natriuretic peptide; PCT, procalcitonin; PIGR, Polymeric immunoglobulin receptor; proADM, pro-adrenomedulin; PSAP-B, Prosaposin B; RAGE, Receptor for advanced glycation
end product; RBC, red blood cell count; ST-2, Soluble ST-2; TNF-R1, tumor necrosis factor alpha receptor 1;
VEGFR-1, vascular endothelial growth receptor 1A, WAP-4C, WAP Four-Disulphide Core Domain Protein HE;
WBC, white blood cell count.

The classification of biomarkers is based on current literature, however the pathophysiological
mechanism behind each biomarker should be judged for each biomarker individually. Galectin-3,
Myeloperoxidase (MPO) and Neutrophil gelatinase-associated lipocalin (NGAL) were measured
using sandwich enzyme-linked immunosorbent assays (ELISA) on a microtiter plate; Angiogenin
and C-reactive protein (CRP) were measured using competitive ELISAs on a Luminex® platform;
D-dimer, endothelial cell-selective adhesion molecule (ESAM), growth differentiation factor 15
(GDF-15), lymphotoxin beta receptor (LTBR), Mesothelin, Neuropilin, N-terminal pro C-type
natriuretic peptide (NTpro-CNP), Osteopontin, procalcitonin (PCT), Pentraxin-3, Periostin,
PIGR, pro-adrenomedullin (proADM), Prosaposin B (PSAP-B), RAGE, soluble ST2, Syndecan-1,
tumor necrosis factor alpha receptor 1 (TNF-R1a), TROY, vascular endothelial growth receptor
1(VEGFR1) and WAP Four-Disulphide Core Domain Protein HE4 (WAP4C) were measured using
sandwich ELISAs on a Luminex® platform. A panel of four biomarkers – Endothelin-1 (ET-1),
Interleukin-6 (IL-6), Kidney Injury Molecule 1 (KIM-1) and cardiac specific Troponin I (cTnI)
was measured in frozen plasma samples collected at baseline using high sensitive single molecule
counting (SMC™) technology (RUO, Erenna® Immunoassay System, Singulex Inc., Alameda,
CA, USA). Research assays of MR-proADM, galectin-3, and ST2 were developed by Alere, and
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have not been standardized to the commercialized assays used in research or in clinical use. The
extent to which each Alere assay correlates with the commercial assay is not fully characterized.
Assay information included inter-assay coefficient of variation are provided in supplementary Table
2. Estimated glomerular filtration rate (eGFR) was based on the simplified Modification of Diet in
Renal Disease (MDRD) (15).

Outcome
The primary outcome of this study was all-cause mortality and/or rehospitalization at 60 days’
post admission. This outcome was chosen because of the relatively large event rate in comparison
to the other outcomes in the PROTECT trial. A blinded clinical events committee adjudicated the
outcome.

Statistical analysis
Continuous variables are presented as means ± standard deviations or medians with interquartile
ranges. Categorical variables are presented as numbers or percentages. Intergroup differences were
analyzed using Students’ t-test, Mann-Whitney-U test, Kruskal-Wallis test, Analysis of Variance
(ANOVA) or chi2-test where appropriate.
To correct for multiple comparisons, principal component (PC) analysis was performed with
HFrEF and HFpEF as categorical variables, using an established method described elsewhere (16).
A total of 27 PCs cumulatively explained >95% of the variation observed in the dataset when
comparing HFrEF and HFpEF (supplementary Figures 1 & 2). The corrected significance level for
multiple testing was thus set at P <0.05/27. Following this, a spearman’s rank correlation coefficient
was calculated for each possible biomarker pair in the HFrEF cohort of patients and the procedure
was repeated for HFpEF and HFmrEF. This resulted in three sets of R-values with associated
p-values for HFrEF, HFmrEF and HFpEF. To adjust for multiple testing, only those correlations
passing the adjusted p-value cut-off calculated from the PC-Analysis (PCA) were deemed statistically significant and subsequently retained. These significant correlation coefficients for HFrEF,
HFmrEF and HFpEF were then graphically displayed as heatmaps with associated disease domains
Chapter 4
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in HFrEF, HFmrEF and HFpEF. Subsequently, all significant associations found within HFrEF,
HFmrEF and HFpEF were separately depicted as circular networks, consisting of nodes (biomarkers) and edges (associations). In each network, the size and color of the nodes reflect the clustering
coefficient of each biomarker, while the thickness of the lines (edges) represent the strength of the
inter-biomarker associations (determined by spearman’s rank coefficient R values).
To study the possible differential relationship with outcome of biomarkers, a univariable interaction
test was performed between LVEF and the biomarker levels at admission or a change in biomarker
levels between admission and the first 24h. Following this, a multivariable interaction test was
performed correcting for a risk engine containing 8 variables, specifically designed for this cohort
(17). These variables include age, previous HF hospitalizations, peripheral edema, systolic blood

pressure, serum sodium, urea, creatinine and albumin levels at admission. Univariable and multivariable associations of biomarkers with outcome were tested using Cox regression analysis; due to the
exploratory nature of these analyses, a p-value of <0.05 was deemed statistically significant for the
interaction test.
All tests were performed two-sided and a p-value of <0.05 was considered statistically significant.
All statistical analyses were performed using STATA version 11.0 (StataCorp LP, College station,
Texas, USA) and R version 3.2.4.

Baseline characteristics
Baseline characteristics are presented in Table 2. Patients with HFmrEF were older than HFrEF
patients, but younger than HFpEF (71 vs. 68 and 74 years respectively, P-value for trend <0.001).
With increasing LVEF, the percentage of female patients, BMI, systolic blood pressure and diastolic
blood pressure was higher (P-trend <0.05). We observed less mitral regurgitation, less previous HF
hospitalizations during the past year, and less ischemic heart disease and myocardial infarction with
increasing LVEF (P-trend all <0.001). Median time since the previous HF hospitalization was 52 days
and did not differ between HFrEF; HFmrEF and HFpEF (p = 0.776). In contrast, a history of
hypertension (P-trend <0.001) and atrial fibrillation (P-trend 0.014) was found more often with increasing LVEF. A direct comparison between HFmrEF - HFrEF and HFmrEF - HFpEF confirms these
results (supplementary Tables 3 & 4).
Table 2: Baseline characteristics.
HFmrEF

HFpEF

607

128

108

Age, years, mean ± SD

68.0 ± 12.0

70.7 ± 11.3

74.4 ± 10.1

<0.001

<0.001

Female sex, n (%)

137 (22.6%)

76 (59.4%)

57 (52.8%)

<0.001

<0.001

BMI, kg/m2, mean ± SD

28.1 ± 5.7

29.0 ± 7.1

29.6 ± 7.0

0.029

0.027

eGFR, mL/min/1.73 m2, mean ± SD

48.4 ± 19.5

48.1 ± 18.7

47.0 ± 21.5

N

p-value

p-value
trend

HFrEF
Demographics

NYHA class, n (%)
I/II

90 (15.6%)

27 (21.8%)

16 (16.5%)

III

329 (57.1%)

64 (51.6%)

61 (62.9%)

IV

157 (27.3%)

33 (26.6%)

20 (20.6%)

25 (20, 30)

42 (40, 45)

56 (50, 60)

0.800

0.353

0.290

0.186

71
<0.001

<0.001

Systolic BP, mmHg, mean ± SD

119.3 ± 17.2 127.1 ± 16.0 134.2 ± 17.2 <0.001

<0.001

Diastolic BP, mmHg, mean ± SD

72.5 ± 11.9

73.5 ± 12.2

74.7 ± 13.5

0.190

0.027

Heart rate, b.p.m. mean ± SD

80.3 ± 14.9

78.5 ± 15.6

79.0 ± 16.8

0.410

0.588

LVEF, median (IQR)
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Results

Table 2: Baseline characteristics. (continued)
HFrEF

HFmrEF

HFpEF

p-value

p-value
trend

406(66.9%)

90 (70.3%)

70 (64.8)

0.648

0.920

Mitral regurgitation,

298 (49.2%)

40 (31.3%)

28 (26.2%)

<0.001

<0.001

Heart failure (HF),

578 (95.2%) 124 (96.9%)

97 (89.8%)

0.034

0.078

Hospitalization for HF previous year

356 (58.6%)

49 (45.4%)

0.034

0.011

HF hospitalizations, median (IQR)

1.0 (1.0, 2.0) 1.0 (1.0, 2.0) 1.0 (1.0, 2.0)

0.560

0.278

Rolofylline, n(%)
Medical history, n (%)

70 (54.7%)

Ischemic heart disease

434 (71.7%)

86 (67.2%)

58 (53.7%)

<0.001

<0.001

Myocardial infarction

351 (58.0%)

57 (44.5%)

25 (23.4%)

<0.001

<0.001

Hypertension

425 (70.0%) 112 (87.5%)

95 (88.0%)

<0.001

<0.001

Stroke or PVD

117 (19.3%)

25 (19.5%)

24 (22.2%)

0.780

0.519

COPD or asthma

146 (24.2%)

15 (11.7%)

26 (24.1%)

0.008

0.261

Diabetes mellitus

275 (45.4%)

63 (49.2%)

42 (38.9%)

0.280

0.419

Atrial Fibrillation/Flutter

305 (50.5%)

69 (53.9%)

71 (65.7%)

0.014

0.005

Medication prior to admission, n (%)
Beta-blockers

485 (80.0%)

93 (72.7%)

85 (78.7%)

0.180

0.348

ACE-I/ARB

455 (75.1%)

91 (71.1%)

82 (75.9%)

0.610

0.86
<0.001

MRA

311 (51.3%)

49 (38.3%)

32 (29.6%)

<0.001

Digoxin

170 (28.1%)

35 (27.3%)

23 (21.3%)

0.350

0.182

Nitrates

142 (23.5%)

28 (21.9%)

26 (24.1%)

0.910

0.984

41 (6.8%)

22 (17.2%)

28 (25.9%)

<0.001

<0.001

CCBs
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Presenting signs & symptoms, n (%)
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Orthopnea

489 (82.5%) 105 (83.3%)

85 (79.4%)

0.710

0.564

Dyspnea at rest (NYHA IV)

323 (55.6%)

71 (57.7%)

56 (54.4%)

0.870

0.963

Angina pectoris

117 (19.3%)

31 (24.2%)

21 (19.6%)

0.450

0.602

Edema

155 (25.6%)

30 (23.4%)

34 (31.5%)

0.340

0.349

JVP

251 (45.6%)

52 (46.8%)

39 (39.4%)

0.480

0.362

Abbreviations: ACE-I, ACE-inhibitors; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CCB, calcium channel blocker; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular
filtration rate; HFpEF, heart failure with a preserved ejection fraction; HFmrEF, heart failure with a reduced
ejection fraction; IQR, inter-quartile range; JVP, Increased jugular venous pressure; LVEF, left ventricular ejection
fraction; MRA, mineral receptor antagonist; NYHA, New York heart association; PVD, peripheral vascular disease;
SD, standard deviation

Biomarker levels
Biomarker levels at admission are presented in Table 3. With increasing LVEF, we found increasing
levels of CRP, NGAL, KIM-1 and platelet count and decreasing levels of GDF-15, BNP, TroponinI, RBC, hemoglobin and endothelin-1. After correction for multiple comparisons, the up- or down
sloping trend remained significant for BNP, KIM-1, RBC and hemoglobin. When examining a
change of biomarkers from admission to 24-hours, troponin-I increased more in patients with
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2.8 (0.9, 6.6)

5.8 (3.4, 9.7)

3.4 (1.0, 8.7)

40.1 (30.3, 53.1)

8.1 (6.9, 9.7)
5.7 (3.4, 8.8)

8.5 (7.2, 10.6)
35.4 (27.3, 48.7)

35.3 (16.1, 78.2)

32.7 (17.8, 67.1)

112.7 (84.2, 151.3)

10.2 (6.2, 15.7)

11.0 (6.0, 21.2)

36.2 (27.0, 48.5)

0.1 (0.1, 0.1)

0.1 (0.1, 0.1)

112.1 (78.6, 172.4)

5.4 (3.1, 8.5)

3.0 (2.1, 4.6)

3.3 (2.2, 4.8)

Troponin I (pg/ml)

BNP (pg/ml)
10.9 (6.1, 23.3)

11.9 (6.0, 23.6)

8.4 (4.7, 18.5)

300.1 (221.7, 600.9)

3.9 (1.2, 7.2)

112.9 (71.3, 179.9)

8.8 (7.1, 10.8)

32.3 (16.6, 66.7)

13.3 (6.6, 22.3)

0.1 (0.1, 0.1)

3.6 (2.3, 5.2)

1.000

0.0515

<0.001

0.150

1.000

<0.001

1.000

1.000

0.039
0.920

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

0.440

0.093

0.950

0.400

0.540

0.120

0.500

0.074

0.820

1.000
0.924

0.043

1.000

p-value*

0.034

0.560

p-value
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397.3 (214.8, 667.9)

520.9 (289.5, 877.9)

3.9 (2.8, 6.3)
4.7 (3.6, 6.6)

3.8 (2.5, 7.3)

0.0 (0.0, 0.0)

4.8 (3.5, 6.5)

0.0 (0.0, 0.0)

0.0 (0.0, 0.1)

4.5 (3.0, 6.3)

18801.0 (10274.2, 31983.5)

4.5 (3.0, 7.0)

4.1 (2.9, 6.3)

4.9 (3.1, 6.3)

7.4 (6.1, 10.0)
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HFpEF

5.1 (3.7, 6.8)

7.3 (6.3, 8.8)
12937.1 (7483.5,
26490.9)

7.6 (6.2, 9.2)

13350.1 (7116.7,
28145.4)

Cardiomyocyte stress/injury

ST-2 (ng/ml)

Osteopontin (ng/ml)

Galectin-3 (ng/ml)

Periostin (ng/ml)

Syndecan-1 (ng/ml)

Remodeling

MPO (ng/ml)

Oxidative stress

Interleukin 6 (pg/ml)

TROY (ng/ml)

TNF-R1a (ng/ml)

RAGE (ng/ml)

Pentraxin-3 (ng/ml)

PCT (ng/ml)

GDF-15 (ng/ml)

CRP (ng/ml)

WBC (x109/L)

Inflammation/Immune system

N

HFmrEF

HFrEF

Table 3: Biomarker levels at admission.
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<0.001
0.702

0.026

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

0.594

0.675

1.000

p-value for
trend*

<0.001

0.565

0.687

0.300

0.198

0.442

0.999

0.764

0.408

0.325

0.245

0.057

0.603

0.022

0.025

0.997

p-value for
trend
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2.9 (1.6, 5.0)

0.0 (0.0, 0.1)

Neuropilin (ng/ml)

proADM (ng/ml)

NTpro-CNP (ng/ml)

0.4 (0.3, 0.6)

LTBR (ng/ml)

40.6 (29.5, 55.2)

28.8 (14.9, 55.0)

88.4 (75.2, 102.4)

PSAP-B (ng/ml)

Mesothelin (ng/ml)

406.0 (262.5, 647.1)

PIGR (ng/ml)

WAP4C (ng/ml)

155.2 (90.6, 340.3)

6.9 (5.2, 9.3)

12.6 (11.4, 13.8)

D-Dimer (ng/ml)

Endothelin 1 (pg/ml)

Other

Hemoglobin (g/dL)

RBC (x1012/L)

4.2 (3.8, 4.7)

31.0 (23.0, 44.0)

BUN (mg/dl)

Hematopoiesis

81.9 (54.4, 129.5)

269.4 (178.6, 462.9)

NGAL (ng/ml)

KIM 1 (pg/ml)

Renal function

62.5 (56.4, 70.0)

ESAM (ng/ml)

Atherosclerosis

12.9 (8.3, 18.3)

Angiogenin (ng/ml)

85.4 (71.4, 96.6)

28.2 (13.8, 49.5)

34.8 (26.6, 52.8)

379.9 (274.9, 604.5)

171.0 (90.6, 333.8)

6.3 (4.8, 8.0)

12.1 (10.8, 13.6)

4.2 (3.7, 4.6)

28.0 (21.0, 39.0)

327.5 (218.2, 650.2)

76.8 (55.7, 143.9)

0.4 (0.3, 0.6)

61.7 (56.1, 68.3)

0.0 (0.0, 0.1)

2.5 (1.5, 4.1)

11.2 (8.1, 15.4)

0.4 (0.2, 0.5)
2080.2 (1353.0,
2893.4)

0.4 (0.3, 0.6)

HFmrEF

1856.6 (1245.7,
2723.7)

VEGFR (ng/ml)

Angiogenesis/Endothelial function

HFrEF

Table 3: Biomarker levels at admission. (continued)
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87.8 (77.4, 103.8)

28.5 (14.4, 59.6)

36.3 (26.8, 56.7)

401.3 (256.3, 694.4)

176.0 (90.6, 338.6)

6.3 (4.2, 9.2)

11.6 (10.4, 12.6)

3.9 (3.5, 4.4)

30.0 (22.0, 41.0)

351.2 (232.3, 585.7)

102.0 (62.9, 154.9)

0.5 (0.3, 0.6)

62.6 (57.5, 70.5)

0.0 (0.0, 0.1)

2.8 (1.5, 5.3)

12.2 (8.1, 17.0)

1755.9 (1333.6, 2917.9)

0.3 (0.2, 0.5)

HFpEF

0.097

0.720

0.035

0.880

0.350

1.000

1.000

1.000

1.000

1.000

0.402

<0.001

<0.001
0.015

<0.001

<0.001

1.000

0.021
0.060

0.883

0.001

1.000

1.000

1.000

1.000

1.000

1.000

0.976

p-value*

0.033

0.140

0.440

0.750

0.150

0.170

0.160

0.036

p-value

0.443

0.978

0.076

0.815

0.187

0.009

<0.001

<0.001

0.135

<0.001

0.020

0.068

0.872

0.451

0.739

0.184

0.639

0.012

p-value for
trend

1.000

1.000

1.000

1.000

1.000

0.243

<0.001

<0.001

1.000

<0.001

1.000

1.000

1.000

1.000

1.000

1.000

1.000

0.324

p-value for
trend*

9

119.0 (97.0, 166.0)
215.0 (170.0, 287.0)

126.0 (103.0, 159.0)

212.0 (165.0, 264.0)

238.5 (190.0, 308.0)

121.0 (94.0, 159.0)

HFpEF
1.000
0.279

0.010

p-value*

0.310

p-value
0.003

0.128

p-value for
trend

0.081

1.000

p-value for
trend*
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Abbreviations: CRP, C-reactive protein; ESAM, endothelial cell-selective adhesion molecule; ET-1, endothelin-1; GDF-15, growth differentiation factor 15; HFpEF, heart failure
with a preserved ejection fraction; HFrEF, heart failure with a reduced ejection fraction; IL-6, interleukin-6; KIM-1, kidney injury molecule 1; LTBR, lymphotoxin beta receptor;
NGAL, neutrophil Gelatinase-associated Lipocalin; NT-proBNP, N-terminal pro-brain natriuretic peptide; NT-proCNP, N-terminal pro-C-type natriuretic peptide; PCT, procalcitonin; PIGR, Polymeric immunoglobulin receptor; proADM, pro-adrenomedulin; PSAP-B, Prosaposin B; RAGE, Receptor for advanced glycation end product; RBC, red blood cell
count; ST-2, Soluble ST-2; TNF-R1a, tumor necrosis factor alpha receptor 1; VEGFR-1, vascular endothelial growth receptor 1A, WAP-4C, WAP Four-Disulphide Core Domain
Protein HE; WBC, white blood cell count.

Platelet count (x10 /L)

Glucose (mg/dL)

HFmrEF

HFrEF

Table 3: Biomarker levels at admission. (continued)
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HFrEF than in patients with HFmrEF and HFpEF, however significance was lost after correction
for multiple comparisons (supplementary Table 5). No significant interaction was found between the
study drug and LVEF for biomarkers that significantly differed between HFrEF; HFmrEF and
HFpEF, also no significant interactions were observed between timing of echocardiography and
LVEF for biomarker levels (p-interaction all >0.1).

Network analysis
Heatmaps of biomarker associations are available in supplementary Figures 3-5. The results of Network analysis are shown in Figure 1-3. At admission, network analysis in HFrEF showed Troponin-I,
BNP and PSAP-B to be a hub. A biomarker which is a hub has a high clustering coefficient. A high
clustering coefficient suggests a certain centrality of the biomarker within the network, where a
large number of the biomarker interactions are mediated through the hub. In HFpEF, angiogenin,
hemoglobin, galectin-3 as well as d-dimer were hubs. Compared to HFrEF, BNP is only moderately
associated with other biomarkers in HFpEF at admission. Interestingly, in HFmrEF, hemoglobin,
RBC, endothelin-1 as well as BNP and galectin-3 were clear hubs at admission. After 24hrs interactions of biomarkers in patients with HFrEF were mainly associated with BNP and endothelin-1.
In comparison, after 24hrs, biomarkers in HFpEF were mainly associated with inflammation markers pentraxin-3 and RAGE, as well as with remodeling marker osteopontin, angiogenesis marker
angiogenin, hematopoiesis markers hemoglobin and red blood cell count as well as renal function
marker NGAL. Interestingly, BNP remains a small hub in HFpEF. In HFmrEF, after 24hrs, the
association between BNP and other biomarkers became very limited. Furthermore, remodeling
marker galectin-3 and inflammation marker RAGE were continuous hubs at admission through the
first 24hrs.

B
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Figure 1: Network analysis illustrating correlative associations between biomarkers for HFrEF at admission (a) and
24 hours (b). The size and color of each node (hub) depicts the clustering coefficient where a large node reflects
a high clustering coefficient. In addition, a color closer to blue depicts a higher clustering coefficient, while a color
closer to red is associated with a lower clustering coefficient. Furthermore, the thickness and color of the lines
connecting biomarkers to each other reflect the strength of the inter-biomarker associations.

B

Figure 2: Network analysis illustrating correlative associations between biomarkers for HFmrEF at admission
(a) and 24 hours (b). The size and color of each node (hub) depicts the clustering coefficient where a large node
reflects a high clustering coefficient. In addition, a color closer to blue depicts a higher clustering coefficient, while
a color closer to red is associated with a lower clustering coefficient. Furthermore, the thickness and color of the
lines connecting biomarkers to each other reflect the strength of the inter-biomarker associations.
A

B

Figure 3: Network analysis illustrating correlative associations between biomarkers for HFpEF at admission (a)
and 24 hours (b). The size and color of each node (hub) depicts the clustering coefficient where a large node reflects a high clustering coefficient. In addition, a color closer to blue depicts a higher clustering coefficient, while
a color closer to red is associated with a lower clustering coefficient. Furthermore, the thickness and color of the
lines connecting biomarkers to each other reflect the strength of the inter-biomarker associations.

Biomarker levels and outcome
Associations of biomarkers levels at admission with outcome are shown in supplementary Tables 6
Remodeling markers syndecan-1 (p = 0.047) and galectin-3 (p = 0.024) showed a significant interaction for the primary outcome. Here, syndecan-1 showed a significant association with outcome in
HFmrEF and HFpEF, but not in HFrEF. Also, galectin-3 showed significant predictive value in
HFpEF, but not in HFmrEF and HFrEF.
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The associations with outcome of a change of biomarker levels within the first 24 hours is show
in supplementary Table 7. A significant multivariable interaction was found for the inflammation
biomarkers pentraxin-3 (p = 0.025), RAGE (p = 0.037), TNF-R1a (p = 0.004), oxidative stress
marker MPO (p = 0.017) and the endothelial function marker proADM (p = 0.016) as well as
arteriosclerosis marker LTBR (p = 0.009). Following multivariable correction, pentraxin-3 was more
predictive in HFmrEF and HFpEF, but not in HFrEF. A change in levels of TNF-R1a, MPO and
LTBR were related to outcome in HFpEF, but not in HFrEF and HFmrEF. Interestingly, a change
of endothelial function marker pro-ADM only had predictive power in HFmrEF, but not in HFrEF
and HFpEF (supplementary Table 7).

Discussion
This study demonstrates differential biomarker profiles between AHF patients with HFrEF, HFmrEF and HFpEF. Network analysis showed that in HFmrEF, interaction between biomarkers were
associated with BNP, galectin-3 and endothelin-1. In contrast, interactions between biomarkers in
HFrEF were mostly associated with BNP, KIM-1 and Troponin-I, while in HFpEF, biomarkers associated with inflammation and endothelial function played a central role. Both in terms of clinical
characteristics and biomarker profiles, patients with HFmrEF were in between HFpEF and HFrEF.
Biomarkers profiles of HFmrEF, HFpEF and HFrEF remained relatively stable throughout the first
24h post hospital admission. With regard to outcome, markers of inflammation showed independent predictive value in HFmrEF and HFpEF, but not in HFrEF. Levels of remodeling markers
syndecan-1 and galectin-3 showed predictive value in HFmrEF and HFpEF, but not in HFrEF. Of
note, pro-ADM showed predictive value in HFmrEF, but not in HFrEF and HFpEF.
Biomarker levels of patients with HFmrEF were between HFrEF and HFpEF. HFrEF patients
had higher levels of biomarkers related to cardiac stretch and hematopoiesis. Network analysis
showed an inter-association between biomarkers related to inflammation and cardiac stretch in
HFmrEF. In HFpEF, associations related to inflammation and BNP only played a very marginal
Chapter 4

role in associations between biomarkers. In HFrEF, BNP had a more prominent role in network
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analyses both at admission and after 24h. In HFmrEF, a mix of associations between cardiac stretch
and inflammation was observed. In an earlier publication in a chronic HF setting, associations
between inflammation markers were seen in HFpEF, while in HFrEF associations were found
between cardiac stretch markers (10). Indeed, also in this study, network analysis revealed patterns,
which were previously unknown in HFrEF and HFpEF. Biomarkers in the intermediate group
were more related to HFpEF than to HFrEF in this sub-analysis of the TIME-CHF trial (10). This
could potentially be explained by the difference in inclusion criteria, where for the PROTECT trial
a minimum NT-proBNP above >2000 pg/mL had to be present at admission, while this was not
required for the TIME-CHF trial (18). HFpEF patients are known to have lower BNP and NT-

proBNP levels compared to HFrEF, which could explain why the proportion of HFpEF patients
in the PROTECT trial is lower (7).
Remodeling marker syndecan-1 had predictive value in HFmrEF and HFpEF, but not in HFrEF. This
was previously shown in a stable HF setting, where syndecan-1 had predictive value in HFpEF but
not in HFrEF (5). In an earlier publication about syndecan-1, HFpEF was defined at LVEF>40%,
suggesting that syndecan-1 also in a chronic setting provides predictive value in both HFmrEF
and HFpEF. Galectin-3 only showed predictive value in HFpEF, but not in HFrEF and HFmrEF,
in line with an earlier publication (19). Furthermore, a change in levels of inflammation markers
pentraxin-3 and TNF-R1a were predictive in HFpEF, but not in HFrEF. The role of pentraxin-3
cardiovascular disease, including HF (21). In a particular study addressing chronic HF, TNF-R1
was the strongest predictor of long-term mortality (22). Higher levels of TNF-R were previously
reported in HFpEF patients (23). Levels of MPO were previously correlated with NYHA stage
and diastolic HF and is considered to be both a marker of inflammation and oxidative stress (24,
25). A change in levels of MPO was predictive in HFpEF, but not in HFmrEF and HFrEF. LTBR
is a member of the tumor necrosis factor family (26, 27). Activation of LTBR results in lymphocyte
recruitment and is associated with inflammatory responses in atherosclerosis (26, 28). No data is
available on predictive value in HF; and this is the first study reporting the differential involvement
in predicting outcome in AHF patients with HFrEF, HFmrEF and HFpEF. Of note, TNF-R1a and
LTBR are members of the TNF family of cytokines, suggesting a possible involvement of this family of proteins. Members of the TNF-alpha super family are involved in nitric oxide handling, which
is considered a key mechanism in HFpEF. Whether other members of the TNF-alpha superfamily
have a significant role in the pathophysiology of HFpEF needs to be explored further.
The clinical implications of this study are fourfold. First of all, both the clinical and biomarker
profiles of patients with HFmrEF were in between of HFrEF and HFpEF. This suggests that
HFmrEF is a mix of patients similar to both HFrEF and HFpEF. There could be a considerable
number of patients among HFmrEF who are closer to HFrEF and might benefit from existing
HF-guideline directed therapy. Previously, large HF trials had either excluded or embedded HFmrEF within the HFpEF group (1). Future studies should distinguish which HFmrEF patients are
closer to HFrEF and which are closer to HFpEF. Biomarkers could aid in recognizing patients with
HFmrEF that are closer to HFrEF. These patients are likely characterized by high NT-proBNP
and high cardiac damage markers, while having lower levels of inflammation markers compared to
HFpEF patients. These patients could subsequently benefit from guideline-directed therapy and
can possibly be included in future HF trials with HFrEF patients. Secondly, patients with HFpEF
have a distinct biomarker profile from those with HFrEF, with patients with HFpEF having lower
levels of cardiac stretch markers. Also, inflammation related biomarkers had more predictive value
in HFpEF and HFmrEF than in HFrEF. Thirdly, overall biomarker profiles stay relatively stable
in both HFrEF, HFmrEF and HFpEF during hospitalization, in which biomarker associations are
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in HFpEF is readily known (20). In earlier reports, circulating TNF-R1a levels predicted incident
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more angiogenesis and inflammation related in HFpEF, cardiac stretch related in HFrEF and both
cardiac stretch and inflammation related in HFmrEF.

Limitations of the study
This study is a retrospective post-hoc analysis, which is accompanied by a possible selection bias.
Not all patients had complete biomarker data available at admission and after 24h, creating a potential selection bias. Also, despite the large number of biomarker available, the choice for biomarkers
was restricted by limited sample availability. It also needs to be emphasized that this is a data driven
approach and causality cannot be proven. Results of this study need to be validated in a different
population. Additionally, some echocardiographic measurements were performed 6 months prior
to admission. This did not seem to influence biomarker levels in HFrEF; HFmrEF and HFpEF,
however we could not correct for this in network analysis. Differences with regard to outcome
prediction should only be interpreted in the context of pathophysiological differences between
HFrEF, HFmrEF and HFpEF and not with respect to possible clinical utility (10). For the latter,
the relatively low number of events confounds the results with regard to predictive value. This
was especially true for other outcomes (e.g., 30-day mortality) in the PROTECT trial, for which
the number of events was even lower than the outcome used, making useful statistics on these
outcomes not possible. Confirmation of the differential predictive value found is needed in more
inclusive independent trials with larger number of events and HFmrEF and HFpEF patients.

Conclusions
Clinical characteristics and biomarker profiles of patients with HFmrEF are between patients with
HFrEF and HFpEF, suggesting HFmrEF to be a heterogeneous group. Biomarker associations
in HFpEF were mostly inflammation based, whilst being more cardiac stretch based in HFrEF.
Biomarkers related to inflammation and cardiac remodeling had predictive value in HFmrEF and
HFpEF, but not in HFrEF. These data suggest that patients with HFmrEF are a mix of HFrEF
Chapter 4

and HFpEF patients. Distinguishing HFmrEF patients closer to HFrEF could have important
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therapeutic consequences for this group.
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Supplementary material.
N
Demographics
Age, years, mean ± SD
Male sex, n (%)
BMI, kg/m2, mean ± SD
eGFR, mL/min/1.73 m2, mean ± SD
NYHA class, n (%)
I/II
III
IV
Systolic BP, mmHg, mean ± SD
Diastolic BP, mmHg, mean ± SD
Heart rate, b.p.m. mean ± SD
Medical history, n (%)
Mitral regurgitation,
Heart failure (HF),
Hospitalization for HF previous year
HF hospitalizations, median (IQR)
Ischemic heart disease
Myocardial infarction
Hypertension
Stroke or PVD
COPD or asthma
Diabetes mellitus
History of Atrial Fibrillation/Flutter
Medication prior to admission, n (%)
Beta-blockers
ACE-I/ARB
MRA
Digoxin
Nitrates
CCBs
Presenting signs & symptoms, n (%)
Orthopnea
Dyspnea at rest (NYHA IV)
Angina pectoris
Edema
JVP
Rales

Total cohort
2033

Sub-cohort
843

70.2 ± 11.6
1364 (67.1%)
28.8 ± 6.1
48.3 ± 19.2

69.2 ± 11.8
597 (70.8%)
28.4 ± 6.1
48.1 ± 19.6

344 (17.9%)
982 (51.0%)
599 (31.1%)
124.3 ± 17.6
73.7 ± 11.8
80.1 ± 15.5

133 (16.7%)
454 (57.0%)
210 (26.3%)
122.4 ± 17.8
72.9 ± 12.2
79.8 ± 15.2

687 (33.8%)
1927 (94.8%)
1002 (49.3%)
1.0 (1.0, 2.0)
1417 (69.8%)
1001 (49.4%)
1615 (79.4%)
372 (18.3%)
402 (19.8%)
922 (45.4%)
1103 (54.6%)

366 (43.5%)
799 (94.8%)
475 (56.3%)
1.0 (1.0, 2.0)
578 (68.7%)
433 (51.5%)
632 (75.0%)
166 (19.7%)
187 (22.3%)
380 (45.1%)
445 (53.0%)

1546 (76.2%)
1534 (75.6%)
888 (43.8%)
569 (28.1%)
526 (26.0%)
275 (13.6%)

663 (78.7%)
628 (74.6%)
392 (46.6%)
228 (27.1%)
196 (23.3%)
35 (4.2%)

1676 (83.8%)
1120 (57.1%)
447 (22.0%)
560 (27.7%)
742 (40.6%)
199 (9.8%)

679 (82.2%)
450 (55.8%)
169 (20.1%)
219 (26.0%)
342 (44.9%)
82 (9.8%)

Abbreviations: ACE-I, ACE-inhibitors; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CCB, calcium channel blocker; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular
filtration rate; HFpEF, heart failure with a preserved ejection fraction; HFrEF, heart failure with a reduced ejection
fraction; IQR, inter-quartile range; JVP, Increased jugular venous pressure; LVEF, left ventricular ejection fraction;
MRA, mineral receptor antagonist; NYHA, New York heart association; PVD, peripheral vascular disease; SD,
standard deviation
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Table 1: Comparison of baseline characteristics between total cohort and sub-cohort.
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Table 2: Assay information.
Biomarker

%Below
% Above
% In
Inter assay coefficient
detection limit detection limit Range
of variation (%)

Angiogenin

39.99

28185.32

5

0

0

100

41.5

63763.55

5

0

7

93

D-dimer

90.571

46104.57

14

32

0

68

ESAM-1

18.767

109.65

18

0

1

99

0.5

250

7

0

0

100

Galectin-3

0.508

86.22

5

0

4

96

GDF-15

0.156

6.31

8

0

28

72

0.1

0.88

13

0

0

100

0

0

100

10

0

0

100

IL-6

Chapter 4

Upper
cut-off

CRP

ET-1

84

Lower
cut-off

KIM-1

2

1000

LTBR

0.003

18.08

Mesothelin

36.423

265.88

10

1

0

98

MPO

1.947

308.61

10

0

4

96

Neuropilin

0.506

269.19

13

0

0

100

NGAL

0.524

1462

17

0

0

100

NT-ProCNP

0.001

4.18

8

0

0

100

Osteopontin

6.421

716.85

36

0

1

99

PCT

0.002

1.7

8

0

1

99

Pentraxin-3

0.031

65.41

7

0

0

100

Periostin

0.173

177.31

8

1

0

99

PIGR

12.519

1074.06

6

0

12

88

proADM

0.027

10.2

5

1

5

93

PSAP-B

4.623

131.98

17

0

1

99
100

RAGE

0.022

30.77

8

0

0

sST-2

0.928

260.37

9

44

0

56

Syndecan-1

0.445

29.76

7

0

0

100

TNFR-1

0.028

27.35

7

0

0

100

cTnI

0.2

1000

10

0

1.4

98.6

Troy

0.003

3.62

10

0

0

100

VEGFR-1

0.028

31.27

8

0

0

100

WAP-4C

0.907

110.87

8

1

6

93

Table 3: comparison of baseline characteristics between patients with HFrEF and HFmrEF
HFrEF

HFmrEF

607

128

Age, years, mean ± SD

68.0 ± 12.0

70.7 ± 11.3

0.017

Male sex, n (%)

470 (77.4%)

76 (59.4%)

<0.001

N

p-value

Demographics

28.1 ± 5.7

29.0 ± 7.1

0.100

48.4 ± 19.5

48.1 ± 18.7

0.890

I/II

90 (15.6%)

27 (21.8%)

III

329 (57.1%)

64 (51.6%)

IV

157 (27.3%)

33 (26.6%)

Systolic BP, mmHg, mean ± SD

119.3 ± 17.2

127.1 ± 16.0

<0.001

Diastolic BP, mmHg, mean ± SD

72.5 ± 11.9

73.5 ± 12.2

0.420

Heart rate, b.p.m. mean ± SD

80.3 ± 14.9

78.5 ± 15.6

0.230

eGFR, mL/min/1.73 m2, mean ± SD
NYHA class, n (%)

0.240

Medical history, n (%)
Mitral regurgitation,

298 (49.2%)

40 (31.3%)

<0.001

Heart failure (HF),

578 (95.2%)

124 (96.9%)

0.410

Hospitalization for HF previous year

356 (58.6%)

70 (54.7%)

0.410

HF hospitalizations, median (IQR)

1.0 (1.0, 2.0)

1.0 (1.0, 2.0)

0.540

Ischemic heart disease

434 (71.7%)

86 (67.2%)

0.300

Myocardial infarction

351 (58.0%)

57 (44.5%)

0.005

Hypertension

425 (70.0%)

112 (87.5%)

<0.001

Stroke or PVD

117 (19.3%)

25 (19.5%)

0.950

COPD or asthma

146 (24.2%)

15 (11.7%)

0.002

Diabetes mellitus

275 (45.4%)

63 (49.2%)

0.430

History of Atrial Fibrillation/Flutter

305 (50.5%)

69 (53.9%)

0.480

Beta-blockers

485 (80.0%)

93 (72.7%)

0.064

ACE-I/ARB

455 (75.1%)

91 (71.1%)

0.350

MRA

311 (51.3%)

49 (38.3%)

0.007

Digoxin

170 (28.1%)

35 (27.3%)

0.870

Nitrates

142 (23.5%)

28 (21.9%)

0.700

41 (6.8%)

22 (17.2%)

<0.001

Orthopnea

489 (82.5%)

105 (83.3%)

0.810

Dyspnea at rest (NYHA IV)

323 (55.6%)

71 (57.7%)

0.670

Angina pectoris

117 (19.3%)

31 (24.2%)

0.210

Edema

155 (25.6%)

30 (23.4%)

0.610

JVP

251 (45.6%)

52 (46.8%)

0.800

Medication prior to admission, n (%)

CCBs
Presenting signs & symptoms, n (%)

Abbreviations: ACE-I, ACE-inhibitors; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CCB, calcium channel blocker; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular
filtration rate; HFrEF, heart failure with a reduced ejection fraction; HFmrEF, heart failure with a mid-range ejection fraction; IQR, inter-quartile range; JVP, Increased jugular venous pressure; LVEF, left ventricular ejection
fraction; MRA, mineral receptor antagonist; NYHA, New York heart association; PVD, peripheral vascular disease;
SD, standard deviation
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BMI, kg/m2, mean ± SD
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Table 4: Comparison of baseline characteristics between patients with HFmrEF and HFpEF
HFmrEF

HFpEF

128

108

Age, years, mean ± SD

70.7 ± 11.3

74.4 ± 10.1

0.010

Male sex, n (%)

76 (59.4%)

51 (47.2%)

0.062

N

p-value

Demographics

BMI, kg/m2, mean ± SD

29.0 ± 7.1

29.6 ± 7.0

0.540

48.1 ± 18.7

47.0 ± 21.5

0.680

I/II

27 (21.8%)

16 (16.5%)

III

64 (51.6%)

61 (62.9%)

IV

33 (26.6%)

20 (20.6%)

Systolic BP, mmHg, mean ± SD

127.1 ± 16.0

134.2 ± 17.2

0.001

Diastolic BP, mmHg, mean ± SD

73.5 ± 12.2

74.7 ± 13.5

0.450

Heart rate, b.p.m. mean ± SD

78.5 ± 15.6

79.0 ± 16.8

0.830

eGFR, mL/min/1.73 m2, mean ± SD
NYHA class, n (%)

0.240

Medical history, n (%)
Mitral regurgitation,

40 (31.3%)

28 (26.2%)

0.390

Heart failure (HF),

124 (96.9%)

97 (89.8%)

0.027
0.150

Hospitalization for HF previous year
HF hospitalizations, median (IQR)
Ischemic heart disease

70 (54.7%)

49 (45.4%)

1.0 (1.0, 2.0)

1.0 (1.0, 2.0)

0.690

86 (67.2%)

58 (53.7%)

0.034

57 (44.5%)

25 (23.4%)

<0.001

Hypertension

112 (87.5%)

95 (88.0%)

0.910

Stroke or PVD

25 (19.5%)

24 (22.2%)

0.610

COPD or asthma

15 (11.7%)

26 (24.1%)

0.013

Diabetes mellitus

63 (49.2%)

42 (38.9%)

0.110

History of Atrial Fibrillation/Flutter

69 (53.9%)

71 (65.7%)

0.065

Beta-blockers

93 (72.7%)

85 (78.7%)

0.280

ACE-I/ARB

91 (71.1%)

82 (75.9%)

0.400

MRA

49 (38.3%)

32 (29.6%)

0.160

Digoxin

35 (27.3%)

23 (21.3%)

0.280

Nitrates

28 (21.9%)

26 (24.1%)

0.690

CCBs

22 (17.2%)

28 (25.9%)

0.100

Myocardial infarction

Chapter 4

Medication prior to admission, n (%)
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Presenting signs & symptoms, n (%)
105 (83.3%)

85 (79.4%)

0.450

Dyspnea at rest (NYHA IV)

Orthopnea

71 (57.7%)

56 (54.4%)

0.610

Angina pectoris

31 (24.2%)

21 (19.6%)

0.400

Edema

30 (23.4%)

34 (31.5%)

0.170

JVP

52 (46.8%)

39 (39.4%)

0.280

Abbreviations: ACE-I, ACE-inhibitors; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CCB, calcium channel blocker; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular
filtration rate; HFpEF, heart failure with a preserved ejection fraction; HFmrEF, heart failure with a mid-range
ejection fraction; IQR, inter-quartile range; JVP, Increased jugular venous pressure; LVEF, left ventricular ejection
fraction; MRA, mineral receptor antagonist; NYHA, New York heart association; PVD, peripheral vascular disease;
SD, standard deviation

Troponin I (pg/ml)

BNP (pg/ml)

0.0 (-0.7, 0.3)
0.0 (-0.0, 0.0)

0.0 (-0.7, 0.6)

0.0 (-0.9, 0.3)

-0.8 (-2.5, 1.1)

-91.0 (-288.3, -28.4)
5.3 (1.2, 12.4)

-115.8 (-292.2, -28.6)

5.3 (2.0, 13.5)

-0.1 (-2.3, 0.1)

0.1 (-1.0, 1.3)
-0.8 (-2.3, 0.7)

-0.1 (-1.3, 0.9)

-0.4 (-2.8, 0.1)

-0.0 (-6.7, 4.8)

-0.5 (-16.3, 12.6)

0.3 (-15.5, 20.2)

0.3 (-5.6, 4.8)

0.6 (-3.6, 3.5)

0.2 (-3.1, 4.0)

2.7 (-30.6, 37.2)

0.0 (-0.0, 0.0)

0.0 (-0.0, 0.0)

0.0 (-4.7, 5.2)

0.2 (-0.3, 0.8)

-0.0 (-0.7, 0.6)

-2.0 (-40.5, 38.0)

-0.4 (-1.9, 0.8)

-0.4 (-1.2, 0.5)

-0.3 (-1.4, 0.5)

2.9 (0.8, 7.0)

-77.1 (-235.0, -27.6)

-0.3 (-3.1, 0.0)

1.7 (-36.4, 38.9)

-0.2 (-1.3, 0.8)

-0.5 (-17.4, 17.3)

-0.7 (-4.3, 3.1)

0.0 (-0.0, 0.0)

-0.0 (-1.0, 0.7)

-0.3 (-1.1, 0.5)

-0.5 (-1.9, 0.8)

0.0 (-0.0, 0.0)
-0.2 (-1.4, 0.9)

0.0 (-0.0, 0.0)

-0.6 (-2.1, 0.6)

1118.1 (-2796.4, 5807.7)

-0.0 (-0.9, 0.9)
-173.1 (-3803.7, 3238.3)

-0.2 (-1.0, 0.6)

-0.4 (-1.4, 0.4)
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414.6 (-3635.0, 6875.5)

128

607

HFpEF

1.000
0.166

0.520

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.349

p-value*

0.006

0.750

0.310

0.830

0.790

0.090

0.710

0.380

0.220

0.090

0.990

0.120

0.076

0.140

0.200

0.050

p-value
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Cardiomyocyte stress/injury

ST-2 (ng/ml)

Osteopontin (ng/ml)

Galectin-3 (ng/ml)

Periostin (ng/ml)

Syndecan-1 (ng/ml)

Remodeling

MPO (ng/ml)

Oxidative stress

Interleukin 6 (pg/ml)

Troy (ng/ml)

TNF-R1a (ng/ml)

RAGE (ng/ml)

Pentraxin-3 (ng/ml)

PCT (ng/ml)

GDF-15 (ng/ml)

CRP (ng/ml)

WBC (x109/L)

Inflammation/Immune system

N

HFmrEF

HFrEF

Table 5: Comparison of difference in biomarker levels between admission and 24h post-admission
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0.002

0.282

0.648

0.211

0.541

0.589

0.601

0.521

0.202

0.880

0.546

0.879

0.203

0.966

0.378

0.799

0.279

p-value for
trend

0.054

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

p-value for
trend*
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-0.1 (-1.1, 0.5)

0.0 (-0.0, 0.0)

proADM (ng/ml)

NTpro-CNP (ng/ml)

0.1 (-0.4, 0.6)

-1.0 (-11.7, 9.1)

0.0 (-8.7, 7.5)

-1.5 (-14.9, 9.6)

-9.0 (-38.0, 20.0)

PIGR (ng/ml)

PSAP-B (ng/ml)

WAP4C (ng/ml)

Mesothelin (ng/ml)

Glucose (mg/dL)

Platelet count (x10 /L)

-1.0 (-15.0, 14.0)

0.0 (-94.1, 62.7)

D-Dimer (ng/ml)

9

0.2 (-1.8, 1.9)

0.0 (-64.4, 76.1)

Endothelin 1 (pg/ml)

Other

0.0 (-0.1, 0.2)

3.0 (-12.0, 15.5)

-7.5 (-38.0, 15.0)

3.2 (-11.1, 14.1)

1.2 (-7.4, 7.8)

-1.0 (-7.8, 6.6)

0.0 (-86.7, 70.5)

0.0 (-65.4, 114.4)

0.0 (-1.5, 1.7)

0.1 (-0.4, 0.7)

0.0 (-0.2, 0.2)

0.0 (-2.0, 3.0)

0.0 (-3.0, 2.0)

Hemoglobin (g/dL)

4.8 (-16.3, 49.7)

RBC (x1012/L)

Haemotopoiesis

BUN (mg/dl)

NGAL (ng/ml)

0.0 (-0.1, 0.1)

-0.3 (-5.2, 5.6)

0.0 (-0.0, 0.0)

-0.0 (-0.7, 0.5)

-31.6 (-437.5, 259.3)

-10.2 (-515.1, 568.4)

-0.0 (-0.1, 0.1)

HFmrEF

1.8 (-23.2, 30.1)

0.0 (-0.1, 0.1)

LTBR (ng/ml)

Renal function

-0.5 (-6.5, 5.5)

ESAM (ng/ml)

Arteriosclerosis

59.7 (-330.3, 437.1)

Neuropilin (ng/ml)

-0.0 (-0.2, 0.1)

90.3 (-435.2, 641.4)

Angiogenin (ng/ml)

VEGFR (ng/ml)

Angiogenesis/Endothelial function

HFrEF

-0.5 (-17.0, 13.5)

4.0 (-23.0, 34.0)

0.8 (-10.4, 11.4)

-0.1 (-9.0, 6.1)

-1.1 (-13.8, 7.2)

0.0 (-110.6, 75.4)

0.0 (-62.5, 79.2)

-0.2 (-1.9, 1.3)

0.1 (-0.4, 0.6)

0.0 (-0.1, 0.2)

-1.0 (-3.0, 2.0)

-9.6 (-34.3, 12.6)

0.0 (-0.1, 0.1)

-1.8 (-6.9, 4.5)

0.0 (-0.0, 0.0)

-0.2 (-1.2, 0.3)

7.7 (-277.8, 325.4)

76.3 (-430.3, 596.0)

-0.0 (-0.2, 0.0)

HFpEF

Table 5: Comparison of difference in biomarker levels between admission and 24h post-admission (continued)
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1.000

0.236
0.450

1.000

0.058

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

0.288

1.000

1.000

1.000

1.000

1.000

1.000

1.000

p-value*

0.009

0.300

0.710

0.780

0.680

0.610

0.900

0.920

0.180

0.011

0.150

0.330

0.021

0.150

0.150

0.410

0.660

p-value

0.941

0.012

0.105

0.904

0.531

0.502

0.823

0.428

0.650

0.838

0.941

0.074

0.99

0.811

0.488

0.576

0.256

0.443

0.71

p-value for
trend

1.000

0.324

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

p-value for
trend*
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Abbreviations: CRP, C-reactive protein; ESAM, endothelial cell-selective adhesion molecule; ET-1, endothelin-1; GDF-15, growth differentiation factor 15; HFpEF, heart failure
with a preserved ejection fraction; HFrEF, heart failure with a reduced ejection fraction; IL-6, interleukin-6; KIM-1, kidney injury molecule 1; LTBR, lymphotoxin beta receptor;
NGAL, neutrophil Gelatinase-associated Lipocalin; NT-proBNP, N-terminal pro-brain natriuretic peptide; NT-proCNP, N-terminal pro-C-type natriuretic peptide; PCT, procalcitonin; PIGR, Polymeric immunoglobulin receptor; proADM, pro-adrenomedulin; PSAP-B, Prosaposin B; RAGE, Receptor for advanced glycation end product; RBC, red blood
cell count; ST-2, Soluble ST-2; TNF-R1, tumor necrosis factor alpha receptor 1; VEGFR-1, vascular endothelial growth receptor 1A, WAP-4C, WAP Four-Disulphide Core Domain
Protein HE; WBC, white blood cell count.
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N
Inflammation/Immune system
WBC (x109/L)
CRP (ng/ml)
GDF-15 (ng/ml)
PCT (ng/ml)
Pentraxin-3 (ng/ml)
RAGE (ng/ml)
TNF-R1a (ng/ml)
Troy (ng/ml)
Interleukin 6 (pg/ml)
Oxidative stress
MPO (ng/ml)
Remodeling
Syndecan-1 (ng/ml)
Periostin (ng/ml)
Galectin-3 (ng/ml)
Osteopontin (ng/ml)
ST-2 (ng/ml)
Cardiomyocyte stress/injury
BNP (pg/ml)
Troponin I (pg/ml)
Angiogenesis/Endothelial function
VEGFR (ng/ml)
Angiogenin (ng/ml)
Neuropilin (ng/ml)
proADM (ng/ml)
NTpro-CNP (ng/ml)

HFmrEF
128
HR (95%CI) p-value
0.71 (0.27-1.88) 0.492
1.06 (0.81-1.39) 0.678
2.25 (1.09-4.62) 0.027
1.11 (0.92-1.34) 0.279
1.32 (0.96-1.80) 0.081
1.53 (0.98-2.40) 0.062
1.22 (0.71-2.10) 0.464
1.51 (0.86-2.64) 0.156
1.08 (0.84-1.37) 0.562
1.02 (0.83-1.25) 0.885
4.21 (1.57-11.3) 0.004
1.30 (0.87-1.95) 0.196
1.79 (0.92-3.49) 0.087
1.36 (0.92-2.02) 0.126
1.11 (0.86-1.44) 0.404
1.08 (0.77-1.52) 0.638
1.05 (0.84-1.31) 0.681
1.17 (0.90-1.53) 0.236
0.62 (0.38-1.00) 0.052
0.61 (0.33-1.12) 0.107
1.11 (0.81-1.53) 0.504
2.21 (1.15-4.24) 0.017

HFrEF
607
HR (95%CI) p-value
1.12 (0.83-1.50) 0.458
1.04 (0.94-1.15) 0.437
1.20 (0.91-1.68) 0.191
1.02 (0.94-1.11) 0.687
1.19 (1.04-1.36) 0.013
1.31 (1.06-1.62) 0.012
1.23 (1.00-1.52) 0.052
1.05 (0.83-1.32) 0.679
1.06 (0.95-1.18) 0.291
0.98 (0.89-1.08) 0.637
0.95 (0.67-1.34) 0.764
1.04 (0.92-1.18) 0.506
1.16 (0.89-1.52) 0.276
1.06 (0.91-1.25) 0.439
1.09 (0.991.18) 0.071
1.04 (0.92-1.18) 0.531
1.04 (0.96-1.13) 0.348
1.05 (0.93-1.18) 0.460
1.08 (0.92-1.27) 0.343
1.08 (0.88-1.33) 0.469
1.05 (0.94-1.16) 0.384
1.35 (1.12-1.64) 0.002

Table 6: relationship with outcome of biomarkers levels at admission
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1.23 (0.89-1.70) 0.210
0.64 (0.40-1.05) 0.076
1.19 (0.73-1.93) 0.479
1.00 (0.79-1.27) 0.977
1.54 (0.99-2.40) 0.054

0.78 (0.54-1.12) 0.173
1.00 (0.83-1.22) 0.975

3.11 (1.19-8.11) 0.021
0.96 (0.73-1.25) 0.751
2.24 (1.06-4.75) 0.035
1.32 (0.93-1.86) 0.118
1.05 (0.83-1.34) 0.683

1.17 (0.92-1.48) 0.194

HFpEF
108
HR (95%CI) p-value
0.65 (0.32-1.32) 0.232
0.97 (0.77-1.22) 0.785
2.17 (1.04-4.50) 0.038
1.00 (0.82-1.22) 0.999
1.15 (0.80-1.65) 0.447
1.46 (0.89-2.40) 0.136
1.48 (0.90-2.45) 0.124
1.86 (1.04-3.34) 0.036
1.01 0.77-1.32) 0.942

0.534
0.002
0.358
0.579
0.957

0.578
<0.001
0.449
0.449
0.875

0.523
0.92

0.062
0.873
0.036
0.523
0.941

0.047
0.975
0.024
0.424
0.409
0.840
0.869

0.072

0.057
0.417
0.434
0.991
0.894
0.651
0.466
0.34
0.457

p-value*

0.199

0.029
0.324
0.514
0.911
0.773
0.804
0.253
0.203
0.817

p-value

HFpEF
1.72 (0.44-6.72) 0.432
1.22 (0.69-2.14) 0.487
1.17 (0.76-1.81) 0.475
0.82 (0.54-1.23) 0.334
1.82 (0.80-4.17) 0.154
0.31 (0.06-1.54) 0.151
0.68 (0.11-4.08) 0.671
0.99 (0.57-1.70) 0.967
1.04 (0.79-1.36) 0.801
1.65 (0.99-2.75) 0.053
0.96 (0.59-1.55) 0.867
1.16 (0.84-1.60) 0.358
1.45 (0.71-2.98) 0.307
1.17 (0.62-2.21) 0.630
0.67 (0.35-1.29) 0.231

HFmrEF
2.77 (0.63-12.1) 0.176
1.40 (0.79-2.48) 0.252
0.81 (0.63-1.03) 0.096
0.80 (0.59-1.10) 0.165
2.11 (0.98-4.56) 0.057
1.98 (0.32-12.4) 0.464
0.45 (0.06-3.40) 0.436
1.11 (0.56-2.20) 0.772
1.15 (0.82-1.60) 0.411
1.93 (1.16-3.23) 0.012
1.37 (0.87-2.12) 0.166
1.54 (1.06-2.24) 0.023
1.92 (0.76-4.87) 0.167
0.81 (0.40-1.62) 0.548
1.03 (0.47-2.24) 0.940

0.463
0.641
0.218
0.202
0.345
0.414
0.439
0.756

0.153
0.177

0.773
0.306
0.864

0.522
0.881

p-value

0.569
0.939
0.332
0.066
0.523
0.511
0.733
0.956

0.166
0.304

0.934
0.431
0.855

0.738
0.894

p-value*

Biomarker profiles of Acute Heart Failure Patients with a Mid-Range Ejection Fraction

Abbreviations: CRP, C-reactive protein; ESAM, endothelial cell-selective adhesion molecule; ET-1, endothelin-1; GDF-15, growth differentiation factor 15; HFpEF, heart failure
with a preserved ejection fraction; HFrEF, heart failure with a reduced ejection fraction; IL-6, interleukin-6; KIM-1, kidney injury molecule 1; LTBR, lymphotoxin beta receptor;
NGAL, neutrophil Gelatinase-associated Lipocalin; NT-proBNP, N-terminal pro-brain natriuretic peptide; NT-proCNP, N-terminal pro-C-type natriuretic peptide; PCT, procalcitonin; PIGR, Polymeric immunoglobulin receptor; proADM, pro-adrenomedulin; PSAP-B, Prosaposin B; RAGE, Receptor for advanced glycation end product; RBC, red blood
cell count; ST-2, Soluble ST-2; TNF-R1, tumor necrosis factor alpha receptor 1; VEGFR-1, vascular endothelial growth receptor 1A, WAP-4C, WAP Four-Disulphide Core Domain
Protein HE; WBC, white blood cell count.

Table 6: relationship with outcome of biomarkers levels at admission (continued)
HFrEF
Arteriosclerosis
ESAM (ng/ml)
1.48 (0.85-2.57) 0.162
LTBR (ng/ml)
1.12 (0.93-1.35) 0.213
Renal function
NGAL (ng/ml)
1.00 (0.84-1.18) 0.956
KIM 1 (pg/ml)
1.10 (0.95-1.26) 0.195
BUN (mg/dl)
1.69 (1.20-2.37) 0.003
Haemotopoiesis
1.07 (0.54-2.11) 0.853
RBC (x1012/L)
Hemoglobin (g/dL)
0.98 (0.49-1.98) 0.955
Other
Endothelin 1 (pg/ml)
1.08 (0.89-1.32) 0.431
D-Dimer (ng/ml)
1.05 (0.94-1.17) 0.399
PIGR (ng/ml)
1.26 (1.04-1.53) 0.020
PSAP-B (ng/ml)
1.25 (1.02-1.53) 0.030
WAP4C (ng/ml)
1.12 (0.98-1.29) 0.099
Mesothelin (ng/ml)
1.20 (0.84-1.72) 0.312
Glucose (mg/dL)
1.05 (0.80-1.38) 0.744
1.00 (0.76-1.32) 0.992
Platelet count (x109/L)
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0.99 (0.90-1.10) 0.882

Interleukin 6 (pg/ml)

1.34 (0.89-2.03) 0.162

1.16 (1.00-1.34) 0.045

Galectin-3 (ng/ml)

Osteopontin (ng/ml)

ST-2 (ng/ml)

1.08 90.96-1.22) 0.210
1.10 (0.99-1.23) 0.078
1.04 (0.92-1.17) 0.546

VEGFR (ng/ml)

Angiogenin (ng/ml)

Neuropilin (ng/ml)

Angiogenesis/Endothelial function

Troponin I (pg/ml)

Cardiomyocyte stress/injury
0.99 (0.92-1.08) 0.982

1.06 (0.79-1.41) 0.705
1.18 (0.87-1.59) 0.282

0.98 (0.88-1.09) 0.666
1.02 (0.89-1.17) 0.739

Periostin (ng/ml)

1.00 (0.67-1.50) 0.991

0.96 (0.73-1.27) 0.778

1.23 (0.97-1.55) 0.090

1.03 (0.88-1.21) 0.692

0.98 (0.79-1.22) 0.869
1.05 (0.71-1.53) 0.818

1.06 (0.93-1.21) 0.361
1.00 (0.89-1.13) 0.916

Syndecan-1 (ng/ml)

Remodeling

1.00 (0.92-1.09) 0.971

1.10 (0.91-1.32) 0.332

1.54 (1.17-2.02) 0.002

1.27 (0.96-1.67) 0.091

1.70 (0.91-3.15) 0.095

MPO (ng/ml)

Oxidative stress

0.91 (0.80-1.04) 0.170

Troy (ng/ml)

1.18 (0.68-2.06) 0.560

0.94 (0.84-1.05) 0.303
0.94 (0.84-1.06) 0.316

RAGE (ng/ml)

TNF-R1a (ng/ml)

1.48 (1.06-2.05) 0.020

1.06 (0.94-1.21) 0.333

Pentraxin-3 (ng/ml)

1.09 (0.68-1.76) 0.714
1.27 (1.00-1.60) 0.046

1.08 (0.91-1.29) 0.363
1.04 (0.94-1.15) 0.487

GDF-15 (ng/ml)

1.06 (0.84-1.35) 0.626

1.17 (0.80-1.72) 0.411

HR (95%CI) p-value

128

HFmrEF

PCT (ng/ml)

1.03 (0.90-1.19) 0.645
1.07 (0.96-1.18) 0.223

CRP (ng/ml)

HR (95%CI) p-value

607

HFrEF

WBC (x10 /L)

9

Inflammation/Immune system

N

0.56 (0.30-0.77) 0.002

0.77 (0.54-1.09) 0.142

1.16 (0.82-1.64) 0.401

1.17 (0.96-1.41) 0.116

1.67 (0.96-2.90) 0.069

1.19 (0.80-1.76) 0.392

0.91 (0.67-1.22) 0.517

0.98 (0.70-1.37) 0.895

1.04 (0.78-1.40) 0.778

1.15 (1.08-1.95) 0.015

1.08 (0.81-1.45) 0.586

2.11 (1.34-3.34) 0.001

2.18 (1.25-3.81) 0.006

1.62 (0.86-3.10) 0.136

1.35 (0.99-1.85) 0.061

1.69 (1.07-2.67) 0.025

1.31 (0.87-1.96) 0.193

0.89 (0.72-1.10) 0.277

0.95 (0.65-1.37) 0.773

HR (95%CI) p-value

108

HFpEF

Table 7: Relationship with change of biomarker levels between admission and 24h post admission in HFrEF and HFpEF.
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0.032
<0.001

0.037
0.001

0.414

0.224

0.580

0.755

0.241

0.039

0.951

0.525

0.422

0.017

0.061

0.183

0.130

0.553

0.429

0.172

0.106

0.958

0.553

0.477

0.051

0.019

0.008

0.037

0.025

0.154

0.610

0.880

0.128

0.808

p-value*

0.616

0.843

0.129

0.518

p-value

9

1.20 (0.87-1.66) 0.265
1.01 (0.71-1.46) 0.936
1.03 (0.74-1.43) 0.872
1.41 (0.81-2.45) 0.219

1.05 (0.91-1.20) 0.530
1.05 (0.91-1.21) 0.496
0.99 (0.86-1.16) 0.939
0.98 (0.85-1.13) 0.780

1.00 (0.65-1.55) 0.983
0.85 (0.58-1.24) 0.405

1.05 (0.90-1.23) 0.562
0.97 (0.87-1.08) 0.552

1.65 (0.90-3.04) 0.105
1.20 (0.94-1.54) 0.151

1.19 (1.03-1.37) 0.016
1.00 (0.90-1.12) 0.948

1.26 (0.75-2.13) 0.381
1.18 (0.67-2.05) 0.569

0.91 (0.77-1.07) 0.254
0.90 (0.75-1.07) 0.234

0.98 (0.72-1.33) 0.883
1.43 (0.82-2.51) 0.207

1.04 (0.93-1.16) 0.486
1.14 (0.94-1.37) 0.188

1.09 (0.85-1.39) 0.497
1.18 (0.84-1.65) 0.354

0.99 (0.86-1.14) 0.882

0.95 (0.66-1.38) 0.791

1.02 (0.88-1.18) 0.838

0.99 (0.87-1.13) 0.883

HFmrEF
0.66 (0.46-0.95) 0.024

HFrEF
1.08 (0.95-1.21) 0.271

HFpEF

0.013

0.96 (0.63-1.45) 0.838

1.06 (0.79-1.43) 0.694

1.16 (0.89-1.51) 0.283

1.20 (0.94-1.52) 0.138

0.96 (0.67-1.37) 0.830

0.97 (0.73-1.28) 0.812

1.01 (0.73-1.39) 0.953

1.31 (0.80-2.15) 0.281

0.68 (0.41-1.13) 0.137

0.88 (0.61-1.27) 0.490

0.81 (0.43-1.54) 0.521

1.38 (0.80-2.38) 0.247

0.354

0.956

0.726

0.807

0.932

0.807

0.478

0.275

0.741

0.631

0.378

0.569

0.120
0.009

1.34 (0.99-1.82) 0.058

0.893

0.933

0.919

0.740

0.942

0.885

0.508

0.311

0.705

0.966

0.499

0.604

0.002

0.093

0.838

0.016
0.643

p-value*

p-value

1.54 (1.08-2.19) 0.017

1.16 (0.78-1.72) 0.457

0.81 (0.44-1.48) 0.496

Biomarker profiles of Acute Heart Failure Patients with a Mid-Range Ejection Fraction

Abbreviations: CRP, C-reactive protein; ESAM, endothelial cell-selective adhesion molecule; ET-1, endothelin-1; GDF-15, growth differentiation factor 15; HFpEF, heart failure
with a preserved ejection fraction; HFrEF, heart failure with a reduced ejection fraction; IL-6, interleukin-6; KIM-1, kidney injury molecule 1; LTBR, lymphotoxin beta receptor;
NGAL, neutrophil Gelatinase-associated Lipocalin; NT-proBNP, N-terminal pro-brain natriuretic peptide; NT-proCNP, N-terminal pro-C-type natriuretic peptide; PCT, procalcitonin; PIGR, Polymeric immunoglobulin receptor; proADM, pro-adrenomedulin; PSAP-B, Prosaposin B; RAGE, Receptor for advanced glycation end product; RBC, red blood
cell count; ST-2, Soluble ST-2; TNF-R1, tumor necrosis factor alpha receptor 1; VEGFR-1, vascular endothelial growth receptor 1A, WAP-4C, WAP Four-Disulphide Core Domain
Protein HE; WBC, white blood cell count.

Platelet count (x10 /L)

Glucose (mg/dL)

Mesothelin (ng/ml)

WAP4C (ng/ml)

PSAP-B (ng/ml)

PIGR (ng/ml)

D-Dimer (ng/ml)

Endothelin 1 (pg/ml)

Other

Hemoglobin (g/dL)

RBC (x1012/L)

Haemotopoiesis

BUN (mg/dl)

NGAL (ng/ml)

Renal function

LTBR (ng/ml)

ESAM (ng/ml)

Arteriosclerosis

NTpro-CNP (ng/ml)

proADM (ng/ml)

Table 7: Relationship with change of biomarker levels between admission and 24h post admission in HFrEF and HFpEF. (continued)
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Supplementary figures.
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Figure 1: PCA at admission.
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Figure 2: PCA at 24h.
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24h
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Figure 3: Heatmaps in HFrEF

24h

Figure 4: Heatmaps in HFpEF
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24h
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Figure 5: Heatmaps in HFpEF
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Abstract
Background: Information on the pathophysiological differences between heart failure (HF) with
reduced (HFrEF) versus HF with preserved (HFpEF) ejection fraction is scant.
Method: We performed a network analysis to identify unique biomarker correlations in HFrEF
and HFpEF using 92 biomarkers from different pathophysiological domains (e.g. inflammation,
immune response, metabolic response) in a cohort of 1544 HF patients. Data were independently
validated in 804 patients with HF. Networks were enriched with existing knowledge on proteinprotein interactions and translated into biological pathways uniquely related to HFrEF and HFpEF.
Results: In the index cohort (mean age 74 years, 34% female), 718 (47%) patients had HFrEF (left
ventricular ejection fraction [LVEF] <40%) and 431 (27%) patients had HFpEF (LVEF ≥50%).
8 (12%) correlations were unique for HFrEF and 6 (9%) unique to HFpEF. Central proteins in
HFrEF were NT-proBNP, growth-differentiation factor-15 (GDF15), interleukin-1 receptor type 1
(IL1RT1) and activating transcription factor (ATF2), while central proteins in HFpEF were integrin
subunit beta-2 (ITGB2) and Catenin beta-1 (CTNNB1). Biological pathways in HFrEF were related
to DNA binding transcription factor activity, phosphorylation of peptidyl-serine, cellular protein
metabolism and regulation of nitric oxide biosynthesis Unique pathways in patient with HFpEF
were related to cytokine response, extracellular matrix organization, response to lipopolysaccharides
and inflammation.
Conclusion: Network analysis showed that biomarker profiles specific for HFrEF are related to
cellular proliferation and metabolism, while biomarker profiles specific for HFpEF are related to
inflammation and extracellular matrix reorganization.

Abbreviations
ATF2: AMP-dependent transcription factor
CTNNB1: catenin beta-1
Chapter 5

GDF15: growth differentiation factor 15
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HF: heart failure
HFpEF: heart failure with a preserved ejection fraction
HFmrEF: heart failure with a mid-range ejection fraction
HFrEF: heart failure with a reduced ejection fraction
IL1RT1: interleukin-1 receptor type 1
ITGB2: integrin subunit beta 2
NT-proBNP: N-terminal pro natriuretic B-type peptide
NPX: normalized protein expression
PEA: proximity extension assay

Heart failure (HF) with a reduced (HFrEF) and preserved (HFpEF) ejection fraction were originally
considered as two extremes of the same disease. However, where ACE-inhibitors, angiotensin
receptor blockers and mineralocorticoid receptor antagonists are associated with improved clinical
outcome in patients with HFrEF (1–3), no such benefit was seen in patients with HFpEF (4–6). It is
currently considered that the underlying pathophysiology is different between HFrEF and HFpEF.
(7–11). Unfortunately, the underlying pathophysiology of HFpEF is poorly understood.
Network analysis is a tool to gain novel insights in disease pathways and pathophysiology by studying
protein-protein (biomarker-biomarker) correlations (9, 10, 12). By enriching experimentally found
protein biomarker networks with knowledge based protein-protein interactions, empirically found
correlations can be placed in the context of known pathways (13, 14). We therefore performed a
network analysis enriched by knowledge-based interactions to uncover biological mechanisms that
are unique for patients with HFrEF and HFpEF.

Methods
Patient population
We studied patients from the BIOSTAT-CHF project, which is described elsewhere (15–19). In
brief, BIOSTAT-CHF includes two cohorts of patients with HF. Our index cohort consisted of
1738 patients from 6 centers in Scotland, UK. Patients were required to be ≥18 years of age,
diagnosed with HF and were previously admitted with HF requiring diuretic treatment. Biomarkers were measured in 1707 of the total of 1738 patients. From these patients, echocardiography
was available in 1544 patients. They had to be sub-optimally treated with ACEi/ARBs and/or
beta-blockers, and anticipated initiation or uptitration of ACEi/ARBs and beta-blockers to ESC
recommended target doses. Patients in both the index and validation cohort could be enrolled as
in-patients or from out-patient clinics (15). To adequately characterize biomarker profiles in patients
with HFrEF and HFpEF, we investigated biomarker profiles unique to patients with HFrEF and
HFpEF, which showed no overlap with HFmrEF.
We validated our findings in an independent cohort which originally consisted of 2516 patients
with HF from 69 centers in 11 European countries. Inclusion criteria for the index cohort include:
patients with >18 years of age, having symptoms of new-onset or worsening HF, confirmed either
by a LVEF of ≤40% or BNP and/or NT-proBNP plasma levels >400 pg/ml or >2,000 pg/ml,
respectively. Because of this difference in inclusion criteria for patients with LVEF >40%, we
excluded all patients with HFrEF and an NT-proBNP level of <2,000 pg/ml or patients with
HFrEF and no available NT-proBNP levels (supplementary Figure 1). In total, the validation cohort
consisted of 808 patients with HF with biomarkers available in all patients. All patients needed to
be treated with loop diuretics but had not been previously treated with an ACEi/ARBs and/or beta-
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blocker or they were receiving ≤50% of the target doses of these drugs at the time of inclusion and
anticipated initiation or up-titration of ACEi/ARBs and beta-blockers.

Clinical and biomarker measurements
Medical history, current use of medication and a physical examination were all recorded at baseline.
Standard echocardiography was strongly recommended, but not mandatory for study inclusion. In
the combined cohorts, more than 80% of echocardiography were performed within 1 year before
inclusion, with more than 70% of echocardiographies performed within 3 months. The timing of
echo was similar across HFrEF, and HFpEF in both the index and validation cohort.
A large biomarker panel with 92 biomarkers from a wide range of pathophysiological domains
were measured in the index and validation cohort. An overview of biomarkers and their pathophysiological function are presented in supplementary Table 1. Assay characteristics are presented in
supplementary Table 2. Biomarkers were measured using a high-throughput technique using the Olink
Proseek® Multiplex CVD III96x96 kit, which measures 92 hand-selected cardiovascular-related
proteins simultaneously in 1μl plasma samples. The kit uses a proximity extension assay (PEA)
technology, where 92 oligonucleotide-labeled antibody probe pairs are allowed to bind to their
respective target present in the sample. PEA is a homogeneous assay that uses pairs of antibodies
equipped with DNA reporter molecules. When binding to their correct targets, they give rise to
new DNA amplicons each ID-barcoding their respective antigens. The amplicons are subsequently
quantified using a Fluidigm BioMark™ HD real-time PCR platform. The platform provides normalized protein expression (NPX) data where a high protein value corresponds to a high protein
concentration, but not an absolute quantification.

Statistical analysis
Differences between clinical characteristics of HFrEF and HFpEF were compared using Student’s
t-test, Mann-Whitney-U test or the chi2-test where appropriate. An in-depth description of the
methods used for network analysis can be found in the supplementary statistical material. In brief,
we performed network analysis using unique pairwise correlations between proteins (biomarkers)
Chapter 5

within HFrEF, HFmrEF and HFpEF. We retained only those biomarkers which passed the p-value
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cut-off point following multiple comparisons correction. The p-value cut-off point was based
on the number of principal components following principal component analyses (PCA) which
determined >95% of the variance among the biomarkers in the separate cohorts (20). A total of
51 PCs, of which the eigenvalues cumulatively explained >95% of the variation observed in the
discovery data set were found. To correct for multiple comparison for inter-biomarker correlations,
was used for the adjusted P cutoff value, where PC is the number of principal
components found. This procedure was repeated for the independent validation cohort. Here, 50
PCs explained >95% of the variance in the biomarkers. Following, only pairwise correlations were
retained that occurred in both the discovery as well as validating cohort. Due to the difference in
N of HFrEF, HFmrEF and HFpEF, correlations retained after a P-value cut-off point had a lower

1). To make the correlation networks comparable, an additional cutoff was applied, based on the
correlation strength (R2). To tune the cutoff parameter, the lowest cutoff was chosen that reduces
the relation between sample size and R2, while still retaining a reasonable number of correlations.
Supplementary methods Figure 1 shows the relation between number of correlations and sample size
for six different R2 cutoffs. Based on the observations in supplementary methods Figure 1, a cutoff of
R2 > 0.2 was chosen. Following, we identified unique correlations between biomarkers for HFrEF
and HFpEF, which showed no overlap with HFmrEF and enriched these using knowledge based
protein interactions from a comprehensive list of sources (supplementary statistical material ). We then
performed pathway overrepresentation analysis to examine overrepresented pathways in HFrEF
and HFpEF.

Results
Baseline characteristics
Baseline characteristics are presented in Table 1. Overall, patients had a mean age of 73.7 ± 10.7 and
34.2% were female. Out of a total of 1544 patients, 718 (47%) had HFrEF, 395 (26%) had HFmrEF
and 431 (28%) had HFpEF. Patients with HFpEF were older, more often female, had higher rates
of diabetes, COPD, hypertension and atrial fibrillation on ECG and were less often on ACEi/ARB
and MRA. NT-proBNP levels were higher in patients with HFrEF.
Patients from the validation cohort were generally younger, more often male, were more often in
NYHA class III/IV, had higher NT-proBNP levels (4275 pg/mL vs. 1376 pg/mL), were more often
on beta-blockers (75% vs. 70%) and less often on ACEi/ARBs (65% vs 69%, supplementary table 3).
Differences between patients with HFrEF and HFpEF in the validation cohort are presented in
supplementary table 4.

Network analysis
To investigate differences in biomarker profiles between HFrEF and HFpEF, pairwise correlations
were extracted that passed a p-value cutoff point corrected for multiple comparisons. We studied
unique correlation for HFrEF and HFpEF, which showed no overlap with HFmrEF. These pairwise
comparisons reflect potential interacting proteins within HFrEF and HFpEF. In total, 65 biomarker
correlations passed the p-value cutoff point in HFrEF, HFmrEF and HFpEF in both the index
and validation cohort (Figure 1). Of these, 45 biomarker correlations passed the p-value cut-off
point in HFrEF and could be successfully validated in the validation cohort. Of these 45 significant
correlations, 8 were unique to HFrEF alone (Figure 1). Patients with HFpEF showed 40 significant
correlations that could be successfully validated, out of the total of 40 correlations, 6 were exclusive
to HFpEF (Figure 1). There was considerable overlap between HFrEF, HFmrEF and HFpEF with
a total of 27 significant correlations that were shared.
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mean R2 compared to correlations retained in HFmrEF and HFpEF (supplementary methods Figure
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Table 1: Baseline characteristics
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N
Demographics
Age (years)
Female sex (%)
BMI (kg/m2)
SBP (mmHg)
DBP (mmHg)
NYHA class
Class I
Class II
Class III
Class IV
LVEF (%)
Heart rate (bpm)
Medical history n (%)
Anemia
Diabetes mellitus
COPD
Hypertension
PVD
Stroke
PCI
CABG
ECG
Atrial fibrillation n (%)
LVH n (%)
LBBB n (%)
QRS (ms)
Laboratory
NT-proBNP
eGFR
Urea
Hemoglobin
Medication n (%)
ACEi/ARB
Beta-blocker
MRA
Diuretics

HFrEF
718

HFpEF
431

p-value

72.0 (10.9)
188 (26.2%)
28.2 (6.0)
122.7 (21.3)
69.8 (12.3)

76.2 (9.9)
187 (43.4%)
30.0 (6.8)
129.9 (23.3)
68.0 (13.7)

<0.001
<0.001
<0.001
<0.001
0.018

6 (0.8%)
337 (46.9%)
300 (41.8%)
75 (10.4%)
30.1 (7.3)
73.9 (16.5)

4 (0.9%)
136 (31.6%)
206 (47.8%)
85 (19.7%)
57.3 (6.0)
75.0 (15.8)

<0.001

316 (44.4%)
212 (29.6%)
110 (15.5%)
363 (50.8%)
144 (20.5%)
117 (16.5%)
132 (18.5%)
137 (19.1%)

199 (46.4%)
158 (36.9%)
110 (25.6%)
293 (68.0%)
116 (27.7%)
84 (19.6%)
74 (17.3%)
62 (14.4%)

0.510
0.010
<0.001
<0.001
0.006
0.190
0.610
0.043

199 (27.3%)
76 (11.0%)
181 (26.3%)
116.0 (96.0, 147.0)

162 (37.6%)
36 (8.7%)
38 (9.1%)
94.0 (84.0, 112.0)

<0.001
0.219
<0.001
<0.001

1672 (667, 4615)
59.8 (43.3, 77.4)
8.6 (6.7, 12.3)
13.6 (4.9)

1062 (392, 2820)
58.4 (42.0, 76.0)
8.6 (6.4, 11.7)
13.1 (7.6)

<0.001
0.273
0.268
0.342

538 (74.9%)
570 (79.4%)
295 (41.1%)
712 (99.2%)

268 (62.2%)
257 (59.6%)
85 (19.7%)
425 (98.6%)

<0.001
<0.001
<0.001
0.370

<0.001
0.250

Abbreviations: ACEi, ACE-inhibitor; ARB, angiotensin-receptor blocker; BMI, body mass index; CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; eGFR,
estimated glomerular filtration rate; LBBB, left bundle branch block; LVEF, left ventricular ejection fraction; LVH,
left ventricular hypertrophy; MRA, mineralocorticoid receptor antagonist; NYHA, New York heart association;
NT-proBNP, N-terminal pro B-type natriuretic peptide; PCI, percutaneous coronary intervention; PVD, peripheral vascular disease; SBP, systolic blood pressure.

Results of the network analyses for HFrEF and HFpEF are presented in Figure 2 and 3. The size
of the node (hub) is related to the centrality and importance of the hub in the particular network.
In other words, biomarkers that form large hubs within a network can be considered biologically
more important compared to biomarkers that are smaller hubs. Network analysis showed that main
hubs in HFrEF were NT-proBNP, GDF15 and IL1RT1 (Figure 2A). In HFpEF, no clear hubs were
observed among the unique correlations between the measured biomarkers (Figure 3A).

A

B
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Figure 1: Venn diagram showing protein-protein correlations in HFrEF, HFmrEF and HFpEF
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Figure 2: Network analysis depicting unique protein-protein correlations in HFrEF (A) with knowledge-based
interactions (B) Orange nodes are derived from data and blue nodes are knowledge based correlations.

A

B

Figure 3: Network analysis depicting unique protein-protein correlations in HFpEF (A) with knowledge-based
interactions (B) Orange nodes are derived from data and blue nodes are knowledge based correlations.

Knowledge based enrichment of network analysis
We enriched the experimentally found networks with protein-protein associated based on various
independent databases as described in the supplementary statistical material. By including knowledgebased data-analysis the cyclic AMP-dependent transcription factor ATF2 became an additional hub
in HFrEF (Figure 2B). When adding knowledge based interactions to the biomarker networks in
HFpEF, integrin subunit beta 2 (ITGB2) and Catenin beta-1, became prominent hubs in HFpEF
(Figure 3B).

Translation into biological pathways
The proteins found in our network analysis which was enriched by existing knowledge on biomarker interactions, were translated into biological pathways that were typically related to HFrEF
Chapter 5

and HFpEF (Figure 4). The top 10 overrepresented pathways in HFrEF were characterized by
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processes relating to DNA binding transcription factor activity, phosphorylation of peptidyl-serine,
cellular protein metabolic processes as well as the regulation in nitric oxide biosynthetic processes.
In contrast, the top 10 overrepresented pathways in patient with HFpEF were characterized by
inflammatory processes, including cytokine response, extracellular matrix organization as well as
response to lipopolysaccharides and inflammation.

Discussion
This is the first study using a comprehensive knowledge-based network analysis approach to characterize differences in circulating biomarker signatures among patients with HFrEF and HFpEF.
Overall, there was an important overlap between protein-protein correlations in HFrEF, HFmrEF
and HFpEF. This suggests that a large proportion of these protein-protein correlations belong
to common pathways related to HF. However, we also found distinct differences, which are summarized in Figure 5. Our findings show that pathways specifically up regulated in patients with
HFrEF were related to cellular growth and metabolism. Pathways that were specifically up regulated
in patients with HFpEF were related to inflammation and extracellular matrix reorganization.
Network analysis of unique biomarker correlations in HFrEF showed that NT-proBNP, GDF15
and IL1RT1 were central hubs. NT-proBNP is associated with cardiac stretch and was previously
found to be a specific hub in network analyses in HFrEF in two independent studies (9, 10). GDF15
was previously found to be associated with more adverse outcomes in HFrEF (21, 22). Regarding
IL1RT1, the CANTOS trial recently showed that blocking the ligand of IL1RT1 (IL1) reduced
cardiovascular events. Results of our study show that IL1RT1 is a potential hub in patients with

A Network Analysis to Identify Unique Biologic Mechanisms in Heart Failure with a Reduced versus Preserved Ejection Fraction

Figure 4: Pathway over-representation analysis showing biological processes unique to HFrEF (red) and HFpEF
(green). + stands for “positive regulation of ” in a name of a given GO term.
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Figure 5: Concept figure describing the main findings of this study.

HFrEF, which would potentially support the usage of an IL1-antanogist in patients with HFrEF
(23). Network analysis in HFpEF showed a more diffuse combination of biomarker correlations
with no specific central hubs. This is in line with earlier studies, which suggested that HFpEF
might be a more heterogenous disease than HFrEF (24, 25). The majority of biomarkers found
in HFpEF were related to inflammation, which is a hallmark of the underlying pathophysiology
of HFpEF (7). After adding knowledge based protein-protein interactions to our experimentally
found networks, we observed that ATF2 was an important additional hub in HFrEF. ATF2 is a
protein involved in cardiac hypertrophy triggered by TGF-β. A previous experimental study found
that suppression of ATF2, attenuated left ventricular hypertrophic response (26). In HFpEF, we
Chapter 5

observed that ITGB2 and catenin-beta were important hubs. Previous studies show that ITBG2
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is involved in chronic inflammatory processes and endothelial dysfunction (27). In addition, an
experimental study showed that catenin-β levels were increased in dahl salt-sensitive rats when they
developed a HFpEF phenotype (28). This suggests that particularly catenin-β could be a protein of
interest in HFpEF.
The last step in our analysis was to perform pathway over-representation analysis of the proteins
found in our knowledge enriched networks. Results showed that in HFrEF, biological processes
were related to sequence-specific DNA binding, phosphorylation of peptidyl-serine and proliferation of smooth muscle cells. Taken together, these processes are all related to cell proliferation.
Furthermore, biological pathways related to protein kinase B signaling and MAPK cascade were
also enriched. Both protein kinase B signaling and MAPK are related to cell proliferation and an

integrin signaling and extracellular matrix organization (31). These data confirm earlier findings
regarding HFpEF, but also allows future studies to focus on protein-protein interaction within certain existing pathways such as integrin mediated signaling and extracellular matrix organization (7).
This study has several clinical implications. First of all, results of this study provide biological
context for the presence of clearly distinct syndromes, which may potentially explain the divergent
response to HF therapy. Secondly, processes of cardiac stress response and cell proliferation are
enriched in patients with HFrEF, while processes related to inflammation are enriched in HFpEF.
Particularly ATF2 could be a potential novel treatment target in HFrEF, while ITGB2 and cateninbeta could be novel treatment targets for HFpEF, which deserves further study.
There are several limitations to this study. First of all, echocardiography was not performed at inclusion. Nevertheless, sensitivity analysis showed that the timing of echo did not influence biomarker
levels across HFrEF and HFpEF. Furthermore, we were able to validate our findings in an independent cohort, significantly reducing the potential impact of this limitation. Additionally, there
were marked differences between the index and validation cohort regarding clinical characteristics
and disease severity. This is a limitation, because it might inflate the type II error. However, this is
also a particular strength of this study, since protein-protein correlations as well as differences in
biomarker levels found for HFrEF and HFpEF in this study are relatively stable throughout the
disease severity spectrum.

Conclusions
Biological pathways unique to HFrEF are associated with increased metabolism and cellular hypertrophy. A potential novel target for HFrEF is ATF2. Biological pathways unique to HFpEF are
related to inflammation, neutrophil degranulation and integrin signaling. Potential novel treatment
targets in HFpEF are IGTB2 and catenin-beta. These profound dissimilarities in the underlying
biological processes emphasizes the need for distinct drug development programs in HFrEF and
HFpEF.
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increase in metabolism (29, 30). In contrast, biological processes in HFpEF related to inflammation,
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Supplementary material.
Table 1: Biomarkers and disease domains
Catabolic process

X

X

Other

Angiogenesis/blood
vessel morphogenesis

Chemotaxis

Cell adhesion

Coagulation

Inflammation

MAPK cascade

Proteolysis

Platelet activation

Hypoxia

Response to peptide
hormone

Wound healing

Biomarker
N
Aminopeptidase N (AP-N)
Azurocidin (AZU1)

X

Bleomycin hydrolase (BLM hydrolase)

X

X

X

C-C motif chemokine 15 (CCL15)

X

X

X

C-C motif chemokine 16 (CCL16)

X

X

X

C-C motif chemokine 22 (CCL22)

X

X

X

C-C motif chemokine 24 (CCL24)

X

X

X

C-X-C motif chemokine 16 (CXCL16)

X

X

X

Cadherin-5 (CDH5)

X

Carboxypeptidase A1 (CPA1)

X

Carboxypeptidase B (CPB1)
Caspase-3 (CASP-3)

X
X

X

X

X

X

Cathepsin D (CTSD)

X

Cathepsin Z (CTSZ)

X

X

CD166 antigen (ALCAM)

X

Chitinase-3-like protein 1 (CHI3L1)

X

X

X

X

Chitoriosidase-1 (CHIT1)
Collagen alpha-1 (I) chain (COL1A1)

X
X

X

X

X

Complement component C1q receptor
(CD93)
Contactin-1 (CNTN1)
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Cystatin-B (CSTB)
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X

X

X

X

X
X

E-selectin (SELE)

X

X

Elafin (PI3)

X

Ephrin type-B receptor 4 (EPHB4)
Epidermal growth factor receptor (EGFR)

X
X

X

Epithelial cell adhesion molecule (Ep-Cam)

X

X

Fatty acid-binding protein 4(FABP4)

X

Galectin-3 (Gal-3)

X
X

Galectin-4 (Gal-4)

X
X

Granulins (GRN)
Growth differentiation factor 15 (GDF-15)

X

X
X

Insulin-like growth factor-binding protein 7
(IGFBP-7)

X

Integrin beta-2 (ITGB2)

X

X

Intercellular adhesion molecule 2 (ICAM-2)

X

X

X

Interleukin-1 receptor type 1 (IL-1RT1)

X

Interleukin-1 receptor type 2 (IL-1RT2)

X

Interleukin-17 receptor A (IL-17RA)

X

Interleukin-18 binding protein (IL-18BP)

X

Interleukin-2 receptor subunit Alpha (IL2RA)

X

X

Interleukin-6 receptor subunit Alpha (IL6RA)

X

X

Junctional adhesion molecule A (JAM-A)
Kallikrein-6 (KLK6)

X
X

X
X

X

X

Low-density lipoprotein receptor (LDL
receptor)

X

Lympotoxin-beta receptor (LTBR)

X

X

Matrix extracellular phosphoglycoprotein
(MEPE)

X

Matrix metalloproteinase-2 (MMP-2)

X

X

X

X

Matrix metalloproteinase-3 (MMP-3)

X

X

Matrix metalloproteinase-9 (MMP-9)

X

X

Metalloproteinase inhibitor 4 (TIMP4)

X

Monocypte chemotactic protein 1 (MCP-1)

X

Myeloblastin (PRTN3)

X
X

X
X

X

X

X

X

X

X

X

Myeloperoxidase (MPO)
Myoglobin (MB)

X
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X

NT-proBNP

X

Neurogenic locus notch homolog protein 3
(NOTCH3)

X

Osteopontin (OPN)
Osteoprotegerin (OPG)

Other

X

Catabolic process

Cell adhesion

Insulin-like growth factor-binding protein 2
(IGFBP-2)

Angiogenesis/blood
vessel morphogenesis

Chemotaxis

Coagulation

Inflammation

MAPK cascade

Platelet activation

X

Hypoxia

Response to peptide
hormone

Insulin-like growth factor-binding protein 1
(IGFBP-1)

Proteolysis

Wound healing
X

Biomarker

X
X

X
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Table 1: Biomarkers and disease domains (continued)

Table 1: Biomarkers and disease domains (continued)

X

Peptidoglycan recognition protein 1
(PGLYRP1)

X

X

Perlecan (PLC)

X
X

X

X

X

X

Platelet endothelial cell adhesion molecule
(PECAM-1)
Platelet-derived growth factor subunit A
(PDGF subunit A)

X

X

X

X
X

X
X

Proprotein convertase subtillisin/kexin type
9 (PCSK9)

X

X

X

X

X

X

Protein delta homolog 1 (DLK-1)

X

Pulmonary surfactant-associated protein D
(PSP-D)

X

Resistin (RETN)

X

Retinoic acid receptor responder protein 2
(RARRES2)

X

X

Scavenger receptor cysteine-rich type 1
protein m130 (CD163)

X

X

X

X

Secretoglobin family 3A member 2
(SCGB3A2)

X
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Spondin-1 (SPON1)
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X

ST2 protein (ST2)

X

Tartrate-resistant acid phosphatase type 5
(TR-AP)

X

Tissue factor pathway inhibitor (TFPI)

X

Tissue-type plasminogen activator (t-PA)

X

Trassferrin receptor protein 1 (TR)

X
X

X

X

X

X

X

trefoil factor 3 (TFF3)

X

Trem-like transcript 2 protein (TLT-2)

X

Tumor necrosis factor ligand superfamily
member 13B (TNFSF13B)

X

Tumor necrosis factor receptor 1 (TNF-R1)
Tumor necrosis factor receptor 2 (TNF-R2)

Other

X

Paraoxnase (PON3)

Plasminogen activator inhibitor 1 (PAI)

Catabolic process

Angiogenesis/blood
vessel morphogenesis

X

Chemotaxis

X

Cell adhesion

Coagulation

X

Inflammation

MAPK cascade

Proteolysis

X

Platelet activation

Hypoxia

P-selectin (SELP)

Response to peptide
hormone

Wound healing

Biomarker

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Tyrosine-protein phosphatase non-receptor
type substrate 1 (SHPS-1)

X

Urokinase plasminogen activator surface
receptor (U-PAR)

X

Urokinase-type plasminogen activator (uPA)

X

von Willebrand factor (vWF)

X

X
X

X

X

X
X

X

X

X
X

X

Other

Tumor necrosis factor receptor superfamily
member 6 (FAS)

X

Catabolic process

Cell adhesion

Angiogenesis/blood
vessel morphogenesis

Chemotaxis

X

Tumor necrosis factor receptor superfamily
member 14 (TNFRSF14)

Tyrosine-protein kinase receptor UFO (AXL)

Coagulation

Tumor necrosis factor receptor superfamily
member 10C (TNFRSF10C)

Inflammation

MAPK cascade

Platelet activation

Hypoxia

Proteolysis

Response to peptide
hormone

Wound healing

Biomarker
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Table 1: Biomarkers and disease domains (continued)
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Table 2: Assay information
Analytical measurement
pg/mL
Target
Tumor necrosis factor receptor superfamily
member 14 (TNFRSF14)

ULOQ Hook

% CV

Range Intra Inter

0.2

1.0

15625

31250

4.2

7.8

1.9

1.9

31250

31250

4.2

8.0

9.4

Integrin beta-2 (ITGB2)

1.9

7.6

62500

62500

3.9

8.4

10.9

Interleukin-17 receptor A (IL-17RA)

1.0

1.0

31250

62500

4.5

7.6

10.0

Tumor necrosis factor receptor 2 (TNF-R2)

1.9

3.8

31250

62500

3.9

7.8

9.7

244.1

244.1

500000

500000

3.3

8.4

12.2

7.6

7.6

62500

125000

3.9

7.9

8.8

Interleukin-2 receptor subunit alpha (IL2-RA)

0.1

0.1

1953

7812

4.5

7.6

8.3

Osteoprotegerin (OPG)

0.5

1.0

15625

31250

4.2

8.1

10.7

CD166 antigen (ALCAM)

0.2

0.2

7812

15625

4.5

7.0

8.3

Trefoil factor 3 (TFF3)

0.2

0.2

3906

7812

4.2

7.7

8.8

Ephrin type-B receptor 4 (EPHB4)

10.3

P-selectin (SELP)

0.1

0.5

15625

15625

4.5

7.8

9.8

Cystatin-B (CSTB)

1.0

1.9

7812

15625

3.6

7.6

9.4

Monocyte chemotactic protein 1 (MCP-1)

0.1

0.1

1953

3906

4.2

7.9

11.5

Scavenger receptor cysteine-rich type 1 protein
M130 (CD163)

Chapter 5

LLOQ

Low-density lipoprotein receptor (LDL
receptor)

Matrix metalloproteinase-9 (MMP-9)
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LOD

Precision
log10

3.8

7.6

62500

62500

3.9

6.7

8.6

Galectin-3 (Gal-3)

30.5

30.5

62500

62500

3.3

7.6

9.2

Granulins (GRN)

61.0

61.0

62500

62500

3.0

7.4

10.9

Matrix extracellular phosphoglycoprotein
(MEPE)

61.0

61.0

62500

62500

3.0

8.7

11.7

Bleomycin hydrolase (BLM hydrolase)

7.6

15.3

62500

62500

3.6

7.7

10.8

Perlecan (PLC)

7.6

15.3

62500

125000

3.6

7.3

9.0

Lymphotoxin-beta receptor (LTBR)

0.2

0.5

15625

15625

4.5

7.6

10.5

Neurogenic locus notch homolog protein 3
(Notch 3)

1.9

3.8

62500

62500

4.2

8.7

9.5

Metalloproteinase inhibitor 4 (TIMP4)

3.8

7.6

31250

62500

3.6

9.0

12.1

Contactin-1 (CNTN1)

3.8

7.6

31250

62500

3.6

7.5

9.3

122.1

122.1

125000

125000

3.0

11.0

12.4

3.8

3.8

15625

31250

3.6

7.9

11.9

Cadherin-5 (CDH5)
Trem-like transcript 2 protein (TLT-2)
Fatty acid-binding protein, adipocyte (FABP4)

1.9

1.9

15625

62500

3.9

8.2

9.2

Tissue factor pathway inhibitor (TFPI)

3.8

7.6

31250

62500

3.6

8.8

12.0

Plasminogen activator inhibitor 1 (PAI)

1.0

1.0

15625

15625

4.2

7.9

9.9

C-C motif chemokine 24 (CCL24)

1.0

1.9

7812

15625

3.6

9.2

13.3

Transferrin receptor protein 1 (TR)

125000

125000

3.3

6.4

8.6

30.5

61.0

Tumor necrosis factor receptor superfamily
member 10C (TNFRSF10C)

0.1

0.1

3906

7812

4.8

7.4

10.0

Growth/differentiation factor 15 (GDF-15)

1.0

1.0

15625

15625

4.2

8.9

11.4

Analytical measurement

Precision

E-selectin (SELE)

3.8

3.8

7812

15625

3.3

6.9

9.5

Azurocidin (AZU1)

7.6

7.6

15625

31250

3.3

7.4

7.8

Protein delta homolog 1 (DLK-1)

3.8

3.8

31250

62500

3.9

8.2

10.7
12.0

Spondin-1 (SPON1)

122.1

122.1

62500

125000

2.7

8.0

Myeloperoxidase (MPO)

7.6

7.6

7812

15625

3.0

6.6

8.2

C-X-C motif chemokine 16 (CXCL16)

1.9

3.8

31250

62500

3.9

8.6

11.8

Interleukin-6 receptor subunit alpha (IL-6RA)

0.1

0.2

7812

15625

4.5

7.7

9.4

Resistin (RETN)

5.1

7.4

13.0

0.1

0.1

7812

15625

Insulin-like growth factor-binding protein 1
(IGFBP-1)

15.3

15.3

125000

125000

3.9

7.8

9.6

Chitotriosidase-1 (CHIT1)

15.3

15.3

31250

62500

3.3

7.7

10.5

Tartrate-resistant acid phosphatase type 5 (TRAP)

1.9

7.6

15625

62500

3.3

7.4

10.4

C-C motif chemikine 22 (CCL22)

61.0

61.0

15625

15625

2.4

8.2

14.9

Pulmonary surfactant-associated protein D
(PSP-D)

15.3

15.3

62500

125000

3.6

9.2

9.1

Elafin (PI3)

1.0

15.3

15625

15625

3.0

8.2

12.9

Epithelial cell adhesion molecule (Ep-CAM)

0.5

1.0

15625

62500

4.2

8.2

11.4

Aminopeptidase N (AP-N)

61.0

122.1

125000

125000

3.0

7.3

8.0

Tyrosine-protein kinase receptor UFO (AXL)

0.5

1.0

15625

15625

4.2

7.8

10.7

Interleukin-1 receptor type 1 (IL-1RT1)

0.0

0.0

3906

31250

5.1

8.0

10.3

Matrix metalloproteinase-2 (MMP-2)

61.0

122.1

62500

125000

2.7

9.2

13.1

Tumor necrosis factor receptor superfamily
member 6 (FAS)

0.5

1.0

15625

62500

4.2

7.7

12.2

Myoglobin (MB)

0.1

0.1

7812

31250

5.1

7.9

14.8

Tumor necrosis factor ligand superfamily
member 13B (TNFSF13B)

0.2

0.5

15625

31250

4.5

8.0

11.7

Myeloblastin (PRTN3)

0.5

7.6

31250

62500

3.6

8.2

14.2

122.1

122.1

125000 1000000

3.0

10.0

25.3

Proprotein convertase subtilisin/kexin type 9
(PCSK9)
Urokinase plasminogen activator surface
receptor (U-PAR)

0.2

0.2

3906

62500

4.2

7.6

10.2

Osteopontin (OPN)

122.1

122.1

31250

62500

2.4

7.8

10.5

Cathepsin D (CTSD)

976.6

976.6

62500

125000

1.8

6.6

10.3

Peptidoglycan recognition protein 1 (PGLYRP1)

1.0

1.0

15625

15625

4.2

8.4

12.2

Carboxypeptidase A1 (CPA1)

1.0

1.0

31250

62500

4.5

7.5

10.0

Junctional adhesion molecule A (JAM-A)

0.1

0.2

3906

31250

4.2

7.6

11.2

Galectin-4 (Gal-4)

3.8

7.6

62500

62500

3.9

8.3

10.4

Interleukin-1 receptor type 2 (IL-1RT2)

1.0

1.9

15625

62500

3.9

7.9

10.1

Tyrosine-protein phosphatase non-receptor type
substrate 1 (SHPS-1)

1.9

1.9

15625

62500

3.9

7.5

8.6
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Table 2: Assay information (continued)
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Table 2: Assay information (continued)
Analytical measurement
7.6

7.6

31250

62500

3.6

9.1

15.1

Caspase-3 (CASP-3)

1.9

1.9

31250

62500

4.2

9.0

15.7

Urokinase-type plasminogen activator (uPA)

0.5

1.0

15625

31250

4.2

8.4

14.4

Carboxypeptidase B (CPB1)

1.0

1.0

31250

62500

4.5

7.5

11.7

Chitinase-3-like protein 1 (CHI3L1)

1.9

1.9

3906

15625

3.3

7.6

10.1

ST2 protein (ST2)

7.6

7.6

62500

62500

3.9

7.9

10.5

Tissue-type plasminogen activator (t-PA)

1.9

1.9

62500

62500

4.5

9.4

16.1

Secretoglobin family 3A member 2 (SCGB3A2)

61.0

244.1

500000 1000000

3.3

10.3

21.7

Epidermal growth factor receptor (EGFR)

30.5

30.5

31250

62500

3.0

6.9

10.2

Insulin-like growth factor-binding protein 7
(IGFBP-7)

30.5

61.0

31250

62500

2.7

9.1

13.0

Complement component C1q receptor (CD93)

1.0

1.9

15625

62500

3.9

8.1

11.4

Interleukin-18-binding protein (IL-18BP)

1.9

1.9

31250

62500

4.2

7.8

10.3

244.1

244.1

62500

62500

2.4

6.4

9.8

7.6

7.6

125000

125000

4.2

9.5

13.3

Collagen alpha-1(I) chain (COL1A1)
Paraoxonase (PON 3) (PON3)
Cathepsin Z (CTSZ)

1.0

1.0

62500

62500

4.8

7.0

8.6

Matrix metalloproteinase-3 (MMP-3)

1.0

1.0

15625

62500

4.2

8.7

13.5

Retinoic acid receptor responder protein 2
(RARRES2)

7.6

7.6

15625

62500

3.3

8.7

11.5

Intercellular adhesion molecule 2 (ICAM-2)

30.5

61.0

125000

125000

3.3

7.8

10.7

Kallikrein-6 (KLK6)

1.9

1.9

15625

62500

3.9

8.0

10.6

Platelet-derived growth factor subunit A (PDGF
subunit A)

1.0

1.9

15625

31250

3.9

8.7

14.7

Tumor necrosis factor receptor 1 (TNF-R1)

3.8

7.6

31250

62500

3.6

8.3

12.1

Insulin-like Growth Factor-Binding Protein 2
(IGFBP-2)

122.1

122.1

62500

62500

2.7

9.0

14.9

von Willebrand factor (vWF)

1.0

15.3

31250

62500

3.3

8.4

11.8

Platelet endothelial cell adhesion molecule
(PECAM-1)

1.0

1.0

15625

62500

4.2

7.2

10.2

244.1

244.1

31250

62500

2.1

9.3

18.8

15.3

15.3

15625

15625

3.0

9.8

18.3
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N-terminal prohormone brain natriuretic
peptide (NT-pro BNP)
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Precision

C-C motif chemokine 15 (CCL15)

C-C motif chemokine 16 (CCL16)

Index cohort
N
Sex (male)
Age

Validation cohort

2516

1738

73 % (1846)

66 % (1139)

69 (±12)

74 (±10.7)

Race (caucasian)

99 % (2489)

99 % (1718)

Smoking (past)

48 % (1220)

35 % (602)

Smoking (currently)

14 % (353)

14 % (236)

Alcohol use

28 % (700)

47 % (790)

BMI

28 (±5.5)

29 (±6.4)

Heart rate

80 (±19.5)

74 (±16.8)

NYHA I

2 % (56)

1 % (17)

NYHA II

35 % (868)

41 % (710)

NYHA III

50 % (1228)

44 % (768)

NYHA IV

12 % (294)

14 % (235)

LVEF

31 (±10.6)

41 (±13)

HF hospitalization in before inclusion

32 % (794)

37 % (644)

Ischemic aetiology

54 % (1358)

42 % (724)

Atrial fibrillation

45 % (1143)

44 % (757)

Diabetes mellitus

33 % (819)

32 % (559)

COPD

17 % (436)

18 % (317)

Peripheral Artery Disease

11 % (273)

22 % (369)

Pulmonary congestion (single base)

13 % (311)

6 % (95)

Pulmonary congestion (bi-basilar)

40 % (980)

39 % (639)
62 % (953)

Peripheral oedema

50 % (1256)

rales 1/3 lung fields

19 % (248)

3 % (50)

JVP

32 % (554)

26 % (449)

Hepatomegaly

14 % (358)

4 % (60)

Hypertension

62 % (1569)

58 % (1002)

SBP

125 (±21.9)

126 (±22.6)

Hemoglobin

13 (±1.9)

15 (±15.2)

Sodium (mmol/l)

139 (±4)

139 (±4.6)

71 (±29.6)

77 (±80.1)

eGFR (MDRD formula) mL/min/1.73m2
Potassium
Alkaline phosphatase
Total bilirubin
HDL

4 (±0.6)

5 (±12.2)

84 (65-117.1625)

89 (72-116)

14 (10-21)

10 (7-15)

1 (±0.4)

1 (±0.5)

Albumin

32 (±8.8)

38 (±6.1)

ASAT

25 (17-38)

23 (18-31)

4275 (2360-8485.5)

1376 (510.2-3548.25)

NT-proBNP
Use of beta-blocking agent at baseline

75 % (1884)

70 % (1209)

Use of ACE-inhibitor/ARB at baseline

65 % (1627)

69 % (1196)
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Table 3: Differences between index and validation cohort
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Table 4: Differences between HFrEF and HFpEF in the validation cohort.
Demographics
Age (years)
Women n (%)
BMI (Kg/m2)
Ischemic etiology (%)
LVEF (%)

HFrEF

HFpEF

540

131

p-value

69.3 (12.4)

77.4 (8.1)

<0.001

152 (28.1%)

65 (49.6%)

<0.001

27.0 (5.2)

27.2 (5.8)

241 (45.0%)

28 (21.9%)

<0.001

0.780

28.0 (23.0, 32.0)

55.0 (52.0, 60.0)

<0.001

NYHA class
Class I

36 (6.7%)

12 (9.2%)

Class II

217 (40.2%)

62 (47.3%)

0.340

Class III

162 (30.0%)

31 (23.7%)

Class IV

26 (4.8%)

4 (3.1%)

Not assessed

99 (18.3%)

22 (16.8%)

SBP (mmHg)

122.4 (22.5)

131.4 (23.5)

DBP (mmHg)

74.7 (13.4)

71.3 (14.5)

0.010

Heart rate (bpm)

83.3 (21.2)

79.4 (21.6)

0.058

0.048

<0.001

Signs and symptoms
Extent of peripheral edema
Not Present

178 (38.9%)

34 (29.6%)

Ankle

131 (28.7%)

29 (25.2%)

Below Knee

112 (24.5%)

36 (31.3%)

Above Knee

36 (7.9%)

16 (13.9%)

Elevated JVP
No

210 (55.6%)

51 (55.4%)

Yes

148 (39.2%)

36 (39.1%)

1.000

Uncertain

20 (5.3%)

5 (5.4%)

Hepatomegaly

81 (15.0%)

17 (13.0%)

0.550

Orthopnea

210 (38.9%)

52 (39.7%)

0.870
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Medical history
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Anemia yes/no

165 (31.3%)

63 (48.5%)

<0.001

Atrial fibrillation

252 (46.7%)

84 (64.1%)

<0.001

Diabetes mellitus

145 (26.9%)

41 (31.3%)

0.310

COPD

91 (16.9%)

22 (16.8%)

0.990

Renal disease

169 (31.3%)

44 (33.6%)

0.610

Hypertension

292 (54.1%)

99 (75.6%)

<0.001

53 (9.8%)

17 (13.0%)

0.290

Peripheral arterial disease
Stroke

59 (10.9%)

12 (9.2%)

0.560

PCI

107 (19.8%)

19 (14.5%)

0.160

CABG

93 (17.2%)

18 (13.7%)

0.340

362 (67.0%)

76 (58.0%)

0.052

Medication
ACEi/ARB

440 (81.5%)

92 (70.2%)

0.004

538 (99.6%)

129 (98.5%)

0.120

Aldosteron antagonist

245 (45.4%)

43 (32.8%)

0.009
<0.001

Laboratory
Hemoglobin (g/dL)

13.5 (1.9)

12.4 (1.8)

Sodium (mmol/L)

140.0 (137.0, 142.0)

140.0 (137.0, 142.0)

Potassium (mmol/L)

4.2 (3.8, 4.5)

4.1 (3.7, 4.5)

NT-proBNP (ng/L)

5602.0 (3365.0, 9836.5)

4074.0 (2615.0, 7085.0)

0.410
0.130
<0.001
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Loop Diuretics
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Supplementary Figure

Figure 1: R-value cutoff point

Supplementary methods section
Network analysis
Retaining and validation biomarker correlations
We first performed pre-processing of the biomarkers in the discovery and validation cohort using
quantile normalization. Quantile normalization is an important step to reduce noise in the data (1).
Following, we performed pairwise correlations from the discovery dataset of all 92 biomarkers in
patients with HFrEF, HFmrEF and HFpEF separately. We retained only those biomarkers which
passed the p-value cut-off point following multiple comparisons correction. The p-value cutoff
point was based on the number of principal components following principal component analyses
Chapter 5

(PCA) which determined >95% of the variance among the biomarkers in the separate cohorts (2).
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This method is often used in -omics based studies, where there is a natural correlation between
markers because of the fact that these often belong to similar pathophysiological processes (3). In
this situation the Bonferroni correction can be considered too conservative due to inter dependency
of the data. Here, the PC-based correction has been suggested to be more effective (3, 4). Additionally, this method has been previously successfully used in correcting for multiple comparisons in
pairwise correlations (2). A total of 51 PCs, of which the eigenvalues cumulatively explained >95%
of the variation observed in the discovery data set were found. To correct for multiple comparison
for inter-biomarker correlations,

was used for the adjusted P cutoff value,

where PC is the number of principal components found. This procedure was repeated for the
independent validation cohort. Here, 50 PCs explained >95% of the variance in the biomarkers.

validating cohort.

R-value cutoff point
Due to the difference in N of HFrEF, HFmrEF and HFpEF, correlations retained after a P-value
cut-off point had a lower mean R2 compared to correlations retained in HFmrEF and HFpEF
(Figure 1). To make the correlation networks comparable, an additional cutoff was applied, based
on the correlation strength (R2). To tune the cutoff parameter, the lowest cutoff was chosen that
reduces the relation between sample size and R2, while still retaining a reasonable number of correlations. Supplementary Figure 1 shows the relation between number of correlations and sample
size for six different R2 cutoffs. Based on the observations in Supplementary figure 1, a cutoff of
R2 > 0.2 was chosen.

Plotting unique networks
Unique correlations for HFrEF, HFmrEF and HFpEF were visualized as correlation networks
using Cytoscape 3.4 (http://www.cytoscape.org). Betweenness centrality was calculated for each
node to indicate how central the protein is in the correlation network.

Enriching correlation networks with knowledge-based interactions
To provide biological context to the correlations, the correlation networks were extended with
knowledge-based interactions by building a network model for each correlation network.
Protein interactions and associations based on different knowledge resources (Table 1) and accessed
through EdgeBox (EdgeLeap’s proprietary knowledge platform, https://www.edgeleap.com/),
were used to build the network models. From the Ensembl database, all protein coding genes
and processed transcripts from all human chromosomes from the primary genome assembly were
included. From the STRING resource, a collection of interactions from different resources (pathway databases, protein interaction repositories, and text mining) was included. STRING provides a
confidence score for each interaction (ranging from 0 to 1000), and since low scoring interactions
are often false positives, edges with a score lower than 800 were excluded from the analysis to
maximize confidence. Details on each resource can be found on associated websites (Table 1).
For each correlation network, a network model was built and consists of:
•

The correlating proteins as nodes and the correlations as edges

•

For each correlation protein pair:
§	All nodes and edges from shortest paths up to a length of 3 knowledge-based interactions
(up to 2 intermediate proteins)

The shortest paths method introduces direct knowledge-based interactions between correlating
proteins, as well as paths through other proteins in case no direct interactions are known. In this
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Following, only pairwise correlations were retained that occurred in both the discovery as well as
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way the original network model is “grown” with proteins derived from known interactions that may
substantiate the correlations identified by a purely data-driven method.

Pathway characterization
To further characterize the network models at the level of biological pathways, a Gene Ontology (GO) overrepresentation analysis was performed on each of the networks. The python
library Goatools was used to perform overrepresentation analysis, using protein annotations from
EBI (ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/UNIPROT/ goa_uniprot_all.gaf.gz, d.d. 201706-06) and the ontology tree from the Gene Ontology Consortium (http://purl.obolibrary.org/
obo/go/go-basic.obo, d.d. 2017-06-05) (5). Overrepresentation was calculated using Fisher’s exact
test. Resulting p-values were corrected for multiple testing using the Benjamini-Hochberg FDR
procedure. The analysis was performed on all three GO types (biological process, cellular compart-
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ment, molecular function). Results shown in this paper limit to biological process terms.
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Figure 1: R² cutoff values
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Table 1: Resources used for knowledge based interactions.
Resource

Description

Website

Version

Reactome

The Reactome project is a collaboration to
develop a curated resource of core pathways and
reactions in human biology.

http://www.reactome.org/

60

Ensembl

Ensembl is a joint project between EMBL - EBI
and the Sanger Institute to develop a software
system which produces and maintains automatic
annotation on selected eukaryotic genomes. This
collection also references outgroup organisms.

http://www.ensembl.org/

88

TFe

The transcription factor encyclopedia (TFe)
is a collection of well-studied transcription
factor proteins combining expert-curated and
automatically-populated information.

http://www.cisreg.ca/cgi-bin/
5/18/2017
tfe/home.pl

STRING

STRING (Search Tool for Retrieval of
Interacting Genes/Proteins) is a database of
known and predicted protein interactions.\nThe
interactions include direct (physical) and indirect
http://string.embl.de/
(functional) associations; they are derived from
four sources:Genomic Context, High-throughput
Experiments,(Conserved) Coexpression, Previous
Knowledge. STRING quantitatively integrates
interaction data from these s...

WikiPathways is a resource providing an open
and public collection of pathway maps created
WikiPathways and curated by the community in a Wiki
like style.\nAll content is under the Creative
Commons Attribution 3.0 Unported license.
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ENCODE

128

The human regulatory interaction network
derived from the Encyclopedia of DNA
Elements (ENCODE) dataset.

10

http://www.wikipathways.org/ 5/19/2017

http://encodenets.gersteinlab.
org/

9/6/2012
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Abstract
Background: We sought to determine subtypes of patients with heart failure (HF) with a distinct
clinical profile and treatment response, using a wide range of biomarkers from various pathophysiological domains.
Methods: We performed unsupervised cluster analysis using 92 established cardiovascular biomarkers to identify mutually exclusive subgroups (endotypes) of patients with HF in 2174 patients
(89% LVEF≤40%) from the BIOSTAT-CHF project. We validated our findings in an independent
cohort of 1707 patients.
Results: Based on their biomarker profile, eight endotypes were identified. Patients with endotype 1
were less symptomatic, had the lowest NT-proBNP levels and lowest risk for all-cause mortality or
hospitalization for HF. Patients with endotype 5 were eldest, had more severe symptoms and signs
of HF, higher NT-proBNP levels and were at highest risk for all-cause mortality or hospitalization
for HF (HR 2.1; 95%CI 1.4-3.0). Patients with endotype 7 were better up-titrated to target doses
of ACEi/ARBs (p<0.001). In contrast to other endotypes, patients with endotype 8 derived no
potential survival benefit from uptitration of ACEi/ARB (Pinteraction <0.001). Patients with endotype
2 (HR 1.35; 95%CI 1.08-1.68) and 5 (HR 1.35; 95%CI 1.10-1.64) experienced possible harm from
uptitration of beta-blockers in contrast to patients with endotype 1 and 7 that experienced benefit
(Pinteraction for all <0.001). Results were strikingly similar in the independent validation cohort.
Conclusion: Using unsupervised cluster analysis, solely based on biomarker profiles, eight distinct
endotypes were identified with remarkable differences in characteristics, clinical outcome, and
response to uptitration of guideline directed medical therapy.

Abbreviations
HF: Heart failure
ACEi: ACE-Inhibitor
Chapter 6

ARB: Angiotensin receptor blockers
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CKD: Chronic kidney disease
LVEF: Left ventricular ejection fraction
GO: gene ontology
BNP: B-type natriuretic peptide
NT-proBNP: N-terminal pro-B-type natriuretic peptide

Introduction
Heart failure (HF) is associated with considerably high rates of mortality and morbidity (1, 2). The
etiology and pathophysiology of HF show substantial interindividual heterogeneity (3–5). Nevertheless, patients with HF are uniformly treated according to guidelines with ACE-inhibitors (ACEi)
and beta-blockers (6, 7). Distinguishing relevant disease subtypes within the spectrum of patients
with HF is imperative to create a better understanding of the underlying pathophysiology as well
as to identify subgroups of patients not benefiting from available treatment options. Clustering
algorithms are frequently used to identify subgroups. Clustering methods try to identify mutually
exclusive subgroups based on a set of variables. Recently, Ahmad et al. showed distinct disease
clinical characteristics as the basis for subgroup determination has been criticized, since this will
yield naturally occurring clusters of signs and symptoms and not distinct disease subtypes (8). The
advantage of using biomarker profiles over clinical characteristics to determine cluster membership,
is that it enables us to possibly identify patients who phenotypically look the same, but might
respond differently to guideline directed medication based on their underlying biomarker profile.
Therefore, we aimed to identify mutually exclusive subtypes of HF patients based on biomarker
profiles using a wide range of cardiovascular biomarkers, which can provide new insights into the
heterogeneity of HF. These endotypes are then compared with regards to their characteristics,
clinical outcome, and their benefit/harm to uptitration of ACEi/angiotensin receptor blockers
(ARBs) and/or beta-blockers.

Methods
Patient population
This study utilized patients from the BIOSTAT-CHF project, which is described elsewhere (9).
In short, the BIOSTAT-CHF study includes two cohorts of patients with HF. The index cohort
consists of 2516 patients with HF from 69 centers in 11 European countries. Inclusion criteria
for the index cohort include: patients with >18 years of age, having symptoms of new-onset or
worsening HF, confirmed either by a left ventricular ejection fraction (LVEF) of ≤40% or B-type
natriuretic peptide (BNP) and/or N-terminal pro-B-type natriuretic peptide (NT-proBNP) plasma
levels >400 pg/ml or >2,000 pg/ml, respectively. Patients had not been previously treated with
an ACEi/ARBs and/or beta-blocker or they received ≤50% of ACEi/ARB and/or beta-blockers
at the time of inclusion and anticipated initiation/up-titration of ACEi/ARBs and beta-blockers.
The validation cohort includes 1738 patients from 6 centers in Scotland, UK. Patients were required
to be ≥18 years of age, diagnosed with HF and were previously admitted with HF requiring diuretic
treatment. They were sub-optimally treated with ACEi/ARBs and/or beta-blockers, and anticipated
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phenotypes with differing outcomes by using a cluster-based approach (4). However, the use of
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initiation or uptitration of ACEi/ARBs and beta-blockers. Patients in both cohorts could be enrolled as in-patients or from out-patient clinics (9).

Clinical measurements and definitions
Medical history, medication use and physical examination were recorded at baseline. 91% of patients in the index cohort had echocardiography performed <6 months before inclusion. Changes
in ACEi/ARBs and beta-blockers were recorded. Investigators were expected to optimize treatment
within the first 3 months. Patients were considered successfully up-titrated when recommended
dose for either ACEi/ARB or beta-blocker was achieved after 3 months of uptitration according
to current ESC guidelines (6). The achieved dose was defined as the highest dose achieved within
the uptitration period in percentage of the recommended treatment dose for either ACEi/ARB
or beta-blocker. HF with a reduced ejection fraction (HFrEF) was defined as an LVEF ≤40%, HF
with a mid-range ejection fraction (HFmrEF) was defined as an LVEF of 41-49% and HF with a
preserved ejection fraction (HFpEF) was defined as an LVEF ≥50%.

Outcome analyses
To investigate possible differences between endotypes and outcome, we used a combined the combined outcome of all-cause mortality and HF hospitalizations at 2 years. Hospitalizations due to HF
were determined by the investigator. We investigated whether a difference in treatment response
could be observed between endotypes. Treatment response is defined as the survival benefit of
successful uptitration to guideline directed target dosages in 1,572 patients with an LVEF ≤40%.

Biomarker measurements
A biomarker panel with 92 biomarkers from a wide range of pathophysiological domains were
measured in 2174 of the 2516 patients from the index cohort and in 1707 of the 1738 patients from
the validation cohort. An overview of biomarkers and their pathophysiological function are presented in supplementary table 1. Biomarkers were measured using the Olink Proseek® Multiplex CVD
III96x96 kit. The kit uses a proximity extension assay (PEA) technology, where 92 oligonucleotideChapter 6

labeled antibody probe pairs bind to their respective targets. When bound, antibodies with DNA
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reported molecules give rise to new DNA amplicons each ID-barcoding their respective antigens.
These amplicons are quantified using a Fluidigm BioMark™ HD real-time PCR platform. The
platform provides normalized protein expression (NPX, log2-normalized), but not an absolute
quantification. In total, 98.4% of measurements were within range, 1.6% of measurements were
below the lower limit of detection (LOD). These were replaced by the LOD, which was found
reasonable when having less than 10% of measurements below the LOD (10, 11). Characteristics
of the biomarker assay are presented in supplementary table 2.

Statistical analysis
We have provided a comprehensive explanation of the statistical methods used in the supplementary
material. In brief, the primary analytical goal of this study is to identify mutually exclusive subgroups
of patients (clusters) based on their biomarker profile using 92 biomarkers, which we have called
endotypes. Biomarker dimensions were reduced by performing principal component analysis
(PCA). The optimal number of clusters in our analyses was determined using the package NBclust
in R. The package NBclust uses a wide array of different measures to select the optimal number of
clusters in a given dataset. Following, the number of cluster most often selected throughout is then
selected as the optimal number of clusters for the analyses (12). We have used k-nearest neighbors
to validate our findings (3, 13–15). Cluster membership in the validation cohort was determined by
calculation of the nearest cluster, using k-nearest neighbors in the index cohort, for each patient in
the validation cohort (13–15).
Differences between clinical characteristics of endotypes were compared using one-way analysis
of covariance (ANOVA), the Kruskal-Wallis test or the chi2-test where appropriate. Differences
of biomarkers means between endotypes were plotted using a heatmap after z-standardization of
biomarker means to make them comparable. The C-index for the 3 biomarkers with the lowest
p-value for association with individual clusters were assessed.
The association with the primary outcome was investigated using Kaplan-Meier curves and the logrank test. For multivariable analyses, Cox regression analysis was performed, correcting for relevant
clinical confounders and the BIOSTAT risk model, which was previously published (16). The BIOSTAT risk model for predicting mortality included, age, blood urea nitrogen (BUN), N-terminal
NT-proBNP, hemoglobin and the use of a beta-blocker at time of inclusion. The BIOSTAT risk
model for predicting mortality or HF hospitalization included age, NT-proBNP, hemoglobin, the
use of a beta-blocker at time of inclusion, a HF-hospitalization in year before inclusion, peripheral
edema, systolic blood pressure, high-density lipoprotein cholesterol and sodium.
Analyses regarding the uptitration of ACEi/ARB and beta-blockers as well as the association
between these guideline directed medications and survival were restricted to patients with LVEF
≤40%, in whom the appropriate medications were indicated. The association between endotypes
and uptitration rates of ACEi/ARBs and beta-blockers to recommended target doses was investigated using logistic regression and corrected for the previously published uptitration models from
the BIOSTAT cohort (17). For ACEi/ARB this model includes sex, BMI, eGFR, alkaline phosphate
and country. For beta-blockers, this model included age, country of origin, diastolic blood pressure,
heart rate and pulmonary congestion at baseline. Additionally, we have corrected for important
clinical confounder including ischemic etiology, potassium levels and use of MRAs at time of
inclusion. To investigate a difference in treatment benefit of being uptitrated to guideline directed
medication levels during follow up, we performed interaction analysis between endotype membership and being uptitrated to ≥100% of guideline recommended dosages (yes vs. no) or ACEi/ARB
or beta-blockers. To adjust for treatment-indication bias, risk estimates for the primary endpoint for
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successful uptitration of ACEi/ARB and beta-blockers in patients with LVEF ≤40% were adjusted
using inverse probability weighting using 55 clinical and laboratory variables (supplementary Table 3).

Results
Clustering outcomes
The optimal number of clusters was 8, ranging from a minimum of 91 to a maximum of 423
patients (supplemental Figure 1). Heatmaps of biomarkers across endotypes for the index and validation cohort are depicted in Figure 1, and C-indexes of the top 3 significantly associated biomarkers
per endotype presented in table 1 (validation in supplementary table 4). Overall, a limited number of
biomarkers identified endotype membership with a relatively high C-index (>0.8; table 1). Patients
with endotype 8 had very low levels of chitotriosidase 1 (CHIT1).

Chapter 6

Figure 1: Heatmap displaying biomarker across endotypes for the index (A) and validation (B) cohort.
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Clinical Characteristics
Baseline characteristics of subgroups are presented in table 2. Patients with endotype 1 were youngest,
more often in NYHA class I/II (47%) and had relatively mild signs and symptoms compared to
patients with other endotypes. Patients with endotype 1 had the lowest rates of anemia and lowest
NT-proBNP levels. Patients with endotype 2 had the higher rates of anemia (65%) and high rates of
CKD (73%) compared to other endotypes (P <0.001). Patients with endotype 3 had worse signs and
symptoms and high levels of NT-proBNP. A low prevalence of diabetes together with slightly higher
rates of hypertension were observed in patients with endotype 4. Patients with endotype 5 were eldest,
more often in NYHA class III/IV (43%) and had worse signs and symptoms of HF. Furthermore,

Table 1: Biomarkers subgroup identification.
endotype 2

C-index

Marker

C-index

endotype 3
Marker

endotype 4

C-index

Marker

C-index

0.79

TLT2

0.82

TNFRSF14

0.61

TPA

0.78

ST2

IGFBP1

0.70

EGFR

0.72

PRTN3

0.8

TNFRSF14

0.81

LDL receptor

0.69

VWF

0.71

AZU1

0.77

RARRES2

0.79

Combined

0.85

Combined

0.8

Combined

0.87

Combined

0.84

endotype 5
Marker

endotype 6

C-index

Marker

endotype 7

endotype 8

C-index

Marker

C-index

Marker

C-index

CHIT1

0.98

Combined

NA

IGFBP1

0.89

PECAM1

0.93

PON3

0.73

GDF15

0.87

JAMA

0.96

EPCAM

0.65

FABP4

0.84

CASP3

0.93

FABP4

0.65

Combined

0.92

Combined

0.96

Combined

0.81

Abbreviations: AZU1, azurocidin; CASP3, caspase-3; CHIT1, chitoriosidase-1; EGFR, epidermal growth factor
receptor; EPCAM, epithelial cell adhesion molecule; FABP4, fatty acid binding protein 4; GDF15, growth differentiation factor 15; IGFBP, insuling-like growth binding factor-binding protein; JAMA, junctional adhesion molecule
A; LDL, low density lipoprotein; PECAM1, platelet endothelial cell adhesion molecule; PON3, paraoxanase 3;
PRTN3, myeloblastin; RARRES2, retinoic acid receptor responder protein 2; TLT2, trem-like transcript 2 protein; TPA, tissue-type plasminogen activator; TNFRSF14, tumor-necrosis factor receptor superfamily member 14;
VWF, Von-Willebrand-Factor.

prevalence of atrial fibrillation (60%) and CKD (78%) was highest in patients with endotype 5 and
levels of NT-proBNP were highest. Patients with endotype 6 were characterized by overall low rates
of comorbidities. Rates of anemia and atrial fibrillation were lowest in patients with endotype 7.
Patients with endotype 8 had higher rates of anemia, atrial fibrillation and diabetes. Differences in
baseline characteristics between endotypes were largely independent of LVEF status (supplementary
tables 5 & 6). Summary clinical characteristics per endotype are provided in supplementary Figure 2.
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Figure 2: Kaplan-Meier curves for the primary combined outcome of all-cause mortality and/or HF hospitalization at 2 years for the index (A) and validation (B) cohort stratified according to endotypes. The log-rank p-value
is <0.001 for both the index (A) and validation (B) cohort.
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16(5%)

HFpEF(%)

76(14)

80(20)

Diastolic
BP(mmHg)

Heart rate(bpm)

157(49%)

86(27%)

Not Present

Ankle

Peripheral edema

Signs and symptoms(%)

125(22)

9(3%)

15(4%)

48(12%)

IV

NA

Systolic
BP(mmHg)

86(29%)

106(27%)

III

77(32%)

81(34%)

76(17)

71.8(12.1)

126(23)

47(16%)

137(46%)

46(12%)

176(45%)

I

23(8%)

30(12%)

18(7%)

211(82%)

33(25,40)

171(58%)

29(6)

73(24%)

72(11)

302

Endotype 2

II

NYHA n(%)

14(4%)

30(25,36)

LVEF(%)

HFmrEF(%)

156(41%)

Ischemic
etiology(%)

309(91%)

31(6)

BMI(kg/m2)

HFrEF(%)

65(12)

108(28%)

Female(%)

391

Endotype 1

Age(years)

Demographics

N

Table 2: Baseline characteristics.
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65(34%)

55(29%)

85(21)

74(14)

126(25)

38(18%)

9(4%)

65(30%)

87(41%)

15(7%)

16(9%)

13(7%)

159(85%)

30(25,37)

93(44%)

26(5)

43(20%)

73(12)

214

Endotype 3

91(33%)

86(31%)

84(21)

74(14)

119(21)

50(15%)

14(4%)

109(32%)

133(39%)

32(10%)

21(7%)

7(2%)

276(91%)

27(20,35)

128(39%)

26.9(5)

79(23%)

66(13)

338

Endotype 4

54(26%)

43(21%)

80(19)

72(12)

119(20)

20(9%)

12(5%)

90(39%)

100(43%)

12(5%)

18(9%)

11(5%)

179(86%)

30(20,37)

100(43%)

28(6)

92(39%)

75(10)

234

Endotype 5

39(27%)

82(56%)

79(18)

78(13)

129(21)

27(15%)

4(2%)

44(24%)

98(54%)

8(4%)

7(4%)

6(4%)

158(92%)

30.0(25,35)

86(48%)

27.7(5)

37(20%)

67(12)

181

Endotype 6

89(26%)

196(57%)

78(20)

77(13)

128(21)

46(11%)

10(2%)

97(23%)

228(54%)

42(10%)

17(4%)

14(4%)

365(92%)

30(25, 36)

177(43%)

27(4)

126(30%)

68(11)

423

Endotype 7

29(38%)

33(43%)

81(18)

75(17)

125(23)

12(13%)

2(2%)

26(29%)

44(48%)

7(8%)

6(7%)

5(6%)

70(86%)

30(25,38)

40(46%)

28(6)

23(25%)

67(12)

91

Endotype 8

<0.001

<0.001

<0.001

<0.001

<0.001

0.003

<0.001

<0.001

<0.001

<0.001

<0.001

p-value

94(45%)

78(39%)
110(36%)

53(19%)

130(33%)

JVP

Orthopnea

55(26%)

87(41%)
13(2)

111(37%)
60(20%)
220(73%)
300(99%)
194(65%)
253(84%)
143(47%)

127(33%)

53(14%)

122(31%)

389(100%)

291(74%)

334(85%)

226(59%)

Diabetes

COPD

CKD

Loop diuretics

ACEi/ARB

Betablocker

MRA

4(4,5)

4593(2359,9000)

4(4,5)

2488(1420,3735)

Potassium

NT-proBNP

6759(4254,12566)

4(4,5)

140(136,141)

151(71%)

146(68%)

213(100%)

107(50%)

4(4,4)
7041.5(3826.0,
11967.0)

4864(2958,
8500)

139(136,141)

13(2)

127(54%)

190(81%)

139(59%)

233(100%)

183(78%)

41(18%)

90(39%)

140(60%)

106(46%)

111(48%)

81(50%)

38(18%)

72(35%)

Endotype 5

4(4,5)

140(137,142)

13(2)

197(58%)

292(86%)

252(75%)

338(100%)

119(35%)

57(17%)

89(26%)

173(51%)

110(34%)

124(37%)

93(39%)

25(9%)

77(28%)

Endotype 4

4292(2160,
7085)

4(4,5)

140(138,142)

14(2)

93(51%)

153(85%)

140(77%)

181(100%)

72(39%)

31(17%)

56(31%)

77(43%)

53(31%)

40(22%)

25(18%)

5(3%)

20(14%)

Endotype 6

2893(1445,
4966)

4(4,5)

140(138,142)

14(2)

222(53%)

363(86%)

338(80%)

418(99%)

146 (35%)

60(14%)

125(30%)

145(34%)

90(23%)

100(24%)

76(24%)

4(1%)

53(16%)

Endotype 7

5661.0(2340,
10532)

4(4,5)

139(136,142)

13(2)

47(52%)

71(78%)

59(65%)

91(100%)

50(55%)

16(18%)

29(32%)

44(48%)

39(44%)

34(37%)

22(36%)

6(8%)

8(11%)

Endotype 8

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.42

<0.001

0.009

0.044

<0.001

<0.001

<0.001

<0.001

p-value
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Abbreviations: ACEi, ACE-inhibitor; ARB, angiotensin-II receptor blocker ; BMI, body mass index; BP, blood pressure; COPD, chronic obstructive pulmonary disease; CKD,
chronic kidney disease; HF, heart failure; HFmrEF, heart failure with a mid-range ejection fraction; HFpEF, heart failure with a preserved ejection fraction; HFrEF, heart failure with
a reduced ejection fraction; JVP, jugular venous pressure; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; NYHA, New York heart association;
SBP, systolic blood pressure;

12(2)

140(137,142)

13(2)

140(137,141)

Sodium

Hemoglobin

Laboratory

Medication(%)

74(35%)

132(44%)

101(47%)

191(65%)

76(21%)

179(46%)

Atrial fibrillation

65(41%)

13(7%)

Anemia

Medical history(%)

105(49%)

22(9%)

19(6%)

56(30%)

61(25%)

60(19%)

Below Knee

Above Knee

Endotype 3

Endotype 2

Endotype 1

Table 2: Baseline characteristics. (continued)
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Outcome
After a median follow-up of 21 months, 855 (39%) patients either had a hospitalization for HF
or died. Event rate was highest in endotype 5 (65%) and lowest in endotype 1 (21%) (Figure 2).
Compared to the endotype with the best clinical outcome (endotype 1), patients with endotype
5 had the worst outcomes for both the primary combined outcome (HR2.1; 95%CI[1.4-3.0]) and
for all-cause mortality alone (HR2.5; 95%CI[1.6-4.1]). After correction for the BIOSTAT-CHF
risk models, endotypes 2, 4 and 5 had worse outcomes compared to endotype 1 for both the
combined outcome as well as for all-cause mortality alone (table 3; supplementary table 7). Compared
to the BIOSTAT-CHF risk model (C-index 0.71), the classification into endotypes performed worse
(C-index 0.64). Interestingly, the BIOSTAT-CHF risk model performed worse in endotypes 2, 3
and 4 (C-index~ 0.64) and better in endotypes 1 & 7 (supplementary table 8). There was no significant
interaction between endotype membership and LVEF for outcome (Pinteraction >0.1).
Table 3: Survival analyses.
Endotype 8

Endotype 7

Endotype 6

Endotype 5

Endotype 4

Endotype 3

Endotype 2

Endotype 1

All-cause mortality and/or Heart failure hospitalizations at 2 years

Chapter 6

HR
(95%CI)
p-value
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HR
(95%CI)
p-value

HR
(95%CI)
p-value

HR
(95%CI)
p-value

HR
(95%CI)
p-value

HR
(95%CI)
p-value

HR
(95%CI)
p-value

HR
(95%CI)
p-value

Univariable

ref

2.7(2.12.3(1.81.9(1.53.6(2.83.4)<0.001 3.1)<0.001 2.5)<0.001 4.7)<0.001

1.3(1.01.8)0.083

1.0(0.81.4)0.786

1.5(1.02.3)0.039

Model 1

ref

2.3(1.82.0(1.51.9(1.53.1(2.43.0)<0.001 2.6)<0.001 2.4)<0.001 4.1)<0.001

1.3(0.91.8)0.136

1.0(0.81.3)0.999

1.4(1.02.1)0.084

Model 2

ref

1.8(1.32.7)0.001

1.7(1.12.4)0.011

1.7(1.22.4)0.003

2.2(1.53.2)<0.001

1.2(0.72.1)0.408

1.0(0.61.5)0.993

1.8(1.03.0)0.039

Model 3

ref

1.8(1.22.6)0.002

1.6(1.12.4)0.013

1.7(1.22.5)0.002

2.1(1.43.0)<0.001

1.2(0.72.1)0.417

1.0(0.71.5)0.914

1.7(1.03.0)0.041

BIOSTAT
risk model

ref

1.5(1.11.9)0.005

1.3(1.01.7)0.063

1.5(1.11.9)0.004

1.7(1.32.2)<0.001

1.2(0.91.7)0.220

1.0(0.81.3)0.876

1.0(0.61.4)0.833

Model 1: age & sex; Model 2: model 1 + eGFR, systolic blood pressure, presence of anemia, history of atrial
fibrillation and NT-proBNP levels; Model 3: model 2 + fraction target dosages of ACEi/ARB and beta-blockers
at 3 months. The BIOSTAT risk model includes: age, blood urea nitrogen, NT-proBNP, hemoglobin levels, usage
of beta-blockers at time of inclusion, previous HF hospitalization, presence of peripheral edema, systolic blood
pressure, high-density lipoprotein, cholesterol and sodium levels.

Uptitration of HF medication to guideline directed dosages and treatment
response
Overall rates of uptitration to recommended target dose of ACEi/ARBs were lowest in endotype
5 and highest in endotype 7 (Figure 3A). Significantly less benefit was observed for uptitration of
ACEi/ARB uptitration for endotype 8 (HR 1.30; 95%CI [0.87-1.94]) for the primary combined
outcome (Figure 3B, supplementary table 9, Pinteraction <0.001).
Beta-blocker uptitration rates were lowest in endotypes 6 and 7 and highest in endotypes 1 and 8,
also after correction for ACEi/ARB uptitration rates (p <0.001). After multivariable correction endotype 1, and 8 had higher uptitration rates compared to the worst performing endotype (endotype
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7; Figure 3C). Endotype 1 derived more benefit from successful uptitration on beta-blockers for the
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Figure 3: Uptitration rates corrected for the biomarker uptitration model for ACE-inhibitors/ARB (A), betablockers (C) and association with outcome of successful uptitration of ACEi/ARB (B) and beta-blockers (D)
across endotypes in patients with left ventricular ejection fraction ≤40%.

combined outcome. In contrast, endotypes 2 (HR 1.35; 95%CI [1.08-1.68]) and 5 (HR 1.34; 95%CI
[1.10-1.65]) had a negative treatment response to beta-blocker uptitration, while endotypes 4 and 8
did not seem to derive any benefit (Figure 3D, supplementary table 9, Pinteraction <0.001).

Validation
Characteristics of the index and validation cohort are shown in supplementary table 10 and were also
previously published (9). Patients in the validation cohort were older and were more often women
and more often had HFpEF and HFmrEF, other characteristics were generally comparable between
both cohorts.
Overall, the results of the cluster analysis were remarkably similar between the index and the
validation cohort. Particularly the relative differences between clusters were well validated between
cohorts. Figure 1 shows the marked similarity in the biomarker profiles between both cohorts.
Supplementary table 11 shows the great similarity in clinical characteristics of the 8 endotypes between
both the index and validation cohorts. Figure 2 shows the remarkable similarity in clinical outcome:
endotype 5 had the worst outcomes and patients with endotype 1 had the best outcomes of all
endotypes.

Discussion
Using sophisticated classification techniques based on biomarker profiles, novel mutually exclusive
subgroups in HF were identified and validated in an independent cohort. We found striking differences between endotypes in terms of mortality and/or HF hospitalization, uptitration rates of
guideline-directed medication, and treatment response. These data show that when classifying patients based on biomarker profiles, specific subgroups with a heterogeneous clinical profile emerge.
These specific “endotypes” are not only different in terms of their clinical profile, but also with
regards to clinical outcome and their response to uptitration of ACEi/ARB and beta-blockers. This
is the first study using a large panel of biomarkers to identify subgroups in HF.
Chapter 6

Previous studies in HF identified subgroups via cluster analysis using clinical characteristics, echo-
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cardiographic variables and laboratory data (3, 4). A study by Ahmed et al. found novel subgroups
in patients with HFrEF using clinical characteristics, however it was suggested that this study
potentially identified subgroups based on disease severity and not actual subtypes based on differences in underlying disease mechanisms (4). Of note, Shah et al. identified phenotypes of patients
with HFpEF using clinical characteristics, echocardiographic parameters and laboratory data, which
could reflect underlying pathophysiological differences more directly (3). The present study solely
used biomarker profiles for defining subgroups in HF using a comprehensive set of biomarkers
reflecting a greater number of disease domains. The dynamic state of biomarkers suggests that not
all biomarker levels reflect a consistent biological response, but instead a snapshot of the biological
processes at that time point. Here, PCA can reclassify biomarkers into individual biological pro-

cesses, which reduces the dynamic effect of individual biomarkers (18, 19). Future studies should
focus on parameters reflecting a more consistent biological response. A potential strength of using
biomarker profiles to reclassify patients with HF, is that we were able to identify patients with a
specific endotype, who might have a non-remarkable phenotype based on clinical variables, but
respond differently to guideline-directed treatment. An important case-in-point of this, is endotype
2. Patients with this endotype did not show a strong phenotype, yet these patients seemingly did not
derive treatment benefit from beta-blockers treatment at guideline directed levels.
The 8 endotypes identified had a distinct biomarker profile and phenotype. A possible important
difference was observed for patients with endotype 1 (best outcomes) and patients with endotype
5 (worst outcomes). Patients with endotype 1 had very low levels of IGFBP1 and high levels of
LDL receptor. The very low levels of CHIT1 found in patients with endotype 8 were striking.
CHIT1, part of a family of hydrolyzing enzymes, is active in both pathophysiological as well as
in physiological circumstances(20). Increased levels of CHIT1 are associated with arteriosclerosis
and Gaucher’s disease, furthermore 10-25% of European populations are CHIT1 deficient due to
a genetic polymorphism (21). Interestingly, endotype 8 was deficient for CHIT1 and constituted
roughly 5% of the patients in this index cohort. This suggest that CHIT1 might be an interesting novel target, which deserved further study. A limited number of biomarkers could adequately
discriminate patient endotype membership with a high C-index. This suggests that in a clinical
setting, a patient’s endotype membership can be determined by measuring a relatively small number
of biomarkers. While promising, more work needs to be done to increase clinical feasibility and
cost-effectiveness of this method.
While endotype membership was an independent predictor of outcome, the overall goal of cluster
analysis and this study was not to provide a novel prediction model based on endotypes. There
are more advanced techniques to improve risk stratification using both unsupervised as well as
supervised techniques, including neural network analysis and support vector machine (22). Instead,
the goal of this study was to provide for a novel classification of HF patients by identifying mutually
exclusive subgroups based on biomarker profiles. These subgroups can then potentially be used to
optimize risk stratification. Indeed, our results show that there are clear differences in the C-index
of the BIOSTAT-CHF risk model between subgroups (16). Hence, (re-)classification of patients
with HF, might improve risk stratification using existing risk prediction models.
There were marked differences in the uptitration rates of ACE/ARB and beta-blockers, particularly
patients with endotypes 6 and 7 were more often uptitrated to target dose for ACEi/ARB and
patients with endotypes 1, 2, 4 and 8 were more often uptitrated to target dose for beta-blockers,
independent of confounders. Interestingly, endotype 4 had significantly lower blood pressure compared to other endotypes, yet this did not prevent adequate uptitration of beta-blockers. Patients
with endotype 2 potentially seemed to derive more benefit of ACEi/ARB uptitration than other
endotypes. This is of particular interest given the high rates of CKD in patients with endotype
2 and the lack of knowledge about usage of ACEi/ARBs in patients with CKD and HF, due to
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LDL receptor, while patients with endotype 5 had very high levels of IGFBP1 and low levels of
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exclusion of these patients in most randomized controlled trials (23–26). Despite higher uptitration
rates of beta-blockers, patients with endotype 2 derived potential harm from uptitration to guideline
directed dosages of beta-blockers. Similarly, patients with endotype 5 derived potential harm from
beta-blocker uptitration. This suggests that beyond clinical characteristics, the endotype of a patient
might determine response to guideline-directed medication.
This study has important implications. Firstly, using biomarker profiles to group HF patients leads
to potentially clinically meaningful subgroups in HF with differences in uptitration rates as well
as treatment benefit of key HF guideline medications independent of confounders. Therefore,
patients with similar phenotypes, may respond differently to guideline-directed medication based on
their respective endotype, which deserver further study. Furthermore, we observed that subgroup
membership could be identified with relatively high C-indexes using single biomarkers. This suggests that in a clinical setting, a small set of biomarkers can be used to identify a patient’s subgroup
membership.

Limitations
First of all, biomarkers used were part of a cardiovascular disease panel, which might not completely
reflect the pathophysiological processes within HF. Secondly, we tried to correct for indication bias
by performing inverse-probability-weighting, but it cannot be established whether we corrected
sufficiently for indication bias. Additionally, the BIOSTAT-CHF is primarily a Caucasian cohort,
extrapolation of results to other ethnicities is unclear. Furthermore, the BIOSTAT-CHF study was
primarily a HFrEF study, with only a limited number of patients with HFpEF. Pharmacological
therapy at time of study inclusion might have influenced plasma levels of some biomarkers, which
could not be accounted for in the analyses. As per design, information on uptitration was not
available in the validation cohort. No absolute biomarker levels were available. Despite rigorous statistical techniques to correct for indication bias, results of this study might be further confounded
by indication bias and need to be repeated in a more controlled setting. Lastly, echocardiography
was not an entry criterion for the BIOSTAT-CHF and echocardiography was performed within 2
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years before baseline.
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Conclusions
This is the first study performing a comprehensive cluster analysis in patients with HF based on a
large panel of biomarkers Our data suggest that specific pathophysiological profiles, reflected by
circulating biomarkers, have a differential impact on clinical outcome and the response to uptitration of ACEi/ARB and beta-blockers.
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X

X

X

X

X

X

X

Cell adhesion

X

X

X

X

X

X

Chemotaxis
X

Angiogenesis/
blood vessel
morphogenesis

Collagen alpha-1 (I) chain (COL1A1)

X

Inflammation
X

Catabolic process

Chitoriosidase-1 (CHIT1)

Chitinase-3-like protein 1 (CHI3L1)

CD166 antigen (ALCAM)

Cathepsin Z (CTSZ)

Cathepsin D (CTSD)

Caspase-3 (CASP-3)

Carboxypeptidase B (CPB1)

Carboxypeptidase A1 (CPA1)

Cadherin-5 (CDH5)

X

X

C-C motif chemokine 24 (CCL24)

X

X

C-C motif chemokine 22 (CCL22)

X

X

C-X-C motif chemokine 16 (CXCL16)

X

X

Platelet activation

C-C motif chemokine 16 (CCL16)

MAPK cascade

C-C motif chemokine 15 (CCL15)

X

X

Response to peptide
hormone

Bleomycin hydrolase (BLM hydrolase)

X

Hypoxia
X

Proteolysis

Azurocidin (AZU1)

Aminopeptidase N (AP-N)

N

Biomarker

Table 1: biomarker disease domains.
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Wound healing

X

Hypoxia

Response to peptide hormone

X
X

X
X

X

Integrin beta-2 (ITGB2)

X

X

Insulin-like growth factor-binding protein 7 (IGFBP-7)

X

X

X

X

Insulin-like growth factor-binding protein 2 (IGFBP-2)

Insulin-like growth factor-binding protein 1 (IGFBP-1)

Growth differentiation factor 15 (GDF-15)

Granulins (GRN)

Galectin-4 (Gal-4)

Galectin-3 (Gal-3)

Fatty acid-binding protein 4(FABP4)

Epithelial cell adhesion molecule (Ep-Cam)

X

X

X

X

Platelet activation

Epidermal growth factor receptor (EGFR)

X

MAPK cascade

Ephrin type-B receptor 4 (EPHB4)

Elafin (PI3)

E-selectin (SELE)

Cystatin-B (CSTB)
X

Inflammation

X

Proteolysis
X

Coagulation

Contactin-1 (CNTN1)

Chemotaxis
X

Cell adhesion

Complement component C1q receptor (CD93)

Biomarker

Table 1: biomarker disease domains. (continued)
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Angiogenesis/blood vessel
morphogenesis
X

X

Catabolic process
X

X

X

X

X

Other

Wound healing

X

Hypoxia

Response to peptide hormone

X

X

X
X

Metalloproteinase inhibitor 4 (TIMP4)

Monocypte chemotactic protein 1 (MCP-1)

X

X

X

X

X

X

X

X

X

Inflammation
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X
X

X

Matrix metalloproteinase-9 (MMP-9)

X

Matrix metalloproteinase-3 (MMP-3)

Matrix metalloproteinase-2 (MMP-2)

Matrix extracellular phosphoglycoprotein (MEPE)

Lympotoxin-beta receptor (LTBR)

Low-density lipoprotein receptor (LDL receptor)

Kallikrein-6 (KLK6)

Junctional adhesion molecule A (JAM-A)

X
X

Proteolysis

Interleukin-6 receptor subunit Alpha (IL6-RA)

Platelet activation
X

MAPK cascade

Interleukin-2 receptor subunit Alpha (IL2-RA)

Interleukin-18 binding protein (IL-18BP)

Interleukin-17 receptor A (IL-17RA)

Interleukin-1 receptor type 2 (IL-1RT2)

Interleukin-1 receptor type 1 (IL-1RT1)

Intercellular adhesion molecule 2 (ICAM-2)

Biomarker

Table 1: biomarker disease domains. (continued)
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Chemotaxis
X

X

Cell adhesion
X

X

X

Angiogenesis/blood vessel
morphogenesis
X

X

Catabolic process
X

X

X

X

X

X

X

X

X

Other

Coagulation
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Wound healing

X

Pulmonary surfactant-associated protein D (PSP-D)

Protein delta homolog 1 (DLK-1)

Proprotein convertase subtillisin/kexin type 9 (PCSK9)

Platelet-derived growth factor subunit A (PDGF subunit A)

Platelet endothelial cell adhesion molecule (PECAM-1)

Plasminogen activator inhibitor 1 (PAI)

Perlecan (PLC)

X

X

X

X

Inflammation
X

X

X

X

X

X

X

X

Chemotaxis

Response to peptide hormone

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Proteolysis
X

Platelet activation
X

MAPK cascade
X

Cell adhesion

Peptidoglycan recognition protein 1 (PGLYRP1)
X

Hypoxia
X

Coagulation
X

Angiogenesis/blood vessel
morphogenesis

X

X

X

Catabolic process

Paraoxnase (PON3)

P-selectin (SELP)

Osteoprotegerin (OPG)

Osteopontin (OPN)

Neurogenic locus notch homolog protein 3 (NOTCH3)

NT-proBNP

Myoglobin (MB)

Myeloperoxidase (MPO)

Myeloblastin (PRTN3)

Biomarker

Table 1: biomarker disease domains. (continued)
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X

X

Other

X

Hypoxia
X

Proteolysis

X

Tissue-type plasminogen activator (t-PA)

X

X
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Tumor necrosis factor receptor superfamily member 10C
(TNFRSF10C)

X

X

Tumor necrosis factor receptor 2 (TNF-R2)

X

X

X

Tumor necrosis factor receptor 1 (TNF-R1)

Tumor necrosis factor ligand superfamily member 13B (TNFSF13B)

Trem-like transcript 2 protein (TLT-2)

trefoil factor 3 (TFF3)

Trassferrin receptor protein 1 (TR)

X

Tissue factor pathway inhibitor (TFPI)

X

Platelet activation

Tartrate-resistant acid phosphatase type 5 (TR-AP)
X

MAPK cascade
X

X

X

Inflammation

ST2 protein (ST2)

Spondin-1 (SPON1)

Secretoglobin family 3A member 2 (SCGB3A2)

Scavenger receptor cysteine-rich type 1 protein m130 (CD163)

X

Wound healing

Retinoic acid receptor responder protein 2 (RARRES2)

Response to peptide hormone

Resistin (RETN)

Biomarker

Table 1: biomarker disease domains. (continued)
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X

Coagulation
X

Chemotaxis
X

Cell adhesion
X

X

X

Catabolic process
X

X

X

X

X

Other

Angiogenesis/blood vessel
morphogenesis
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Wound healing
X
X
X

Urokinase plasminogen activator surface receptor (U-PAR)

Urokinase-type plasminogen activator (uPA)

von Willebrand factor (vWF)

Tyrosine-protein phosphatase non-receptor type substrate 1 (SHPS-1)

Tyrosine-protein kinase receptor UFO (AXL)
X

Response to peptide hormone

X

X

X

X

X

X

X

Hypoxia
X

Proteolysis

X

X

Platelet activation

Tumor necrosis factor receptor superfamily member 14 (TNFRSF14)

MAPK cascade

Tumor necrosis factor receptor superfamily member 6 (FAS)

Biomarker

Table 1: biomarker disease domains. (continued)
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X

Inflammation
X

X

Coagulation
X

X

X

X

Chemotaxis
X

X

Cell adhesion
X

X

X

X

X

Angiogenesis/blood vessel
morphogenesis
X

Other

Catabolic process

7.6

1.0
1.9

Interleukin-17 receptor A (IL-17RA)

Tumor necrosis factor receptor 2 (TNF-R2)

1.0
0.2
0.2
0.5
1.9
7.6
30.5
61.0
15.3
15.3

0.5
0.2
0.2
0.1
1.0
0.1
3.8
30.5
61.0
61.0
7.6
7.6
0.2
1.9

Cystatin-B (CSTB)

Monocyte chemotactic protein 1 (MCP-1)

Scavenger receptor cysteine-rich type 1 protein M130 (CD163)

Granulins (GRN)

Matrix extracellular phosphoglycoprotein (MEPE)

Bleomycin hydrolase (BLM hydrolase)

Perlecan (PLC)

Lymphotoxin-beta receptor (LTBR)

Neurogenic locus notch homolog protein 3 (Notch 3)

Galectin-3 (Gal-3)

P-selectin (SELP)

Trefoil factor 3 (TFF3)

CD166 antigen (ALCAM)

Osteoprotegerin (OPG)

0.1

0.1

Interleukin-2 receptor subunit alpha (IL2-RA)

62500

15625

62500

62500

62500

62500

62500

62500

1953

7812

15625

3906

7812

15625

1953

62500

500000

31250

31250

62500

31250

15625

ULOQ
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3.8

0.5

61.0

0.1

7.6

7.6

244.1

244.1

Matrix metalloproteinase-9 (MMP-9)

Ephrin type-B receptor 4 (EPHB4)

3.8

1.0

1.9

1.9

1.0

1.9

Low-density lipoprotein receptor (LDL receptor)

LLOQ

pg/mL

62500

15625

125000

62500

62500

62500

62500

62500

3906

15625

15625

7812

15625

31250

7812

125000

500000

62500

62500

62500

31250

31250

Hook

Analytical measurement

Integrin beta-2 (ITGB2)

0.2

LOD

Tumor necrosis factor receptor superfamily member 14 (TNFRSF14)

Target

Table 2: Assay information
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Range

log10

4.2

4.5

3.6

3.6

3.0

3.0

3.3

3.9

4.2

3.6

4.5

4.2

4.5

4.2

4.5

3.9

3.3

3.9

4.5

3.9

4.2

4.2

Intra

8.7

7.6

7.3

7.7

8.7

7.4

7.6

6.7

7.9

7.6

7.8

7.7

7.0

8.1

7.6

7.9

8.4

7.8

7.6

8.4

8.0

7.8

Inter

% CV

Precision

9.5

10.5

9.0

10.8

11.7

10.9

9.2

8.6

11.5

9.4

9.8

8.8

8.3

10.7

8.3

8.8

12.2

9.7

10.0

10.9

9.4

10.3
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3.8
1.0
1.0
30.5
0.1
1.0
3.8
7.6
3.8

Tissue factor pathway inhibitor (TFPI)

Plasminogen activator inhibitor 1 (PAI)

C-C motif chemokine 24 (CCL24)

Transferrin receptor protein 1 (TR)

Tumor necrosis factor receptor superfamily member 10C (TNFRSF10C)

Growth/differentiation factor 15 (GDF-15)

E-selectin (SELE)

Azurocidin (AZU1)

Protein delta homolog 1 (DLK-1)

15.3
15.3

0.1
0.1
15.3
15.3
1.9
61.0
15.3

Interleukin-6 receptor subunit alpha (IL-6RA)

Resistin (RETN)

Insulin-like growth factor-binding protein 1 (IGFBP-1)

Chitotriosidase-1 (CHIT1)

Tartrate-resistant acid phosphatase type 5 (TR-AP)

C-C motif chemikine 22 (CCL22)

Pulmonary surfactant-associated protein D (PSP-D)

15.3

61.0

7.6

0.1

0.2

3.8

1.9

C-X-C motif chemokine 16 (CXCL16)

7.6

7.6

122.1

3.8

7.6

3.8

1.0

0.1

61.0

1.9

1.0

7.6

1.9

3.8

122.1

7.6

7.6

pg/mL

62500

15625

15625

31250

125000

7812

7812

31250

7812

62500

31250

15625

7812

15625

3906

125000

7812

15625

31250

15625

15625

125000

31250

31250
62500

62500

125000

15625

62500

62500

125000

15625

15625

62500

15625

125000

62500

31250

15625

15625

7812

125000

15625

15625

62500

62500

31250

125000

Analytical measurement

Myeloperoxidase (MPO)

122.1

1.9

Spondin-1 (SPON1)

3.8

Cadherin-5 (CDH5)

Fatty acid-binding protein, adipocyte (FABP4)

3.8
122.1

Contactin-1 (CNTN1)

Trem-like transcript 2 protein (TLT-2)

3.8

Metalloproteinase inhibitor 4 (TIMP4)

Table 2: Assay information (continued)
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log10

3.6

2.4

3.3

3.3

3.9

5.1

4.5

3.9

3.0

2.7

3.9

3.3

3.3

4.2

4.8

3.3

3.6

4.2

3.6

3.9

3.6

3.0

3.6

3.6

9.2

8.2

7.4

7.7

7.8

7.4

7.7

8.6

6.6

8.0

8.2

7.4

6.9

8.9

7.4

6.4

9.2

7.9

8.8

8.2

7.9

11.0

7.5

9.0

% CV

Precision

9.1

14.9

10.4

10.5

9.6

13.0

9.4

11.8

8.2

12.0

10.7

7.8

9.5

11.4

10.0

8.6

13.3

9.9

12.0

9.2

11.9

12.4

9.3

12.1

0.5
7.6

0.0
61.0
0.5
0.1
0.2
0.5

Interleukin-1 receptor type 1 (IL-1RT1)

Matrix metalloproteinase-2 (MMP-2)

Tumor necrosis factor receptor superfamily member 6 (FAS)

Myoglobin (MB)

Tumor necrosis factor ligand superfamily member 13B (TNFSF13B)

0.2
7.6

7.6
1.9

0.1
3.8
1.0
1.9
7.6
1.9
0.5
1.0

Junctional adhesion molecule A (JAM-A)

Galectin-4 (Gal-4)

Interleukin-1 receptor type 2 (IL-1RT2)

Tyrosine-protein phosphatase non-receptor type substrate 1 (SHPS-1)

C-C motif chemokine 15 (CCL15)

Caspase-3 (CASP-3)

Urokinase-type plasminogen activator (uPA)

Carboxypeptidase B (CPB1)

31250

15625

31250

31250

15625

15625

62500

3906

31250

15625

62500

31250

3906

125000

31250

15625

7812

15625

62500

3906

15625

125000

15625

15625
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1.0

1.0

1.9

1.9

1.0

1.0

Carboxypeptidase A1 (CPA1)

1.0

976.6

976.6
1.0

0.2
122.1

0.2
122.1

122.1

122.1

0.0

1.0

122.1

Peptidoglycan recognition protein 1 (PGLYRP1)

Cathepsin D (CTSD)

Osteopontin (OPN)

Urokinase plasminogen activator surface receptor (U-PAR)

Proprotein convertase subtilisin/kexin type 9 (PCSK9)

122.1

0.1

0.5

Tyrosine-protein kinase receptor UFO (AXL)

Myeloblastin (PRTN3)

1.0

61.0

Aminopeptidase N (AP-N)

1.0

0.5

Epithelial cell adhesion molecule (Ep-CAM)

15.3

1.0

pg/mL
62500

15625

62500

31250

62500

62500

62500

62500

62500

31250

62500

15625

125000

62500

62500

1000000

62500

31250

31250

62500

125000

31250

15625

125000

Analytical measurement

Elafin (PI3)

Table 2: Assay information (continued)
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log10

4.5

4.2

4.2

3.6

3.9

3.9

3.9

4.2

4.5

4.2

1.8

2.4

4.2

3.0

3.6

4.5

5.1

4.2

2.7

5.1

4.2

3.0

4.2

3.0

7.5

8.4

9.0

9.1

7.5

7.9

8.3

7.6

7.5

8.4

6.6

7.8

7.6

10.0

8.2

8.0

7.9

7.7

9.2

8.0

7.8

7.3

8.2

8.2

% CV

Precision

11.7

14.4

15.7

15.1

8.6

10.1

10.4

11.2

10.0

12.2

10.3

10.5

10.2

25.3

14.2

11.7

14.8

12.2

13.1

10.3

10.7

8.0

11.4

12.9

Chapter 6

1.9
61.0
30.5
30.5
1.0
1.9

Tissue-type plasminogen activator (t-PA)

Secretoglobin family 3A member 2 (SCGB3A2)

Epidermal growth factor receptor (EGFR)

Insulin-like growth factor-binding protein 7 (IGFBP-7)

Complement component C1q receptor (CD93)

Interleukin-18-binding protein (IL-18BP)

7.6
30.5
1.9
1.0
3.8

Retinoic acid receptor responder protein 2 (RARRES2)

Intercellular adhesion molecule 2 (ICAM-2)

Kallikrein-6 (KLK6)

Platelet-derived growth factor subunit A (PDGF subunit A)

Tumor necrosis factor receptor 1 (TNF-R1)

244.1
15.3

N-terminal prohormone brain natriuretic peptide (NT-pro BNP)

1.0

Platelet endothelial cell adhesion molecule (PECAM-1)

C-C motif chemokine 16 (CCL16)

1.0

von Willebrand factor (vWF)

122.1

1.0

Matrix metalloproteinase-3 (MMP-3)

Insulin-like Growth Factor-Binding Protein 2 (IGFBP-2)

7.6
1.0

Paraoxonase (PON 3) (PON3)

Cathepsin Z (CTSZ)

244.1

7.6

ST2 protein (ST2)

Collagen alpha-1(I) chain (COL1A1)

1.9

Chitinase-3-like protein 1 (CHI3L1)

Table 2: Assay information (continued)
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15.3

244.1

1.0

15.3

122.1

7.6

1.9

1.9

61.0

7.6

1.0

1.0

7.6

244.1

1.9

1.9

61.0

30.5

244.1

1.9

7.6

1.9

pg/mL

15625

31250

15625

31250

62500

31250

15625

15625

125000

15625

15625

62500

125000

62500

31250

15625

31250

31250

500000

62500

62500

3906
62500

62500

15625

15625

62500

62500

62500

62500

62500

31250

62500

125000

62500

62500

62500

125000

62500

62500

62500

62500

62500

1000000

Analytical measurement
log10

3.0

2.1

4.2

3.3

2.7

3.6

3.9

3.9

3.3

3.3

4.2

4.8

4.2

2.4

4.2

3.9

2.7

3.0

3.3

4.5

3.9

3.3

9.8

9.3

7.2

8.4

9.0

8.3

8.7

8.0

7.8

8.7

8.7

7.0

9.5

6.4

7.8

8.1

9.1

6.9

10.3

9.4

7.9

7.6

% CV

Precision

18.3

18.8

10.2

11.8

14.9

12.1

14.7

10.6

10.7

11.5

13.5

8.6

13.3

9.8

10.3

11.4

13.0

10.2

21.7

16.1

10.5

10.1

Table 3: Variables used for indication-bias correction
Demographics
Sex (Male)
Age (years)
Country
Smoking
Alcohol usage
Body mass index (kg/m2)
NYHA class
Clinical Profile
Left ventricular ejection fraction (%)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Pulmonary congestion
Peripheral oedema
Elevated jugular venous pressure
Hepatomegaly
3rd Heart Tone
Rales >1⁄3 up lung fields
Orthopnea present
Medical History
Ischemic heart disease
Hospitalization in year before inclusion
Heart failure duration (years)
Diabetes mellitus
Atrial fibrillation
Myocardial infarction
Coronary artery bypass graft
Coronary artery disease
Percutaneous coronary intervention
Stroke
Peripheral arterial disease
COPD
Stroke
Peripheral arterial disease
COPD
Laboratory
eGFR (CKD-EPI) (mL/ min /1.73 m2)
Hematocrit (%)
Blood urea nitrogen (mmol/L)
NT-proBNP (pg/mL)
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Heart Rate (beats/min)
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Hemoglobin (g/L)
Sodium (mmol/L)
Potassium (mmol/L)
BNP (pg/mL)
Bilirubin (µmol/L)
Total-cholesterol (mmol/L)
HDL-cholesterol (mmol/L)
Hepcidin (nmol/L)
ST2 (mg/L)
FT4 (pmol/L)
HbA1c (%)
ASAT (U/L)
ALAT (U/L)
TSH (µU/L)
Gamma-GT (U/L)
Alkaline phosphatase (µg/L)
TnI (pg/mL)
ET-1 (pg/mL)
Bio-ADM (pg/mL)
Proteinuria (pg/dL)
Troponin (µg/L)

Table 4: C-index of top 3 biomarkers in the index cohort for prediction cluster membership in the validation cohort.
Endotype 1

Chapter 6

Marker

158

Endotype 2

C-index

C-index

Marker

C-index

0.69

TPA

0.72

ST2

0.82

TLT2

0.82

IGFBP1

0.83

EGFR

0.77

PRTN3

0.78

TNFRSF14

0.78

LDL receptor

0.69

VWF

0.61

AZU1

0.76

RARRES2

0.76

Combined

0.88

Combined

0.86

Combined

0.85

Combined

0.83

Endotype 5

C-index

Endotype 6

C-index

Marker

Marker

Endotype 4

TNFRSF14

Marker

Marker

Endotype 3

Endotype 7

Endotype 8

C-index

Marker

C-index

Marker

C-index

CHIT1

0.98

Combined

NA

IGFBP1

0.92

PECAM1

0.89

PON3

0.76

GDF15

0.85

JAMA

0.94

EPCAM

0.68

FABP4

0.80

CASP3

0.97

FABP4

0.65

Combined

0.94

Combined

0.97

Combined

0.82

77.3 (17.8)

70 (34.7%)

80.0 (19.9)

147 (50.0%)

91 (49.2%)

110 (35.5%)

87 (39.9%)

23 (9.0%)

67 (26.2%)

88 (34.4%)

78 (30.5%)

83.7 (20.4)

74.2 (13.3)

117.3 (20.3)

46 (14.8%)

13 (4.2%)

102 (32.9%)

122 (39.4%)

27 (8.7%)

26.2 (7.6)

118 (39.1%)

27.0 (5.5)

68 (21.9%)

65.2 (12.7)

Endotype 4

96 (47.1%)

72 (50.0%)

29 (16.0%)

64 (35.4%)

51 (28.2%)

37 (20.4%)

80.2 (18.7)

71.8 (12.3)

118.1 (20.5)

13 (6.3%)

11 (5.4%)

81 (39.5%)

90 (43.9%)

10 (4.9%)

26.8 (7.9)

95 (46.8%)

27.7 (5.6)

77 (37.6%)

73.9 (10.4)

Endotype 5

35 (20.8%)

20 (15.9%)

3 (2.2%)

19 (14.2%)

33 (24.6%)

79 (59.0%)

77.5 (16.9)

77.7 (12.5)

127.6 (19.3)

26 (15.5%)

4 (2.4%)

42 (25.0%)

92 (54.8%)

4 (2.4%)

28.7 (7.6)

83 (50.0%)

27.7 (5.6)

32 (19.0%)

66.7 (11.5)

Endotype 6
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92 (36.2%)

114 (31.7%)

Orthopnea

57 (42.2%)

10 (6.1%)

15 (7.4%)

68 (39.1%)

16 (5.4%)

50 (19.5%)

Above Knee

JVP

56 (34.4%)
46 (28.2%)

66 (32.7%)

51 (25.2%)

80 (27.2%)

51 (17.3%)

Ankle

51 (31.3%)

84.1 (21.3)

73.6 (13.3)

124.3 (24.1)

58 (31.4%)

Below Knee

Not Present

Peripheral edema

Signs and
symptoms(%)

Heart rate(bpm)

72.4 (11.8)

Diastolic BP(mmHg) 75.9 (13.6)

32 (17.3%)

39 (15.4%)

125.1 (21.6)

43 (11.9%)

124.9 (21.8)

NA

Systolic BP(mmHg)

9 (4.9%)

74 (29.1%)

8 (3.1%)

103 (28.5%)

13 (3.6%)

III

IV

9 (4.9%)
77 (41.6%)

20 (7.9%)

113 (44.5%)

41 (11.4%)

161 (44.6%)

27.6 (7.4)

29.5 (7.1)

I

29.1 (7.0)

II

NYHA n(%)

LVEF(%)

87 (47.3%)

26.2 (4.3)

28.6 (5.8)

30.5 (5.8)

BMI(kg/m2)

151 (60.2%)

55 (21.7%)

Ischemic etiology(%) 151 (42.9%)

31 (16.8%)

71.1 (11.3)

91 (25.2%)

72.6 (11.7)

Endotype 3

64.7 (12.1)

Endotype 2

Female(%)

Endotype 1

Age(years)

Demographics

Table 5: baseline characteristics stratified to endotype in patients with LVEF<40% of the index cohort.
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93 (23.8%)

68 (23.4%)

3 (0.9%)

43 (13.6%)

83 (26.3%)

187 (59.2%)

77.9 (19.6)

77.0 (12.7)

127.5 (21.2)

40 (10.2%)

9 (2.3%)

92 (23.5%)

211 (53.8%)

40 (10.2%)

29.8 (7.1)

172 (44.7%)

26.5 (4.4)

114 (29.1%)

67.0 (11.2)

Endotype 7

28 (35.0%)

20 (35.7%)

4 (5.9%)

8 (11.8%)

25 (36.8%)

31 (45.6%)

81.0 (17.4)

75.7 (17.5)

125.1 (23.8)

10 (12.5%)

1 (1.3%)

23 (28.7%)

39 (48.8%)

7 (8.8%)

28.4 (7.9)

38 (48.7%)

27.7 (5.5)

16 (20.0%)

67.6 (11.5)

Endotype 8

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

p-value

Chapter 6

158 (43.8%)

118 (32.7%)

50 (13.9%)

111 (30.8%)

Atrial fibrillation

Diabetes

COPD

CKD

123 (48.4%)

218 (60.4%)

139.0
(137.0, 142.0)

140.0
(137.0, 141.0)

4.2 (3.9, 4.5)

2449.0
(1308.0, 3779.0)

Sodium

Potassium

NT-proBNP

4438.0
(2359.0, 8475.0)

4.3 (4.0, 4.8)

12.1 (1.8)

13.9 (1.8)

Hemoglobin

Laboratory

MRA

218 (85.8%)

311 (86.1%)

Betablocker

163 (64.2%)

360 (99.7%)

275 (76.2%)

ACEi/ARB

252 (99.2%)

182 (71.7%)

50 (19.7%)

94 (37.0%)

105 (41.3%)

157 (63.1%)

Endotype 2

Loop diuretics

Medication(%)

72 (21.1%)

Endotype 1

Anemia

Medical history(%)

4.1 (3.8, 4.5)

140.0
(137.0, 142.0)

13.4 (1.8)

182 (58.7%)

269 (86.8%)

236 (76.1%)

310 (100.0%)

108 (34.8%)

51 (16.5%)

81 (26.1%)

152 (49.0%)

100 (33.3%)

Endotype 4

7128.0
4857.0
(4801.0, 12820.0) (2974.0, 8500.0)

4.2 (3.8, 4.6)

139.3
(136.0, 141.0)

13.1 (2.0)

81 (43.8%)

132 (71.4%)

125 (67.6%)

184 (99.5%)

93 (50.3%)

48 (25.9%)

65 (35.1%)

88 (47.6%)

80 (44.2%)

Endotype 3

13.7 (1.8)

90 (53.6%)

145 (86.3%)

136 (81.0%)

168 (100.0%)

62 (36.9%)

27 (16.1%)

54 (32.1%)

69 (41.1%)

44 (27.3%)

Endotype 6

<0.001

<0.001

3676.0
2884.0
6153.0
(1991.0, 6885.0) (1277.0, 5280.0) (2192.0, 10532.0) <0.001

4.2 (3.9, 4.6)

<0.001

0.006

<0.001

<0.001

0.52

<0.001

0.025

0.005

<0.001

<0.001

p-value

7278.5
(4149.0,
12421.0)

4.3 (4.0, 4.7)

139.0
(136.0, 141.5)

12.9 (2.1)

44 (55.0%)

64 (80.0%)

55 (68.8%)

80 (100.0%)

43 (53.8%)

15 (18.8%)

25 (31.3%)

37 (46.3%)

34 (44.2%)

Endotype 8

4.3 (4.0, 4.7)

140.0
(138.0, 142.0)

13.6 (1.6)

213 (54.3%)

342 (87.2%)

321 (81.9%)

388 (99.0%)

133 (34.0%)

58 (14.8%)

109 (27.8%)

125 (31.9%)

76 (20.8%)

Endotype 7

4.1 (3.8, 4.5)

138.0
140.0
(135.0, 141.0) (138.0, 142.0)

12.8 (1.8)

115 (56.1%)

167 (81.5%)

122 (59.5%)

204 (99.5%)

162 (79.0%)

34 (16.6%)

85 (41.5%)

119 (58.0%)

90 (44.8%)

Endotype 5

Table 5: baseline characteristics stratified to endotype in patients with LVEF<40% of the index cohort. (continued)
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Orthopnea

JVP

Above Knee

Below Knee

Ankle

Not Present

Peripheral edema

Signs and symptoms(%)

Heart rate(bpm)

Diastolic BP(mmHg)

Systolic BP(mmHg)

NA

IV

III

II

I

NYHA n(%)

LVEF(%)

Ischemic etiology(%)

BMI(kg/m2)

Female(%)

Age(years)

Demographics

53.2 (8.3)
6 (21%)

53.3 (9.4)

52.6 (8.8)

27.2 (5.6)

0 (0%)
6 (21%)

12 (25%)
1 (2%)

3 (10%)

2 (7%)

3 (12%)
8 (36%)

68.7 (13.5)
71.7 (14.2)

11 (28%)
11 (28%)
10 (26%)
7 (18%)
10 (42%)
18 (38%)

75.4 (13.5)

85.3 (23.2)

10 (36%)

6 (21%)

9 (32%)

3 (11%)

3 (14%)

16 (53%)

14 (50%)

6 (30%)

2 (9%)

10 (43%)

3 (13%)

8 (35%)

81.4 (23.2)

75.8 (15.8)

133.5 (21.0)

4 (14%)

1 (4%)

7 (25%)

11 (39%)

5 (18%)

52.6 (7.9)

10 (36%)

25.0 (4.5)

11 (39%)

76.7 (6.4)

Endotype 4

15 (52%)

9 (50%)

9 (35%)

8 (31%)

3 (12%)

6 (23%)

78.1 (18.0)

73.6 (11.0)

122.8 (18.2)

7 (24%)

1 (3%)

9 (31%)

10 (34%)

2 (7%)

53.4 (9.4)

5 (17%)

27.5 (5.7)

15 (52%)

79.6 (7.9)

Endotype 5

5 (38%)

5 (42%)

2 (17%)

1 (8%)

6 (50%)

3 (25%)

94.0 (21.6)

77.6 (14.7)

143.1 (30.6)

1 (8%)

0 (0%)

2 (15%)

6 (46%)

4 (31%)

51.3 (7.4)

3 (23%)

27.8 (7.1)

5 (38%)

74.3 (11.0)

Endotype 6
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14 (50%)

10 (38%)

9 (35%)

4 (15%)

87.8 (21.8)

75.2 (17.4)

138.9 (27.6)

8 (17%)
131.2 (28.0)

5 (17%)

130.0 (21.6)

7 (24%)

10 (34%)

3 (6%)
24 (50%)

5 (17%)

15 (50%)

6 (21%)

28.2 (5.7)
20 (43%)

29.6 (6.2)

12 (41%)

75.1 (10.6)

Endotype 3

5 (17%)

77.3 (7.5)
18 (38%)

74.4 (9.2)

17 (57%)

Endotype 2

Endotype 1

Table 6: baseline characteristics stratified to endotype in patients with LVEF ≥40% of the index cohort.
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7 (23%)

8 (32%)

1 (4%)

10 (38%)

6 (23%)

9 (35%)

80.0 (20.0)

69.7 (12.4)

130.7 (17.9)

6 (19%)

1 (3%)

5 (16%)

17 (55%)

2 (6%)

51.8 (8.2)

5 (17%)

27.7 (5.0)

12 (39%)

74.0 (11.8)

Endotype 7

6 (55%)

2 (33%)

2 (25%)

0 (0%)

4 (50%)

2 (25%)

79.4 (24.1)

69.8 (16.5)

123.2 (21.1)

2 (18%)

1 (9%)

3 (27%)

5 (45%)

0 (0%)

49.3 (5.3)

2 (20%)

26.6 (6.8)

7 (64%)

75.6 (11.2)

Endotype 8

0.200

0.720

0.096

0.005

0.160

0.120

0.710

0.890

0.071

0.190

0.540

0.290

p-value

Chapter 6

38 (79%)

3 (10%)

11 (37%)

COPD

23 (77%)

8 (27%)

Betablocker

MRA

3.8 (3.6, 4.1)
2984.0
(2503.0,
9380.0)

4.1 (3.9, 4.5)
3136.0
(1522.0,
4423.0)

4.2 (3.9, 4.5)
5143.0
(3876.0,
10935.0)

4.2 (3.8, 4.3)
5000.0
(2753.5,
8879.5)

4.0 (3.6, 4.4)
6610.0
(2690.0,
8751.0)

NT-proBNP

140.0 (137.0,
143.0)

4.1 (3.8, 4.4)

140.0 (138.0,
143.0)

5942.5
(3660.5,
9774.0)

141.0 (138.0,
144.0)

4.2 (3.7, 4.6)

140.8 (137.0,
142.0)

5683.0
(2666.5,
9046.5)

139.0 (137.0,
141.0)

4.0 (3.6, 4.2)

140.0 (137.0,
142.0)

2585.0
(2023.0,
3384.0)

12.0 (1.5)

3 (27%)

7 (64%)

4 (36%)

11 (100%)

7 (64%)

1 (9%)

4 (36%)

Potassium

12.4 (1.9)

9 (29%)

21 (68%)

17 (55%)

30 (97%)

13 (42%)

2 (6%)

16 (52%)

7 (64%)

5 (45%)

Endotype 8

Sodium

12.1 (1.7)

3 (23%)

8 (62%)

4 (31%)

13 (100%)

9 (69%)

4 (31%)

2 (15%)

20 (65%)

14 (45%)

Endotype 7

11.5 (1.8)

12.3 (1.5)

12 (41%)

23 (79%)

17 (59%)

29 (100%)

21 (72%)

7 (24%)

5 (17%)

8 (62%)

9 (69%)

Endotype 6

140.0 (137.0,
143.0)

12.9 (1.7)

15 (54%)

23 (82%)

16 (57%)

28 (100%)

11 (39%)

6 (21%)

8 (29%)

21 (72%)

16 (57%)

Endotype 5

13.5 (1.7)

12.3 (2.1)

6 (21%)

19 (66%)

21 (72%)

29 (100%)

14 (48%)

7 (24%)

9 (31%)

21 (75%)

10 (36%)

Endotype 4

140.0 (136.0,
141.0)

20 (42%)

35 (73%)

31 (65%)

48 (100%)

17 (35%)

13 (45%)

14 (48%)

Endotype 3

Hemoglobin

Laboratory

29 (97%)

16 (53%)

Loop diuretics

ACEi/ARB

Medication(%)

CKD

10 (21%)

9 (30%)

Diabetes

27 (56%)

4 (14%)

21 (70%)

34 (74%)

Endotype 2

Anemia

Endotype 1

Atrial fibrillation

Medical history(%)

Demographics

Table 6: baseline characteristics stratified to endotype in patients with LVEF ≥40% of the index cohort. (continued)
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<0.001

0.260

0.650

<0.001

0.150

0.720

0.200

0.630

<0.001

0.330

0.160

0.290

<0.001

p-value

ref

2.0 (1.2-3.2) 0.007
1.4 (0.9-2.0) 0.096

1.6 (1.1-2.2) 0.012

1.4 (1.0-2.0) 0.046

1.7 (1.0-2.7) 0.037

1.9 (1.3-2.7) <0.001 1.2 (0.8-1.8) 0.487 1.0 (0.7-1.5) 0.935 1.1 (0.6-1.8) 0.760

2.5 (1.6-4.1) <0.001 1.6 (0.8-3.0) 0.159 1.2 (0.7-2.0) 0.522 2.3 (1.2-4.4) 0.011

2.6 (1.6-4.2) <0.001 1.6 (0.8-3.0) 0.156 1.2 (0.7-2.0) 0.563 2.3 (1.2-4.4) 0.011

3.6 (2.5-5.0) <0.001 1.2 (0.8-1.9) 0.382 1.0 (0.7-1.4) 0.904 1.7 (1.0-2.9) 0.035

1.8 (1.1-2.9) 0.019

1.6 (1.0-2.6) 0.041

1.8 (1.3-2.6) 0.001

2.0 (1.2-3.2) 0.008

1.8 (1.1-2.9) 0.019

HR (95%CI)
p-value

Endotype 8

2.7 (1.9-3.9) <0.001 1.9 (1.3-2.7) <0.001 4.3 (3.1-6.0) <0.001 1.3 (0.8-2.0) 0.268 1.0 (0.7-1.5) 0.903 1.9 (1.1-3.1) 0.015

HR (95%CI) p-value

HR (95%CI)
p-value

HR (95%CI)
p-value

2.3 (1.6-3.3) <0.001

HR (95%CI) p-value

Endotype 7

Endotype 6

3.0 (2.2-4.2) <0.001

HR (95%CI) p-value

HR (95%CI) p-value

Endotype 5

All-cause mortality at 2 years
Endotype 4

2.6 (1.8-3.6) <0.001

Endotype 3

Endotype 2

Novel Endotypes in Heart Failure: Effects on Guideline-Directed Medical Therapy

Model 1: age & sex; Model 2: model 1 + eGFR, systolic blood pressure, presence of anemia, history of atrial fibrillation and NT-proBNP levels; Model 3: model 2 + fraction target
dosages of ACEi/ARB and beta-blockers at 3 months. The BIOSTAT risk model includes: age, blood urea nitrogen, NT-proBNP, hemoglobin levels, usage of beta-blockers at time
of inclusion, previous HF hospitalization, presence of peripheral edema, systolic blood pressure, high-density lipoprotein, cholesterol and sodium levels.

ref

Model 2

Model 3

ref

Model 1

BIOSTAT
risk model

ref

ref

Univariable

HR (95%CI)
p-value

Endotype 1

Table 7: Survival all-cause mortality at 2 years index cohort.
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Table 8: C-index for the BIOSTAT-CHF risk model for all-cause mortality and hospitalization for Heart
Failure across endotypes.
C-index
Endotype 1

0.72

Endotype 2

0.63

Endotype 3

0.62

Endotype 4

0.64

Endotype 5

0.66

Endotype 6

0.68

Endotype 7

0.72

Endotype 8

0.68

Table 9: Hazard ratios for association of successful uptitration of ACEi/ARB and beta-blockers with
outcome across endotypes.
ACEi/ARB uptitration
Hazard ratio

Lower bound

Upper pound

p-value

Endotype 1

0.68

0.53

0.88

0.003

Endotype 2

0.89

0.72

1.10

0.293

Endotype 3

0.48

0.36

0.65

<0.001

Endotype 4

0.69

0.55

0.86

0.001

Endotype 5

0.57

0.41

0.80

0.001

Endotype 6

0.89

0.66

1.20

0.440

Endotype 7

0.82

0.67

1.01

0.061

Endotype 8

1.30

0.87

1.95

0.198

Endotype 1

0.10

0.05

0.18

<0.001

Endotype 2

1.35

1.08

1.68

0.007

Endotype 3

0.78

0.57

1.08

0.131

Chapter 6

Beta-blocker uptitration
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Endotype 4

0.89

0.71

1.12

0.320

Endotype 5

1.35

1.10

1.65

0.004

Endotype 6

0.89

0.56

1.42

0.633

Endotype 7

0.71

0.53

0.94

0.018

Endotype 8

0.83

0.57

1.22

0.343

Table 10: differences between index and validation cohort.

Sex (male)
Age

Validation cohort

2516

1738

73 % (1846)

66 % (1139)

69 (±12)

74 (±10.7)

Race (caucasian)

99 % (2489)

99 % (1718)

Smoking (past)

48 % (1220)

35 % (602)

Smoking (currently)

14 % (353)

14 % (236)

Alcohol use

28 % (700)

47 % (790)

BMI

28 (±5.5)

29 (±6.4)

Heart rate

80 (±19.5)

74 (±16.8)

NYHA I

2 % (56)

1 % (17)

NYHA II

35 % (868)

41 % (710)

NYHA III

50 % (1228)

44 % (768)

NYHA IV

12 % (294)

14 % (235)

LVEF

31 (±10.6)

41 (±13)

HF hospitalization in before inclusion

32 % (794)

37 % (644)

Ischemic aetiology

54 % (1358)

42 % (724)

Atrial fibrillation

45 % (1143)

44 % (757)

Diabetes mellitus

33 % (819)

32 % (559)

COPD

17 % (436)

18 % (317)

Peripheral Artery Disease

11 % (273)

22 % (369)

Pulmonary congestion (single base)

13 % (311)

6 % (95)

Pulmonary congestion (bi-basilar)

40 % (980)

39 % (639)

Peripheral oedema

50 % (1256)

62 % (953)

rales 1/3 lung fields

19 % (248)

3 % (50)

JVP

32 % (554)

26 % (449)

Hepatomegaly

14 % (358)

4 % (60)

Hypertension

62 % (1569)

58 % (1002)

SBP

125 (±21.9)

126 (±22.6)

Hemoglobin

13 (±1.9)

15 (±15.2)

Sodium (mmol/l)

139 (±4)

139 (±4.6)

71 (±29.6)

77 (±80.1)

eGFR (MDRD formula) mL/min/1.73m2
Potassium
Alkaline phosphatase
Total bilirubin

4 (±0.6)

5 (±12.2)

84 (65-117.1625)

89 (72-116)

14 (10-21)

10 (7-15)

HDL

1 (±0.4)

1 (±0.5)

Albumin

32 (±8.8)

38 (±6.1)

ASAT

25 (17-38)

23 (18-31)

4275 (2360-8485.5)

1376 (510.2-3548.25)

NT-proBNP
Use of beta-blocking agent at baseline

75 % (1884)

70 % (1209)

Use of ACE-inhibitor/ARB at baseline

65 % (1627)

69 % (1196)

Abbreviations: ASAT, aspartate aminotransferase; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; eGFR, estimated glomerular filtration rate; HDL, high density lipoprotein; HF, heart failure; JVP, increased
jugular venous pressure; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; SBP, systolic blood pressure
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Index cohort
N
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110 (30.3%)

HFpEF

144 (36.3%)

29 (7.3%)

127.5 (21.8)

71.2 (12.3)

41.8 (12.9)

73.4 (14.8)

II

III

IV

SBP

DBP

LVEF

HR

159 (46.1%)

102 (29.6%)

71 (20.6%)

13 (3.8%)

76 (23.1%)

Not Present

Ankle

Below Knee

Above Knee

Elevated JVP

Peripheral edema

Signs and symtoms

6 (1.5%)

218 (54.9%)

I

NYHA

32.6 (6.6)

98 (27.0%)

HFmrEF

BMI

155 (42.7%)

HFrEF

HF status

68.1 (10.3)

130 (32.7%)

Female sex

397

Endotype 1

Age

Demographics

N

59 (30.6%)

13 (6.4%)

48 (23.5%)

75 (36.8%)

68 (33.3%)

71.7 (14.9)

42.9 (13.7)

66.3 (12.6)

130.0 (23.2)

36 (16.5%)

105 (48.2%)

76 (34.9%)

1 (0.5%)

29.6 (5.9)

69 (35.8%)

50 (25.9%)

74 (38.3%)

61 (28.0%)

76.9 (8.4)

218

Endotype 2

Table 11: baseline characteristics validation cohort.
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63 (40.9%)

9 (5.7%)

47 (29.9%)

65 (41.4%)

36 (22.9%)

80.1 (16.9)

41.9 (13.2)

69.4 (15.3)

123.7 (24.5)

35 (19.9%)

96 (54.5%)

44 (25.0%)

1 (0.6%)

27.1 (6.5)

51 (30.5%)

42 (25.1%)

74 (44.3%)

44 (25.0%)

77.1 (10.2)
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Endotype 3

71 (37.0%)

18 (8.8%)

47 (23.0%)

65 (31.9%)

74 (36.3%)

79.0 (19.4)

39.1 (13.4)

71.7 (13.1)

121.8 (20.9)

29 (13.1%)

92 (41.6%)

98 (44.3%)

2 (0.9%)

27.5 (5.5)

45 (22.5%)

49 (24.5%)

106 (53.0%)

66 (29.9%)

73.1 (11.6)

221

Endotype 4

77 (46.1%)

30 (16.0%)

70 (37.4%)

51 (27.3%)

36 (19.3%)

73.5 (17.6)

40.7 (12.8)

66.9 (12.3)

123.1 (24.7)

60 (29.7%)

104 (51.5%)

37 (18.3%)

1 (0.5%)

27.6 (5.8)

46 (25.1%)

40 (21.9%)

97 (53.0%)

88 (43.6%)

78.6 (9.2)

202

Endotype 5

19 (26.0%)

2 (2.8%)

27 (37.5%)

16 (22.2%)

27 (37.5%)

75.5 (13.8)

41.7 (13.1)

67.0 (15.3)

124.6 (23.0)

12 (14.5%)

43 (51.8%)

27 (32.5%)

1 (1.2%)

27.5 (4.9)

20 (29.0%)

17 (24.6%)

32 (46.4%)

37 (44.6%)

76.0 (8.9)

83

Endotype 6

59 (19.9%)

8 (2.7%)

44 (14.8%)

85 (28.5%)

161 (54.0%)

69.9 (14.5)

40.6 (12.1)

69.6 (12.2)

128.0 (21.4)

18 (5.1%)

145 (41.2%)

185 (52.6%)

4 (1.1%)

27.3 (5.3)

75 (23.4%)

90 (28.1%)

155 (48.4%)

135 (38.2%)

73.6 (10.3)

353

Endotype 7

18 (39.1%)

1 (1.9%)

19 (35.8%)

15 (28.3%)

18 (34.0%)

76.5 (19.8)

40.8 (13.4)

67.3 (14.1)

124.4 (22.2)

9 (15.8%)

29 (50.9%)

19 (33.3%)

0 (0.0%)

31.2 (6.1)

15 (30.6%)

9 (18.4%)

25 (51.0%)

17 (29.8%)

73.2 (11.0)

57

Endotype 8

<0.001

<0.001

<0.001

0.14

<0.001

0.001

<0.001

<0.001

0.085

<0.001

<0.001

p-value

Endotype 2

6 (3.0%)

132 (61.4%)

91 (42.3%)

101 (46.8%)

38 (17.6%)

178 (83.2%)

149 (68.3%)

57 (26.4%)

44 (20.5%)

40 (18.4%)

46 (21.1%)

11 (3.2%)

61 (15.6%)

161 (40.9%)

144 (36.4%)

67 (17.0%)

102 (26.2%)

235 (59.3%)

84 (21.9%)

49 (12.4%)

94 (23.9%)

77 (19.4%)

Anemia

Atrial
fibrillation

Diabetes
mellitus

COPD

Renal disease

Hypertension

PVD

Stroke

PCI

CABG

19 (8.8%)

215 (98.6%)

145 (66.5%)

154 (70.6%)

65 (29.8%)

56 (14.1%)

393 (99.0%)

323 (81.4%)

301 (75.8%)

140 (35.3%)

Current

Diuretics

ACEi/ARB

Beta-blockers

MRA

54 (30.7%)

116 (65.9%)

107 (60.8%)

174 (98.9%)

32 (18.2%)

70 (39.8%)

74 (42.0%)

22 (12.5%)

23 (13.5%)

43 (24.7%)

36 (21.3%)

107 (60.8%)

85 (48.6%)

48 (27.3%)

53 (30.3%)

82 (46.9%)

77 (44.5%)

9 (5.5%)

Endotype 3

81 (36.7%)

172 (77.8%)

166 (75.1%)

218 (98.6%)

21 (9.6%)

71 (32.4%)

127 (58.0%)

33 (15.0%)

24 (11.0%)

31 (14.2%)

35 (16.2%)

116 (53.0%)

69 (31.7%)

38 (17.3%)

44 (19.9%)

125 (56.8%)

76 (34.4%)

9 (4.4%)

Endotype 4

68 (33.7%)

142 (70.3%)

98 (48.5%)

198 (98.0%)

22 (11.1%)

56 (28.3%)

120 (60.6%)

33 (16.4%)

35 (17.6%)

37 (18.3%)

45 (23.0%)

116 (58.0%)

147 (73.1%)

34 (17.0%)

70 (34.8%)

100 (49.8%)

125 (62.2%)

18 (10.1%)

Endotype 5

29 (34.9%)

55 (66.3%)

54 (65.1%)

82 (98.8%)

12 (14.5%)

27 (32.5%)

44 (53.0%)

20 (24.1%)

22 (26.5%)

23 (27.7%)

16 (19.8%)

55 (66.3%)

39 (47.0%)

17 (20.7%)

23 (28.4%)

28 (35.0%)

43 (51.8%)

2 (2.6%)

Endotype 6

Novel Endotypes in Heart Failure: Effects on Guideline-Directed Medical Therapy

75 (34.9%)

Medication

121 (56.3%)

180 (45.3%)

161 (40.6%)

None

Past

Smoking history

Medical
history

Hepatomegaly

Endotype 1

Table 11: baseline characteristics validation cohort. (continued)
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94 (26.6%)

257 (72.8%)

274 (77.6%)

350 (99.2%)

63 (17.9%)

114 (32.4%)

175 (49.7%)

62 (17.6%)

73 (20.9%)

77 (21.9%)

80 (23.2%)

184 (52.4%)

125 (36.0%)

55 (15.7%)

95 (27.1%)

139 (39.6%)

99 (28.1%)

5 (1.6%)

Endotype 7

18 (31.6%)

40 (70.2%)

38 (66.7%)

57 (100.0%)

8 (14.3%)

18 (32.1%)

30 (53.6%)

8 (14.0%)

6 (10.5%)

6 (11.1%)

13 (23.2%)

31 (54.4%)

27 (47.4%)

11 (19.6%)

22 (38.6%)

27 (47.4%)

21 (36.8%)

0 (0.0%)

Endotype 8

0.190

0.110

<0.001

0.940

0.001

0.19

<0.001

<0.001

0.39

0.006

<0.001

0.09

<0.001

<0.001

<0.001

<0.001

p-value

Chapter 6

4.4 (4.1, 4.8)

2134.0 (843.0,
4811.0)

4.3 (4.0, 4.6)

480.0 (220.0,
994.0)

Sodium

Potassium

NT-proBNP

4180.0 (2117.0,
8607.0)

4.2 (3.8, 4.4)

138.0 (136.0,
141.0)

13.1 (2.1)

Endotype 3

2332.0 (1137.0,
4802.0)

4.1 (3.9, 4.4)

139.0 (137.0,
142.0)

17.1 (21.3)

Endotype 4

5260.0 (2079.0,
10347.0)

4.2 (3.8, 4.5)

139.0 (136.0, 141.0)

13.7 (13.6)

Endotype 5

1853.0 (762.0,
3401.0)

4.2 (3.9, 4.6)

139.0 (137.0,
141.0)

12.7 (1.9)

Endotype 6

775.0 (348.0,
1568.0)

4.3 (4.1, 4.6)

139.0 (137.0,
141.0)

15.4 (16.2)

Endotype 7

1545.0 (697.0,
3133.0)

4.3 (4.0, 4.6)

140.0 (137.0,
141.0)

13.2 (2.1)

Endotype 8

<0.001

<0.001

0.011

0.012

p-value

Abbreviations: ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; COPD, chronic obstructive pulmonary disease; DBP,
diastolic blood pressure; HF, heart failure; HR, heart rate; HFmrEF, heart failure with a mid-range ejection fraction; HFpEF, heart failure with a preserved ejection fraction; HFrEF,
heart failure with a reduced ejection fraction; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonists; NYHA, New York Heart Association; CABG,
coronary artery bypass grafting; PCI, percutaneous coronary intervention; PVD, peripheral vascular disease; SBP, systolic blood pressure.

13.1 (10.6)

139.0 (137.0,
141.0)

16.1 (16.8)

Endotype 2

139.0 (138.0,
141.0)

Endotype 1

Hemoglobin

Laboratory

Table 11: baseline characteristics validation cohort. (continued)
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Figure 1: Results of NBclust package, frequency of optimal number of clusters
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Figure 2: summary per endotype of clinical characteristics

Chapter 6

Figure 3: Overview of analyses
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Figure 4: Scree plot.

Statistical methods.
Cluster analysis
The main objective of this study was to identify mutually exclusive subgroups based on biomarker
profiles. We summarized the statistical approach used in supplementary Figure 3. Given this large set
of biomarkers, we sought to reduce the dimension of our covariate list through principal component analysis (PCA). PCA was performed on all 92 biomarkers using the prcomp package in R, which
calculates the singular value decomposition of the data matrix. 10 principal components (PCs)
with a minimum eigen value of >1 were retained and used as input for the ensuing cluster analysis
(supplementary Figure 4).
clustering techniques including model based clustering techniques (Mclust and poLCA) as well
as partitioning around medoids (PAM) analysis (1–6). We observed that results from Mclust and
poLCA could not be validated in our independent validation cohort. Furthermore, we observed
differences in number of clusters between the index and validation cohort for both the Mclust and
poLCA package. This suggests that in the case of our study, PAM was the most robust clustering
method used. The optimal number of clusters was determined using the package NbClust (7).
Cluster membership in the validation cohort was determined first by projecting the results of the
PCA on the biomarker levels in the validation cohort, followed by the calculation of the nearest
cluster, using k-nearest neighbors in the index cohort, for each patient in the validation cohort (8, 9).

Inverse probability weighting
To correct for treatment indication bias, we performed inverse probability weighting (IPW) (10).
Hazard ratios were weighed for the inverse probability for being uptitrated to guideline directed
dosages of ACEi/ARB and beta-blockers. This method uses the fitted complete model and
computes approximate Wald statistics by computing conditional (restricted) maximum likelihood
estimates (11). We also performed 1000 bootstrap analyses to get a robust selection of important
patient characteristics associated with reaching recommended dose. We included variables selected
in >40% of the bootstrap analyses into the IPW analysis (12).
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Since there is no single best method for clustering biomedical variables, we have performed multiple
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Due to aging and an increase in incidence of cardiovascular risk factors such as hypertension,
coronary artery disease and diabetes, the incidence and prevalence of heart failure (HF) will increase. Currently, one in five, both men and women, will develop HF during their lifetime (1).
After diagnosis of HF, no cure is available in most cases. Thus, prevention of HF by treating its
risk factors as well as identifying individuals at high risk is crucial. The current guidelines mention
prevention and prediction of HF as a focal point and this remains an important unmet need within
the cardiovascular health field (2). Nevertheless, predicting individuals at risk for developing HF is
difficult. The advent of the -omics based studies might provide novel and possibly more clinically
relevant risk prediction opportunities. Yet, how do we go forward? And how do lessons previously
learned apply to research performed today?
Predicting HF is not common place in clinical practice (3). To evaluate the clinical utility and predictive value of a risk-prediction model, the C-index is an important tool. Generally, a c-index of >0.8
can be considered good. However, a good prediction model in clinical practice is highly dependent
not only on statistical considerations per se, but also on clinical and cost-driven deliberations (4).
Previously published prediction models from the ARIC (C-index 0.79) and Framingham Heart
Study (FHS, C-index 0.86) performed reasonably well. Yet, these models were either not externally
validated (ARIC) or performed considerably worse in validation (FHS) (5).
Biomarkers have previously been successfully used to predict incident HF (6, 7). Particularly, the
STOP-HF trial was a parallel-group randomized trial, assigning 1374 participants with cardiovascular risk factors to either care-as-usual or screening with BNP testing. Individuals with a BNP
above 50 pg/mL underwent echocardiography and were referred to specialist cardiovascular care.
Compared to the control group, the intervention group showed reduced rates of new onset HF.
This suggests that screening for HF is feasible. What is important here and also for other more successful clinical risk scores, is that the STOP-HF trial included individuals at-risk for developing HF
(3). Indeed, a previous study showed that the predictive value of biomarkers could be improved by
a-priori risk-stratification (10). By making use of this risk-heterogeneity, risk prediction of incident
HF by biomarkers can potentially be improved.
Unfortunately, most models and novel predictors have not brought us closer to improving risk
predicting in clinical practice, but novel predictors of HF can teach us about the etiology and pathophysiology of HF. In this light, the article of Delles et al. in the current issue of the journal is of
particular interest (11). Here, the authors use a metabolomics-based approach to identify potential
metabolites, which are associated with HF using data from the PROspective Study of Pravastatin in
the Elderly at Risk (PROSPER) cohort. This cohort includes 5,341 elderly (between 70 to 82 years)
individuals of whom 182 were hospitalized for HF during the 2.5 year follow up. The diagnosis of
HF was determined by having either signs or symptoms of fluid overload, or a chest radiograph displaying fluid overload or an echocardiography showing diminished cardiac function. This may have
led to some misclassification, since comorbidities such as chronic obstructive pulmonary disease
(COPD) and anemia can mimic the signs and symptoms of HF. The authors use high-throughput
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STOP-HF trial showed promise in using a biomarker-based approach to predict HF (8, 9). The
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serum metabolomics, a technique which measures low molecular weight compounds (metabolites),
which are usually substrates or by-products of enzymatic reactions and identified 80 metabolites
for subsequent analyses. A particular strength of the study is that the results were validated in an
independent cohort of 7,330 individuals (aged 25-74) of whom 133 were diagnosed with HF during
the 5-year follow-up period from the FINRISK 1997 cohort. Another strength of this study is the
relatively unbiased approach to selecting metabolites and the ability of the authors to validate part
of their findings in an independent cohort. Furthermore, the authors used a cohort readily at high
risk for developing HF due to the presence of pre-existing vascular disease or a significant risk of
developing this condition.
In the present study, the authors have successfully identified 13 novel metabolites associated with
HF hospitalizations. After rigorous correcting for clinical confounders, only phenylalanine and
acetate were significantly associated with HF hospitalizations during follow up. While the association between phenylalanine and HF is not novel, the results of the present study clearly extend on
contemporary knowledge by showing that phenylalanine predicts the development of HF (11).
While a definitive function of phenylalanine in HF has yet to be determined, examining the known
physiological function of phenylalanine might provide us with hints. Phenylalanine is a precursor to
catecholamines and has previously been found to be increased in HF patients compared to controls
(12). It has been suggested, that increased levels of catecholamines in HF patients are the result of
a decreased cardiac output and stress response (12). The data from the current study suggest that
phenylalanine might indeed be involved in a causative mechanism for HF, but more rigorous studies
confirming this finding and unravel the potential mechanisms are needed.
While the authors showed a significant association between phenylalanine and incident HF, the
increment in risk prediction is negligible: the authors show that a proportion of the non-cases are
correctly reclassified, yet phenylalanine did not provide for an incremental improvement of the
c-statistic, which significantly reduces its possible utility in clinical practice. Despite the obvious
limitations of the study, the study of Delles et al. does provide us with an interesting possible
novel target in the pathophysiology of HF, which, as the authors rightly point out, deserves further
mechanistic study (11).
Chapter 7

The question remains how can we improve risk prediction for incident HF and what are the next
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steps. The answer to this question might lie in the heterogeneity of HF. Here, risk predicting for
incident HF can be improved by recognizing the heterogeneity of the HF syndrome. This heterogeneity is present in two forms, namely the risk heterogeneity of the population studied as well as
the disease heterogeneity (Figure). Indeed, it is well established that the HF syndrome consists of
distinct subtypes with exclusive or partially reciprocal etiology, pathophysiology and risk factors,
which share a common and final presentation of signs and symptoms. Hence, it is increasingly
recognized that the treatment paradigm of HF does not adhere to a one-size-fits all approach
(13). Similarly, the same can be said for prediction of HF and treating its risk factors. To move
beyond the current results of predicting individuals at risk for HF, the focus should shift from
predicting incident HF as a whole to predicting distinct subtypes within HF (disease heterogeneity),

particularly within populations already at risk for developing HF due to the presence of one or
more specific risk factors such as diabetes mellitus and coronary artery disease (risk heterogeneity).
Here, a more personalized approach is needed to predict incident HF. Indeed, previous studies
have readily shown that risk factors significantly differ for predicting HF with a reduced (HFrEF)
and preserved (HFpEF) ejection fraction. Subsequent studies extended upon this, by showing that
risk models for predicting HFrEF and HFpEF separately, had relatively higher C-indexes than
contemporary risk models predicting HF as a whole. The authors then successfully validated these
results in an independent cohort (14). In a clinical setting, we are readily moving away from a
one-size-fits all approach in our understanding of the pathophysiology of HF as well as in the
treatment of HF by having separate treatment recommendations for HFrEF, HFmrEF and HFpEF
(2). Particularly within HFpEF, calls are being made for phenotypic specific treatment (15, 16). The
question remains, why are we still predicting HF using a one-size-fits-all approach? While the results
of Delles et al. are compelling, phenylalanine might show additional predictive value when restricted
to predicting incident HF in particular subgroups (risk heterogeneity) or predicting specific subtypes
of HF (disease heterogeneity). Furthermore, a better understanding of how phenylalanine relates to
particular subtypes of HF, might provide us with additional vital information about its pathophysiological role in the HF syndrome. Future clinical as well as -omics based approaches in predicting
incident HF, might benefit from recognizing this particular heterogeneity of the HF syndrome
high-risk versus low-risk for developing HF.

Predicting Heart Failure: One Size Does Not Fit All

by identifying subtypes of HF using more personalized medicine approaches, in populations at

179

Figure: Concept of risk heterogeneity and disease heterogeneity in predicting heart failure.
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This thesis investigated the role of biomarkers in personalized and precision medicine approaches in
heart failure. A personalized medicine approach targets the correct individual, while a precise treatment
targets the correct pathophysiological mechanism. We used two novel approaches using biomarkers
to (1) identify pathophysiological mechanisms relevant to patients with heart failure with a reduced
(HFrEF), mid-range (HFmrEF) and preserved (HFpEF) ejection fraction and (2) establish novel
subtypes in heart failure using an unbiased cluster analysis approach.

Pathophysiological differences between HFrEF
and HFpEF
Current medical treatment possibilities for heart failure include angiotensin-converting enzyme
(ACE) inhibitors, beta-blockers and mineralocorticoid receptor analogists (1). Overall, these
therapies have proven effective in patients with HFrEF and have significantly improved outcomes
for these patients. This, however, is not the case for patients with HFpEF (1–4), which suggests
that HFrEF and HFpEF are two distinct disease entities. There are clear differences in phenotype
between patients with HFrEF and HFpEF. Patients with HFrEF are more frequently men with an
ischemic etiology of heart failure. In contrast, patients with HFpEF are more often women and
have a plethora of comorbidities such as atrial fibrillation, hypertension and obesity (5–7). These
differences between patients with HFrEF and HFpEF are also apparent when studying circulating
biomarkers, which can help in characterizing the pathophysiology of HFrEF and HFpEF. For
example, a previous study showed that biomarker levels related to collagen deposition are higher
number of biomarkers. Improved techniques in biomarker measurement have allow us to measure
larger numbers of biomarkers in individual patients. This provides more comprehensive data that
characterizes pathophysiological differences. Therefore, it is timely to develop more advanced dataanalysis techniques to characterize pathophysiological differences between HFrEF and HFpEF and
identify single biomarkers of interest.
In Chapter 2, we investigated fibrosis and inflammation marker syndecan-1 in patients with HFrEF
and HFpEF. In this chapter, we showed that syndecan-1 is significantly associated with worse survival rates in patients with HFpEF, but not in patients with HFrEF, despite similar levels of syndecan-1 between patients with HFrEF and HFpEF. In Addition, levels of syndecan-1 were associated
with inflammation biomarkers, but not with markers of fibrosis. Both fibrosis and inflammation
are key in the pathophysiology of HFpEF (10–13). Syndecan-1 was associated with a higher risk
of developing worsening renal function during hospitalization during hospitalization, in a separate
study (14). This suggests that syndecan-1 might be associated with a risk of developing worsening
renal function in HFpEF. The development of worsening renal function is associated with more
adverse outcomes in HFpEF than in HFrEF (15, 16). Furthermore, renal dysfunction is associated
with the pathophysiology of HFpEF(11). Renal dysfunction can be a potential cause of HFpEF
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in HFpEF compared to HFrEF (8). Yet, these studies often investigated individual or a limited
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due to a negative spiral of reduced kidney perfusion, leading to increased inflammation, which in
turn leads to additional stiffening of the heart muscle, which then further reduces kidney perfusion.
While a plethora of studies have investigated single biomarkers in HFrEF and HFpEF (8, 17–19),
the number of studies investigating differences in biomarker profiles between HFrEF and HFpEF
is limited (20, 21). In Chapter 3 we studied differences in levels, predictive association and correlations between biomarkers using network analysis in HFrEF and HFpEF (22). Results of this
study showed that levels of NT-proBNP were considerably lower in patients with HFpEF than
in HFrEF, which is in line with earlier reports (23). Lower levels of NT-proBNP in HFpEF are
potentially caused by less cardiac stretch in patients with HFpEF. Patients with HFpEF had higher
levels of hs-CRP compared to patients with HFrEF, which is an important marker of inflammation.
Fibrosis marker osteopontin and endothelial damage marker angiogenin were both associated with
more adverse outcomes in HFpEF than in HFrEF. These findings add to existing evidence that
the pathophysiology in HFpEF is associated with adverse cardiac fibrosis as well as endothelial
damage (10, 24). To study correlations between biomarkers we used a network analysis approach.
These analyses identify biomarkers that have a strong association with several other biomarkers in
the network. When these so-called “central hubs” are “removed” from the network, the network
of biomarkers falls apart. This suggests that these hubs reflect active pathophysiological processes
in these patients. In Chapter 3 we found that inflammatory biomarkers were important hubs in
HFpEF, while NT-proBNP was an important hub in HFrEF. In addition, we found that exclusive
correlations between biomarkers in HFrEF were associated with NT-proBNP. In contrast, exclusive
correlations between biomarkers in HFpEF were associated with markers of inflammation and
endothelial damage.
In Chapter 4 we studied biomarker profiles in patients with acute heart failure. We were particularly
interested in differences between patients with HFrEF, HFmrEF and HFpEF. The main results of
this study were that biomarker profiles of patients with HFmrEF are between those of patients with
HFrEF and HFpEF. Levels of BNP were considerably higher in patients with HFrEF compared to
patients with HFmrEF and HFpEF. Furthermore, we found that fibrosis markers syndecan-1 and
galectin-3 were associated with adverse outcomes in HFpEF, but not in HFrEF, confirming earlier
Chapter 8

findings(9, 25). In addition, biomarkers pentraxin-3, receptor for advanced glycation end-products
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(RAGE), and tumor-necrosis factor receptor 1-alpha (TNF-R1a) were associated with higher rates
of mortality and/or hospitalization at 60 days after admission in HFpEF, but not in HFrEF. Levels
of pentraxin-3 are increased in patients with HFpEF and associated with more severe diastolic
dysfunction (26). Lastly, a network analysis of biomarkers within HFrEF, HFmrEF and HFpEF
showed that BNP was an important hub in patients with HFrEF. In contrast, inflammatory markers
were important hubs in patients with HFpEF. Patients with HFmrEF, showed an intermediate
profile, with both BNP as well as inflammatory biomarkers as important hubs in the network of
patients with HFmrEF. Results of our study in Chapter 4 suggest that patients with HFmrEF are
similar to both patients with HFrEF and those with HFpEF in terms of clinical characteristics and

biomarker profiles. Future studies can potentially identify patients with HFmrEF who have a similar
biomarker profile to patients with HFrEF and can thus benefit from guideline-directed treatment.
In Chapter 5 we identified biological mechanisms that are either unique for patients with HFrEF
or unique for patients with HFpEF. Results of this study showed that a large part of correlations
between biomarkers were overlapping between HFrEF, HFmrEF and HFpEF. we observed that
interleukin-1 receptor type 1 (IL1RT1), growth-differentiation factor 15 (GDF15), activating transcription factor 2 (ATF2) and NT-proBNP were important hubs in HFrEF. In networks in HFpEF,
we identified ITGB2 and catenin-beta as important hubs. Lastly, we found that biomarker networks
in HFrEF were associated with sequence-specific DNA binding, phosphorylation of peptidyl-serine,
proliferation of smooth muscle cells, protein kinase B signaling and MAPK cascade. Both protein
kinase B signaling and MAPK are related to cell proliferation and an increase in metabolism. In
contrast, biomarker networks in HFpEF were associated with inflammation, integrin signaling and
extracellular matrix organization. These data suggest future studies should focus on protein-protein
interactions within certain existing pathways such as integrin mediated signaling and extracellular
matrix organization (10, 24).
The aim of Chapter 6 was to identify novel subtypes within heart failure based on biomarker
profiles. Results from previous chapters showed that the pathophysiology of HF shows substantial
interindividual heterogeneity. Nevertheless, patients with particularly HFrEF are all treated according to guidelines with ACE-inhibitors (ACEi) and beta-blockers. We identified 8 subtypes with
considerable differences in treatment response to uptitration of ACE-inhibitors and beta-blockers.
One particular subtype was characterized by very low levels of chitinase 1 (CHIT1). CHIT1 is a
hydrolyzing enzyme involved in many physiological and pathophysiological processes (27). Inter(28). In our study, about 5% of patients were in the subgroup deficient for CHIT1. Patients from
this subtype seemed to derive no benefit from uptitration of ACE-inhibitors and beta-blockers to
guideline directed dosages. Future studies should investigate what the effect of CHIT1 is on the
effectiveness of ACE-inhibitors and beta-blockers.
Chapter 7 is an editorial about the role of risk and disease heterogeneity in predicting heart failure.
This editorial discusses a paper by Delles et al., which identified predictive biomarkers for incident
heart failure using metabolomics. The authors found phenylalanine as a potential novel target, yet
this new marker did not improve risk prediction models beyond a C-index of 0.7. In Chapter
7, therefore, we discussed how prediction of incident heart failure can possibly be improved by
making use of risk and disease heterogeneity. We argue that to improve risk prediction of incident
heart failure, individuals in the community need to be stratified into risk groups (risk heterogeneity).
A previous study showed that the predictive value of biomarkers for incident heart failure can be
improved by a-priori clinical risk stratification of individuals (29).
Four main conclusions can be drawn from the research in this thesis:
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estingly, about 10-20% of individuals in the European population are unable to produce CHIT1
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(1) Particularly markers of inflammation, fibrosis and angiogenesis are the main drivers of outcome
in HFpEF, but not in HFrEF.
(2) Correlations between biomarkers in HFpEF are associated with inflammation and endothelial
dysfunction, while correlations between biomarkers in HFrEF are associated with cardiac stretch
and pressure overload, as revealed by network analyses.
(3) Biomarker profiles in patients with HFmrEF are in between patients with HFrEF and HFpEF.
(4) Selection of patients who respond to guideline directed treatment with ACE-inhibitors and
beta-blockers might be improved by reclassifying patients into subgroups based on their biomarker
profiles.
The methods in this thesis were used for the first time in biomarker research in heart failure. The
actual value of these methods in identifying novel treatment targets has to be further established.
Future studies could evaluate possible targets found in this thesis on further clinical and mechanistic
relevance. Further, it should be noted that the biomarkers investigated in this thesis were measured
in the peripheral circulation. Therefore, although heart failure is primarily a cardiac problem, future
studies on possible treatment targets could build on the findings in this thesis in the examination of
systemic effects of heart failure.

Future perspectives
To effectively target disease mechanisms in heart failure using more precise approaches (precision
medicine), we first need to identify mutually exclusive patient groups with heart failure who represent
a relatively homogenous pathophysiological subgroup (personalized medicine). Results of this thesis
provided a first step in a novel classification of heart failure. We used biomarker profiles, as surrogates for pathophysiological processes, to identify clinically meaningful subgroups within heart
failure. Nevertheless, this study was also limited by the choice of biomarkers and the availability of
other determinants of pathophysiology. To optimize clustering analyses in order to correctly reclasChapter 8

sify patients with heart failure into mutually exclusive homogenous subgroups, several crucial steps
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are needed. First of all, we need more comprehensive and unbiased approaches in establishing the
input for cluster analysis. A combined approach utilizing proteomic, RNA-sequencing and genetic
data is preferred over using biomarkers alone. This data can then be combined with important
phenotypic data such as echocardiographic information. An early study from 2002 by Petricoin
et al. used proteomic data to identify patients with ovarian cancer from healthy individuals using
a proteomic signature (31). The authors only selected the relevant proteins by extracting proteins
which were either up- or downregulated in patients with ovarian cancer versus healthy controls. A
similar approach can be employed in patients with heart failure, by only using proteins, genes and
RNA fragments relevant to heart failure by comparing these -omics profiles to healthy controls.
These more meaningful -omics profiles can then be used to define clinically meaningful subgroups.

Following a more comprehensive identification of homogenous and clinically relevant subgroups
of heart failure patients, we can study specific disease mechanisms within subgroups using precision medicine tools. Instead of using a selected set of biomarkers, a combined -omics approach
is preferred to give a more comprehensive and unbiased insight into possible pathophysiological
mechanisms. System biology approaches can integrate data ranging from the gene- to protein and
even phenotype, to explore possible relevant disease mechanisms in homogenous subgroups of
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heart failure patients.
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In dit proefschrift is de rol van biomarkers onderzocht in personalized en precision medicine toepassingen binnen hartfalen. Bovendien staan zijn twee nieuwe toepassingen beschreven om op basis van
biomarkers (1) relevante ziekteprocessen te identificeren in hartfalen patiënten met een verminderde
(HFrEF), mid-range (HFmrEF) of behouden (HFpEF) ejectiefractie en (2) om nieuwe subgroepen
van patiënten met hartfalen te identificeren welke mogelijk beter reageren op farmacologische
behandeling.

Verschillen in ziekteprocessen tussen HFrEF en HFpEF
De bestaande farmacotherapeutische behandeling voor patiënten met hartfalen bestaat uit een
angiotensin-converting enzyme (ACE) remmer, bètablokker en aldosteron antagonist (1). Deze behandelingsmodaliteiten zijn bijzonder effectief in patiënten met HFrEF en hebben de overleving van dit
type patiënt verbeterd. Dit is niet het geval voor patiënten met HFpEF (1–4), wat suggereert dat
onderliggende ziekteprocessen in patiënten met HFrEF en HFpEF verschillen. Er zijn bovendien
ook duidelijke verschillen in de fenotypes van patiënten met HFrEF en HFpEF. Patiënten met
HFrEF zijn vaker man met een ischemische etiologie van hartfalen. In tegenstelling tot patiënten
met HFrEF, zijn patiënten met HFpEF vaker vrouw en hebben vaak een scala aan comorbiditeiten
zoals atrium fibrilleren, hypertensie of obesitas (5–7). Verschillen tussen patiënten met HFrEF en
HFpEF blijken ook uit verschillen in biomarker profielen welke zijn gemeten in plasma. Bijvoorbeeld, een bestaande studie toonde aan dat plasma niveaus van biomarkers die gerelateerd zijn aan
collageen depositie hoger zijn in patiënten met HFpEF dan in patiënten met HFrEF (8). Echter,
dergelijke bestaande studies kijken vooral naar een beperkt aantal biomarkers. Nieuwe technieken
in het meten van biomarkers hebben ertoe geleid dat een groot aantal biomarkers te meten is in
ziekteprocessen te bestuderen. Het is daarom van groot belang om te werken aan meer geavanceerde data-analyse toepassingen om verschillen in de onderliggende ziekteprocessen van HFrEF
en HFpEF beter te begrijpen en relevante nieuwe biomarkers te identificeren.
In hoofdstuk 2 hebben we de fibrose- en inflammatiemarker syndecan-1 onderzocht in patiënten
met HFrEF en HFpEF. Deze analyse heeft aangetoond dat syndecan-1 significant geassocieerd
is met een slechtere overleving in het geval van patiënten met HFpEF, maar dat in het geval van
patiënten met HFrEF een dergelijke associatie afwezig is - ondanks gelijke syndecan-1 niveaus
voor HFrEF en HFpEF patiënten. Daarnaast bleken levels van syndecan-1 geassocieerd te zijn
met inflammatie biomarkers, maar niet met fibrose biomarkers. Een bestaande studie beschreef dat
syndecan-1 geassocieerd is met een hoger risico op het ontwikkelen van nierfalen tijdens ziekenhuis
opname voor acuut hartfalen (9). Dit suggereert dat syndecan-1 geassocieerd is met het risico op het
ontwikkelen van nierfalen in HFpEF. In vergelijking met HFrEF is de ontwikkeling van nierfalen
geassocieerd met slechtere uitkomsten in HFpEF (10, 11). Daarnaast is renale disfunctie sterk
geassocieerd met de onderliggen ziekte processen van HFpEF (12). Nierfalen kan een mogelijke
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oorzaak zijn van HFpEF door een negatieve spiraal van verminderende renale perfusie, wat leidt tot
meer inflammatie, wat op zijn beurt weer leidt tot verstijving van de hartspier, hetgeen weer leidt
tot verminderde renale perfusie. Hetgeen kan verklaren waarom syndecan-1 slechtere uitkomsten
voorspeld in HFrEF maar niet in HFpEF.
Een groot aantal studies heeft individuele biomarkers onderzocht in HFrEF en HFpEF (8, 13–15);
echter, het aantal studies dat verschillen in biomarker profielen tussen patiënten met HFrEF en
HFpEF heeft onderzocht is beperkt (16, 17). In hoofdstuk 3 rapporteren we een studie naar verschillen in het niveau van biomarkers, de associatie met overleving, en netwerken van biomarkers
(18). Resultaten van deze studie hebben aangetoond aan dat het niveau van NT-proBNP lager is in
patiënten met HFpEF dan in patiënten met HFrEF, consistent met wat voor eerdere studies gerapporteerd is (19). Lagere niveaus van NT-proBNP in HFpEF worden mogelijk veroorzaakt door
minder rek van de hartspier in patiënten met HFpEF. Patiënten met HFpEF hadden in deze studie
hogere niveaus van inflammatie marker hs-CRP in vergelijking met patiënten met HFrEF. Hogere
niveaus van fibrose marker osteoponin en endotheel schade marker angiogenin waren beide geassocieerd met slechtere klinische uitkomsten in HFpEF dan in HFrEF. Deze bevindingen zijn in lijn
met eerdere studies die aantoonden dat ziekteprocessen in HFpEF met name relateren aan cardiale
fibrose en endotheel schade (20, 21). Om correlaties tussen biomarkers verder te bestuderen hebben
we netwerkanalyse gebruikt. Dit type analyse identificeert biomarkers die een sterke associatie met
andere biomarkers hebben, binnen een geobserveerd netwerk. Wanneer zogenaamde ‘hubs’ worden
verwijderd uit het netwerk, valt het totale netwerk in elkaar. Dit suggereert dat deze ‘hubs’ betrokken zijn bij ziekteprocessen in deze patiënten. In hoofdstuk 3 lieten we zien dat inflammatoire
biomarkers belangrijke ‘hubs’ waren in HFpEF, terwijl NT-proBNP een belangrijke hub was in
HFrEF. Bovendien vonden we dat specifieke correlaties tussen biomarkers in HFrEF geassocieerd
waren met NT-proBNP. In tegenstelling tot HFrEF, waren specifieke correlaties tussen biomarkers
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In hoofdstuk 4 hebben we biomarker profielen bestudeerd in patiënten met acuut hartfalen. We
waren met name geïnteresseerd in verschillen tussen patiënten met HFrEF, HFmrEF en HFpEF.
De belangrijkste resultaten van deze studie waren dat biomarker profielen in patiënten met HFmrEF lijken op zowel die van patiënten met HFrEF als van patiënten met HFpEF. Niveaus van
BNP waren aanmerkelijk hoger in patiënten met HFrEF dan in patiënten met HFmrEF of HFpEF.
Daarnaast lieten de resultaten zien dat fibrose markers syndecan-1 en galectin-3 geassocieerd waren
met slechtere uitkomsten in patiënten met HFpEF dan in patiënten met HFrEF, consistent met
resultaten van eerdere studies (22, 23). Daarnaast waren hogere niveaus van inflammatie markers
pentraxin-3, receptor for advanced glycation end-products (RAGE), en tumor-necrosis factor
receptor 1-alpha (TNF-R1a) geassocieerd met een hogere incidentie van hospitalisatie en overlijden
binnen 60 dagen na opname voor acuut hartfalen in patiënten met HFpEF, maar niet in patiënten
met HFrEF. Niveaus van pentraxin-3 zijn verhoogd in patiënten met HFpEF en geassocieerd met
meer diastolische dysfunctie (24). In netwerkanalyses van biomarkers in patiënten met HFrEF,
HFmrEF en HFpEF vonden we dat BNP een belangrijke ‘hub’ was in patiënten met HFrEF. In

tegenstelling tot HFrEF waren in HFpEF inflammatoire biomarkers belangrijke ‘hubs’. Netwerken
van biomarkers in patiënten met HFmrEF zaten tussen de netwerken van HFrEF en HFpEF in met
zowel inflammatoire biomarkers als mede BNP als belangrijke ‘hubs’. Resultaten van onze studie
in hoofdstuk 4 suggereren dat, op basis van biomarker profielen, patiënten met HFmrEF lijken
op zowel patiënten met HFrEF als patiënten met HFpEF. Toekomstige studies zouden patiënten
met HFmrEF kunnen identificeren die een vergelijkbaar biomarker profiel hebben als patiënten
met HFrEF en op basis hiervan mogelijk voordeel hebben van farmacotherapeutische behandeling.
In hoofdstuk 5 hebben we biologische mechanismen geïdentificeerd die unieke zijn voor patiënten
met HFrEF of HFpEF. Resultaten van deze studie toonden aan dat een groot deel van correlaties
tussen biomarkers vergelijkbaar zijn in patiënten met HFrEF, HFmrEF en HFpEF. We zagen
dat interleukin-1 receptor type 1 (IL1RT1), growth-differentiation factor 15 (GDF15), activating
transcription factor 2 (ATF2) en NT-proBNP belangrijke ‘hubs’ waren in HFrEF. In netwerken van
HFpEF hebben we integrin subunit beta-2 (ITGB2) en catenin-beta geïdentificeerd als belangrijke
‘hubs’. Verder vonden we dat biomarker netwerken in HFrEF geassocieerd zijn met sequentie
specifieke DNA-binding, fosforylatie van petidyl-serine, proliferatie van gladde spiercellen, de
kinase B-cascade en MAPK-cascade. Zowel kinase B en MAPK-cascade zijn geassocieerd met cel
proliferatie en een verhoging van het metabolisme. Het biomarker netwerk in HFpEF was geassocieerd met inflammatie, integrin signaal cascade en reorganisatie van de extracellulaire matrix. Deze
data suggereert dat toekomstige studies zich zouden kunnen richten op protein-protein interacties
binnen bepaalde bestaande ziekte processen zoals de integrin signaal cascade en reorganisatie van
de extracellulaire matrix (20, 21).
Het doel van de studie in hoofdstuk 6 was het identificeren van nieuwe subtypes in hartfalen
op basis van biomarker profielen. Resultaten van voorgaande hoofdstukken toonden aan dat de
pathofysiologie van hartfalen onderhevig is aan grote interindividuele heterogeniteit. Echter, patihebben we daarom 8 subtypes geïdentificeerd met significante verschillen in respons op titratie van
ACE-remmers en bètablokkers. Een van deze subtypes had bijzonder lage levels van chitinase 1
(CHIT1). CHIT1 is een hydrolyserend enzym dat betrokken is bij veel fysiologische en pathofysiologische processen (25). Bovendien zijn 10-20% van individuen in Europa niet in staat om dit enzym
te produceren (26). In onze studie vonden we dat ongeveer 5% van de patiënten deficiënt waren
voor CHIT1. Patiënten met dit subtype leken geen baat te hebben bij titratie van ACE-remmers en
bètablokkers. Toekomstige studies zouden moeten onderzoeken wat het effect is van CHIT1 op de
effectiviteit van ACE-inhibitors en bètablokkers
Hoofdstuk 7 is een editorial over de rol van risico- en ziekteheterogeniteit in het voorspellen van
hartfalen. Dit artikel bespreekt een studie van Delles et al. waarin zij biomarkers hebben geïdentificeerd die de ontwikkeling van hartfalen kunnen voorspellen met behulp van metabolomics (27).
Delles et al. vonden dat phenylalanine een sterke associatie vertoonde met het ontwikkelen van
hartfalen. Echter, deze nieuwe marker verbeterde niet bestaande risicomodellen. In hoofdstuk 7
bespreken we hoe het voorspellen van hartfalen in een populatie setting, mogelijk verbeterd kan
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worden door het onderkennen van risico en ziekte heterogeniteit. We beargumenteren in dit stuk
dat in populatie studies individuen gestratificeerd moeten worden in risicogroepen (risico heterogeniteit). Deze argumentatie sluit aan bij een eerdere studie die aantoonde dat de voorspellende
waarde van biomarkers verbeterd kan worden door a-priorische stratificatie van individuen (28).
Bovendien kan het voorspellen van hartfalen verbeterd worden door het voorspellen van subtypes
zoals HFrEF en HFpEF (ziekte heterogeniteit).
Dit proefschrift bevat vier hoofdconclusies:
(1) Biomarkers in de ziekte domeinen inflammatie, fibrose en angiogenese zijn geassocieerd met
slechte overleving in patiënten met HFpEF, maar niet in patiënten met HFrEF
(2) Correlaties tussen biomarkers zijn geassocieerd met inflammatie en endotheel dysfunctie in
HFpEF, terwijl correlaties tussen biomarkers in HFrEF zijn geassocieerd met cardiale rek en
verhoogde drukken;
(3) Biomarker profielen in patiënten met HFmrEF zitten tussen die van patiënten met HFrEF en
HFpEF in;
(4) Het selecteren van patiënten die baat hebben bij behandeling met ACE-remmers en bètablokkers kan verbeterd worden door het stratificeren van patiënten in subgroepen op basis van hun
biomarker profielen
Deze conclusies komen voort uit het gebruik van methoden die, in dit proefschrift, voor het eerst
zijn toegepast binnen biomarker onderzoek naar hartfalen, en ondersteunende ontwikkeling van
behandelingen die preciezer toegespitst zijn op individuen (personalized medicine) en onderliggende
ziektemechanismen (precise medicine). De daadwerkelijke toegevoegde waarde van deze methoden in
het identificeren van nieuwe ‘targets for treatment’ moet verder aangetoond worden. Toekomstige
studies zouden nieuwe treatment targets moeten evalueren om een daadwerkelijke relevantie van
Nederlandse samenvatting

deze methoden aan te tonen voor pathofysiologische processen of klinische toepassing. Bovendien

196

zijn biomarkers in deze thesis gemeten in de perifere circulatie. Terwijl hartfalen primair een cardiaal
probleem is, zouden toekomstige studies naar potentiele treatment targets zich kunnen baseren op
de bevindingen van dit proefschrift met betrekking tot de systemische effecten van hartfalen.
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