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Chapter 1

Introduction





Epidemiology is the science that studies the patterns, causes, and effects of health and 

disease in populations.  The fundamental, ethical and scientific precepts that traditionally 

inspired epidemiology were to acquire new scientific information that can be used to 

maintain, enhance and promote people’s health.  Quantification and control of morbidity 

and mortality long constituted the core business of epidemiological practice.  Over the 

past 10 years, population scientists embraced the wave of new high-throughput 

technologies.  In this dissertation, we made use of the opportunities offered by the novel 

proteomic and metabolomic approaches and by the possibility to access large public 

databases that allow identification of proteins and molecular pathways from sequenced 

peptides in urine samples or cardiac biopsies.  

In line with the Global Burden of Disease (GBD) Reports 2013 [1] and 2015 [2], we 

focused on cardiovascular and chronic kidney disease (CKD).  GBD 2013 introduced the 

notion of epidemiological transition as an extension of demographic transition [1]. 

Demographic transition refers to a specific change over time occurring in populations 

characterised by reduced natality, falling case-fatality rates of common age-related 

illnesses and ageing of populations. The new concept of epidemiological transition 

accounts for secular trends in the causes of mortality and incorporates not only mortality, 

but morbidity as well [1].  Disability-adjusted life-years (DALYs) is a metric that captures 

both years of life lost (YLLs) due to premature mortality and years lived with disability 

(YLDs) [1].  In view of the expanding life expectancy in most countries, the number of 

DALYs has risen; crude rates of common diseases remained stable, whereas age-

standardised rates declined.  For instance, for cardiovascular disease, the number of 

DALYs worldwide increased from 2005-2015 [2] by 6.5% from 326 million to 348 million, 

whereas the age-standardised DALYs declined by 16.9% from 623 million to 518 million. 

Over the same time span, the number of DALYs related to CKD rose by 19.6%, from 29 

to 35 million, with a 3% decrease in age-standardised DALYs.  In summary, global health 

is improving, but the world’s population is growing exponentially, so that the crude rate of 
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DALYs remains constant and the progress in health does not mean fewer demands on 

health care.   

The above observations touch to the key issues addressed by this doctoral research. 

Indeed, the burden of disease requires increasingly sensitive tools for predicting deviation 

from healthy to unhealthy ageing and for unravelling pathogenetic drivers in 

asymptomatic people at a very early point in time, when prevention, stopping or even 

reversing the progression to disabling disease remains an option.  This idea includes a 

major change in the minds of health professionals and policy makers, who all should pay 

more attention to prevention.  Throughout this doctoral research, we hypothesised that 

multidimensional proteomic and metabolic biomarkers might produce cues to prevent or 

treat age-related disease and provide insight in novel molecular targets for intervention. 

To facilitate generalisability, we correlated continuous traits capturing left ventricular (LV) 

or renal function and the incidence of fatal and non-fatal outcomes with the “omics” 

biomarkers in participants enrolled in the Flemish Study on Environment, Genes and 

Health Outcomes (FLEMENGHO) [3–6].  They constitute a family-based, random sample 

of the population of a geographically defined area in Northern Belgium.  In addition, we 

also studied cohorts of patients with CKD or heart failure.   

1.1. Research settings 

To capture the whole spectrum of disease ranging from the mere presence of risk factors 

to established cardiac or renal disorders, we conducted our research in populations 

(Chapters 2.1, 2.2, 2.3, 3.1, 3.3, 4.1 and 4.2) and patient cohorts (Chapters 2.4, 2.5 and

3.2).  Patient cohorts allowed identifying new biomarkers in urine (Chapters 2.4 and 2.5) 

or tissues (Chapter 3.2), while people representative of the general population (Chapters

2.1, 2.2, 2.3, 3.1, 3.3, 4.1 and 4.2) provide the opportunity to test newly discovered 

biomarkers for association with the traits of interest or as predictors of progression from 

early-stage to established disease. All studies complied with the declaration of Helsinki 
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[7] and received ethical approval from the competent institutional review boards. 

Participants gave informed written consent.   

1.1.1 Search for new biomarkers 

1.1.1.1 The failing heart 

Heart failure with preserved ejection fraction (HFpEF) represents half of all heart failure 

cases [8].  It has a prognosis as dire as heart failure with reduced ejection fraction 

(HFrEF) with a rate of cardiovascular mortality of over 30% within one year of the first 

hospital admission.  HFpEF particularly common condition among seniors and women 

[9].  Its prevalence approaches 10% in women over the age of 80 years.  Older age 

hypertension, obesity and diabetes mellitus are the main risk factors driving the 

pathogenesis of HFpEF [8,9].  In view of the epidemiological transition [1], the incidence 

of HFpEF will soon surpass that of HFrEF [8,9].  The diagnosis of HFpEF remains a 

major diagnostic challenge.  It requires sophisticated and costly imaging techniques.  It is 

often only reached at the terminal phase of the disease after all other causes of 

breathlessness and impaired exercise capacity have ruled out.  These considerations 

justify the quest for novel biomarkers that reliably identify patients at risk of developing 

HFpEF.    

In our research, we searched for urinary proteomic and circulating biomarkers 

associated with asymptomatic diastolic LV dysfunction in the general population.  In the 

myocardium, fibroblasts outnumber cardiomyocytes [10].   Fibrosis characterised by 

increased interstitial deposition [11] and cross-linking of collagen I at the detriment of 

collagen III [12,13] is a predominant process in the myocardium when patients progress 

from the mere presence of risk factors and asymptomatic disease to clinically overt 

HFpEF.   Collagen is the major stress-bearing element within the extracellular cardiac 

matric and forms a three-dimensional network around bundles of myocytes to generate a 

stress-tolerant structure.  The precursor of collagen, procollagen consists of two -1 
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chains and one -2 chain intertwined into a triple helix (Figure 1.1) [10].  Pro-peptide 

domains at the carboxy-terminals and amino-terminals are cleaved (Figure 1.1), resulting 

in formation of mature collagen.  When collagen is degraded, during physiological 

turnover or pathological adverse remodelling, telopeptides (from the amino-terminals or 

carboxy-terminals) are cleaved and released into the circulating blood (Figure 1.1) [10].   

Figure 1.1  Structure of collagen molecule. Pro-collagen is comprised of two -1 

chains and one -2 chain intertwined into a triple helix.  Pro-peptide domains at the 

carboxy-terminals and amino-terminals are cleaved, resulting in formation of mature 

collagen. When collagen is degraded, during physiological turnover or pathological 

adverse remodelling, telopeptides (from the amino-terminals or carboxy-terminals) 

are cleaved and released into the plasma.  

(Fibrogenesis & Tissue Repair 2012, 5:15) 

Chapter 1

6



Procollagen I carboxy-terminal propeptide (PICP) and procollagen I amino-terminal 

propeptide (PINP) are released during conversion of procollagen I to collagen I (Figure

1.2), and carboxyterminal telopeptide of collagen I (CITP) during the degradation of 

collagen I by matrix metalloproteinases [14], which are inhibited by tissue inhibitor of the 

matrix metalloproteinase type 1 (TIMP-1).  The small peptides resulting from collagen 

breakdown pass the glomerular sieve, are partially reabsorbed in the proximal 

reabsorbed in the proximal renal tubules or are excreted.  The urinary peptidome 

therefore mirrors collagen degradation in distant organs, including the heart.   

The circulating metabolic biomarkers classically associated with asymptomatic 

diastolic LV dysfunction reflect the balance between oxidative and anaerobic energy 

utilisation [15] and on processes that promote or protect against oxidative stress [16,17] 

(Figure 1.3).  Recent studies introduced a paradigm shift and focused on the metabolism 

of the essential branched amino-acids (BCAAs) [18,19] (Figure 1.4).  

1.1.1.2 The urinary proteome 

Under physiological conditions, the urinary proteome originates for about 70% from the 

kidney and the urinary tract, while 30% is derived from plasma [20].  Approximately 60% 

of the total mass of urinary peptides and proteins consist of collagen fragments [21].  The 

proximal renal tubules play an important role in the handling of filtered proteins and 

peptides.  Large proteins and polypeptide molecules are absorbed from the proximal 

tubular fluid by luminal endocytosis into apical vacuoles, which fuse with primary 

lysosomes where hydrolysis occurs followed by diffusion of metabolites out of the cells 

and into the blood [22].  Small peptides, making up the urinary peptidome, are degraded 

at the luminal surface of the brush-border of proximal tubules, which contains many 

hydrolytic enzymes, by the process of membrane or contact digestion with reabsorption 

of the breakdown products [22].  Proximal tubular mechanisms for handling of proteins 

and peptides are important biologically to conserve amino acids.  The literature [23,24] 

provides detailed information about urine sample preparation, proteome analysis by 

Introduction

7



Figure 1.2  Circulating biomarkers of collagen turnover.  PINP and PICP are released 

during conversion of procollagen I to collagen I, and CITP during the degradation of 

collagen I by matrix metalloproteinases, which are inhibited by TIMP-1.  PIIINP and 

PIIICP are released during conversion of procollagen III to collagen III.  Numbers 

alongside arrows indicate the stoichiometric ratio.  In the present study, serum levels of 

PICP, CITP, PIIINP and TIMP-1 were measured.  PICP is a direct indicator of collagen I 

synthesis and CITP of collagen I degradation.  PIIINP is an imperfect indicator of 

collagen III synthesis, because PIIINP remains partially bound to the surface of 

collagen III fibres and is therefore also released during breakdown of these fibres (JACC 

2015; 65: 2449–2456). Abbreviations: PICP, procollagen I carboxy-terminal propeptide; 

PINP, procollagen I amino-terminal propeptide; CITP, carboxyterminal telopeptide of 

collagen I; MMPs, matrix metalloproteinases; TIMP-1, tissue inhibitor of the matrix 

metalloproteinase type 1; PIIICP, procollagen III carboxy-terminal propeptide; and 

PIIINP, procollagen III amino-terminal propeptide.   
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Figure 1.3  Simplified representation of metabolic pathways potentially involved in 

diastolic LV dysfunction.  The metabolites significantly associated with diastolic LV 

function are in red color.  Depicted cycles are (A) glycolysis; (B) citric acid (Krebs) cycle; 

(C) biopterin cycle; (D) 5-methylthioadenosine/methionine cycle; (E) transsulfuration 

(taurine); and (F) methylation (phosphatdylcholine).  BH2 and BH4 indicate 

dihydrobiopterin and tetrahydrobiopterin, respectively.   
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Figure 1.4  Differential role of the branched-chain amino acid catabolic pathway in normal 

and failing hearts—A hypothesis supported by the current data and the literature (e.g. 

references 29-32). Branched amino-acids (BCAAs) are essential nutrients.  The first step of 

BCAA catabolism takes place in non-hepatic tissues, including cardiomyocytes.  BCAAs are 

catabolized to branched-chain keto acids (BCKAs) by a branched-chain aminotransferase 

(BCAT).  BCKAs complexed with the BCKA dehydrogenase require a mitochondrial protein 

phosphatase (PP2Cm) for further catabolism to acetyl-CoA, which can enter the 

tricarboxylic acid cycle (TCA) and contribute to energy generation.  Expression of PP2Cm is 

reduced in failing hearts.  Elevated circulating BCAA levels may therefore reflect a healthy 

nutritional state and be beneficial in normal or slightly dysfunctional hearts, but might 

become harmful in advanced heart failure when BCAA catabolism is defective and 

cardiotoxic BCKAs accumulate in the myocardium.   
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capillary-zone-electrophoresis on-line coupled to electrospray micro time-of-flight mass 

spectrometry, data processing and sequencing of the single peptides.  Single urinary 

peptides were combined into multidimensional classifiers, using the support vector 

machine-based MosaCluster software, version 1.7.0 [25].  MosaCluster calculates 

classification scores based on the signal amplitudes of the selected peptides. 

Classification is performed by determining the Euclidian distance (defined as the support-

vector machine classification score) of the vector to a maximal margin hyperplane [25].   

1.1.2 Study participants 

1.1.2.1 FLEMENGHO

Recruitment for FLEMENGHO started in 1985 [3–6].  From August 1985 until November 

1990, a random sample of the households living in a geographically defined area of 

Northern Belgium was investigated with the goal to enrol an equal number of participants 

in each of six subgroups stratified by sex and age (20-39, 40-59, and ≥60 years). 

Municipalities in the catchment area first provided a numbered address list of the people’s 

homes.  Using a computerised random function, we invited people living at the same 

address.  All household members with a minimum age of 20 years were invited to take 

part, given that the quota of their sex-age group had not yet been satisfied.  From June 

1996 until January 2004 recruitment of families continued, using the former participants 

(1985−1990) as index persons and including teenagers.  The initial participation rate was 

78.0%.  The participants were repeatedly followed up at the field centre (Eksel) in the 

catchment area (North Limburg, Belgium).   

1.1.2.2 Patient cohorts

In Chapter 2.4, we searched for a multidimensional urinary classifier specifically 

associated with progression from asymptomatic LV dysfunction to overt heart failure. 

Such classifier would add to previously published case-controls studies that identified 

urinary proteomic markers associated with asymptomatic diastolic [26] or systolic [27] LV 
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dysfunction.   We investigated 95 patients enrolled in the Generation Scotland: Scottish 

Family Health Study [28], who had either heart failure at baseline (n=57) or progressed to 

heart failure during follow-up (n=38) and 192 sex- and age-matched healthy controls 

selected from the same cohort.  For validation, we studied 175 patients with 

asymptomatic diastolic LV dysfunction enrolled in the FLEMENGHO study [3–6], of which 

17 developed heart failure over a 5-year follow-up period.   

Chapter 2.5 had as objective to investigate whether CKD273, a multidimensional 

urinary marker consisting of 273 peptide fragments (Section 1.2.3.3) can predict a 

decrease of eGFR to less than 60 ml/min/1.73 m2.  The Human Urine Proteome 

Database (Chapter 2.5) available at Mosaiques-Diagnostics AG (Hannover, Germany) 

[29] includes anonymised clinical information associated with over 50,000 urinary 

proteomic profiles.  To be eligible for analysis in Chapter 2.5, the following criteria had to 

be fulfilled: (i) eGFR at baseline of 60 ml/min/1.73 m2 or higher; (ii) repeat assessment of 

eGFR during a follow-up of at least 2 years; (iii) and information available on clinically 

relevant covariables, including sex, age, systolic and diastolic blood pressure, serum 

creatinine and microalbuminuria.  Participants were: (i) patients enrolled in the Diabetes 

Retinopathy Candesartan Trials in type-1 (DIRECT1 [30]) and type-2 (DIRECT2 [31]) 

diabetic patients; (ii) type-2 diabetic patients recruited into a Dutch study (PREDICTIONS 

[32]) aiming at identifying disease-pathway specific biomarkers; (iii) diabetic patients 

recruited at clinics in Australia [33] and Hannover, Germany; and FLEMENGHO 

participants [3–6].   

1.1.3 Traits under study

Continuously distributed phenotypes retain the full information captured by a trait of 

interest.  Categorical endpoints are less informative from a phenotypic point of view, but 

can be based on published guidelines and better reflect the threshold-based decision 

process in clinical practice.  
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1.1.3.1 Continuously distributed LV phenotypes 

A single observer (Prof. Tatiana Kuznetsova) acquired and read the echocardiographic 

images (2005–2013), on which our biomarker research was based (Chapters 2.1, 2.2,

2.4, 3.1, 4.1 and 4.2).  In short, digitally stored echocardiographic images, obtained with 

a Vivid7 Pro device (GE Vingmed, Horten, Norway) interfaced with a 2.5- to 3.5-MHz 

phased-array probe were averaged over three heart cycles.  LV structure and diastolic LV 

function were assessed by EchoPac software, version 4.0.4 (GE Vingmed, Horten, 

Norway) according to guidelines [34]. Table 1.1 summarises the physiological 

interpretation of the echocardiographic measurements reflecting diastolic LV function. 

Peak early (E) and peak late (A) diastolic velocities of the transmitral blood flow were 

determined from the pulsed Doppler signal and peak early (e’) and peak late (a’) diastolic 

velocities of the mitral annular movement by tissue Doppler imaging (TDI) with velocities 

averaged over four LV acquisition sites (septal, lateral, inferior, and posterior).  Intra-

observer reproducibility was the 2-SD interval about the mean of the relative differences 

across pairwise readings.  The intra-observer reproducibility for the tissue Doppler peak 

velocities across the four sampling sites ranged from 4.5% to 5.3% for e’ and from 3.9% 

to 4.5% for a’ [35].   

1.1.3.2 Categorical left ventricular outcomes 

As shown in Figure 1.5, guideline-driven echocardiographic criteria to stage patients with 

advanced diastolic LV dysfunction [36] leave a large proportion of people unclassified in 

population studies [35,37].  Our group therefore developed age-specific criteria in a 

healthy reference sample drawn from FLEMENGHO [35] and replicated these criteria in a 

Polish population study [37].  To differentiate normal from impaired diastolic LV function 

and to stage diastolic LV dysfunction [35,37], we delineated three dysfunctional groups by 

combining the velocities of the transmitral blood flow and the mitral annular movement 

[35,37].  Group 1 (impaired relaxation) included patients with an abnormally low age-

specific transmitral E/A ratio, but without evidence of increased LV filling pressures (E/e'  
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Table 1.1  Glossary of echocardiographic measurements reflecting diastolic left ventricular function 

Measurement Description Interpretation 

E, A, E/A Peak velocities of the transmitral 
blood flow, as measured by 
standard Doppler techniques during 
rapid LV filling in early diastole (E) 
and during atrial contraction in late 
diastole (A)  

E (cm/s) decreases with impaired relaxation during the early stage of diastolic LV dysfunction, 
but increases in the later stages with onset of LV stiffening. During progression from mild to 
severe diastolic LV dysfunction, the A wave (cm/s) changes in directions opposite to E. The E/A 
ratio is decreased in early diastolic LV dysfunction. Because mitral inflow patterns are highly 
sensitive to preload (left atrial pressure) and change as diastolic dysfunction progresses, the 
use of mitral valve inflow patterns to assess diastolic function remains limited. 

e’, a’, e’/a’ Peak velocities of the mitral annular 
movement, as measured by tissue 
Doppler imaging (TDI) during rapid 
LV filling in early diastole (e’) and 
during atrial contraction in late 
diastole (a’)  

e’ (cm/s) progressively decreases during the progression of diastolic LV dysfunction. a’ (cm/s) 
increases in the early stage of diastolic LV dysfunction, but thereafter decreases with advancing 
disease. TDI assessment of diastolic LV function is less load dependent than that provided by 
standard Doppler techniques.  e’ is resistant to changes in LV filling pressure. The e’/a’ ratio 
decreases in early diastolic LV dysfunction, but increases with further progression. 

E/e’ Transmitral E / mitral annular e’ This ratio reflects LV filling pressure and increases during progression of diastolic LV 
dysfunction.  

Ad, ARd, LAVI Duration of the transmitral A wave 
and of the reversal of flow in the 
pulmonary veins; left atrial volume 
normalised to body surface area  

Ad < ARd + 10 (ms) and LAVI ≥ 28 mL/m2 confirm that LV filling pressure is high. 

DT, IVRT Deceleration time and isovolumetric 
relaxation time  

DT (ms) and IVRT (ms) initially lengthen as LV relaxation is impaired, but shorten with more 
severe LV dysfunction.  



Figure 1.5  Distributions of: (A) the peak velocity of the mitral annular movement during early diastole (e’); (B) the ratio of the peak velocities of 

transmitral blood flow to mitral annular movement in early diastole; and (C) the left atrial volume index (LAVI).  In line with the US guideline (J 

Am Soc Echocardiogr 2016;29:277-314), e’ was measured at septal wall in panel A, but was the average of the septal and lateral sample sites 

in panel B.  Arrows indicate the cut-off values for diastolic LV dysfunction recommended for clinical use in patients with advanced diastolic 

dysfunction. The red and black lines indicate actually observed distribution and normality, respectively.   



≤8.5).  Group 2 (elevated filling pressure) had a mildly-to-moderately elevated E/e’ ratio 

(>8.5) and an E/A ratio within the normal age-specific range.  Group 3 (combined

dysfunction) had an elevated E/e' ratio and an abnormally low age-specific E/A ratio.   

1.1.3.3 Continuously distributed renal phenotypes 

Glomerular filtration rate (GFR) provides an excellent measure of the filtering capacity of 

the kidneys [38].  Since total GFR is equal to the sum of the filtration rates in each of the 

functioning nephrons, total GFR reflects functioning renal mass.  A decline in GFR 

precedes kidney failure in all forms of progressive kidney diseases.  A low or decreasing 

GFR is therefore a good index of CKD.  Collecting 24-h urine samples to determine 

creatinine clearance as index of glomerular function often introduces inaccuracy.  GFR is 

therefore more commonly estimated from serum creatinine.  The estimated GFR (eGFR) 

can be computed by the Modification of Diet in Renal Disease equation (MDRD [39]) or 

by the refined Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI 

[40]).  The MDRD equation was developed in patients who already had CKD.  This led to 

a systematic underestimation of GFR, particularly in patients with high-normal serum 

creatinine level [41].  The CKD-EPI equation was developed from a database with a 

higher representation of patients with early CKD stages.  The revised CKD-EPI formula 

largely corrected the overestimation of CKD among patients with eGFR within the 60–89 

ml/min/1.73 m2 range.  The CKD-EPI equation is now recommended for reporting eGFR 

in adults from serum creatinine measured by an assay calibrated to the isotope dilution 

mass spectrometry reference method [42].  A 2012 systematic review confirmed that the 

CKD-EPI formula has less bias than the MDRD formula, especially at a GFR of 60 ml/min 

per 1.73 m2 or greater [43].  In this dissertation, we applied the MDRD formula (Chapters

2.1 and 2.4) to adjust for eGFR or the CKD-EPI equation in articles focussing on a renal 

outcome (Chapters 2.5 and 3.3).  
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Proteinuria is a general term for the presence of increased amounts of protein in the 

urine.  Proteinuria may reflect abnormal loss of plasma proteins due to (i) increased 

glomerular permeability to large molecular weight proteins (albuminuria or glomerular 

proteinuria); (ii) incomplete tubular reabsorption of normally filtered low-molecular weight 

proteins (tubular proteinuria); (iii) increased plasma concentration of low-molecular-weight 

proteins (overproduction proteinuria, such as immunoglobulin light chains).  Proteinuria 

may also reflect abnormal loss of proteins derived from the kidney (renal tubular cell 

constituents due to tubular damage) or originating from the lower urinary tract.  Albumin is 

the principal component of urinary protein in most kidney diseases.  Present-day 

recommendations for measurement of urinary proteins emphasise quantification of 

albuminuria rather than total protein [44].  Recent epidemiological data from studies 

around the world demonstrate a strong graded relation of the quantity of urinary albumin 

with both progression of kidney disease [45] and the incidence of cardiovascular 

complications [46].  Albuminuria is a common, but not always a uniform finding in CKD. 

For instance, as discussed in Chapter 3.3, autosomal dominant medullary cystic kidney 

disease type-1 progresses to end-stage renal disease with a variable time course, 

probably dependent on gene-gene and gene-environment interactions, but is 

characterised by the absence of haematuria and at most minimal albuminuria [47].  In 

FLEMENGHO (Chapters 2.5 and 3.3), we measured the 24-h urinary albumin excretion 

and applied guideline-supported thresholds, as outlined in the next section. 

1.1.3.4 Categorical renal outcomes 

Guideline-based [38] staging of CKD requires repeat measurement of GFR or 

albuminuria or additional evidence for renal disease.  However, this is impracticable in the 

context of large studies, because multiple visits compromise the participation rate.  As 

often done in landmark epidemiological research [48–51], we staged CKD based on the 

creatinine concentration in a single serum sample (Chapters 2.5 and 3.3).  Staging was 

done according to the National Kidney Foundation Kidney Disease Outcomes Quality 
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Initiative (KDOQI) guideline [44].  Stages 1, 2, 3A, 3B, 4 and 5 corresponded to eGFR 

values of respectively ≥90, 89–60, 59–45, 44–30, 29–15, and <15 mL/min/1.73 m2.   

The 2012 guideline recommended that clinical laboratories report albumin-to-

creatinine ratios (ACR) in untimed urine samples in addition to the albumin concentration 

alone [42].  Multiple arguments justify this recommendation.  Albumin is the most 

important protein lost in the urine in most cases of CKD.  In population studies, urinary 

ACR accurately predicts adverse renal [45] as well as cardiovascular [46] health 

outcomes.  Reducing ACR in intervention trials targeted at reducing blood pressure or 

testing pharmacological inhibition of the renin–angiotensin system provided benefit in 

terms of slowing the progression of CKD.  Compared with the urinary albumin 

concentration, ACR has greater sensitivity for detecting low-grade, but clinically relevant, 

albuminuria and is more precise at low but diagnostically relevant concentrations [52].  In 

our current studies (Chapters 2.5 and 3.3), we used as thresholds for microalbuminuria 

ACR values of 3.5 mg/mmol (31 mg/gram) in women and 2.5 mg/mmol (22 mg/gram) in 

men and for macroalbuminuria an ACR of 30 mg/mmol (266 mg/gram) [53].   

1.1.3.5 Fatal and non-fatal adverse health outcomes 

The introduction over the past 20 years of invasive percutaneous and surgical care has 

substantially decreased the case-fatality rates of coronary, cerebrovascular and 

peripheral arterial disease.  Not accounting for non-fatal events remains a major limitation 

of a large number of studies and limits their generalisability in an era of effective invasive 

therapies.  In FLEMENGHO (Chapter 2.3), we assessed the incidence of both fatal and 

non-fatal outcomes at annual intervals.  We ascertained vital status via the Belgian 

Population Registry in Brussels, Belgium.  We obtained the International Classification of 

Disease codes for the immediate and underlying causes of death from the Flemish 

Registry of Death Certificates.  Physicians validated the diseases reported on the death 

certificates or picked up by questionnaires or interviews of participants against the 

medical records of general practitioners or regional and university hospitals.  
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For all endpoints within a category, we censored participants from analysis after the 

occurrence of the first event.  Coronary events included sudden death, myocardial 

infarction, acute coronary syndrome, new-onset angina pectoris, ischaemic 

cardiomyopathy and coronary revascularisation.  Cardiac events additionally included 

heart failure, pulmonary heart disease, new-onset atrial fibrillation, life-threatening 

arrhythmias, and high-degree atrioventricular block requiring pacemaker implantation. 

Cardiovascular events comprised cardiac endpoints, stroke, transient ischaemic attack, 

aortic aneurysm, arterial embolism and revascularisation of peripheral arteries.  To 

assess the symptoms associated with heart failure, we administered the London School 

of Hygiene questionnaires on cardiovascular and respiratory symptoms and dyspnoea 

[54].   

1.2. Proteomics 

Marc Wilkins coined the term proteomics in 1995 by referring to the total set of proteins 

encoded by the genome.  Over the past 10 years, proteomics developed from a research 

tool into a diagnostic utility clinically applicable for the early diagnosis of disease, risk 

stratification and guidance of preventive and therapeutic interventions based on 

molecular pathways.  At the start of this doctoral project in 2014, few proteomic 

biomarkers had been validated for use in asymptomatic people at risk of coronary heart 

disease, renal impairment or heart failure.  In this section, we will review various 

proteomic technologies, justify the strategies that we have applied in collecting the 

proteomic data studied in this dissertation, and describe the initial identification and 

validation of the proteomic markers.   

1.2.1 Platforms for proteomics  

Table 1.2 describes four approaches that are currently being used for clinical proteomics, 

including 2DE-MS (two-dimensional gel electrophoresis followed by mass spectrometry), 

Introduction

19



Table 1.2  Advantages and disadvantages of various mass spectrometry–based proteomic techniques for clinical 

applications 

Technology Advantages Limitations 

2DE-MS Applicable to large molecules Not applicable to peptides <10 kD, no automation, 
time-consuming, quantification difficult, expensive 

LC-MS Automation, multidimensional, high sensitivity Time-consuming, sensitive toward interfering 
compounds, restricted mass range  

SELDI-MS Easy-to-use system, high throughput, automation, 
low sample volume  

Restricted to selected proteins, low-resolution 
MS, low information content, lack of comparability 

CE-MS Automation, high sensitivity, fast, low sample 
volume, multidimensional, low cost  

Not suited for larger proteins (>20 kD) 

2DE-MS, two-dimensional gel electrophoresis followed by mass spectrometry; LC-MS, liquid chromatography coupled to mass 
spectrometry; SELDI-MS, surface-enhanced laser desorption/ionization coupled to mass spectrometry; CE-MS, capillary electrophoresis 
coupled to mass spectrometry.  



LC-MS (liquid chromatography coupled to mass spectrometry), SELDI-MS (surface-

enhanced laser desorption/ionization coupled to mass spectrometry) and CE-MS 

(capillary electrophoresis coupled to mass spectrometry).  The approach of choice, 

applied in this work is CE-MS, because compared with the other methods it provides high 

sensitivity and reproducibility, is capable to resolve up to 5000 different peptides per 

sample within 45 minutes and is relatively cheap [55].  Mosaiques-Diagnostics AG 

(Hannover, Germany) optimised the CE-MS approach for urinary proteomics and 

identified multidimensional urinary classifiers for various diseases (Figure 1.6).  CE 

separates the urinary polypeptides in a single step with high resolution based on their 

migration through a gel in an electrical field (300 to 500 V/cm) [56].  Subsequently, 

specialised in-house developed proprietary software allows automated data 

interpretation.  Figure 1.7 illustrates the urinary proteomic profiles in a patient with 

asymptomatic diastolic LV dysfunction and a healthy control.  Proteins are displayed as 

peaks defined by migration time, molecular weight, and signal amplitude.  Figure 1.7

shows how multiple peptides, in this example 85, can be compiled to generate a 

multidimensional classifier specific for a given condition or disease.   

1.2.2 Biological samples 

Two basic sources of material are available for proteomic studies: body fluids (e.g. urine, 

blood, cerebrospinal fluid, etc.) and tissue [56].  The proteomic studies in this dissertation 

focused on urine, although this work also includes the first results from a tissue proteomic 

study (Chapter 3.2) involving explanted hearts from patients with end-stage heart failure 

and normal donor hearts that were discarded for clinical reasons (study registration 

number, NCT03152422).   
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Figure 1.6  Capillary electrophoresis coupled to mass spectrometry.  Schematic representation of on-line coupling of 

capillary electrophoresis to the mass spectrometer (CE-MS).   



Figure 1.7  Urinary proteomic profiles in a patient with asymptomatic diastolic LV 

dysfunction and a healthy control.  Panels A and B demonstrate all the peptides 

detected; panels C and D represent the 85 differently expressed peptides between 

the case and control.   

B 
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1.2.2.1 Urine versus blood 

Under physiological conditions, the urinary proteome originates for about 70% from the 

kidney and the urinary tract, while 30% is derived from plasma [20].  Approximately 60% 

of the total mass of urinary peptides and proteins consist of collagen fragments [21]. 

Table 2 in Chapter 2.4 and the supplementary data included in Chapters 2.1, 2.2, 2.3,

3.1 and 3.3 list sequenced urinary peptides and illustrate that the vast majority of them 

are indeed collagen fragment. 

A major advantage of running proteomics on urine samples is the comfort for the 

patient, because all what is needed is a fresh mid-morning urine sample of 5 ml.  Running 

proteomics on urine is a practicable approach in large studies of patients (Chapter 2.5), 

clinical trials [57] or population research (Chapter 2.1, 2.2, 2.3, 3.1 and 3.3).  Urinary 

proteins remain stable for a time long enough to perform the proteome analysis in a 

reliable manner [56].  Two independent sets of experiments demonstrated that the urinary 

proteome does not undergo significant changes when urine is stored for 3 days at 4°C 

[58] or for 6 hours at room temperature [59].  Moreover, for studies running over several 

years, urine can be stored at -20°C without significant alteration of the proteome [56]. 

Finally, the urinary proteome is fairly well characterised and reference standards are 

available [24].   

In contrast to urine, collection of blood is invasive and requires meticulous pre-

analytical handling. Its proteomic analysis is prone to analytical artefacts.  Only few 

proteins account for over 99% of the total protein content in blood [55].  Removal of these 

abundant proteins by chromatography does not allow quantifying how much protein was 

eliminated.  This procedure also removes many less abundant proteins and peptides that 

are of potential clinical significance, thereby introducing additional variability and bias. 

Another obstacle in the use of blood as biological fluid for proteomic studies is the 

inherent variability of blood constituents in part due to the activation of proteases [55].  
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1.2.2.2 Tissue samples 

Tissue proteomic studies usually serve to provide insight in the pathophysiology of 

disease.  Such studies allow identifying the key proteins that drive disease, elucidating 

molecular pathways and searching for potentially new drug targets.  A recent study 

focusing on bladder cancer demonstrated the feasibility of this innovative approach, 

which combines tissue proteomics with bioinformatics to identify drug targets [60]. 

Human tissue samples from non-muscle and muscle invasive bladder cancer were 

analysed by liquid chromatography coupled with tandem mass spectrometry.  Proteins 

yielding a differential signal were further evaluated in silico at the pathway and 

interactome level.  The activation of protein synthesis via the eukaryotic initiating factor 2 

(eIF2) signalling pathway was the key driver.  The eukaryotic translation initiation factor 3 

subunit D protein, part of the eIF2 signalling pathway, was selected as a potential novel 

therapeutic target in bladder cancer.    

In Chapter 3.2, we initiated a similar approach to unravel the pathophysiology of end-

stage heart failure caused by ischaemic or dilated cardiomyopathy.  Healthy donor hearts 

that were discarded for transplantation served as control.  As described in previous 

publications [61,62], protein identification was performed using the SEQUEST search 

engine (Proteome Discoverer 1.4, Thermo Scientific, MA, US) against the SwissProt 

human protein database (30 May 2016), containing 20,197 entries without protein 

isoforms.  Obtained results were further processed by applying the following filters: (i) 

high, medium and low confidence peptides; (ii) peptide rank up to five; (iii) peptide 

grouping enabled or disabled.  The peptide list was exported from Proteome Discoverer 

and further processed by software developed by Mosaiques-Diagnostics AG (Hannover, 

Germany).   

1.2.3 Urinary proteomic markers 

A Microsoft SQL database, available at Mosaiques-Diagnostics AG (Hannover, Germany), 

currently includes calibrated proteomic data sets of 3687 human urine samples from 
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patients with different diseases (85%) and healthy people (15%).  Each individual’s 

proteomic dataset on average contain 1724 peptides/proteins.  Within individuals, the 

number of peptides/proteins ranged from 983 to 4094.  This database enables digital data 

compilation [21].  Data clustering identified 116,869 different peptides/proteins.  Each 

peptide was assigned a unique ID number.  To eliminate peptides of apparently low 

relevance that appeared sporadically, only those peptides present in more than 20% of 

the urine samples in at least one group (samples from patients with the same disease) 

were further investigated.  This noise-filtering process reduced the number of peptides for 

analysis to approximately 5000 relevant peptides, characterised by molecular mass and 

normalised capillary-electrophoresis migration time.  The database covers 28 different 

pre-selected pathophysiological conditions, including asymptomatic diastolic LV 

dysfunction, heart failure and CKD [21].  

1.2.3.1 HF1 and HF2 

HF1 was designed in a case-control study nested within FLEMENGHO [26] with the goal 

to identify potentially discriminating urinary biomarkers for asymptomatic diastolic LV 

dysfunction.   In the discovery set, the urinary proteomic profiles were compared between 

19 hypertensive patients with asymptomatic diastolic LV dysfunction and 19 healthy 

controls.  In the absence of adjustment for multiple testing, 85 urinary peptides were 

different between cases and controls at a p-value of 0.033 or less.  With adjustment for 

multiple testing, three potential biomarkers remained significantly different between cases 

and controls (p≤0.02).  The 85 potential biomarkers were combined in a high-dimensional 

classifier, which was subsequently tested in a blinded manner in 16 hypertensive patients 

with symptomatic heart failure (HFpEF n=9; HFrEF n=7) and 16 healthy controls.  The 

area under the receiver operating characteristic curve (AUC) of the HF1 classifier in the 

test set was 0.84 (CI, 0.70–0.98; p=0.001).   

To generate the HF2 classifier, all urinary proteomic datasets from cases available in 

the 2014 Mosaiques database [21] were combined and compared with data from sex- 
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and age-matched controls.  Cases were 98 patients with diastolic LV dysfunction either 

recruited from our population [26] (n=35) or admitted to the hospital elsewhere because 

of overt heart failure (n=63).  Comparing cases with controls identified 671 potential 

biomarkers.  In the training dataset, the HF2 classifier had 88.7% accuracy, 87.8 % 

sensitivity, and 89.6% specificity.  By design, HF1 is associated with asymptomatic 

diastolic LV dysfunction, whereas HF2 reflects disease that is more advanced.   

Chapter 2.1 describes a proof-of-concept study in 745 FLEMENGHO participants, in 

whom we related echocardiographically assessed diastolic LV function to HF1 and HF2. 

In Chapter 2.2, we moved from a cross-sectional to a prospective approach in 645 

FLEMENGHO participants.  HF1 was determined at baseline and diastolic LV function 

was assessed at follow-up, approximately 5 years later.  In Chapter 2.3, we assessed 

whether HF1 predicted cardiovascular and cardiac events. 

1.2.3.2 HFP 

Chapter 2.4 is a retrospective comparison of urinary proteomic profiles from 49 heart-

failure patients, 36 patients who progressed to heart failure within 2.6 years and 192 sex- 

and age-matched controls, who did not progress to heart failure.  Cases and controls 

were selected from the database of the Generation Scotland: Scottish Family Health 

Study [28].  This comparison identified 96 potentially heart-failure specific peptide 

biomarkers, which were combined in a multidimensional classifier by support vector 

modelling.  Validation of the new classifier, named Heart Failure Predictor (HFP), involved 

175 FLEMENGHO participants with asymptomatic diastolic LV dysfunction, of whom 17 

developed symptomatic HFpEF.   

1.2.3.3 CKD273  

CKD273 is a urinary proteomic classifier consisting of 273 peptide fragments specifically 

designed to differentiate CKD from normal renal function [63].  Chapter 2.5 evaluated 

whether CKD273 could predict a decline in eGFR before microalbuminuria, the current 

gold standard, does.  
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1.3. Metabolomics 

Metabolomics is the field of “-omics” research concerned with the comprehensive 

characterisation of small low-molecular-weight metabolites in biological samples [64]. 

Human disease generally has an impact on the energy and redox metabolism in one or 

more cell types.  Due to the high degree of interconnection in metabolism, any human 

disease will carry a metabolic signature that can potentially be identified through analysis 

of the metabolome in circulating blood.  Moreover, studying the metabolites associated 

with the pathogenesis of disease, as proteomic studies do, allows unravelling molecular 

pathways and identifying novel drug targets.  This approach is particularly well illustrated 

in the field of cancer treatment, in which characterising the metabolic signature of cancer 

cells has become main stream [65] and led to individualising treatment [66].  For example, 

in breast cancer, histological grade, lymphatic spread and hormonal status can be related 

to spectral metabolic data [67].  Axillary lymph nodes with local invasion compared with 

normal nodes showed enhanced glycine and phosphocholine levels, but reduced betaine 

and taurine signals [67].  These results exemplified how a metabolic phenotype may have 

a role in the decision making process for adjuvant chemotherapy [67].  In epidemiology, 

metabolomics represents an emerging technology and an unprecedented opportunity to 

measure environmental and other exposures with improved precision and far less 

measurement error than with standard epidemiological methods [64].  Advances in the 

application of metabolomics in large-scale population research are now being realised 

through a combination of improved sample preparation and handling, automated 

processing and analytical methods, and a reduction of the costs of metabolomic profiling 

of blood [64].   

Metabolomic approaches can be targeted or non-targeted.  Targeted studies focus on 

(usually absolute) quantitative concentrations of a small numbers of metabolites in a 

biological medium, whereas untargeted studies lay emphasis on metabolic profiling of the 

total set of metabolites in a sample [68].  Targeted approaches require a priori knowledge 
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of the metabolites of interest.  In contrast, the non-targeted metabolomic approach 

involves global profiling of the metabolome [69] and is typically employed in hypothesis-

generating studies, for instance for biomarker discovery [70].  Thus, non-targeted 

metabolomics often provides more information than targeted metabolomics, but targeted 

metabolomics typically is hypothesis-driven and quantitative in nature.  

Mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy are 

the most commonly used analytical techniques in metabolomics, applied since the early 

1970s to investigate disease processes and biological mechanisms through metabolic 

profiling [71].  To identify metabolites efficiently, MS often requires an additional 

separation step through gas or liquid chromatography [72].  Although NMR is less 

sensitive than MS, NMR spectroscopy has the advantage of being relatively robust 

across many samples, fast with spectra acquired within a few minutes, in addition to 

being non-destructive preserving the integrity of the sample [69].  Table 1.3 summarises 

the advantages and limitations of NMR in comparison with MS spectrometry. 

In Chapter 4.1, we investigated the specific metabolic signature associated with 

asymptomatic diastolic LV dysfunction in FLEMENGHO participants.  In Chapter 4.2, we 

investigated the temporal consistency and prognostic value in the associations of early-

stage diastolic LV dysfunction with circulating metabolic markers.   

1.4. Statistical approaches 

For database management and statistical analysis, we used the SAS system, version 9.4 

(SAS Institute Inc., Cary, NC).  Analysing “–omics” data requires advanced statistical 

approaches. The applied statistical workflow has been published before and is 

summarised in Table 1.4.  
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Table 1.3  The advantages and limitations of NMR spectroscopy as an analytical tool for metabolomics research in 

comparison with MS spectrometry  

Nuclear magnetic resonance Mass spectrometry 

Sensitivity Low but can be improved with higher field 
strength, cryo- and micro-probes and dynamic 
nuclear polarisation  

High, but can suffer from ion suppression in 
complex and salty mixtures  

Sample measurement The entire sample analysed in one 
measurement  

Need different chromatography techniques for 
different classes of metabolites  

Sample recovery Non-destructive; sample can be recovered and 
stored for a long time; several analyses can be 
carried out on the same sample  

Destructive technique but needs only a small 
amount of sample   

Reproducibility  Very high Moderate 

Sample preparation Needs minimal sample preparation More demanding; needs different LC columns 
and optimisation of ionisation conditions  

Experimental time 5 minutes for 1D proton NMR Less than 3 minutes for direct infusion, but more 
than 10 minutes for the simplest analysis by  
GC-MS or LC-MS  

Target analysis Inferior for targeted analysis Superior for targeted analysis 

In-vivo studies  Widely used for 1H magnetic resonance 
spectroscopy   

No 

Molecular dynamic, 
molecular diffusion 

Can be used to probe molecular diffusion and 
dynamics  

No 

GC-MS, Gas chromatography–mass spectrometry.



Table 1.4  Schematic representation of the work flow of the statistical analyses 

Analysis step Statistical method 

Preparing for analysis Checking distributions, logarithmic transformation, rank normalisation, removal of 
outliers   

Basic statistical approaches Large-sample z test, t-test or ANOVA (means); 2 statistic or Fisher exact test 
(proportion); log-rank test (survival functions); analyses across quantiles of biomarkers; 
scatterplots; standardisation of rates  

Identification of covariables Stepwise linear or logistic regression 

Analyses with continuous outcome 
Single urinary peptides, one at a time 

Cross-sectional analyses Multivariable-adjusted linear regression, correction for multiple testing  
Longitudinal analyses  Multivariable-adjusted linear regression (including adjustment for the baseline value of 

the outcome, if available), correction for multiple testing  
All Biomarkers 

Cross-sectional analyses Partial least squares analysis 
Longitudinal analyses  Partial least squares analysis 

Analyses with categorical outcome 
Single markers, one at a time 

Cross-sectional analyses Multivariable-adjusted logistic regression, correction for multiple testing 
Longitudinal analyses Multivariable-adjusted Cox regression, correction for multiple testing  

All markers  
Cross-sectional analyses Partial least squares discriminant analysis 
Longitudinal analyses  Partial least squares discriminant analysis 

Prediction of adverse outcomes Integrated discrimination improvement, net reclassification improvement, optimised 
thresholds, 2-by-2 classification tables, log-rank test, receiver operating characteristic 
curve,    

Molecular pathways IPA, Cytoscape, Proteasix 



1.5. Main objectives 

The objective of this doctoral dissertation was to explore “-omics” technologies as a tool 

to address the burden of non-communicable age-related disease in populations in 

epidemiological transition.  We choose asymptomatic diastolic LV dysfunction, heart 

failure and CKD as disease models, because of their high prevalence in the general 

population, the global rise in their incidence as highlighted by the 2013 [1] and 2015 [2] 

Global Burden of Disease reports, and the unmet needs of millions of people with 

asymptomatic disease for whom non-invasive biomarker-based screening could make the 

difference between healthy ageing or reduced longevity with low quality of life.   

In Chapter 2, we addressed diastolic LV and renal dysfunction using multidimensional 

urinary makers. 

● Part 1 explored association of asymptomatic diastolic LV dysfunction with 

urinary proteomic  classifiers in a proof-of-concept population study.  

 ● Part 2 studied the clinical application of the urinary peptidomic marker HF1 as 

predictor of asymptomatic diastolic LV dysfunction over a 5-year time 

span.   

● Part 3 compared the multidimensional urinary classifier HF1 with classic risk 

factors, including systolic blood pressure, in the 5-year prediction of 

cardiovascular and cardiac events in the general population.  

● Part 4 identified and validated a novel urinary multidimensional peptidomic 

classifier as prognosticator in patients at high risk of heart failure.   

● Part 5 assessed prediction of progression to CKD stage 3 by the 

multidimensional urinary classifier CKD273.  
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In Chapter 3, we investigated the underling pathophysiology of asymptomatic diastolic 

LV dysfunction, HFrEF and CKD through identification of proteins based on proteomic 

approaches.   

● Part 1 investigated association of asymptomatic diastolic LV dysfunction with 

urinary and serum collagen biomarkers in a general population.   

● Part 2 identified tissue proteomic signatures of the failing myocardium in HFrEF 

patients with ischaemic or dilated cardiomyopathy.  

 ● Part 3 demonstrated that among single urinary peptides, a fragment of the 

mucin-1 subunit is the strongest correlate and predictor of CKD in a 

general population, outperforming 24-h microalbuminuria.  

In Chapter 4, we investigated the metabolic signatures of asymptomatic diastolic LV 

dysfunction.   

 ● Part 1 described the cross-sectional association of asymptomatic diastolic LV 

dysfunction with circulating metabolic biomarkers in a general population.  

 ● Part 2 tested temporal consistency in the associations of asymptomatic diastolic 

LV dysfunction with circulating metabolic markers and evaluated the 

prognostic value of circulating metabolic biomarkers in the prediction of 

incident diastolic LV dysfunction.  
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Abstract  

In previous studies, we identified two urinary proteomic classifiers, termed HF1 and HF2, 

which discriminated subclinical diastolic left ventricular (LV) dysfunction from normal. 

HF1 and HF2 combine information from 85 and 671 urinary peptides, mainly up- or down-

regulated collagen fragments.  We sought to validate these classifiers in a population 

study.  In 745 people randomly recruited from a Flemish population (49.8 years; 51.3% 

women), we measured early and late diastolic peak velocities of mitral inflow (E and A) 

and mitral annular velocities (e' and a') by conventional and tissue Doppler echocardiog-

raphy, and the urinary proteome by capillary electrophoresis coupled with mass spec-

trometry.   In analyses adjusted for sex, age, body mass index, blood pressure, heart 

rate, LV mass index and intake of medications, we expressed effect sizes per 1-SD in-

crement in the classifiers.   HF1 was associated with 0.204 cm/s lower e’ peak velocity 

(95% confidence interval, 0.057–0.351; p=0.007) and 0.145 higher E/e’ ratio (0.023–

0.268; p=0.020), while HF2 was associated with a 0.174 higher E/e’ ratio (0.046–0.302; 

p=0.008).  According to published definitions, 67 (9.0%) participants had impaired LV re-

laxation and 96 (12.9%) had elevated LV filling pressure.  The odds of impaired relaxation 

associated with HF1 was 1.38 (1.01–1.88; p=0.043) and that of increased LV filling pres-

sure associated with HF2 was 1.38 (1.00–1.90; p=0.052).   In a general population, the 

urinary proteome correlated with diastolic LV dysfunction, proving its utility for early diag-

nosis of this condition. 
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Introduction 

Recent guidelines [1,2] describe heart failure (HF) as a complex clinical syndrome that 

results from any structural or functional impairment of ventricular filling or ejection of 

blood.  HF may result from disorders of the pericardium, myocardium, endocardium, heart 

valves, or great vessels or from certain metabolic abnormalities, but most HF patients 

have symptoms due to impaired left ventricular (LV) myocardial function with or without 

preserved ejection fraction.  Impaired LV function evolves from asymptomatic changes in 

cardiac structure (e.g. LV hypertrophy) and function (e.g. impaired relaxation) into clinical-

ly overt HF, disability and death.  The 5-year mortality rate of symptomatic HF is approxi-

mately 60% [3].  Diastolic HF is characterised by slow LV relaxation, increased LV stiff-

ness, increased interstitial deposition of collagen, and modified extracellular matrix pro-

teins [4].  Diastolic HF accounts for 40–50% of all HF cases and has a prognosis as omi-

nous as systolic HF [4].  In randomly recruited European population samples, the fre-

quency of asymptomatic echocardiographically diagnosed diastolic LV dysfunction (early 

stage) is as high as 27% [5,6].  This constitutes a large pool of subjects at high risk of di-

astolic HF.   

The pathogenesis underlying diastolic LV dysfunction might rest on atherosclerosis of 

the large epicardial or intramural coronary arteries [7,8].  More recently experts in the field 

advanced the hypothesis that endothelial dysfunction in the coronary microcirculation and 

a systemic pro-inflammatory state favour the development of LV hypertrophy, stiffening of 

cardiomyocytes and interstitial myocardial fibrosis [9,10].  Whatever the underlying mech-

anism, modification in the extracellular myocardial matrix and collagen turnover are hall-

marks of diastolic LV dysfunction.  In line with this concept, we identified in a preliminary 

case-control study 85 urinary peptides, mainly up- or down-regulated collagen fragments, 

that discriminated between 19 hypertensive patients with asymptomatic diastolic LV dys-

function and 19 controls [11].  With adjustments applied for multiple testing three urinary 

peptide biomarkers remained significant [11].  In an attempt to find ways to facilitate the 
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diagnosis of asymptomatic diastolic LV dysfunction, we evaluated in a Flemish population 

sample the association of diastolic LV function, analysed as a continuous or categorical 

variable, with urinary proteomic biomarkers combined in a high-dimensional model (clas-

sifier).    

Material and methods 

Participants

The Ethics Committee of the University of Leuven approved the Flemish Study on Envi-

ronment, Genes and Health Outcomes (FLEMENGHO) [12,13].  Our study was designed 

to enrol a random population sample with families as the sampling unit.  Recruitment 

started in 1985 [13].  The initial participation rate was 78.0%.   

From May 2005 until May 2010, we mailed an invitation letter to 1208 former partici-

pants for a re-examination, including echocardiography.  However, 153 former partici-

pants were unavailable for follow-up, because they had died (n=26), because they had 

been institutionalised or were too ill (n=27), or because they had moved out of the area 

(n=100).  Of the remaining 1055 former participants, 828 renewed informed consent.  The 

participation rate for the re-examination was therefore 78.5%.  We excluded from analysis 

19 cases and 19 controls, because they had been selected to identify one of the multidi-

mensional classifiers used in the current analyses [11].  Furthermore, we removed an ad-

ditional 45 participants from analysis, because no urine sample was available for urinary 

proteomics (n=22), because of atrial fibrillation (n=8) or paced heart rhythm (n=3), be-

cause their LV mass (n=6) or diastolic LV function could not be reliably determined (n=6). 

Thus, the number of participants included in the current cross-sectional analysis totalled 

745. 

Echocardiography

Data acquisition—One experienced physician (T.K.) did the ultrasound examination [5], 

using a Vivid7 Pro (GE Vingmed, Horten, Norway) interfaced with a 2.5- to 3.5-MHz 
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phased-array probe.  For off-line analysis, she recorded at least five heart cycles accord-

ing to the recommendations of the American Society of Echocardiography [14].  M-mode 

echocardiograms of the LV were recorded from the parasternal long-axis view under con-

trol of the two-dimensional image.  The ultrasound beam was positioned just below the 

mitral valve at the level of the posterior tendinous chords.  To record mitral and pulmo-

nary vein (PV) flow velocities from the apical window, the observer positioned the Doppler 

sample volume at the mitral valve tips, in the right superior PV, and between the LV out-

flow and mitral inflow, respectively.  From the apical window, the observer positioned a 

5-mm Doppler sample at the septal, lateral, inferior and posterior sites of the mitral annu-

lus to record low-velocity, high-intensity myocardial signals at a high frame rate (>190 

frames per second), while ensuring parallel alignment of the ultrasound beam with the 

myocardial segment of interest.   

Off-line analysis—One reader (T.K.) analysed the digitally stored images, averaging three 

heart cycles, using a workstation running EchoPac software, version 4.0.4 (GE Vingmed, 

Horten, Norway).  LV internal diameter and interventricular septal and posterior wall 

thickness were measured at end-diastole from the 2-dimensionally guided M-mode trac-

ing.  When optimal orientation of M-mode ultrasound beam could not be obtained, the 

reader performed linear measurements on correctly oriented 2-dimensional images.  End-

diastolic LV dimensions were used to calculate LV mass by an anatomically validated 

formula [14].  Left atrial (LA) volume was calculated using the prolate-elipsoid method 

from the LA dimensions in three orthogonal planes and indexed to body surface area 

[14].  From the transmitral flow signal, the reader determined peak early diastolic velocity 

(E), peak late diastolic velocity (A), the E/A ratio, and transmitral A flow duration.  From 

the PV flow signal, she measured the duration of PV reversal flow during atrial systole 

(ARd).  From the TDI recordings, the reader measured peak early (e') and peak late (a') 

diastolic mitral annular velocities, and the e'/a' ratio at the four acquisition sites (septal, 

lateral, inferior, and posterior).   
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Reproducibility—Intra-observer reproducibility was the 2-SD interval about the mean of 

the relative differences across pairwise readings.  As reported previously [5], the intra-

observer reproducibility for the tissue Doppler peak velocities across the four sampling 

sites ranged from 4.48% to 5.34% for e’ and from 3.96% to 4.52% for a’.  For the LV in-

ternal end-diastolic diameter, reproducibility was 4.6% for LV wall thickness and 4.3% for 

LV mass [15].    

Classification of diastolic LV function—For staging LV diastolic dysfunction, the mitral 

inflow and TDI velocities were combined, as previously described [5,6].  The first group 

included patients with an abnormally low age-specific transmitral E/A ratio indicative of 

impaired relaxation, but without evidence of increased LV filling pressures (E/e' ≤8.5). 

The second group had mildly-to-moderately elevated LV filling pressure (E/e' >8.5) and 

an E/A ratio within the normal age-specific range.  Differences in durations between the 

transmitral A flow and the reverse PV flow during atrial systole (Ad < ARd + 10) and/or LA 

volume index (≥28 ml/m2) were checked to confirm possible elevation of the LV filling 

pressures in group 2.  The third group had an elevated E/e' ratio and an abnormally low 

age-specific E/A ratio (combined dysfunction).   

Urinary proteomics

Participants collected 24-h urine samples within one week of the echocardiographic ex-

aminations.  Using 24-h urine samples rather than spot urine samples minimises the 

small but detectable influence of food intake [16] during the day on the urinary proteome. 

Aliquots were stored at –80 °C.  Urine (0.7 mL) was thawed immediately before analysis 

and diluted with 0.7 mL of 2 M urea, 10 mM NH4OH containing 0.02% SDS [17].  To re-

move higher molecular mass proteins, such as albumin and immunoglobulin G, the sam-

ple was ultra-filtered using Centrisart ultracentrifugation devices (20 kDa MWCO; Sartori-

us, Göttingen, Germany) at 3,000 g relative centrifugal force until 1.1 mL of filtrate was 

obtained.  This filtrate was then applied onto a PD-10 desalting column (GE Healthcare, 

Uppsala, Sweden) equilibrated in 0.01% NH4OH in HPLC-grade H2O (Roth, Germany) to 
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decrease matrix effects by removing urea, electrolytes, and salts, and to enrich polypep-

tides.  Finally, all samples were lyophilised, stored at 4 ºC, and suspended in HPLC-

grade H2O shortly before CE-MS analyses [18].   

CE-MS analyses were performed using a P/ACE MDQ capillary electrophoresis sys-

tem (Beckman Coulter, Fullerton, USA) on-line coupled to a micrOTOF MS (Bruker Dal-

tonic, Bremen, Germany) [18].  The ESI sprayer (Agilent Technologies, Palo Alto, CA, 

USA) was grounded, and the ion spray interface potential was set between -4 and -4.5 kV. 

Data acquisition and mass spectrometry acquisition methods were automatically con-

trolled by the capillary electrophoresis via contact-close-relays.  Spectra were accumulat-

ed every 3 s, over a range of charge states (m/z) 350 to 3000.  Previous publications de-

scribed the accuracy, precision, selectivity, sensitivity, reproducibility, and stability of the 

CE-MS measurements in detail [19].   

Mass spectra were processed using MosaiquesVisu software, including peak picking, 

deconvolution and de-isotoping [20].  Migration time and peak intensity were normalised 

using internal polypeptide standards [21].  These fragments result from normal biological 

processes and appear to be unaffected by any disease state studied to date based on 

over 20000 samples in the Mosaiques database [22].  The resulting peak list characteris-

es each polypeptide by its molecular mass, normalised capillary electrophoresis migration 

time, and normalised signal intensity.  All detected polypeptides were deposited, 

matched, and annotated in a Microsoft SQL database, allowing further analysis and com-

parison of multiple patient groups.  

Peptide fragments identified in previous studies were combined into a single summary 

variable, using the support-vector machine based MosaCluster software, version 1.6.5. 

In the present study, we used two high-dimensional classifiers.  As published previously 

[11], HF1 combined information from 85 peptide fragments identified in 19 patients with 

diastolic LV dysfunction and 19 controls.  To generate the HF2 classifier, all urinary pro-

teomic datasets from cases available in the Mosaiques database [22] were combined and 
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compared with data from sex- and age-matched controls.  Cases were 98 patients with 

LV diastolic dysfunction recruited from our population [11] (n=35) or admitted to the hos-

pital because of overt heart failure (n=63).  The patients with overt heart failure were all 

on multiple drugs, included 49.2% women and were 67.1±9.9 years old.  The underlying 

cause of heart failure was ischaemic cardiomyopathy (50.8%), dilated cardiomyopathy 

(28.6%), hypertrophic cardiomyopathy (1.6%), valvular heart disease (1.6%) or unspeci-

fied (17.4%).  Comparing cases with controls identified 710 potential biomarkers, based 

on a p-value of less than 0.05 with adjustment for multiple testing applied.  Using a take-

one-out procedure [23] to remove potential biomarkers that are of no apparent value, the 

number of biomarkers was reduced to 671.  A MosaiquesVisu software based classifier 

including these 671 urinary peptides was developed, using all 196 (98 cases and 98 con-

trols) datasets.  Upon complete take-one-out cross-validation, in the training dataset, the 

classifier had 88.7% accuracy, 87.8 % sensitivity, and 89.58 % specificity.  Full infor-

mation of the polypeptides making up the two classifiers (Tables S1 and S2) and on the 

polypeptides with known amino-acid sequence (Tables S3 and S4) is available in the 

Supplementary material online.  A subset of 671 participants had plasma NT-proBNP 

measured by a competitive enzyme immunoassay developed for research purposes only 

use (Biomedica Gruppe, Vienna, Austria) [24].   

Other measurements

At the examination centre, nurses administered a questionnaire to collect detailed infor-

mation on each participant’s medical history, smoking and drinking habits, and intake of 

medications.  The conventional blood pressure was the average of five consecutive aus-

cultatory readings obtained with the subject in the seated position.  Hypertension was a 

blood pressure of at least 140 mm Hg systolic or 90 mm Hg diastolic or use of antihyper-

tensive drugs.  Body mass index was weight in kilograms divided by the square of height 

in meters.  Participants fasted for 6 hours or longer prior to venepuncture.  Venous blood 

samples were analysed for glucose, creatinine, total and high-density (HDL) cholesterol, 
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and -glutamyltransferase as index of alcohol intake.  We computed low-density (LDL) 

cholesterol, using Friedewald’s formula [25].  We applied the Modification of Diet in Renal 

Disease Study Group equation (MDRD) to estimate the glomerular filtration rate (eGFR) 

from sex, age, and serum creatinine [26].  Diabetes mellitus was a self-reported diagnosis, 

a fasting glucose level of at least 126 mg/dL, or use of antidiabetic agents [27].  In 671 

participants, NT-proBNP was measured in plasma by a competitive enzyme immnunoas-

say (EIA) for research use (Biomedica Gruppe, Vienna, Austria).  Participants also col-

lected an exactly timed 24-h urine sample for the measurement of micro-albuminuria.  

Micro-albuminuria was a 24–h urinary excretion ranging from 30 to 300 mg and macro-

albuminuria a 24–h excretion exceeding 300 mg.    

Statistical analysis

For database management and statistical analysis, we used the SAS system, version 9.3 

(SAS Institute Inc., Cary, NC).  Significance was a two-tailed -level of 0.05 or less. 

Means were compared using the large-sample z-test or ANOVA and proportions by Fish-

er’s exact test.  The distribution of -glutamyltransferase was normalised by a logarithmic 

transformation.  Our statistical methods also included multivariable-adjusted linear and 

logistic regression analysis with as dependent variables LV mass, the indexes reflecting 

diastolic LV function or the categories of diastolic LV dysfunction.  The covariables ac-

counted for in all analyses were sex, age, body mass index, mean arterial pressure, heart 

rate, LV mass index, treatment with inhibitors of the renin system (angiotensin-converting 

enzyme inhibitors or angiotensin II type-1 receptor blockers), and use of -blockers.  In 

sensitivity analyses, models were additionally adjusted for blood glucose, serum creati-

nine and -glutamyltransferase as index of alcohol intake.  To maximise the discriminato-

ry accuracy of HF1 and HF2, we maximised Younden’s index (sensitivity + specificity – 1) 

in unadjusted logistic models.  Finally, we assessed the added capacity of the urinary pro-

teomic biomarkers to differentiate normal from abnormal diastolic LV function, using the 
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integrated discrimination improvement (IDI) and the net reclassification improvement 

(NRI) [28].   

Role of the funding source

The funding source had no role in study design, data extraction, data analysis, data inter-

pretation, or writing of the report. The corresponding author had full access to all the data 

in the study and had the responsibility for the decision to submit for publication.   

Results 

General characteristics of participants

Women (n=382) and men (n=363) had similar age (mean, 49.8 years; range, 18 to 89 

years).  The study sample included 309 (41.5%) hypertensive patients of whom 185 

(59.9%) were on antihypertensive drug treatment, and 9 participants (1.2%) had diabetes 

mellitus.  Among 185 patients on treatment with antihypertensive drugs, 64 (34.6%) used 

inhibitors of the renin system (angiotensin converting enzyme inhibitors or angiotensin II 

type-1 receptor blockers), and 109 (58.9%) were on treatment with -blockers.  Of 382 

women and 363 men, 74 (19.4%) women and 74 (20.4%) men were smokers, and 214 

(56.0%) women and 301 (82.9%) men reported intake of alcohol.  In smokers, median 

tobacco use was 15 cigarettes per day (interquartile range, 7 to 20 cigarettes per day).  In 

drinkers, the median alcohol consumption was 10 g per day (interquartile range, 4 to 17 g 

per day).  Only one participant had a history of heart failure.  Thirty patients had mild to 

moderate valvular heart disease, including, aortic stenosis (n=3), aortic regurgitation 

(n=6), mitral regurgitation (n=10), tricuspid regurgitation (n=2), or a combinations thereof. 

One participant had Marfan syndrome.  The prevalence of micro- and macro-albuminuria 

in our study population was 26 (3.5%) and 3 (0.4%), respectively.    
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Analyses across categories of HF1 and HF2 

Figure 1 shows the distributions of HF1 and HF2.  Table 1 lists the characteristics of par-

ticipants by fourths of the distribution of HF1.  Age, body mass index, blood pressure, the 

prevalence of hypertension and use of antihypertensive drugs, LDL cholesterol, blood 

glucose, serum creatinine and -glutamyltransferase increased (p≤0.049) with higher HF1 

category, whereas the opposite was the case for HDL cholesterol and eGFR (p≤0.049). 

In the subset 671 participants who had NT-proBNP measured, the geometric mean level 

was 203.8 pmol/L (interquartile range, 140.1 to 287.3 pmol/L).  The NT-proBNP levels did 

not increase with higher categories of HF1 (Table 1) and HF2 (Table S5).  HF2 (r=0.10; 

p=0.009), but not HF1 (r=0.02; p=0.65) correlated with the logarithmically transformed 

NT-proBNP level.  
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Figure 1   Distribution of the urinary multi-dimensional biomarkers HF1 (A) and HF2 (B) 

in 745 participants.  S and K are the coefficients of skewness and kurtosis, respectively.  

The p-value is for the Kolmogorov-Smirnov test and indicates departure of the actually 

observed distribution (full line) from normality (dotted line).   
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Table 1   Patient characteristics by fourths of the distribution of HF1 

Characteristic Categories of the urinary HF1 biomarker 

p 

Limits, score <–1.639 
–1.639 to

–1.078

–1.077 to

–0.489
≥–0.488 

Number of subjects (%) 
All patients in category  187 187 185 186 
Women  96 (51.3) 96 (51.3) 101 (54.6) 89 (47.9) 0.64 
Smokers  47 (25.1) 37 (19.8) 34 (18.4) 30 (16.1) 0.16 
Drinking alcohol  135 (72.2) 131 (70.1) 123 (66.5) 126 (67.7) 0.64 
Hypertension  53 (28.3) 62 (33.2) 78 (42.2) 116 (62.4)§ <0.0001 
Antihypertensive treatment 25 (13.4) 29 (15.5) 44 (23.8)* 87 (46.8) § <0.0001 
Diabetes mellitus  3 (1.6) 0 1 (0.5) 5 (2.7) 0.084 

Mean (SD) of characteristic 
Age, years  44.4 ± 14.5 47.3 ± 15.3 50.9 ± 14.5* 56.7 ± 14.8‡ <0.0001 

Body mass index, kg/m2 25.4 ± 3.7 25.8 ± 3.7 26.5 ± 4.4 27.8 ± 4.7† <0.0001 

Office blood pressure  
Systolic pressure, mmHg  125.6 ± 14.7 127.7 ± 18.6 129.3 ± 17.9 132.5 ± 17.3 0.001 
Diastolic pressure, mmHg 78.7 ± 9.1 78.7 ± 10.2 80.4 ± 9.2 80.8 ± 9.5 0.049 
Mean arterial pressure, 
mmHg  94.3 ± 9.8 95.0 ± 11.3 96.7 ± 10.8 98.0 ± 10.5 0.003 

Heart rate, beats per minute 61.1 ± 9.2 60.4 ± 9.6 60.4 ± 9.7 61.2 ± 10.7 0.79 
Biochemical data  

Total cholesterol, mmol/L   5.09 ± 0.96 5.27 ± 0.97 5.30 ± 0.95 5.29 ± 1.01 0.11 
HDL cholesterol, mmol/L  1.46 ± 0.35 1.44 ± 0.34 1.44 ± 0.37 1.37 ± 0.35* 0.049 
LDL cholesterol, mmol/L  3.05 ± 0.87 3.23 ± 0.85* 3.23 ± 0.84 3.24 ± 0.87 0.042 
Blood glucose, mmol/L  4.86 ± 0.55 4.82 ± 0.50 4.95 ± 0.68* 5.15 ± 1.23 0.0003 
Serum creatinine, μmol/L   81.7 ± 13.2 82.2 ± 13.3 83.2 ± 13.7 87.1 ± 20.4* 0.003 

eGFR, mL/min/1.73 m2  84.4 ± 14.8 83.5 ± 19.0 79.6 ± 14.4* 76.5 ± 16.7 <0.0001 

-glutamyltransferase, units/L 21 (12–37) 22 (12–59) 23 (11–48) 26 (13–61)* 0.003 
NT-proBNP, pmol/L  211 (109–424) 193 (87–399) 211 (92–424) 200 (100–399) 0.42 

Abbreviations: eGFR, estimated glomerular filtration rate calculated according to the MDRD formula, as de-
scribed in reference 26.  Office blood pressure was the average of five consecutive readings.  Heart rate was 
determined during the echocardiographic examination.  Hypertension was an office blood pressure of ≥140 
mmHg systolic, or ≥90 mm Hg diastolic, or use on antihypertensive drugs.  For -glutamyltransferase and NT-
proBNP, values are geometric mean (interquartile range).  NT-proBNP was measured in167, 167, 166 and 171 
participants of the 1st, 2nd, 3rd and 4th quartile, respectively (671 in total).  p values denote the significance of 
the differences in prevalence rates or means across fourths of the HF1 distribution.  Significance of the differ-
ence with the adjacent lower fourth: * p≤0.05; † p≤0.01; ‡ p≤0.001; § p<0.0001.  
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Table 2 shows that LA volume, LA volume index, LV mass, LV mass index, decelera-

tion time, isovolumetric relaxation time, A and a’ peak velocities, and the E/e’ ratio in-

creased (p≤0.0007) with higher HF1 category, whereas the opposite was the case 

(p<0.0001) for the E and e’ peak velocities and the E/A and e’/a’ ratios.  Findings were 

similar across fourths of the HF2 distribution for the characteristics of the participants 

(Table S5) as well as for the echocardiographic measurements (Table S6).  Additional 

information on the risk factor scores and comorbidities by fourths of the distributions of 

HF1 and HF2 are provided in Table S7.   

Multivariable-adjusted analyses of continuous echocardiographic measures

With adjustments applied for sex, age, body mass index, mean arterial pressure, heart 

rate, LV mass index, treatment with inhibitors of the renin system, and use of -blockers, 

as shown in Table 3, a 1-SD increment in HF1 was associated with a 0.908 mL decrease 

in LA volume, a 0.473 mL/m2 lower LA volume index, a 0.204 cm/s lower e’ peak velocity 

(p=0.007), a 2.512 (p=0.049) longer deceleration time and a 0.145 higher E/e’ ratio 

(p=0.020).  With similar adjustments, a 1-SD increment in HF2 was associated with a 

3.971 (p=0.003) longer deceleration time, a 0.174 higher E/e’ ratio (p=0.008), a 0.025 

higher E/A ratio (p=0.037), and a 0.152 cm/s lower a’ peak velocity (p=0.008).  The asso-

ciation between the E/A ratio and HF2 was driven by patients with increased LV filling 

pressure.  After removal of these 96 patients, the association size weakened to 0.014 

(95% confidence interval, –0.013 to 0.041; p=0.31).  LV mass and the other Doppler in-

dexes were not significantly associated with HF1 (0.091≤p ≤0.93) or HF2 (0.22 ≤p ≤0.82). 

As shown in Table S8, analyses of the Doppler measurements additionally adjusted for 

blood glucose, serum creatinine and -glutamyltransferase were confirmatory. 
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Table 2   Echocardiographic measurements by fourths of the distribution of HF1 

Characteristic Categories of the urinary HF1 biomarker

Limits, score <–1.639 
–1.639 to

–1.078

–1.077 to

–0.489
≥–0.488 

Conventional echocardiography 

Left atrial volume, mL  40.0 ± 11.4 42.1 ±13.3 43.9 ±14.8 44.8 ± 14.5 

Left atrial volume index, mL/m2   21.6 ± 5.42 22.6 ± 6.28 23.2 ±6.67 23.8 ± 6.83 

Left ventricular mass, g  160.5 ± 43.5 169.4 ± 47.4 172.8 ± 50.7 183.6 ± 50.9* 

Left ventricular mass index, g/m2 86.5 ± 18.8 91.0 ± 20.5* 91.7 ± 22.1 97.8 ± 23.5† 

Doppler data  

Deceleration time, ms  160.6 ± 30.6 158.3 ± 31.9 166.8 ± 33.9* 176.9 ± 43.2* 

Isovolumetric relaxation time, ms 94.4 ± 14.6 96.6 ± 17.0 96.7 ± 14.1 100.3 ± 16.6* 

E peak, cm/s   78.4 ± 14.9 78.3 ± 15.3 75.3 ± 16.5 71.2 ± 16.3* 

A peak, cm/s  59.0 ± 16.0 61.2 ± 17.8 66.3 ± 17.0† 68.9 ± 15.8 

E/A ratio  1.44 ± 0.51 1.39 ± 0.50 1.22 ± 0.45‡ 1.10 ± 0.40† 

e’ peak, cm/s   13.2 ± 3.65 12.2 ± 3.49† 11.2 ± 3.29† 10.0 ± 3.25‡ 

a’ peak, cm/s  9.51 ± 2.22 9.88 ± 2.19 10.2 ± 1.98 10.5 ± 1.92 

e’/a’ ratio  1.56 ± 0.80 1.37 ± 0.67* 1.19 ± 0.52† 1.02 ± 0.47† 

E/e’ ratio  6.25 ± 1.60 6.88 ± 2.19† 7.08 ± 1.99 7.59 ± 2.23* 

All ANOVA P values for differences in means across fourths of the HF1 distribution were significant 
(≤0.0007).  Significance of the difference with the adjacent lower fourth: * p≤0.05; † p≤0.01; ‡ 
p≤0.001.  
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Table 3   Multivariable-adjusted associations of echocardiographic measurements with 1-SD increases in HF1 

and HF2 

Characteristic

Associations with HF1 Associations with HF2 

Association size  

(95% confidence interval) 
p 

Association size  

(95% confidence interval) 
p 

Conventional echocardiography 

Left atrial volume, mL  –0.908 (–1.651 to –0.165) 0.017 0.643 (–1.425 to 0.138) 0.11 

Left atrial volume index, mL/m2   –0.473 (–0.850 to –0.096) 0.014 –0.284 (–0.681 to 0.113) 0.16 

Left ventricular mass, g  0.118 (–2.568 to 2.805) 0.93 0.481 (–2.326 to 3.289) 0.74 

Left ventricular mass index, g/m2 0.697 (–0.662 to 2.056) 0.31 0.879 (–0.540 to 2.298) 0.22 

Doppler data  

Deceleration time, ms  2.512 (0.013 to 5.012) 0.049 3.971 (1.367 to 6.575) 0.003 

Isovolumetric relaxation time, ms –0.179 (–1.234 to 0.877) 0.74 –0.687 (–1.791 to 0.416) 0.22 

E peak, cm/s   –0.200 (–1.280 to 0.881) 0.72 0.603 (–0.525 to 1.732) 0.29 

A peak, cm/s  –0.044 (–0.924 to 0.836) 0.92 –0.106 (–1.025 to 0.813) 0.82 

E/A ratio  –0.004 (–0.026 to 0.019) 0.74 0.025 (0.002 to 0.049) 0.037 

e’ peak, cm/s   –0.204 (–0.351 to –0.057) 0.007 –0.082 (–0.236 to 0.072) 0.30 

a’ peak, cm/s  –0.104 (–0.224 to 0.017) 0.091 –0.152 (–0.278 to –0.026) 0.018 

e’/a’ ratio  –0.018 (–0.047 to 0.010) 0.20 0.004 (–0.025 to 0.034) 0.77 

E/e’ ratio  0.145 (0.023 to 0.268) 0.020 0.174 (0.046 to 0.302) 0.008 

Association were expressed for a 1-SD increase in the multidimensional classifiers HF1 and HF2.  All association sizes were adjust-
ed for sex, age, mean arterial pressure, heart rate, treatment with inhibitors of the renin system (angiotensin-converting enzyme in-
hibitors or angiotensin II type-1 receptor blockers), and use of -blockers.   Left atrial volume and left ventricular mass were addi-
tionally adjusted for body mass index and the Doppler data for body mass index and left ventricular mass index.   



Multivariable-adjusted odds ratios of diastolic LV dysfunction

According to the definitions given in the methods and in previous publications [5,6], 67 

(9.0%) participants had impaired LV relaxation, 80 (10.7%) had elevated LV filling pres-

sure, and 16 (2.1%) had a combined dysfunction.  To allow a multivariable analysis, we 

pooled patients with elevated LV filling pressure with the small group with combined LV 

dysfunction.  With adjustments applied for sex, age, body mass index, mean arterial 

pressure, heart rate, LV mass index, treatment with inhibitors of the renin system, and 

use of -blockers, as shown in Table 4 and Figure S1, a 1-SD increment in HF1 was as-

sociated with a 38% higher risk of impaired relaxation (p=0.043), but not with a signifi-

cantly elevated risk of having an elevated LV filling pressure (odds ratio, 1.20; p=0.24).  A 

1-SD increment in HF2 was weakly associated with a 38% higher risk of increased LV 

filling pressure (p=0.052), but not with impaired relaxation (odds ratio, 1.24; p=0.22).  As 

shown in Table S6, analyses additionally adjusted for blood glucose, serum creatinine 

and -glutamyltransferase were confirmatory. 

Improvement of diagnostic accuracy

By maximizing Younden’s index, we determined optimal thresholds for HF1 and HF2 to 

differentiate normal from abnormal left diastolic LV function.  Sensitivity of the optimised 

thresholds ranged from 65.6% to 93.8% and specificity from 31.1% to 66.3% (Table S10). 

For detecting any form of diastolic LV dysfunction, either impaired relaxation, increased 

filling pressure or both (Table S11), both HF1 and HF2 significantly (p≤0.003) enhanced 

NRI, but not IDI (p≥0.12) except for HF1 in the diagnosis of increased filling pressure 

(p=0.032).   
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Table 4   Multivariable-adjusted odds ratios for a 1-SD increase in HF1 or HF2 

Characteristic

Associations with HF1 Associations with HF2 

Odds ratio  

(95% confidence interval) 
P 

Odds ratio  

(95% confidence interval) 
P 

Impaired relaxation (n=67) 1.38 (1.01 to 1.88) 0.043 1.24(0.88 to 1.74) 0.22 

Increased filling pressure (n=96) 1.20 (0.88 to 1.63) 0.24 1.38 (1.00 to 1.90) 0.052 

Impaired relaxation refers to patients with an abnormally low age-specific transmitral E/A ratio indicative without evidence of increased LV 
filling pressures (E/e' ≤8.5).  Increased filling pressure refers to patients with elevated LV filling pressure (E/e' >8.5) and an E/A ratio within 
or below the normal age-specific range. Association were expressed for a 1-SD increase in in the multidimensional classifiers HF1 and 
HF2.  All association sizes were adjusted for sex, age, body mass index, mean arterial pressure, heart rate, left ventricular mass index, 
treatment with inhibitors of the renin system (angiotensin-converting enzyme inhibitors or angiotensin II type-1 receptor blockers), and use 
of -blockers.   



Discussion 

The key finding of our study was that in a general population diastolic LV function corre-

lated with multidimensional urinary proteomic classifiers.  Our current findings extent 

those of a previously published case-control study [11].  In 19 asymptomatic hypertensive 

patients and 19 matched controls, we identified a set of 85 urinary polypeptides that dis-

criminated diastolic LV dysfunction from normal LV function [11].  A subsequent replica-

tion study in 16 hypertensive patients and 16 controls confirmed the diagnostic accuracy 

of the set urinary peptides [11].  However, Redfield and colleagues demonstrated that 

among people with moderate or severe diastolic or systolic dysfunction, less than half had 

recognised congestive heart failure [29].  In multivariable-adjusted analyses, both mild 

and moderate or severe diastolic LV dysfunction predicted all-cause mortality over a me-

dian follow-up of 3.5 years [29].  The Olmsted County study [29], taken together with our 

current observations, suggest that the urinary proteome is a harbinger of clinical manifes-

tations occurring later during the course of the disease.   

Defining diagnostic thresholds for conditions, such as diastolic LV dysfunction, should 

be based on a randomly selected non-institutionalised sample of the general population 

[30,31].  To classify diastolic LV function, we first selected a healthy subsample from a 

Flemish population without history of cardiovascular disease and with low risk cardiovas-

cular profile.  In this reference group we determined age-specific cut-off points for the in-

dexes of diastolic LV function, including E/e', E/A ratio, left atrial volume indexed to body 

surface area, and ∆(Ad – ARd).  Next, we demonstrated that these indexes were con-

sistent and reproducible in FLEMENGHO [5] and in population cohorts [6] enrolled in the 

European Project on Genes in Hypertension (EPOGH).   For instance, the 97.5th percen-

tiles of E/e' ratio in the FLEMENGHO [5] and EPOGH [6] reference groups were 8.6 and 

8.5, respectively.  Moreover, these E/e' thresholds were in keeping with the results of in-

vasive studies showed that a E/e' ratio below 8 is an accurate indicator of a normal LV 
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filling pressure [32].  In the absence of an outcome-driven age-specific diagnostic refer-

ence frame, averaging the 2.5 and 97.5 percentiles for the E/A ratio in subjects free from 

cardiovascular diseases included FLEMENGHO [5] and EPOGH [6], and rounding the 

resulting boundaries to the closest integer value, produced working definitions of a normal 

E/A ratio.  The lower boundaries of the age-specific thresholds for the E/A ratio de-

creased approximately by 0.10 per decade of age [5,6].   Absolute values of systolic and 

diastolic PV flow velocity and their ratio depend not only on diastolic LV properties, but 

also on other factors, such as mitral regurgitation, younger age, LV systolic function, etc. 

[33].  These confounders might limit the use of PV flow velocity in the assessment of LV 

diastolic dysfunction, particularly, in general population [33].  On the other hand, we 

measured the difference in duration between the mitral A flow and AR.  Invasive studies 

[32,34] demonstrated that a difference between the A wave and AR duration of >0 msec 

is associated with a LV end-diastolic pressure of 20 mmHg or greater with high sensitivity 

(82%) and specificity (92%).  In our current study, we checked differences in durations 

between the transmitral A flow and the reverse PV flow during atrial systole (Ad < ARd + 

10) and/or LA volume index (≥28 mL/m2) to confirm possible elevation of the LV filling

pressure. 

In our current study, the E/e’ ratio correlated positively with both HF1 and HF2.  These 

observations carry prognostic information.  Indeed, studies in patients with heart failure 

[35-37] or hypertension [38] demonstrated that high E/e’ predicted cardiac mortality and 

re-hospitalisation for heart failure [35-37] or the risk of a cardiac event [38].  In the three 

heart failure studies [35-37], the E/e’ ratio was the only [35] or a strong [36,37] predictor 

of the primary endpoint.  Furthermore, a substudy to the Anglo-Scandinavian Outcomes 

Trial (ASCOT) [38] involved 980 high-risk hypertensive patients, free of cardiac disease at 

baseline and followed up for a median of 4.2 years.  In multivariable-adjusted Cox-

proportional hazards models, a unit rise in the E/e’ ratio was associated with a 17% in-

crement in risk of a cardiac event (95% confidence interval, 1.05–1.29; p=0.003) [38].   
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In the present study, HF1 was not only associated with E/e’, but with e’ as well.  In a 

Chinese cohort of 174 hypertensive patients and 78 age-matched controls, 19 patients 

(7.5%) experienced a fatal cardiac event during 1.6 years of follow-up [39].  In adjusted 

analyses, e’ was among the strong predictors of cardiac mortality [39].  The positive as-

sociation of HF2 with the transmitral E/A ratio and the inverse correlation of HF2 with a’ 

peak mitral annular velocity at first sight looks counter-intuitive.  However, Redfield and 

colleagues [29] demonstrated that in patients with severe diastolic LV dysfunction the 

transmitral A peak decreased resulting in a higher E/A ratio (so called pseudo-

normalisation) and that the a’ peak was lower than in subjects with normal diastolic LV 

function.  To ensure that our interpretation of the positive association between the trans-

mitral E/A ratio and HF2 was correct, we removed the 96 patients with increased LV 

pressure from analysis.  This weakened the latter association to a non-significant level. 

The above reports [29,35-39] combined with the results of our current study highlight that 

urinary proteomic biomarkers, such as HF1 and HF2, might predict prognosis even in a 

population setting.  Proving this hypothesis in the follow-up of our FLEMENGHO cohort is 

therefore a research priority.  Moreover, randomised clinical trials in patients with diastolic 

LV dysfunction should establish that the urinary proteome changes in parallel with the 

echocardiographic findings and clinical outcomes.   

Redfield and coworkers categorised diastolic LV function as ranging from normal to 

severe [29].  Mild diastolic dysfunction was impaired relaxation without evidence of in-

creased filling pressures; moderate, was impaired relaxation associated with moderate 

elevation of filling pressures or pseudo-normal filling; and severe, was advanced reduc-

tion in compliance with restrictive LV filling.  In the present study, a 1-SD increment in 

HF1 was associated with a 38% higher risk of impaired relaxation, but not with a signifi-

cantly elevated risk of having an elevated LV filling pressure, whereas a 1-SD increment 

in HF2 was associated with a 38% higher risk of increased LV filling pressure, but not 

with impaired relaxation.  These observations probably reflect the study populations, from 
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which the classifiers were derived.  HF1 rests on a case-control study including predomi-

nantly asymptomatic mild diastolic LV dysfunction, whereas the cases from which HF2 

was derived predominantly consisted of patients hospitalised for overt heart failure.   

In addition to HF1 and HF2, other correlates might help in screening for diastolic LV 

dysfunction, including albuminuria [40], circulating NT-proBNP [5], and the renal re-

sistance index [41].  However, in our participants randomly recruited from a general popu-

lation the prevalence of albuminuria was too low to be useful as a screening instrument. 

Among asymptomatic participants, there is large overlap in the NT-proBNP levels be-

tween categories of diastolic LV function.  We did not measure the renal resistance index, 

which is a measure of renal blood flow obtained by Doppler ultrasonography.  Ciccone 

and coworkers recently demonstrated in 250 out-patients with congestive heart failure in 

stable condition that the resistance index predicted rehospitalisation, progression to car-

diac transplantation or heart failure death [41].  In the further follow-up of our participants 

we are therefore measuring the resistance index to test its prognostic value in relation to 

heart failure in largely asymptomatic subjects recruited from a general population.   

Under physiological conditions, the urinary proteome originates about 70% from the 

kidney and the urinary tract, while 30% is derived from plasma [42].  Approximately 60% 

of the total mass of urinary peptides and proteins consist of collagen fragments [22].  In 

our case-control study, we demonstrated that most of the markers originated from colla-

gen [11].  Similarly, of the urinary peptides with known amino-acid sequence that were 

included in HF2, 68.9% were collagen fragments.  The cardiac extracellular matrix pre-

dominantly consist of fibrillar collagen type I (85%) and type III (11%).  In patients with 

heart failure, the balance between collagen synthesis and degradation is disturbed [43]. 

Diastolic LV dysfunction and heart failure associated with hypertension are characterised 

by increased interstitial deposition and cross-linking of type I collagen, a process that 

leads to LV stiffening [43].  However, our current study cannot prove the cardiac origin of 

the urinary collagen fragments that contribute to HF1 and HF2.  For this reason, we are 
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currently pursuing two research avenues.  First, we will run proteomics on biopsies taken 

from explanted (diseased) and implanted (healthy) hearts during cardiac transplantation 

surgery in an attempt to prove that the urinary and tissue proteomic signatures are similar. 

Second, we will link the urinary proteomic collagen fragments with circulating biomarkers 

of collagen synthesis and degradation [44].  Circulating biomarkers of interest are the in-

hibitors of metalloproteinases that degrade collagen, such as TIMP-1 and TIMP-4 [45].  

The expression of these inhibitors is tissue specific [45].  Linking the urinary proteome 

with these circulating tissue-specific inhibitors will therefore help in differentiating the car-

diac vs. renal origin of the urinary collagen fragments.   

Study limitations 

The present study must be interpreted within the context of its limitations.  Foremost, our 

findings arose from a cross-sectional analysis.  Whether or not, the urinary proteomic bi-

omarkers can predict the course over time of diastolic LV dysfunction and associated 

cardiovascular complications remains to be proven in longitudinal studies and in random-

ised clinical trials.  However, the Olmsted County study [29] in combination with our cur-

rent findings suggest that the urinary proteome might well be an early marker of incum-

bent disease.  Second, HF1 and HF2 still await validation against invasive measures of 

diastolic LV function, such as the time constant of isovolumetric relaxation ().  However, 

several studies showed that  as assessed by transthoracic Doppler underestimates the 

invasively measured , but that this slight underestimation is correctable by accounting for 

left atrial or capillary wedge pressure [46,47].  Third, 228 of 973 people (23.4%) declined 

participation in our current study.  However, participants and non-participants had similar 

distributions of female sex (51.3% vs. 51.3%; p=0.99), age (49.8 vs. 47.3 years; p=0.09), 

and previous cardiovascular disease (4.4% vs. 4.8%; p=0.78).  Fourth, we did not per-

form a Valsalva manoeuver.   However, major limitations of the Valsalva manoeuver are 

that not every person can perform it adequately and that it is difficult to standardize. 
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Moreover, its clinical value in distinguishing normal from pseudo-normal mitral inflow sub-

stantially diminished since TDI echocardiography of the mitral annulus allows a more pre-

cise assessment of LV relaxation and estimation of LV filling pressures.   As proposed by 

experts [48], a Valsalva manoeuver is only meaningful if the echocardiographic assess-

ment of diastolic LV function leaves room for doubt, which was not the case in our partici-

pants.  Finally, before being clinically applicable our results need replication in other 

population studies and in people of non-white ethnicity.  On the other hand, both HF1 and 

HF2 significantly enhanced NRI differentiating normal from abnormal diastolic LV func-

tion, but did not substantially improve IDI.  Our observations on IDI and NRI are not con-

tradictory.  NRI is a categorical measure.  It measures in how many cases the probability 

of a positive diagnosis increases when adding the biomarker to the model and vice versa 

in non-cases.  IDI is a continuous measure.  It measures how much the probability of a 

positive diagnosis in cases increases by adding the biomarker to the model, and vice ver-

sa in the non-cases.  Both metrics provide complimentary information.  Adding a bi-

omarker to the model might increase the probability of identifying a case, which means an 

increase in NRI, but perhaps only to a limited extend, as reflected by IDI.   

Conclusions 

Our current study extends the findings of a previous case-control study [11] to a larger 

population-based sample and suggest that the urinary proteome is useful for early diag-

nosis of diastolic LV dysfunction.  However, only prospective studies showing that the uri-

nary proteome predicts progression of diastolic LV dysfunction and randomised clinical 

trials demonstrating that the urinary proteome changes in parallel with the response to 

treatment can turn this screening tool into a clinically applicable modality.  Having this re-

search goal materialised would be a major step forward in view of the high prevalence of 

diastolic LV dysfunction [5,6] and the associated risk of progression to overt heart failure 

[29].   
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Table S1   List of polypeptides included in the HF1 classifier 

Polypeptide Cases Controls 

R 
p-value 

(unadjusted) 
ID 

Mass 

(Da) 

CE Time 

(min) 
% MA % MA 

81272 2211.98 33.23 0 0 0.42 2.67 0 1.99E-03 
129821 3333.36 19.42 0 0 0.47 2.39 0 8.72E-04 
8725 949.4 25.79 0.05 1.94 0.63 2.28 0.067 2.22E-04 

123106 3130.43 30.82 0.05 1.98 0.47 2.63 0.080 2.57E-03 
1577 840.41 23.17 0.05 1.65 0.47 1.85 0.095 3.29E-03 
103493 2658.22 19.5 0.05 3.36 0.47 3.29 0.109 4.71E-03 
44146 1518.6 19.37 0.11 1.91 0.58 2.49 0.145 1.33E-03 
4845 900.27 43.66 0.16 1.55 0.63 2.44 0.161 1.33E-03 
37610 1421.59 38.71 0.11 1.73 0.53 1.87 0.192 6.07E-03 
83441 2248.97 33.69 0.11 3.45 0.53 3.56 0.201 4.88E-03 
74703 2087.84 19.42 0.11 2.64 0.53 2.7 0.203 6.76E-03 
101157 2616.16 28.39 0.11 1.97 0.53 1.98 0.206 6.76E-03 
103022 2649.2 34.85 0.16 2.52 0.68 2.56 0.232 2.50E-03 
57360 1734.66 19.9 0.16 2.2 0.58 2.24 0.271 1.03E-02 
46091 1554.66 28.59 0.16 2.08 0.53 2.24 0.280 1.18E-02 
32022 1319.58 20.89 0.21 1.99 0.58 2.21 0.326 1.57E-02 
102269 2638.18 28.42 0.26 2.3 0.68 2.49 0.353 1.26E-02 
82708 2235.04 34.17 0.32 2.57 0.84 2.68 0.365 2.53E-03 
188895 11967.55 20.47 0.26 2.68 0.63 2.94 0.376 9.50E-03 
98089 2559.18 19.41 0.32 2.97 0.84 3 0.377 3.76E-03 
138143 3593.47 20.2 0.26 2.67 0.68 2.68 0.381 1.50E-02 
167786 4771.07 20.2 0.37 2.74 0.79 3.13 0.410 4.34E-03 
61984 1835.71 19.91 0.53 2.64 1 3.12 0.448 1.33E-04 

46369 1560.7 29.79 0.32 2.78 0.68 2.84 0.461 2.27E-02 
143947 3801.77 33.46 0.37 2.26 0.79 2.24 0.473 2.67E-02 
39275 1445.62 37.36 0.47 2.59 0.79 2.96 0.521 4.87E-03 
56493 1716.66 20.18 0.47 2.56 0.79 2.74 0.556 2.11E-02 
41972 1478.61 39.3 0.53 2.75 0.84 2.95 0.588 3.16E-03 
24168 1195.48 37.51 0.58 2.8 0.84 3.26 0.593 3.12E-03 
107858 2751.34 29.23 0.63 2.36 0.89 2.69 0.621 3.00E-03 
23356 1179.52 37.49 0.58 2.63 0.84 2.9 0.626 2.67E-02 
97599 2547.99 21.44 0.58 2.59 0.89 2.66 0.635 3.15E-02 
8695 949.22 34.33 0.53 2.46 0.68 3.01 0.637 2.78E-02 
23697 1186.53 22.39 0.68 2.8 1 2.88 0.661 2.08E-02 
36566 1401.38 36.56 0.58 2.77 0.74 3.27 0.664 8.74E-03 
153832 4196.75 20.84 0.68 2.41 0.95 2.59 0.666 4.93E-03 
26670 1235.56 26.65 0.63 3.02 0.84 3.3 0.686 1.08E-02 
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Polypeptide Cases Controls 

R 
p-value 

(unadjusted) 
ID 

Mass 

(Da) 

CE Time 

(min) 
% MA % MA 

58050 1749.81 30.61 0.63 2.57 0.84 2.79 0.691 3.04E-02 
28005 1255.48 35.77 0.68 3.08 0.84 3.4 0.733 3.19E-02 
159396 4409.89 20 0.74 2.72 0.84 3.23 0.742 2.68E-02 
69979 1996.79 20.98 0.79 2.86 0.95 3.17 0.750 8.53E-03 
40737 1462.62 39.42 0.84 3.33 1 3.68 0.760 2.62E-04 

65368 1901.82 43.83 0.79 3.17 0.89 3.61 0.779 1.52E-02 
128086 3286.55 30.92 0.79 3.13 0.89 3.51 0.792 6.91E-04 
73434 2067.82 20.62 0.84 3.1 1 3.28 0.794 1.42E-02 
148086 3986.65 20.6 0.84 3.53 0.95 3.82 0.817 2.75E-03 
108574 2764.21 42.63 0.79 3.56 0.89 3.85 0.821 2.43E-02 
90344 2377.1 20.8 0.89 3.12 0.95 3.46 0.845 1.95E-02 
36759 1405.61 39.04 0.89 2.94 0.95 3.18 0.866 1.02E-02 
147541 3968.6 21.09 0.89 3.14 0.89 3.57 0.880 1.77E-03 
28561 1265.59 27.09 0.89 3.36 0.89 3.79 0.887 1.10E-02 
107460 2742.25 28.98 0.95 2.91 1 3.11 0.889 1.19E-02 
32171 1321.59 28.37 0.95 4.07 1 4.27 0.906 1.82E-02 
39322 1446.64 39.43 1 3.2 1 3.49 0.917 3.19E-02 
35339 1378.61 28.82 1 3.36 1 3.53 0.952 1.54E-02 
81196 2210.95 33.61 1 3.72 1 3.59 1.036 2.15E-02 
41601 1469.67 23.69 1 3.72 1 3.56 1.045 2.33E-02 
62866 1854.81 40.92 1 3.89 1 3.71 1.048 1.98E-02 
99021 2570.19 42.56 1 3.88 1 3.7 1.049 1.19E-02 
79136 2175 33.28 1 3.74 1 3.49 1.072 1.09E-02 
50840 1623.73 24.12 0.95 4.17 0.95 3.86 1.080 9.77E-03 
72533 2046.92 32.58 0.95 3.49 0.95 3.21 1.087 1.06E-02 
57537 1737.78 23.73 1 4.02 0.95 3.82 1.108 2.15E-02 
50212 1613.82 23.99 0.89 2.7 0.89 2.43 1.111 3.30E-02 
60149 1794.8 23.92 1 3.72 0.95 3.47 1.128 6.20E-03 
103198 2654.19 23.92 0.89 2.94 0.89 2.47 1.190 5.52E-03 
104786 2679.2 23.53 1 3.58 0.89 3.34 1.204 7.89E-03 
33135 1338.6 23.99 1 2.86 0.89 2.65 1.213 1.20E-02 
73291 2064.92 24.46 0.84 2.75 0.79 2.37 1.234 3.25E-02 
45021 1532.62 26.35 1 2.82 0.89 2.55 1.243 1.67E-02 
99475 2577.25 24.67 0.95 2.78 0.89 2.38 1.247 6.05E-03 
40294 1452.66 23.61 1 2.85 0.84 2.62 1.295 2.17E-03 
35424 1380.64 23.83 0.95 2.79 0.79 2.56 1.311 7.17E-03 
131294 3375.57 31.92 1 2.87 0.79 2.71 1.341 1.80E-02 
111564 2841.26 24.54 0.89 3.21 0.79 2.67 1.354 4.98E-03 
104195 2663.2 23.51 0.89 2.61 0.74 2.29 1.371 2.07E-02 
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Polypeptide Cases Controls 

R 
p-value 

(unadjusted) 
ID 

Mass 

(Da) 

CE Time 

(min) 
% MA % MA 

28747 1268.57 27.25 1 3.44 0.74 3.32 1.400 1.01E-02 
44802 1526.69 23.92 0.79 2.51 0.63 2.1 1.499 1.10E-02 
113452 2889.35 24.08 0.89 2.47 0.58 2.29 1.655 7.34E-03 
69681 1989.88 32.44 0.84 2.43 0.42 2.51 1.936 2.03E-02 
55516 1696.72 23.95 0.79 2.54 0.42 2.39 1.999 1.59E-02 
80360 2196.02 33.16 0.68 2.74 0.26 2.73 2.625 1.15E-02 
82784 2236.98 27.14 0.63 2.28 0.21 2.31 2.961 1.29E-02 
56806 1723.52 37.74 0.53 2.31 0.11 2.52 4.417 1.03E-02 
129182 3320.51 24.25 0.47 2.07 0.05 2.1 9.266 4.71E-03 

ID, polypeptide identifier (SQL number); %, percentage of samples, in which the polypeptide could be detected; MA, 
mean signal amplitude of the polypeptides. R was calculated as ∑ (ln signal amplitude x frequency/number of partic-
ipants) in controls divided by ∑ (ln signal amplitude x frequency/number of participants) in cases. The polypeptides 
were ordered by ascending R.   
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Table S2   List of polypeptides included in the HF2 classifier 

ID

Polypeptide Cases Controls

R
p value 

(unadjusted)Mass 

(Da)

CE Time 

(min)
% MA % MA

5675 911.43 25.88 0.29 266.81 0.85 709.73 0.38 0 

17968 1099.49 28.24 0.62 310.36 0.91 888.01 0.35 8.88178E-16 

14906 1050.48 26.92 0.37 238.08 0.82 738.97 0.32 1.9984E-15 

73434 2067.82 20.62 0.51 1158.94 0.93 2053.5 0.56 1.4877E-14 

78073 2156.97 22.22 0.45 904.53 0.88 1576.04 0.57 1.12577E-13 

69979 1996.79 20.98 0.39 720.87 0.86 1396.18 0.52 1.46772E-13 

23697 1186.53 22.39 0.45 536.63 0.89 884.15 0.61 7.46292E-13 

2659 860.36 26.14 0.26 194.46 0.71 568.02 0.34 1.86806E-12 

67263 1934.79 19.94 0.27 474.89 0.74 916.03 0.52 2.22089E-12 

30575 1297.58 27.36 0.33 1425.18 0.85 1526.54 0.93 4.74443E-12 

61984 1835.71 19.91 0.43 884.19 0.85 1510 0.59 9.06009E-12 

72641 2048.93 24.46 0.98 4334.17 0.96 1332.88 3.25 9.11588E-12 

28561 1265.59 27.09 0.49 2855.06 0.81 7418.24 0.38 1.11318E-11 

11413 981.59 24.8 0.49 401.63 0.85 1006.41 0.40 1.70459E-11 

49958 1608.73 30.93 0.34 578.89 0.85 739.65 0.78 2.41796E-11 

7408 935.45 23.68 0.05 36.97 0.46 169.15 0.22 2.43741E-11 

2505 858.39 23.24 0.34 191.41 0.76 383.25 0.50 4.6019E-11 

23518 1182.55 28.27 0.12 62.68 0.55 136.09 0.46 4.82525E-11 

35339 1378.61 28.82 0.95 2232.32 1 3398.04 0.66 4.97484E-11 

72343 2042.07 25.14 0.43 10352.8 0.03 1273.44 8.13 6.103E-11 

56493 1716.66 20.18 0.24 416.31 0.7 672.93 0.62 7.75853E-11 

17694 1096.48 26.08 0.67 3573.1 0.94 5547.8 0.64 1.67514E-10 

28466 1263.54 22.73 0.37 604.76 0.83 626.22 0.97 1.70054E-10 

51916 1636.7 20.03 0.43 1031.8 0.84 1378.19 0.75 1.90195E-10 

87692 2327.91 21 0.15 273.02 0.58 355.4 0.77 2.80282E-10 

60352 1798.72 36.95 0.1 131.41 0.5 280.84 0.47 3.49119E-10 

124909 3194.42 30.4 0.55 746 0.17 292.65 2.55 9.42768E-10 

115312 2939.15 33.77 0.17 203.53 0.57 283.48 0.72 1.08754E-09 

43543 1508.68 29.33 0.59 1979.23 0.93 2945.44 0.67 1.57317E-09 

32470 1326.55 29.2 0.35 218.46 0.72 362.3 0.60 1.67426E-09 

42404 1487.65 29.62 0.38 336.54 0.75 655.59 0.51 1.99523E-09 

46184 1556.74 40.03 0.1 154.65 0.48 400.39 0.39 2.88512E-09 

30699 1299.58 22.38 0.39 428.35 0.84 409.15 1.05 3.0367E-09 

16773 1080.48 27.77 0.09 89 0.46 194.48 0.46 3.05367E-09 

19828 1129.46 27.91 0.35 149.33 0.69 321.85 0.46 3.64891E-09 

28132 1257.64 19.92 0.42 1104.88 0.06 529.33 2.09 5.52722E-09 

84164 2257.87 35.93 0.18 437.59 0.57 1175.56 0.37 6.19304E-09 

15216 1058.48 24.89 0.49 1000.53 0.13 477.43 2.10 6.55992E-09 
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ID

Polypeptide Cases Controls

R
p value 

(unadjusted)Mass 

(Da)

CE Time 

(min)
% MA % MA

147541 3968.6 21.09 0.63 1479.55 0.85 2807.96 0.53 7.13959E-09 

13342 1016.45 25.79 0.87 866.5 0.97 1808.79 0.48 1.1465E-08 

57531 1737.78 31 0.84 1573.88 0.94 2870.95 0.55 1.19037E-08 

66161 1916.77 20.32 0.5 1353.17 0.82 2464.52 0.55 1.34118E-08 

18943 1114.49 25.55 0.82 2185.57 0.93 4029.69 0.54 1.36723E-08 

90840 2389.24 22.4 0.43 11705.46 0.08 506.56 23.11 1.48139E-08 

33812 1352.56 29.77 0.23 217.57 0.63 234.65 0.93 1.71495E-08 

85020 2276.02 27.23 0.46 2506.77 0.81 3634.07 0.69 1.72695E-08 

48751 1592.7 22.18 0.37 1093.01 0.83 577.9 1.89 1.8047E-08 

77763 2149.96 27.76 0.97 3399.7 0.98 1724.29 1.97 2.02281E-08 

121716 3091.44 28.4 0.44 486.01 0.76 666.07 0.73 2.11918E-08 

73291 2064.92 24.46 0.86 1417.64 0.73 416.98 3.40 2.43001E-08 

41434 1466.65 28.52 0.35 426.47 0.72 472.77 0.90 2.62457E-08 

63812 1874.83 30.82 0.08 197.69 0.43 200.85 0.98 2.67978E-08 

97599 2547.99 21.44 0.38 405.88 0.72 558.72 0.73 2.69885E-08 

64054 1878.79 20.72 0.39 773.63 0.81 677.75 1.14 2.89355E-08 

125749 3223.31 21.61 0.18 290.75 0.55 402.35 0.72 3.91738E-08 

34009 1354.61 35.71 0.34 334.66 0.03 308.86 1.08 5.4766E-08 

138067 3590.7 29 0.07 114.33 0.4 279.39 0.41 5.60047E-08 

60628 1806.83 23.06 0.34 361 0.78 295.44 1.22 6.03294E-08 

15561 1065.5 25.45 0.04 61.89 0.34 164.52 0.38 6.25753E-08 

99808 2584.23 35.18 0.67 449.89 0.9 700.47 0.64 6.39811E-08 

82708 2235.04 34.17 0.5 396.97 0.78 760.84 0.52 7.40293E-08 

31480 1312.55 29.77 0.89 1505.39 0.95 2228.44 0.68 1.04546E-07 

107198 2736.4 21.3 0.31 15025.57 0.02 2343.04 6.41 1.08135E-07 

123969 3158.44 29.71 0.86 1809.86 0.74 981.31 1.84 1.23125E-07 

106195 2716.36 20.19 0.34 14019.79 0.04 718.01 19.53 1.2609E-07 

57360 1734.66 19.9 0.1 227.95 0.44 329.02 0.69 1.29332E-07 

25294 1215.43 27.59 0.1 295.73 0.42 748.62 0.40 1.33132E-07 

61711 1828.85 21.2 0.56 877.35 0.28 212.55 4.13 1.3589E-07 

19284 1121.49 27.68 0.05 270.31 0.35 255.97 1.06 1.36075E-07 

63209 1860.83 21.4 0.44 1458.34 0.9 1119.04 1.30 1.36324E-07 

56662 1720.69 19.67 0.11 193.27 0.44 352.82 0.55 1.59569E-07 

107460 2742.25 28.98 0.86 919.94 0.96 1398.45 0.66 1.83175E-07 

14478 1040.47 25.05 0.36 300.27 0.74 286.94 1.05 1.90817E-07 

46338 1560.58 21.77 0.31 567.01 0.68 659.38 0.86 2.07678E-07 

23409 1180.52 35.7 0.23 309.68 0.58 602.16 0.51 2.1728E-07 

1577 840.41 23.17 0.15 107.18 0.5 205.69 0.52 2.38837E-07 

88282 2339 34.01 0.56 594.88 0.84 846.66 0.70 3.18353E-07 
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ID

Polypeptide Cases Controls

R
p value 

(unadjusted)Mass 

(Da)

CE Time 

(min)
% MA % MA

118224 3013.29 22.29 0.64 4554.03 0.91 7727.54 0.59 3.19188E-07 

58084 1750.78 23.83 0.58 950.75 0.9 1120.91 0.85 3.27827E-07 

153832 4196.75 20.84 0.38 264.09 0.7 415 0.64 3.3455E-07 

18988 1115.5 21.57 0.07 422.96 0.39 340.14 1.24 3.6776E-07 

72533 2046.92 32.58 0.94 3157.59 0.91 1786.23 1.77 3.89387E-07 

37340 1415.64 23.55 0.34 250.8 0.05 172.78 1.45 4.33972E-07 

29685 1283.55 27.27 0.17 174.58 0.5 235.3 0.74 4.75252E-07 

74703 2087.84 19.42 0.1 318.89 0.42 493.74 0.65 4.77952E-07 

43863 1513.63 29.51 0.03 190.62 0.3 158.41 1.20 4.91617E-07 

56884 1725.59 38.32 0.9 1923.19 1 3094.58 0.62 5.3905E-07 

119660 3044.42 34.29 0.05 54.27 0.32 311.66 0.17 5.47446E-07 

177848 6211.74 20.29 0.2 438.96 0.53 666.34 0.66 5.48173E-07 

61221 1817.69 20.23 0.77 3207.87 0.97 4826.24 0.66 5.48282E-07 

91342 2403.19 24.94 0.45 333.4 0.15 222.75 1.50 5.57645E-07 

64170 1880.9 43.91 0.3 476.28 0.6 1066.06 0.45 5.73076E-07 

104954 2682.14 22.49 0.81 926.16 0.99 1228.01 0.75 5.88132E-07 

70485 2009.88 32.29 0.77 801.64 0.55 434.86 1.84 5.98055E-07 

90344 2377.1 20.8 0.68 1380.11 0.93 2542.67 0.54 6.43034E-07 

73015 2059 33.08 0.51 433.53 0.23 90.09 4.81 6.5827E-07 

89083 2352.05 26.75 0.6 768.28 0.34 266.61 2.88 6.84124E-07 

20862 1143.52 36.97 0.31 168.72 0.6 380.82 0.44 7.42932E-07 

50904 1624.55 37.73 0.86 1193.34 0.99 1743.58 0.68 7.47011E-07 

76636 2124.84 20.37 0.07 212.77 0.36 248.44 0.86 7.89066E-07 

156081 4289.93 28.78 0.46 2355 0.74 3896.07 0.60 8.44141E-07 

80306 2194.97 20.17 0.17 374.8 0.5 495.49 0.76 8.77308E-07 

36769 1405.64 20.14 0.19 290.39 0.52 365.14 0.80 9.33202E-07 

8503 947.47 24.74 0.19 140.61 0.48 327.52 0.43 9.48105E-07 

99475 2577.25 24.67 0.87 691.24 0.9 332.35 2.08 9.55869E-07 

89900 2368.04 26.75 0.65 507.61 0.45 162.4 3.13 9.71083E-07 

73913 2076.95 21.78 0.27 649.6 0.6 1056.5 0.61 1.02976E-06 

80829 2203.64 35.26 0.04 61.06 0.3 110.5 0.55 1.09123E-06 

148557 4002.62 20.66 0.36 655.77 0.65 1304.21 0.50 1.09596E-06 

87365 2320.07 20.73 0.09 185.88 0.39 263.28 0.71 1.25682E-06 

49948 1608.68 22.35 0.3 427.86 0.73 248.88 1.72 1.28713E-06 

104786 2679.2 23.53 0.97 3608.38 0.91 2259.68 1.60 1.35314E-06 

144635 3831.81 28.48 0.33 585.57 0.66 1075.25 0.54 1.46424E-06 

129821 3333.36 19.42 0.05 497.52 0.33 265.9 1.87 1.56159E-06 

33973 1353.66 25.63 0.68 312.44 0.89 463.05 0.67 1.57151E-06 

116812 2977.18 19.52 0.35 759.33 0.72 687.85 1.10 1.67034E-06 
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ID

Polypeptide Cases Controls

R
p value 

(unadjusted)Mass 

(Da)

CE Time 

(min)
% MA % MA

67632 1943.01 24.94 0.32 13045.5 0.05 4808.08 2.71 1.69836E-06 

101839 2628.22 34.97 0.86 1078.45 0.73 573.03 1.88 0.000001759 

110913 2823.33 29.12 0.5 386.13 0.75 629.26 0.61 1.82329E-06 

114702 2923.43 36.92 0.26 171.24 0.57 254.69 0.67 1.92617E-06 

23724 1187.36 35.69 0.48 1351.07 0.82 1360.67 0.99 1.92706E-06 

22725 1171.51 29.18 0.17 65.32 0.46 149.11 0.44 1.92858E-06 

101157 2616.16 28.39 0.09 120.1 0.4 95.3 1.26 1.94913E-06 

134635 3478.43 41.74 0.23 498.11 0.52 828.56 0.60 1.9993E-06 

32823 1332.54 21.74 0.43 1306.32 0.15 574.88 2.27 2.04622E-06 

124193 3166.27 22.06 0.44 674.01 0.71 1136.6 0.59 2.13141E-06 

17045 1085.42 20.77 0.1 333.94 0.38 1369.33 0.24 2.1539E-06 

60751 1807.81 20.65 0.86 2286.7 0.97 3288.38 0.70 2.19769E-06 

120423 3064.32 20.57 0.28 453.18 0.56 815 0.56 2.21835E-06 

42378 1486.68 21.15 0.37 317.84 0.7 433.68 0.73 2.27212E-06 

118597 3021.35 23.42 0.78 1741.99 0.95 2083.36 0.84 2.82992E-06 

55143 1692.8 30.89 0.43 586.61 0.7 907.46 0.65 2.93441E-06 

150781 4078.81 33.14 0.61 430.13 0.41 153.97 2.79 3.00875E-06 

44146 1518.6 19.37 0.16 301.07 0.47 429.11 0.70 3.0478E-06 

16059 1071.49 21.43 0.24 168.13 0.56 171.56 0.98 3.0793E-06 

64431 1885.65 38.82 0.31 305.69 0.69 250.54 1.22 3.12346E-06 

70456 2008.9 32.29 0.16 498.15 0.47 654.13 0.76 3.33657E-06 

73010 2058.94 23.15 0.4 284.87 0.71 324.45 0.88 3.4391E-06 

71943 2034.88 19.52 0.09 178.68 0.36 388.45 0.46 3.45045E-06 

67723 1945.88 41.9 0.33 815.93 0.07 219.59 3.72 3.66996E-06 

44679 1524.65 20.03 0.58 696.74 0.9 822.72 0.85 3.71683E-06 

12998 1009.45 27.27 0.14 130.04 0.44 195.64 0.66 3.82016E-06 

38011 1426.64 22.42 0.09 184.4 0.36 193.02 0.96 3.94795E-06 

38586 1435.51 19.75 0.08 157.25 0.34 273.26 0.58 3.96342E-06 

122400 3108.45 31.28 0.64 266.08 0.86 354.59 0.75 4.06715E-06 

24660 1203.57 26.76 0.13 77.91 0.41 159.05 0.49 4.17671E-06 

58880 1764.68 19.91 0.23 354.57 0.54 558.35 0.64 4.46484E-06 

105352 2695.2 23.52 0.97 5094.04 0.96 3271.88 1.56 4.55032E-06 

77018 2133.96 27.77 0.96 5570.45 0.95 2768.02 2.01 4.8937E-06 

128435 3295.53 25.45 0.24 163.97 0.53 343.3 0.48 5.13197E-06 

13145 1012.5 35.03 0.12 66.64 0.39 161.15 0.41 5.30167E-06 

132057 3401.66 23.49 0.4 866.82 0.67 1219.88 0.71 5.4511E-06 

52769 1649.73 22.64 0.7 886.2 0.88 1103.43 0.80 5.64197E-06 

122216 3106.19 19.58 0.08 400.63 0.36 297.86 1.35 5.81026E-06 

23224 1178.39 20.71 0.26 428.98 0.56 423.64 1.01 5.93879E-06 
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(unadjusted)Mass 
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CE Time 

(min)
% MA % MA

137922 3583.64 41.47 0.23 423.34 0.56 527.89 0.80 6.2693E-06 

98596 2563.15 21.21 0.64 1170.12 0.89 1512.92 0.77 6.29775E-06 

74187 2080.94 20.2 0.42 809.32 0.71 1202.1 0.67 6.65843E-06 

58050 1749.81 30.61 0.45 409.94 0.74 505.2 0.81 7.01523E-06 

19773 1128.39 33.59 0.78 1391.02 0.83 2748.43 0.51 7.33822E-06 

38780 1438.66 30.2 0.21 431.04 0.54 421.44 1.02 7.56112E-06 

46091 1554.66 28.59 0.18 150.82 0.51 126.48 1.19 7.81906E-06 

148717 4008.81 23.42 0.4 9006.94 0.13 272.16 33.09 7.91402E-06 

80012 2191.99 22.39 0.45 641.13 0.74 794.69 0.81 8.44825E-06 

150441 4062.8 33.14 0.6 774.68 0.43 260.94 2.97 8.47916E-06 

158341 4368.9 20.21 0.24 1384.93 0.56 1531.99 0.90 8.97593E-06 

59773 1783.79 39.82 0.33 291.61 0.63 356.09 0.82 9.16298E-06 

59295 1773.82 34.6 0.31 111.58 0.6 184.11 0.61 9.19093E-06 

72896 2055.94 25.44 0.92 1350.02 0.96 814.06 1.66 9.81315E-06 

143652 3788.82 25.19 0.22 163.71 0.52 248.58 0.66 1.00722E-05 

49243 1593.69 22.38 0.16 573.04 0.48 278.35 2.06 1.01356E-05 

141007 3696.76 26.94 0.11 184.21 0.39 260.09 0.71 1.0196E-05 

151244 4097.87 24.61 0.62 747.28 0.81 1311.78 0.57 1.02206E-05 

65593 1907.77 23.78 0.1 98.62 0.38 109.12 0.90 1.08821E-05 

134053 3462.35 19.37 0.1 383.4 0.38 415.89 0.92 1.08821E-05 

56514 1716.77 28 0.62 473.76 0.88 667.19 0.71 1.16213E-05 

76090 2109.96 21.09 0.12 177.85 0.41 166.73 1.07 1.19602E-05 

39064 1442.63 27.63 0.55 530.59 0.32 213.77 2.48 1.19912E-05 

155132 4251.98 28.77 0.53 337.4 0.69 749.7 0.45 1.21296E-05 

117823 3002.24 23.8 0.19 130.66 0.51 115.1 1.14 1.27561E-05 

35204 1375.6 23.25 0.23 206.36 0.57 182.85 1.13 1.29376E-05 

91542 2407.09 27.67 0.68 463.41 0.92 572.79 0.81 1.36818E-05 

36868 1407.66 37.23 0.34 201.51 0.6 348.48 0.58 1.38609E-05 

125103 3202.43 30.6 0.16 159.05 0.44 208.66 0.76 1.392E-05 

42866 1496.68 30.37 0.23 299.77 0.57 229.35 1.31 1.41857E-05 

14047 1032.45 25.9 0.44 136.42 0.66 268.23 0.51 1.43904E-05 

37903 1424.66 39.3 0.86 1563.29 0.98 2260.54 0.69 1.49198E-05 

49122 1592.73 19.52 0.27 334.6 0.57 437.92 0.76 1.59179E-05 

63135 1859.8 31.39 0.18 299.62 0.47 403 0.74 1.64336E-05 

53744 1666.78 30.66 0.33 264.94 0.63 258.89 1.02 1.66223E-05 

12993 1009.41 20.98 0.08 77.54 0.32 108.42 0.72 1.86629E-05 

38798 1438.67 27.88 0.88 3752.67 1 4550.73 0.82 1.88571E-05 

99919 2587.2 21.1 0.18 468.84 0.47 666.66 0.70 1.96726E-05 

51838 1635.65 37.38 0.1 226.47 0.35 427.2 0.53 1.98042E-05 
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71490 2029.85 20.39 0.31 445.78 0.67 335.8 1.33 2.06707E-05 

43605 1509.79 29.5 0.5 7057.59 0.2 6131.35 1.15 2.10746E-05 

55314 1693.76 20.51 0.27 348.39 0.58 262.53 1.33 2.13348E-05 

111426 2837.36 23.87 0.55 4883.89 0.25 3574.86 1.37 2.16434E-05 

71602 2030.93 32.61 0.91 1846.54 0.91 1008.41 1.83 2.23965E-05 

51175 1630.74 20.65 0.18 210.58 0.46 273.82 0.77 2.34887E-05 

26163 1226.53 21.02 0.58 673.84 0.83 758.01 0.89 2.51304E-05 

12434 995.39 25.11 0.5 284.67 0.23 132.3 2.15 2.56872E-05 

68411 1962.83 21.97 0.23 533.25 0.56 394.1 1.35 3.01098E-05 

55917 1703.84 33.58 0.23 298.07 0.51 743.94 0.40 3.01684E-05 

67306 1935.81 20.66 0.23 406.53 0.53 416.67 0.98 3.02761E-05 

42188 1483.66 22.59 0.11 642.28 0.36 785.06 0.82 3.03571E-05 

156445 4305.94 28.83 0.86 1787.33 0.96 2673.53 0.67 3.0913E-05 

123634 3148.28 24.16 0.34 301.7 0.64 284.93 1.06 3.383E-05 

98891 2567.13 34.8 0.71 265.4 0.54 135.09 1.96 3.73327E-05 

76053 2108.93 32.93 0.07 108.86 0.3 138.9 0.78 3.80922E-05 

50638 1620.7 22.66 0.31 522.57 0.6 477.87 1.09 3.93812E-05 

75846 2103.96 33.04 0.97 2774.85 0.98 1843.41 1.51 4.15814E-05 

56139 1708.79 30.59 0.71 818.24 0.89 1465.01 0.56 4.27471E-05 

23423 1180.54 25.62 0.08 194.2 0.31 98.15 1.98 4.48896E-05 

32336 1324.57 21.27 0.13 338.38 0.39 354.8 0.95 4.59736E-05 

16976 1084.43 25.23 0.92 1900.2 0.95 2435.82 0.78 4.63093E-05 

43851 1513.44 36.79 0.17 643.87 0.47 495.42 1.30 4.64513E-05 

24958 1209.53 26.15 0.43 509.5 0.69 602.63 0.85 4.64642E-05 

62323 1842.85 24.07 0.1 487.41 0.34 1767.57 0.28 4.65518E-05 

61576 1825.8 31.93 0.32 298.73 0.61 357.37 0.84 5.08976E-05 

93227 2442.07 34.1 0.79 708.3 0.94 855.09 0.83 5.46349E-05 

1495 838.4 35.06 0.16 17.46 0.36 376.78 0.05 5.78108E-05 

38910 1440.56 24.3 0.3 613.88 0.63 406.33 1.51 5.98345E-05 

60248 1796.77 30.92 0.24 243.77 0.52 219.24 1.11 6.25281E-05 

184099 8853.77 21.1 0.15 1491.8 0.42 1670.55 0.89 6.42389E-05 

130044 3336.5 39.38 0.18 1540.1 0.45 1948.69 0.79 6.59767E-05 

102819 2644.22 21.15 0.3 448.42 0.54 706.56 0.63 6.6046E-05 

61405 1821.81 30.17 0.34 460.77 0.63 562.02 0.82 6.71091E-05 

26412 1231.42 21.51 0.14 561.76 0.4 499.34 1.13 6.86967E-05 

108724 2767.32 21.67 0.29 183.13 0.51 322.27 0.57 6.92951E-05 

105105 2687.22 28.99 0.13 64.83 0.36 112.37 0.58 7.16723E-05 

103224 2655.14 22.33 0.15 130.88 0.42 129.08 1.01 7.35479E-05 

106678 2726.25 28.92 0.23 195.1 0.48 200.14 0.97 7.37277E-05 
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121940 3098.44 30.06 0.71 485.63 0.89 725.01 0.67 7.37948E-05 

23628 1184.56 26.4 0.18 151.25 0.45 146.39 1.03 7.51756E-05 

115050 2932.32 34.15 0.36 381.56 0.68 305.41 1.25 8.26656E-05 

125799 3223.42 39.13 0.64 2096.08 0.86 2280.85 0.92 8.30968E-05 

32171 1321.59 28.37 0.97 8865.26 0.96 18773.43 0.47 8.59358E-05 

40091 1449.64 21.86 0.95 5489.33 0.99 7666.71 0.72 8.73287E-05 

130077 3337.45 22.81 0.21 466 0.45 762.99 0.61 8.80379E-05 

49713 1604.73 30.34 0.11 310.87 0.36 186.14 1.67 9.22588E-05 

81457 2216.03 33.83 0.55 216.02 0.73 376.59 0.57 9.53148E-05 

3743 883.41 23.26 0.21 97.1 0.47 132.98 0.73 9.79105E-05 

11282 980.5 22.41 0.26 80.98 0.48 123 0.66 9.83538E-05 

92231 2421 34.86 0.18 115.14 0.44 157.74 0.73 9.88539E-05 

143947 3801.77 33.46 0.43 201.71 0.66 318.74 0.63 9.93604E-05 

52730 1649.71 19.58 0.15 181.54 0.38 316.61 0.57 0.000109001 

62547 1847.89 43.67 0.15 144.9 0.38 350.11 0.41 0.000109001 

40487 1457.6 21.93 0.16 393.55 0.44 238.34 1.65 0.000114019 

61304 1818.83 30.95 0.63 3412.56 0.53 646.82 5.28 0.000114375 

45243 1535.68 22 0.13 725.47 0.4 474.07 1.53 0.000116626 

44464 1521.69 30.53 0.27 156.32 0.54 191.66 0.82 0.000117125 

159259 4404.84 20.67 0.48 803.14 0.7 1234.67 0.65 0.000122825 

98485 2560.12 34.15 0.23 138.35 0.52 111.61 1.24 0.00012327 

62000 1835.84 24.04 0.55 464.05 0.33 226.66 2.05 0.000123449 

48394 1583.7 23.27 0.51 561.63 0.79 543.66 1.03 0.000128732 

82026 2226.99 26.28 0.6 13874.99 0.85 17489.37 0.79 0.000133192 

126982 3256.53 33.03 0.38 1063.61 0.63 1434.24 0.74 0.000135924 

58941 1765.81 31 0.7 1567.7 0.84 2259.23 0.69 0.000138958 

121070 3076.23 19.58 0.45 1096.34 0.75 1084.22 1.01 0.000140442 

111304 2834.19 22.47 0.23 329.83 0.51 199.7 1.65 0.000141054 

71312 2025.87 32.23 0.94 1078.97 0.92 674.42 1.60 0.00014927 

150139 4059.65 20.45 0.13 507.21 0.38 588.82 0.86 0.000159992 

63098 1858.84 24.26 0.19 568.26 0.43 959.79 0.59 0.00016324 

125263 3205.27 19.66 0.67 1121.53 0.84 1531.51 0.73 0.000165029 

37949 1425.59 22.32 0.84 4007.86 0.98 4332.71 0.93 0.000170035 

74987 2089.96 39.52 0.34 200.94 0.57 226.12 0.89 0.000177515 

102725 2642.21 27.7 0.73 374.49 0.88 483.16 0.78 0.000179073 

142080 3734.72 32.5 0.68 213.49 0.77 453.29 0.47 0.000180004 

28850 1270.55 29.38 0.15 159.62 0.39 185.38 0.86 0.000181889 

57265 1732.77 28.18 0.8 2318.48 0.93 3123.31 0.74 0.000181905 

88093 2336.04 26.66 0.43 261.05 0.21 89.41 2.92 0.000192814 
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32022 1319.58 20.89 0.16 208.23 0.41 233.67 0.89 0.000196668 

48580 1588.71 30.15 0.57 657.3 0.79 972.89 0.68 0.000197355 

17830 1097.5 25.41 0.39 352.81 0.17 185.34 1.90 0.000198331 

156878 4321.94 25.2 0.33 3184.53 0.11 966.74 3.29 0.000204459 

23968 1191.52 36.18 0.23 206.01 0.46 401.04 0.51 0.000207062 

68663 1968.88 25.2 0.47 519.19 0.21 557.78 0.93 0.000210243 

181250 7958.47 34.39 0.14 419.43 0.38 412.05 1.02 0.000211993 

106067 2713.23 29.22 0.22 134.31 0.48 149.06 0.90 0.00023196 

117317 2987.35 38.55 0.56 910.56 0.35 295.25 3.08 0.00023425 

136697 3556.59 23.95 0.54 822.31 0.75 1181.43 0.70 0.000239633 

61573 1825.79 20.14 0.73 2839.49 0.94 3352.31 0.85 0.000258194 

124886 3193.38 22.64 0.46 1372.7 0.74 1238.23 1.11 0.000262225 

20700 1140.52 25.38 0.22 147.49 0.46 213.25 0.69 0.000263445 

61340 1819.83 32.13 0.32 839.62 0.13 71.66 11.72 0.000273104 

43226 1503.66 29.68 0.11 90.04 0.31 207.6 0.43 0.000277879 

138143 3593.47 20.2 0.26 536.52 0.52 641.81 0.84 0.000278071 

124735 3187.36 35.62 0.32 284.01 0.53 347.81 0.82 0.000281837 

173077 5213.09 22.43 0.39 329.27 0.67 257.5 1.28 0.000283464 

108021 2754.27 29.68 0.67 306.74 0.79 450.84 0.68 0.000283697 

26670 1235.56 26.65 0.5 849.6 0.57 2832.67 0.30 0.000300503 

100020 2589.06 22.56 0.19 139.26 0.43 159.63 0.87 0.000305354 

159396 4409.89 20 0.48 1279.87 0.72 1793.86 0.71 0.000312092 

49295 1594.73 23.05 0.81 711.82 0.81 330.8 2.15 0.000312635 

65312 1900.87 32 0.18 204.42 0.43 186.61 1.10 0.000324669 

118163 3011.39 29.75 0.89 1143.92 0.94 1539.79 0.74 0.000329751 

97349 2541.19 27.89 0.13 208.47 0.36 112.03 1.86 0.000340482 

31275 1310.59 21.39 0.11 148.01 0.33 121.11 1.22 0.000353299 

139554 3632.74 33.23 0.12 117.32 0.33 129.73 0.90 0.000357574 

65035 1895.07 21.4 0.44 916.62 0.21 565.49 1.62 0.000364447 

148086 3986.65 20.6 0.81 3872.36 0.91 5676.99 0.68 0.000392643 

141672 3718.72 32.48 0.79 334.28 0.81 662.54 0.50 0.000400146 

42594 1491.74 39.83 0.55 381.96 0.71 561.66 0.68 0.000411414 

72048 2034.99 40.19 0.31 104.8 0.52 148.21 0.71 0.000432848 

123287 3137.41 30.35 0.7 506.04 0.6 342.26 1.48 0.000436572 

44633 1523.84 29.75 0.36 1404.38 0.63 2092.26 0.67 0.00044567 

3052 868.41 23.31 0.4 84.26 0.57 230.43 0.37 0.000452634 

103022 2649.2 34.85 0.14 617.79 0.39 354.22 1.74 0.000454412 

86226 2302.9 43.13 0.31 373.04 0.11 124.32 3.00 0.000460882 

14751 1046.43 27.64 0.17 70.73 0.4 79.7 0.89 0.000468596 
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20896 1144.36 35.49 0.11 96.37 0.3 183.47 0.53 0.000487667 

47855 1576.74 19.51 0.43 527.24 0.66 750.62 0.70 0.000490581 

50840 1623.73 24.12 0.89 9939.06 0.99 5733.56 1.73 0.000494355 

175343 5574.25 23.2 0.56 1200.44 0.89 859.43 1.40 0.000505923 

105661 2702.21 38.08 0.7 704.9 0.52 352.49 2.00 0.000512809 

86951 2314.01 33.66 0.58 599.79 0.8 629.88 0.95 0.000518205 

139064 3616.72 33.19 0.57 285.22 0.7 423.62 0.67 0.000523514 

55582 1697.74 30.88 0.87 1006.3 0.94 1338.55 0.75 0.000533651 

136698 3556.6 22.64 0.35 6465.83 0.15 1524.74 4.24 0.00054874 

184206 8917.25 22.55 0.34 452.04 0.61 435.05 1.04 0.00057263 

5661 911.26 34.35 0.89 788.53 0.89 2126.53 0.37 0.000576545 

4976 902.41 20.85 0.76 514.64 0.9 730.44 0.70 0.000581238 

121775 3092.46 31.25 0.64 333.92 0.76 477.73 0.70 0.000581421 

52189 1640.58 23.24 0.87 5589.55 0.98 7511.1 0.74 0.000588492 

7953 940.44 25.14 0.35 128.44 0.15 60.45 2.12 0.000591455 

61945 1834.82 31.09 0.78 6969.39 0.77 1660.16 4.20 0.000596655 

62080 1837.8 30.56 0.14 1953.08 0.35 330.34 5.91 0.000598868 

86677 2308.02 27.34 0.33 200.55 0.56 221.45 0.91 0.000606509 

101786 2627.23 34.99 0.14 527.11 0.39 308.13 1.71 0.000610272 

22835 1173.53 37.49 0.26 186.97 0.46 281.09 0.67 0.000632983 

44592 1523.67 21.97 0.81 6161.47 0.85 7615.86 0.81 0.000640669 

149142 4025.6 20.78 0.24 245.17 0.45 476.52 0.51 0.000652689 

107858 2751.34 29.23 0.48 313.21 0.67 439.04 0.71 0.000653069 

14763 1046.51 25.35 0.13 1498.96 0.34 336.22 4.46 0.000659461 

66197 1916.95 34.19 0.35 161.44 0.6 147.17 1.10 0.000663718 

19655 1126.51 25.52 0.41 152.24 0.16 224.59 0.68 0.000669938 

102371 2639.29 21.42 0.33 297.28 0.54 384.8 0.77 0.000678342 

79918 2190.99 25.82 0.38 1497.08 0.17 1238.23 1.21 0.000689704 

61332 1819.8 23.36 0.95 5644.1 0.99 6228.52 0.91 0.000695456 

65257 1899.85 24.83 0.43 230.8 0.26 91.2 2.53 0.00069733 

143333 3774.72 22.94 0.36 4239.56 0.18 298.21 14.22 0.000710839 

18833 1113.46 27.3 0.61 285.45 0.73 404.95 0.70 0.00071897 

145479 3871.79 27.57 0.3 292.99 0.56 288.03 1.02 0.000724096 

96716 2525.2 27.74 0.49 548.94 0.63 841.82 0.65 0.000726318 

20659 1139.49 20.97 0.33 1024.77 0.55 1503.22 0.68 0.000733567 

24510 1200.54 24.14 0.55 3745.12 0.66 7839.78 0.48 0.000753934 

25295 1215.45 26.88 0.21 642.19 0.43 956.98 0.67 0.000764996 

56992 1728.77 36.77 0.41 295.3 0.66 266.8 1.11 0.000768981 

117524 2994.38 29.6 0.17 105.93 0.36 207.33 0.51 0.000781908 
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89642 2361.11 20.79 0.3 279.82 0.48 531.27 0.53 0.000785407 

92029 2414.63 35.62 0.77 757.09 0.56 584.48 1.30 0.000796642 

58633 1761.69 19.37 0.12 222.09 0.32 280.46 0.79 0.00081529 

16779 1080.5 25.69 0.17 206.52 0.39 191.34 1.08 0.000835479 

85076 2277.01 27.22 0.6 2154.86 0.44 1128.52 1.91 0.000857711 

27350 1247.52 22 0.79 1332.67 0.98 1454.94 0.92 0.000880047 

28669 1267.54 21.17 0.15 374.32 0.38 275.42 1.36 0.000885422 

15296 1060.38 38.31 0.31 85.06 0.51 154.13 0.55 0.000895912 

57537 1737.78 23.73 0.91 5998.4 0.99 5980.02 1.00 0.000900403 

33938 1353.59 21.48 0.68 690.47 0.56 373.67 1.85 0.000913542 

43828 1512.69 26.62 0.45 198.48 0.26 115.21 1.72 0.000944663 

97736 2551.15 34.72 0.67 646.04 0.57 205.4 3.15 0.000966464 

21641 1155.49 20.85 0.28 262.3 0.51 268.38 0.98 0.001006469 

92871 2430.59 35.54 0.73 1003.39 0.51 942.45 1.06 0.00101272 

99251 2574.01 32.81 0.19 86.81 0.42 82.91 1.05 0.001012725 

58355 1754.9 31.26 0.76 6326.81 0.88 8174.64 0.77 0.001027498 

128650 3302.59 23.29 0.34 214.12 0.58 195.96 1.09 0.001058052 

147376 3959.69 19.9 0.19 615.55 0.42 841.72 0.73 0.001070683 

12264 992.42 20.4 0.19 132.87 0.41 132.73 1.00 0.001077376 

92410 2423.09 27.67 0.62 250.12 0.83 286.44 0.87 0.001085023 

29823 1286.42 36.41 0.15 95.57 0.35 99.79 0.96 0.001092108 

146964 3944.71 24.55 0.29 227.59 0.5 248.84 0.91 0.001132718 

34267 1359.61 23.19 0.19 246.89 0.44 162.86 1.52 0.001150035 

67951 1950.85 35.77 0.78 595.93 0.88 751.65 0.79 0.001167898 

167786 4771.07 20.2 0.4 1011.51 0.6 1341.6 0.75 0.001201307 

33209 1339.6 27.49 0.45 180.64 0.65 214.9 0.84 0.001204047 

20204 1137.51 26.43 0.11 434.52 0.3 150.29 2.89 0.001219826 

112106 2854.36 34.86 0.94 3427.59 1 4566.21 0.75 0.001220385 

121989 3100.42 29.96 0.46 549.99 0.25 439.19 1.25 0.001230127 

97965 2557.17 28.25 0.29 185.08 0.51 152.9 1.21 0.001254961 

84484 2264.94 43.29 0.35 226.09 0.15 173.73 1.30 0.001284535 

15887 1069.47 26.33 0.44 139.18 0.57 232.32 0.60 0.00128533 

61404 1821.82 31.78 0.11 762.89 0.31 243.75 3.13 0.001300509 

14071 1032.5 21.21 0.52 984.59 0.71 1197.89 0.82 0.001312967 

21972 1160.36 35.6 0.89 1675.26 0.93 2434.96 0.69 0.001334528 

68081 1954.01 32.41 0.11 823.79 0.32 172.68 4.77 0.00134757 

152967 4169.93 33.58 0.82 824.03 0.85 1355.53 0.61 0.001360744 

42776 1494.66 30.4 0.49 285.32 0.72 284.56 1.00 0.001361154 

140112 3657.67 40.71 0.7 1392.88 0.83 1698.11 0.82 0.001409881 
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912 826.2 33.41 0.16 119 0.35 145.85 0.82 0.001462682 

28385 1262.46 38.23 0.19 476.93 0.43 282.43 1.69 0.001474387 

55315 1693.76 23.48 0.13 174.77 0.34 139.73 1.25 0.001475157 

41665 1470.68 21.08 0.24 148.06 0.48 162.58 0.91 0.001507623 

128525 3298.46 36.05 0.2 158.28 0.4 313.94 0.50 0.001557902 

123750 3152.34 24.55 0.81 867.05 0.67 551.81 1.57 0.001574687 

77236 2138.95 24.24 0.36 282.02 0.19 106.8 2.64 0.001582932 

34339 1361.63 21.99 0.42 883.92 0.73 669.48 1.32 0.001587764 

67217 1933.88 21.62 0.87 1205.87 0.93 601.94 2.00 0.001618074 

46756 1565.69 26.3 0.66 338.54 0.72 153.63 2.20 0.001622515 

32874 1333.42 36.11 0.46 190.41 0.7 204.57 0.93 0.0016362 

21747 1157.54 37.44 0.62 556.29 0.69 1338.8 0.42 0.001640266 

54421 1679.7 22.6 0.28 332.3 0.52 495.09 0.67 0.001644314 

95084 2490.23 24.68 0.62 311.58 0.48 175.73 1.77 0.001659869 

50008 1609.75 30.2 0.35 616.41 0.56 760.58 0.81 0.00166788 

55001 1689.8 27.55 0.18 229.5 0.41 168.39 1.36 0.001683685 

36988 1408.66 39.13 0.47 435.81 0.67 646.42 0.67 0.001694957 

121413 3080.41 29.98 0.19 267.77 0.41 271.62 0.99 0.00170788 

38752 1438.45 36.76 0.95 6299.03 1 8504.24 0.74 0.001752878 

62256 1841.75 35.66 0.21 112.4 0.43 119.18 0.94 0.001802147 

186609 10999.91 21.37 0.12 3076.39 0.31 3274.45 0.94 0.001816652 

49608 1602.74 28.97 0.54 235.82 0.74 309.63 0.76 0.001823402 

112515 2864.25 20.15 0.19 481.94 0.38 699.29 0.69 0.001837491 

29840 1286.54 29.41 0.15 147.17 0.36 114.15 1.29 0.001847009 

85761 2292.02 27.28 0.89 3613.95 0.99 4405.75 0.82 0.001852538 

19137 1118.49 37.76 0.13 242.56 0.32 265.68 0.91 0.001864894 

22089 1162.54 20.11 0.4 197.65 0.57 300.35 0.66 0.001935978 

140570 3677.77 24.5 0.21 667.59 0.4 927.13 0.72 0.001944946 

78792 2168.97 32.91 0.81 759.53 0.69 522.68 1.45 0.001948639 

32481 1326.57 21.67 0.17 223.38 0.4 165.4 1.35 0.00197206 

34017 1354.64 22.14 0.37 285.98 0.19 162.82 1.76 0.002046432 

74420 2085.93 22.07 0.26 13007.27 0.45 18146.64 0.72 0.002072882 

38879 1439.66 29.82 0.6 1667.3 0.44 238 7.01 0.002098691 

42722 1493.63 21.84 0.27 364.08 0.5 305.57 1.19 0.002124981 

135412 3510.6 40.24 0.42 282.84 0.65 297.9 0.95 0.002145261 

25866 1223.55 27.46 0.27 356.59 0.51 163.06 2.19 0.002146377 

136129 3536.46 20.24 0.18 290.21 0.4 201.71 1.44 0.002183214 

29538 1281.58 27.09 0.26 297.49 0.49 280.07 1.06 0.002236739 

127848 3280.46 22.73 0.19 619.9 0.39 800.21 0.77 0.00231504 
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149624 4043.64 20.38 0.63 1121.4 0.74 1763.16 0.64 0.002315639 

20457 1138.59 19.51 0.19 215.46 0.39 173.69 1.24 0.002339778 

146936 3943.83 33.63 0.44 163.49 0.65 196.77 0.83 0.002351086 

128936 3311.48 24.33 0.44 251.08 0.24 189.89 1.32 0.002378275 

45980 1552.5 37.21 0.9 2996.58 0.97 3580.34 0.84 0.002385109 

92841 2430.1 28.33 0.65 329.5 0.84 375.45 0.88 0.002396845 

90470 2380.08 36.51 0.21 216.79 0.43 214.85 1.01 0.002409234 

24113 1194.55 29.2 0.15 103.2 0.33 161.58 0.64 0.002417535 

19871 1130.34 35.39 0.53 558.11 0.64 1079.64 0.52 0.002430554 

26879 1238.56 21.14 0.2 332.92 0.43 197.66 1.68 0.002442083 

85250 2280.94 36.22 0.14 331.51 0.34 283.49 1.17 0.002444939 

53957 1669.69 21.46 0.55 709.99 0.82 528.6 1.34 0.002459676 

140672 3681.72 32.02 0.2 89.89 0.4 113.44 0.79 0.002463071 

6803 928.37 35.46 0.29 45.84 0.44 127.61 0.36 0.002466511 

70633 2013.89 31.76 0.32 122.15 0.54 109.6 1.11 0.002480881 

76086 2109.92 24.07 0.22 261.69 0.44 219.66 1.19 0.002574392 

131932 3399.35 42.1 0.32 339.73 0.53 421.87 0.81 0.002603657 

15776 1068.45 24.76 0.96 2690.42 0.97 3231.45 0.83 0.002642976 

28103 1257.44 33.92 0.89 4089.39 0.91 5574.78 0.73 0.002662718 

126699 3248.53 30.66 0.77 1355.32 0.77 2192.02 0.62 0.00274941 

60149 1794.8 23.92 0.77 2895.68 0.96 2213.61 1.31 0.002766739 

119292 3035.19 42.02 0.5 792.73 0.68 814.59 0.97 0.002822808 

31524 1312.62 20.01 0.21 461.34 0.45 322.5 1.43 0.002832088 

18077 1101.47 22.27 0.23 241.67 0.46 198.32 1.22 0.002849063 

20750 1141.52 24.51 0.4 216.15 0.55 321.77 0.67 0.002861319 

86354 2305.06 34.91 0.14 276.52 0.34 155.45 1.78 0.002923862 

83081 2243.97 21.16 0.21 275.97 0.43 213.49 1.29 0.00298167 

179035 6650.64 25.54 0.24 389.91 0.47 307.52 1.27 0.003018516 

41471 1467.67 21.29 0.37 433.69 0.57 483.82 0.90 0.003041929 

149760 4044.92 26.37 0.78 3153.32 0.88 3719.27 0.85 0.003044267 

4730 898.32 26.05 0.17 184.1 0.36 335.02 0.55 0.003087261 

114823 2926.3 22.22 0.41 620.73 0.64 490.4 1.27 0.003110471 

37603 1421.49 37.02 0.16 429.84 0.35 392.2 1.10 0.003118877 

70803 2017.88 30.77 0.14 283.92 0.32 265.65 1.07 0.003161555 

13747 1025.46 25.6 0.35 282.35 0.54 288.26 0.98 0.003228503 

18604 1110.39 33.63 0.45 497.7 0.64 631.07 0.79 0.003257642 

113765 2898.31 29.25 0.24 154.8 0.46 140.31 1.10 0.003281968 

139455 3630.44 21.78 0.42 641.21 0.69 473.23 1.35 0.003310055 

85331 2282.02 22.24 0.65 871.79 0.89 790.4 1.10 0.003332737 
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Polypeptide Cases Controls

R
p value 

(unadjusted)Mass 

(Da)

CE Time 

(min)
% MA % MA

130432 3349.42 35.89 0.24 318.83 0.42 340.03 0.94 0.003369281 

76839 2128.98 26.97 0.3 109.36 0.48 137.97 0.79 0.003398132 

16168 1073.32 35.32 0.95 5164.87 0.94 8234.89 0.63 0.003418263 

131548 3384.57 30.83 0.35 137.16 0.17 162.12 0.85 0.003435369 

12380 994.43 25.07 0.29 146.65 0.47 166.2 0.88 0.00347091 

145238 3858.84 25.85 0.53 1344.15 0.73 1406.8 0.96 0.003490185 

28747 1268.57 27.25 0.95 10365.8 0.93 5574.77 1.86 0.003517074 

141109 3701.74 32.44 0.21 145.46 0.4 219.87 0.66 0.003577469 

61192 1816.9 33.75 0.14 182.11 0.3 256.44 0.71 0.003599324 

127106 3260.49 41.62 0.22 389.53 0.4 569.3 0.68 0.003620083 

3472 875.48 21.94 0.15 107.51 0.33 93.35 1.15 0.003642395 

133345 3439.59 39.22 0.51 309.5 0.32 298.12 1.04 0.003807155 

67612 1942.84 30.96 0.32 124.69 0.52 138.41 0.90 0.003841914 

122623 3114.43 30.29 0.19 153.91 0.35 245.38 0.63 0.003869791 

27742 1251.62 22.53 0.21 365.82 0.42 382.48 0.96 0.003882843 

18029 1100.5 37.04 0.26 99.54 0.42 269.63 0.37 0.004002599 

75248 2096.92 33 0.53 338.55 0.36 231.82 1.46 0.004112489 

46542 1561.45 36.96 0.5 393.2 0.68 481.43 0.82 0.004177997 

20072 1134.58 23.66 0.54 279.26 0.68 438.98 0.64 0.004205651 

47285 1575.75 30.2 0.4 561.74 0.22 439.43 1.28 0.004263712 

50056 1610.87 30.29 0.58 2617.31 0.4 2499.12 1.05 0.004303322 

63427 1865.81 32.98 0.24 118.04 0.46 107.41 1.10 0.00437236 

190524 14109.54 21.93 0.27 1169.35 0.49 956.55 1.22 0.004383509 

85627 2289.04 33.59 0.27 188.66 0.46 200.19 0.94 0.004387083 

70635 2013.91 25.19 0.97 2173.35 0.96 1584.04 1.37 0.004472113 

113439 2889.38 28.65 0.18 142.95 0.36 143.24 1.00 0.00451547 

19791 1128.49 25.65 0.29 203.7 0.46 307.04 0.66 0.004595776 

84300 2261.03 27.15 0.32 1010.59 0.5 1241.27 0.81 0.004615907 

60816 1808.79 23.72 0.4 418.99 0.66 335.75 1.25 0.004768785 

110657 2816.33 28.4 0.18 310.01 0.39 146.46 2.12 0.0048116 

8390 945.42 25.72 0.34 145.95 0.51 186.18 0.78 0.004839887 

79786 2189 26.89 0.64 754.77 0.85 740.66 1.02 0.00484889 

74057 2079 24.68 0.47 386.1 0.72 288.99 1.34 0.004851857 

35979 1390.44 36.95 0.97 27527.64 0.96 36700.74 0.75 0.005040696 

25429 1217.53 35.78 0.26 1889.78 0.43 3416.02 0.55 0.005076705 

57888 1746.59 38.21 0.33 322.71 0.54 370.18 0.87 0.005087859 

59928 1788.84 29.87 0.28 364.58 0.42 763.85 0.48 0.005212313 

56099 1707.81 23.59 0.23 404.84 0.45 221.12 1.83 0.005221556 

97463 2544.13 28.26 0.22 170.37 0.41 199.3 0.85 0.005352599 
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59368 1775.79 31.48 0.44 745.55 0.26 711.64 1.05 0.005370367 

29906 1287.59 21.87 0.49 820.27 0.75 774.71 1.06 0.00543093 

63910 1876.87 22.2 0.9 3082.35 0.99 1652.9 1.86 0.005538579 

136790 3559.71 24.92 0.59 1129.69 0.77 1055 1.07 0.005549831 

100344 2599.19 28.28 0.73 307.71 0.61 237.91 1.29 0.005599519 

127852 3280.56 25.82 0.58 389.96 0.74 526.66 0.74 0.005629617 

160089 4436.08 26.32 0.41 1516.37 0.53 3201.34 0.47 0.005665266 

86071 2298.99 27.08 0.22 883.62 0.4 1119.47 0.79 0.005677983 

59142 1769.71 28.14 0.89 671.18 0.89 483.73 1.39 0.005706788 

24449 1199.58 21.95 0.63 558.52 0.76 629.69 0.89 0.00589006 

73989 2077.96 22.48 0.17 208.55 0.36 191.03 1.09 0.005918759 

91375 2404.01 20.27 0.65 645.16 0.81 795.11 0.81 0.005999377 

152744 4160.92 25.82 0.56 4569.88 0.41 2968.4 1.54 0.006055804 

127237 3261.5 22.19 0.14 325.42 0.31 298.25 1.09 0.00621858 

136789 3559.71 26.52 0.23 398.36 0.43 285.05 1.40 0.00624606 

60126 1793.88 32.37 0.5 772.53 0.78 482.76 1.60 0.006336281 

24308 1196.52 21 0.4 1020.88 0.6 1015.14 1.01 0.006492346 

64899 1892.97 24.56 0.49 538.48 0.64 729.53 0.74 0.006544718 

5184 906.18 34.26 0.33 116.94 0.14 233.04 0.50 0.006599227 

64067 1878.85 32.18 0.15 139.34 0.32 118.22 1.18 0.006666524 

67801 1947.88 31.61 0.45 414.11 0.64 460.56 0.90 0.006709768 

88972 2349.04 27.37 0.22 155.27 0.4 191.3 0.81 0.007193872 

52446 1645.76 20.61 0.21 318.67 0.4 273.87 1.16 0.007208555 

181018 7906.95 19.53 0.18 416.83 0.36 470.1 0.89 0.007361189 

13429 1018.46 24.54 0.28 174.53 0.45 194.11 0.90 0.007476475 

93417 2446.09 28.37 0.33 141.9 0.49 165.94 0.86 0.007546377 

34432 1363.43 36.34 0.98 2453.16 1 2991.62 0.82 0.0076121 

110052 2799.08 25.07 0.98 5294.47 1 4023.2 1.32 0.00778777 

84704 2269.03 39.33 0.62 247.07 0.51 165.12 1.50 0.007811219 

178819 6541.76 20.68 0.22 810.27 0.42 584.36 1.39 0.00783584 

137489 3582.7 19.47 0.69 2756.01 0.59 2064.7 1.33 0.007991576 

35550 1383.64 38.94 0.15 231.09 0.32 166.52 1.39 0.008017769 

37056 1409.58 22.04 0.96 11709.72 1 12667.2 0.92 0.008027411 

50384 1616.73 40.25 0.31 859.74 0.15 1010.84 0.85 0.008076916 

81181 2210.76 37.06 0.24 196.03 0.44 202.99 0.97 0.008142197 

38951 1440.66 39.28 0.4 370.17 0.56 502.54 0.74 0.0084365 

177971 6236.91 21.07 0.78 2199.25 0.72 1222.24 1.80 0.008442571 

69681 1989.88 32.44 0.68 258.98 0.82 308.19 0.84 0.008442671 

72483 2045.86 34.17 0.29 675.56 0.49 545.34 1.24 0.00849392 
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53328 1657.72 22.9 0.19 458.71 0.38 476.97 0.96 0.008548493 

62580 1848.81 30.81 0.42 155.4 0.67 122.08 1.27 0.00860141 

144344 3817.79 33.54 0.14 91.56 0.3 100.37 0.91 0.008631271 

175094 5528.35 28 0.34 428.61 0.19 214.17 2.00 0.008681589 

142141 3737.66 37.21 0.21 141.4 0.39 155.09 0.91 0.009073233 

71171 2023.91 21.48 0.7 482.48 0.66 377.8 1.28 0.00910369 

30524 1296.61 21.69 0.34 657.07 0.19 250.05 2.63 0.00920015 

138813 3605.57 21.19 0.22 261.99 0.39 336.18 0.78 0.009346658 

63517 1867.95 25.15 0.35 812.49 0.2 194.64 4.17 0.009360851 

53393 1658.73 29.94 0.38 479.95 0.51 715.13 0.67 0.009380308 

49334 1595.69 20.15 0.31 569.76 0.53 427.14 1.33 0.009488838 

118053 3007.41 20.95 0.21 605.01 0.4 466.95 1.30 0.009519109 

25099 1212.56 21.2 0.26 186 0.44 184 1.01 0.009553338 

36500 1399.62 28.74 0.18 176.03 0.33 204.07 0.86 0.009695384 

114086 2907.35 35.96 0.71 289.48 0.59 184.38 1.57 0.009826753 

133168 3432.59 32.05 0.88 975.25 0.9 1186 0.82 0.009993548 

77684 2148.02 26.04 0.35 1384.49 0.21 392.59 3.53 0.01001899 

42216 1483.7 20.65 0.43 696.95 0.65 666.35 1.05 0.01008219 

33135 1338.6 23.99 0.83 679.53 0.7 540.09 1.26 0.01010573 

143120 3765.6 20.17 0.2 312.06 0.36 394.62 0.79 0.01011999 

127443 3266.48 30.07 0.14 107.21 0.31 83.22 1.29 0.01021036 

174387 5427.17 22.93 0.21 211.98 0.41 188.96 1.12 0.01024405 

18939 1114.48 24.21 0.39 290.71 0.58 265.93 1.09 0.01033476 

129131 3318.55 30.99 0.27 128.2 0.43 157.66 0.81 0.01069859 

93361 2445.1 28.24 0.21 151.65 0.39 183.1 0.83 0.01089328 

174987 5511.28 22.46 0.19 118.66 0.34 149.9 0.79 0.01090952 

37124 1410.62 19.9 0.2 165.19 0.36 205.91 0.80 0.01099831 

136403 3546.67 26.22 0.19 479.63 0.35 446.44 1.07 0.01119103 

129019 3314.43 20.14 0.36 1212.21 0.53 1428.63 0.85 0.01121206 

34766 1367.64 38.88 0.72 554.73 0.81 732.36 0.76 0.01136759 

77099 2135.96 25.8 0.69 673.94 0.59 429.13 1.57 0.01151054 

79720 2187.95 39.78 0.94 1515.89 0.97 1750.32 0.87 0.01163086 

20756 1141.54 37.33 0.35 181.85 0.48 333.27 0.55 0.01165872 

54703 1684.71 29.65 0.19 363.61 0.35 413.98 0.88 0.01205231 

32471 1326.56 27.11 0.19 1283.49 0.39 716.64 1.79 0.01209138 

91669 2411.08 26.8 0.31 149.25 0.17 100.42 1.49 0.01210806 

43442 1507.74 40.02 0.93 1880.51 0.94 2799.68 0.67 0.01213974 

76415 2117.93 32.97 0.32 131.04 0.49 143.05 0.92 0.01229273 

89604 2360 33.92 0.17 104.7 0.32 117.46 0.89 0.01247033 
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25363 1216.54 24.24 0.82 1060.15 0.77 1895.59 0.56 0.01248304 

132014 3400.58 31.18 0.48 205.96 0.31 213.31 0.97 0.01253784 

131589 3385.55 25.49 0.64 2132.01 0.69 3219.82 0.66 0.01264424 

74065 2078.93 26.67 0.99 8888.59 1 7324.59 1.21 0.01287456 

74273 2081.94 33.66 0.65 647.64 0.73 251.02 2.58 0.01292263 

72033 2034.94 25.45 0.35 885.28 0.23 286.88 3.09 0.01305396 

114438 2917.36 29.04 0.61 1898.3 0.47 1909.22 0.99 0.01305728 

50212 1613.82 23.99 0.57 383.1 0.79 315.83 1.21 0.01345032 

130747 3359.58 31.9 0.79 1087.25 0.9 1219.93 0.89 0.01363732 

50172 1612.76 23.38 0.2 240.43 0.4 162.08 1.48 0.01368028 

127575 3271.49 30.7 0.44 1105.57 0.28 975.34 1.13 0.01386989 

13746 1025.47 25 0.14 253.92 0.3 180.17 1.41 0.0139927 

146624 3927.82 33.6 0.2 128.49 0.33 207.41 0.62 0.01420281 

157882 4352.86 20.17 0.83 5294.82 0.91 6805.13 0.78 0.01436657 

54184 1673.76 40.72 0.39 3263.92 0.24 3109.13 1.05 0.01455398 

82015 2226.97 33.46 0.65 238.19 0.59 158.17 1.51 0.01466353 

81196 2210.95 33.61 0.97 6435.94 1 5197.29 1.24 0.01474302 

84909 2274.04 33.51 0.16 177.25 0.31 167.5 1.06 0.01495276 

36586 1401.66 40.04 0.23 337.11 0.45 130.86 2.58 0.01499299 

46725 1564.72 28.37 0.33 158.99 0.57 109.8 1.45 0.01501347 

127731 3276.24 33.38 0.17 99.07 0.31 139.08 0.71 0.01504871 

40541 1458.63 27.94 0.22 491.76 0.41 290.64 1.69 0.01506282 

67462 1938.88 21.39 0.21 497.65 0.44 125.86 3.95 0.01509124 

54438 1679.95 23.82 0.83 13229.37 0.92 22414.37 0.59 0.01516415 

51865 1635.76 30.34 0.7 1293.45 0.75 1902.28 0.68 0.01519528 

18358 1107.43 25.14 0.33 196.87 0.17 301.02 0.65 0.0154108 

68117 1954.97 25.36 0.47 564.92 0.32 257.62 2.19 0.01546201 

25053 1211.54 25.82 0.26 286.23 0.46 139.23 2.06 0.0162144 

53866 1668.81 40.47 0.35 456.9 0.53 446.59 1.02 0.01622193 

96879 2529.17 26.99 0.24 141.52 0.43 116.25 1.22 0.01666642 

66054 1915 33.63 0.38 183.16 0.24 124.06 1.48 0.01716301 

30136 1292.39 36.16 0.26 191.03 0.4 242.41 0.79 0.01741059 

120192 3058.38 24.82 0.55 353.37 0.68 410.1 0.86 0.01766189 

17899 1098.52 20.89 0.15 205.48 0.31 129.53 1.59 0.01775929 

3608 879.5 19.88 0.23 135.29 0.36 148.8 0.91 0.0179793 

147000 3945.91 22.03 0.19 565.35 0.31 1053.12 0.54 0.01806868 

55484 1695.73 23.18 0.21 299.38 0.39 284.02 1.05 0.01813328 

69080 1976.88 32.38 0.52 423.33 0.69 429.91 0.98 0.01813836 

38790 1438.66 22.01 0.45 474.69 0.33 257.3 1.84 0.01825064 
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99691 2582.17 23.67 0.47 288.62 0.35 155.64 1.85 0.01846494 

46606 1562.69 22.46 0.56 1915.55 0.72 1837.41 1.04 0.01864284 

59149 1769.78 30.98 0.32 364.38 0.19 194.3 1.88 0.01873294 

98720 2565.14 23.74 0.44 424.63 0.34 166.37 2.55 0.01935075 

69882 1993.88 32.19 0.74 327.73 0.74 159.92 2.05 0.0194273 

47402 1576.67 43.3 0.52 3222.02 0.32 4163.23 0.77 0.01946342 

143379 3775.75 25.59 0.84 1306.63 0.84 1593.92 0.82 0.0196265 

140780 3685.83 22.2 0.59 1264.38 0.67 1945.24 0.65 0.01965948 

127354 3264.53 30.66 0.51 273.57 0.69 338.69 0.81 0.01986604 

32343 1324.59 28.7 0.23 417.78 0.39 403.57 1.04 0.02013347 

48417 1584.51 37.5 0.65 548.77 0.82 499.35 1.10 0.02024919 

130803 3361.56 24.24 0.16 202.82 0.31 165.55 1.23 0.02050894 

64493 1886.86 27.3 0.28 173.14 0.46 139.99 1.24 0.02091515 

64869 1892.77 40.25 0.23 1478.73 0.39 1923.99 0.77 0.02098613 

24291 1196.32 36.11 1 27683.09 1 29128.45 0.95 0.02098848 

33238 1340.59 28.4 0.3 158.64 0.49 123.38 1.29 0.02106894 

4845 900.27 43.66 0.28 894.52 0.42 762.13 1.17 0.02115853 

53375 1658.59 21.46 0.18 493.66 0.32 642.58 0.77 0.02122895 

54269 1675.71 29.2 0.23 123.18 0.41 93.02 1.32 0.02150144 

29279 1276.4 35.92 0.97 4428.57 0.98 5469.42 0.81 0.02156291 

26098 1225.32 35.69 0.46 388.09 0.3 484.31 0.80 0.02190198 

50838 1623.73 29.86 0.36 440.08 0.25 131.78 3.34 0.02194621 

56011 1705.73 40.44 0.46 363.72 0.31 308.21 1.18 0.02198684 

73177 2062.93 26.58 0.87 1114.24 0.92 669.6 1.66 0.02206888 

39607 1447.7 19.47 0.57 751.39 0.71 730.22 1.03 0.02257498 

63143 1859.83 24.41 0.29 608.61 0.5 298.27 2.04 0.02265832 

141019 3697.56 23.7 0.23 279.34 0.38 340.52 0.82 0.02287038 

111564 2841.26 24.54 0.68 1865.83 0.73 772.42 2.42 0.02301055 

138036 3589.68 25.03 0.66 649.35 0.77 927.04 0.70 0.0230354 

28281 1260.56 21.83 0.67 657.29 0.58 494.74 1.33 0.02306255 

3796 884.29 43.81 0.29 124.6 0.41 221.26 0.56 0.0232707 

130482 3350.55 31.02 0.21 124.17 0.36 129.47 0.96 0.02342008 

60975 1812.79 24.14 0.35 287 0.2 544.47 0.53 0.02343743 

50766 1622.7 30.44 0.22 461.79 0.39 208.25 2.22 0.02344096 

48520 1586.74 28.88 0.44 275.83 0.69 191.67 1.44 0.0235215 

97506 2545.12 28.2 0.27 280.79 0.42 276.19 1.02 0.02373503 

117009 2977.37 29.12 0.37 166.36 0.47 256.23 0.65 0.0240074 

40294 1452.66 23.61 0.68 615.56 0.65 397.31 1.55 0.02404588 

19046 1116.53 20.85 0.31 231.33 0.18 277.13 0.83 0.02417943 
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37662 1422.6 21.72 0.82 4674.93 0.99 3956.25 1.18 0.02458489 

58759 1761.83 21.65 0.44 406.97 0.33 294.23 1.38 0.02483642 

52320 1643.74 29.53 0.67 382.85 0.88 333.69 1.15 0.02496014 

55450 1694.78 23.59 0.15 195.98 0.3 147.07 1.33 0.02515307 

42867 1496.63 22.34 0.2 467.24 0.39 235.9 1.98 0.02518309 

51328 1632.71 40.15 0.42 665.9 0.27 865.74 0.77 0.02596414 

9930 963.49 21.81 0.34 152.37 0.48 182.26 0.84 0.02600125 

53800 1667.79 40.56 0.57 419.91 0.39 482.85 0.87 0.02603731 

135676 3520.61 30.8 0.36 330.3 0.5 420.67 0.79 0.02603905 

%, percentage of samples, in which the polypeptide could be detected; MA, mean signal amplitude of the polypeptides; CE 
time, capillary electrophoresis migration time.  R was calculated as Σ (ln signal amplitude x frequency/number of partici-
pants) in controls divided by Σ (ln signal amplitude x frequency/number of participants) in cases.  The polypeptides were or-
dered by ascending P value.    
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Table S3   List of polypeptides included in the HF1 classifier with available information on amino-acid sequence 

ID Sequence of polypeptide Protein name 

Cases Controls 

R 

% MA % MA 

8725 GDAGSKGpmV Collagen alpha-1(V) 0.05 1.94 0.63 2.28 0.067 

123106 RDVEEEEEEEGLEEDAELLTELQEVLG Coiled-coil and C2 domain-containing protein 1B 0.05 1.98 0.47 2.63 0.080 

1577 KGDTGPpGP Collagen alpha-1(III) 0.05 1.65 0.47 1.85 0.095 

103493 DEAGSEADHEGTHSTKRGHAKSRPV Fibrinogen alpha 0.05 3.36 0.47 3.29 0.109 

44146 
DDFDAHKALEDDE 

Isoform 1 of Histone-lysine N-methyltransferase 
MLL2 0.11 1.91 0.58 2.49 0.146 

4845 GGSGAmGSmD 
Immunoglobulin-like and fibronectin type III domain-
containing protein 1 

0.16 1.55 0.63 2.44 0.161 

37610 GPpGpPGSpGEQGPSG Collagen alpha-1(I) 0.11 1.73 0.53 1.87 0.192 

83441 GAVGEKGEPGEAGEpGLpGEGGPpG Collagen alpha-1(V) 0.11 3.45 0.53 3.56 0.201 

74703 KSSSHQDSSRmSSVGDYNT Bone morphogenetic protein 5 0.11 2.64 0.53 2.7 0.203 

101157 GPpGADGQpGAKGEpGDAGAKGDAGpPGPA Collagen alpha-1(I) 0.11 1.97 0.53 1.98 0.207 

103022 FNINNLDNNWLKMHFWFYYA Dermatan-sulfate epimerase-like protein 0.16 2.52 0.68 2.56 0.232 

46091 KGETGDVGQMGppGPP Collagen alpha-1(V) 0.16 2.08 0.53 2.24 0.280 

32022 TYFPHFDLSHG Hemoglobin subunit alpha 0.21 1.99 0.58 2.21 0.326 

82708 GRTGDAGPVGPPGPpGppGpPGPPS Collagen alpha-1(I) 0.32 2.57 0.84 2.68 0.365 

98089 DEAGSEADHEGTHSTKRGHAKSRP Fibrinogen alpha  0.32 2.97 0.84 3 0.377 

61984 DQDKHDDSTDDSDTDK WW domain-binding protein 11 0.53 2.64 1 3.12 0.448 

46369 GPpGEKGGQGPPGpQGp Collagen alpha-1(V) 0.32 2.78 0.68 2.84 0.461 

143947 
DQGPVGRTGEVGAVGPpGFAGEKGPSGEA 

GTAGPpGTpGPQG 
Collagen alpha-2(I) 0.37 2.26 0.79 2.24 0.472 

39275 DGVGQpGLPGpPGPpG Collagen alpha-1(XVIII) 0.47 2.59 0.79 2.96 0.520 

56493 KGDEGEAGDPGDDNNDI Collagen alpha-1(VI) 0.47 2.56 0.79 2.74 0.556 



ID Sequence of polypeptide Protein name 

Cases Controls 

R 

% MA % MA 

41972 EQGLpGAAGQDGPpGP Isoform D preproprotein of collagen alpha-1 (XI) 0.53 2.75 0.84 2.95 0.588 

24168 GPpGPPGPSSNQG Collagen alpha-6(IV) 0.58 2.8 0.84 3.26 0.593 

107858 VSESSIHIIGVSLGAHVGGmVGQLFGGQ Isoform 2 of phospholipase A1 member A 0.63 2.36 0.89 2.69 0.621 

23356 GPpGPpGPSSNQG Collagen alpha-6(IV) 0.58 2.63 0.84 2.9 0.626 

97599 LGSHSQDEEDEDTEYFDAMEDS 101 kDa protein 0.58 2.59 0.89 2.66 0.634 

23697 DDGEAGKpGRpG Collagen alpha-1(I) 0.68 2.8 1 2.88 0.661 

36566 EEEDSSDSSSDSE Isoform 1 of AP-3 complex subunit beta-1 0.58 2.77 0.74 3.27 0.664 

26670 GQDGRpGPpGPpG Collagen alpha-1(I) 0.63 3.02 0.84 3.3 0.686 

58050 GPpGEAGKpGEQGVPGDLG Collagen alpha-1(I) 0.63 2.57 0.84 2.79 0.691 

28005 TYFPHFDLSHG Hemoglobin subunit alpha 0.68 3.08 0.84 3.4 0.733 

69979 KGSpGSDGpKGEKGDPGpEGP Isoform 2C2A' of collagen alpha-2(VI) chain 0.79 2.86 0.95 3.17 0.750 

40737 GPpGPAGNpGpSpNSP Isoform 1 of collagen alpha-1(XXVI) 0.84 3.33 1 3.68 0.760 

65368 
WIDAPDDVFYMATEET 

Metastasis-associated protein MTA1  79 kDa pro-
tein 

0.79 3.17 0.89 3.61 0.779 

73434 ADGSDLDAVSHGSmDSGHGTH C-myc promoter-binding protein isoform 1 0.84 3.1 1 3.28 0.794 

108574 DmGPpGPQGPpGKDGPPGVKGENGHPGSP Isoform 2 of collagen alpha-1 (XIII)  0.79 3.56 0.89 3.85 0.821 

90344 GKNGDDGEAGKpGRpGERGPpGPQ Collagen alpha-1(I) 0.89 3.12 0.95 3.46 0.845 

36759 PpGPpGFPGDpGPpG Collagen alpha-3(V) 0.89 2.94 0.95 3.18 0.866 

28561 SpGPDGKTGPpGPA Collagen alpha-1(I) 0.89 3.36 0.89 3.79 0.886 

107460 KNGETGPQGPPGPTGPGGDKGDTGPpGpQG Collagen alpha-1(III) 0.95 2.91 1 3.11 0.889 

32171 ApGDRGEpGPpGPA Collagen alpha-1(I) 0.95 4.07 1 4.27 0.905 

39322 GPpGPpGFPGDPGPpG Collagen alpha-3(V) 1 3.2 1 3.49 0.917 

35339 ApGEDGRpGPpGPQ Collagen alpha-1(II) 1 3.36 1 3.53 0.952 

81196 NGApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) 1 3.72 1 3.59 1.036 



ID Sequence of polypeptide Protein name 

Cases Controls 

R 

% MA % MA 

41601 DGQPGAKGEpGDAGAK Collagen alpha-1(I) 1 3.72 1 3.56 1.045 

62866 SGpQGppGSEGFTGPPGPQG Collagen alpha-2(IV) 1 3.89 1 3.71 1.048 

99021 QQEQLQQQQFQQQQEQLQQQ Zinc finger protein 853 1 3.88 1 3.7 1.049 

79136 AGPpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) 1 3.74 1 3.49 1.072 

50840 DGApGKNGERGGpGGpGP Collagen alpha-1(III) 0.95 4.17 0.95 3.86 1.080 

72533 PpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) 0.95 3.49 0.95 3.21 1.087 

57537 NDGApGKNGERGGpGGpGP Collagen alpha-1(III) 1 4.02 0.95 3.82 1.108 

50212 VGGGEQPPPAPAPRRE Xylosyltransferase 1 0.89 2.7 0.89 2.43 1.111 

60149 GNDGApGKNGERGGpGGpGP Collagen alpha-1(III) 1 3.72 0.95 3.47 1.128 

103198 ERGEAGIpGVpGAKGEDGKDGSpGEpGA Collagen alpha-1(III) 0.89 2.94 0.89 2.47 1.190 

104786 NRGERGSEGSPGHpGQpGppGpPGAPGP Collagen alpha-1(III) 1 3.58 0.89 3.34 1.204 

33135 GAPGPRGRDGEpGT Isoform 1 of collagen alpha-1(II) 1 2.86 0.89 2.65 1.213 

73291 DDKDEEDSPRPRSPPGGPD Zinc finger and BTB domain-containing protein 46 0.84 2.75 0.79 2.37 1.234 

45021 RDGEPGTPGNpGPpGP Isoform 1 of collagen alpha-1(II) 1 2.82 0.89 2.55 1.243 

99475 DDILASPPRLPEPQPYPGAPHHSS Collagen alpha-1(XVIII) 0.95 2.78 0.89 2.38 1.246 

40294 DEPPQSPWDRVK Apolipoprotein A-I 1 2.85 0.84 2.62 1.295 

35424 AMFGPKGFGRGGAE Cysteine-rich protein 1 0.95 2.79 0.79 2.56 1.311 

131294 
PGEDGEpGRNGNPGEVGFAGSpGARGFP-
GAPGLPGL Collagen alpha-2(V) 

1 2.87 0.79 2.71 1.341 

111564 ERGEAGIpGVpGAkGEDGKDGSpGEpGANG Collagen alpha-1(III) 0.89 3.21 0.79 2.67 1.354 

104195 NRGERGSEGSPGHPGQPGPpGppGApGP Collagen alpha-1(III) 0.89 2.61 0.74 2.29 1.371 

28747 SpGERGETGPpGP Collagen alpha-1(III) 1 3.44 0.74 3.32 1.400 

44802 GGAGEpGKNGAKGEpGp Isoform 1 of collagen alpha-1(III) 0.79 2.51 0.63 2.1 1.499 

113452 NGEAGSAGPpGppGLRGSpGSRGLPGADGRAG Collagen alpha-2(I) 0.89 2.47 0.58 2.29 1.655 



ID Sequence of polypeptide Protein name 

Cases Controls 

R 

% MA % MA 

69681 SNGNpGPpGPSGSpGKDGPpGP Collagen alpha-1(III) 0.84 2.43 0.42 2.51 1.936 

55516 RGSGGGGGGGGQGSTNYGKS 
Isoform 3 of heterogeneous nuclear ribonucleopro-
tein A/B 0.79 2.54 0.42 2.39 1.999 

80360 ISVPGPMGPSGPRGLpGPpGApGP Collagen alpha-1(I) 0.68 2.74 0.26 2.73 2.625 

82784 ADGQpGAkGEpGDAGAKGDAGPpGP Collagen alpha-1(III) 0.63 2.28 0.21 2.31 2.961 

ID, polypeptide identifier (SQL number); %, percentage of samples, in which the polypeptide could be detected; MA, mean signal amplitude of the polypeptides. R was calculated 
as ∑ (ln signal amplitude x frequency/number of participants) in controls divided by ∑ (ln signal amplitude x frequency/number of participants) in cases. The polypeptides were 
ordered by ascending R. 



Table S4   List of polypeptides included in the HF2 classifier with available information on amino-acid sequence 

ID Sequence of polypeptide Protein name

Cases Controls

R AUC

% MA % MA

97599 LGSHSQDEEDEDTEYFDAMEDS 101 kDa protein 0.38 405.88 0.72 558.72 0.73 0.7200787 

14071 RVAPEEHPV Actin, aortic smooth muscle 0.52 984.59 0.71 1197.89 0.82 0.6296769 

20750 IHEDPGPPPPS ACVR2B Activin receptor 
type-2B 

0.4 216.15 0.55 321.77 0.67 0.6146365 

72343 EAIPMSIPPEVKFNKPFV Alpha-1-antitrypsin 0.43 10352.8 0.03 1273.44 8.13 0.7011054 

87692 EDPQGDAAQKTDTSHHDQDHP Alpha-1-antitrypsin 0.15 273.02 0.58 355.4 0.77 0.7264031 

107198 FFLPDEGKLQHLENELTHDIITK Alpha-1-antitrypsin 0.31 15025.57 0.02 2343.04 6.41 0.6427509 

67632 EAIPMSIPPEVKFNKPF Alpha-1-antitrypsin 0.32 13045.5 0.05 4808.08 2.71 0.6349384 

90840 MIEQNTKSPLFMGKVVNPTQK Alpha-1-antitrypsin 0.43 11705.46 0.08 506.56 23.11 0.6810162 

136698 EDPQGDAAQKTDTSHHDQDHPTFNKITPNLAE Alpha-1-antitrypsin 0.35 6465.83 0.15 1524.74 4.24 0.6088435 

38879 TIDEKGTEAAGAMF Alpha-1-antitrypsin 0.6 1667.3 0.44 238 7.01 0.6206420 

12998 YVVHTNYD Alpha-1-microglobulin 0.14 130.04 0.44 195.64 0.66 0.6536990 

28132 TISEKTSDQIH Antithrombin-III 0.42 1104.88 0.06 529.33 2.09 0.6821854 

40294 DEPPQSPWDRVK Apolipoprotein A-I 0.68 615.56 0.65 397.31 1.55 0.5920493 

29906 LGPHAGDVEGHLS Apolipoprotein A-IV 0.49 820.27 0.75 774.71 1.06 0.6123512 

40487 FHDDGFLAFPGHV Basement membrane-specific 
heparan sulfate proteoglycan 
core protein 

0.16 393.55 0.44 238.34 1.65 0.6298895 

53393 DAPGQYGAYFHDDGF Basement membrane-specific 
heparan sulfate proteoglycan 
core protein 

0.38 479.95 0.51 715.13 0.67 0.5982674 

44592 AEPGDPRAMSGRSPP Beta-1.3-
galactosyltransferase 6 

0.81 6161.47 0.85 7615.86 0.81 0.6415816 

106195 LLKNGERIEKVEHSDLSFSKDWS Beta-2-microglobulin 0.34 14019.79 0.04 718.01 19.53 0.6506165 



ID Sequence of polypeptide Protein name

Cases Controls

R AUC

% MA % MA

45243 VEHSDLSFSKDWS Beta-2-microglobulin 0.13 725.47 0.4 474.07 1.53 0.6240434 

74703 KSSSHQDSSRmSSVGDYNT Bone morphogenetic protein 5 0.1 318.89 0.42 493.74 0.65 0.6609269 

24510 KNDQnTSVSHA Bromodomain and WD repeat-
containing protein 3 

0.55 3745.12 0.66 7839.78 0.48 0.6356293 

74057 SVQPSNHGIYLPSDTQEHA Isoform 1 of Voltage-
dependent R-type calcium 
channel subunit alpha-1E 

0.47 386.1 0.72 288.99 1.34 0.6130952 

110657 TTnLEQMMKAGEqGqQqRITFSETG Cation channel sperm-
associated protein 4 

0.18 310.01 0.39 146.46 2.12 0.5932185 

118597 DGVSGGEGKGGSDGGGSHRKEGEEADAPGVIPG CD99 antigen 0.78 1741.99 0.95 2083.36 0.84 0.6944090 

83081 DGVSGGEGKGGSDGGGSHRKEGEE CD99 antigen 0.21 275.97 0.43 213.49 1.29 0.6022003 

19773 DFDDFNLED CD99 antigen-like protein 2 0.78 1391.02 0.83 2748.43 0.51 0.6856930 

103224 DGVSGGEGKGGSDGGGSHRKEGEEADAPG CD99 CD99 antigen isoform b 
precursor 

0.15 130.88 0.42 129.08 1.01 0.6310587 

68117 SHTSDSDVPSGVTEVVVKL Clusterin 0.47 564.92 0.32 257.62 2.19 0.5889668 

73434 ADGSDLDAVSHGSmDSGHGTH C-myc promoter-binding pro-
tein 

0.51 1158.94 0.93 2053.5 0.56 0.8159014 

14906 MGPRGPpGPpG Collagen alpha-1(I) chain 0.37 238.08 0.82 738.97 0.32 0.8186650 

78073 AEGSpGRDGSpGAKGDRGETGPA Collagen alpha-1(I) chain 0.45 904.53 0.88 1576.04 0.57 0.8025085 

23697 DDGEAGKpGRpG Collagen alpha-1(I) chain 0.45 536.63 0.89 884.15 0.61 0.7924107 

2659 DDGEAGKpG Collagen alpha-1(I) chain 0.26 194.46 0.71 568.02 0.34 0.7713648 

30575 SpGSpGPDGKTGPp Collagen alpha-1(I) chain 0.33 1425.18 0.85 1526.54 0.93 0.7771046 

28561 SpGPDGKTGPpGPA Collagen alpha-1(I) chain 0.49 2855.06 0.81 7418.24 0.38 0.7761480 

7408 GRpGPpGPpG Collagen alpha-1(I) chain 0.05 36.97 0.46 169.15 0.22 0.7118410 

2505 SpGEAGRpG Collagen alpha-1(I) chain 0.34 191.41 0.76 383.25 0.50 0.7605761 

17694 ApGDRGEpGpP Collagen alpha-1(I) chain 0.67 3573.1 0.94 5547.8 0.64 0.7645621 



ID Sequence of polypeptide Protein name

Cases Controls

R AUC
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43543 GSpGSpGPDGKTGPPGp Collagen alpha-1(I) chain 0.59 1979.23 0.93 2945.44 0.67 0.7491497 

16773 DRGEpGPpGPA Collagen alpha-1(I) chain 0.09 89 0.46 194.48 0.46 0.6934524 

13342 ApGDKGESGPS Collagen alpha-1(I) chain 0.87 866.5 0.97 1808.79 0.48 0.7371918 

57531 TGSpGSpGPDGKTGPPGpAG Collagen alpha-1(I) chain 0.84 1573.88 0.94 2870.95 0.55 0.7368197 

85020 ADGQPGAKGEpGDAGAKGDAGPpGPA Collagen alpha-1(I) chain 0.46 2506.77 0.81 3634.07 0.69 0.7285289 

77763 DGQpGAKGEpGDAGAKGDAGPPGp Collagen alpha-1(I) chain 0.97 3399.7 0.98 1724.29 1.97 0.7332058 

73291 nGDDGEAGKpGRPGERGPpGp Collagen alpha-1(I) chain 0.86 1417.64 0.73 416.98 3.40 0.7308673 

15561 GPDGKTGPpGPA Collagen alpha-1(I) chain 0.04 61.89 0.34 164.52 0.38 0.6542304 

99808 LTGPIGPPGpAGApGDKGESGPSGPAGPTG Collagen alpha-1(I) chain 0.67 449.89 0.9 700.47 0.64 0.7236395 

82708 GRTGDAGPVGPPGPpGppGpPGPPS Collagen alpha-1(I) chain 0.5 396.97 0.78 760.84 0.52 0.7183780 

61711 SpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 0.56 877.35 0.28 212.55 4.13 0.6969069 

19284 DGRpGPpGPpGA Collagen alpha-1(I) chain 0.05 270.31 0.35 255.97 1.06 0.6533801 

63209 EGSpGRDGSpGAKGDRGET Collagen alpha-1(I) chain 0.44 1458.34 0.9 1119.04 1.30 0.7149235 

14478 SpGPDGKTGPp Collagen alpha-1(I) chain 0.36 300.27 0.74 286.94 1.05 0.7061543 

88282 GANGApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) chain 0.56 594.88 0.84 846.66 0.70 0.7096620 

118224 ESGREGApGAEGSpGRDGSpGAKGDRGETGPA Collagen alpha-1(I) chain 0.64 4554.03 0.91 7727.54 0.59 0.7112564 

58084 GPpGPpGKNGDDGEAGKpG Collagen alpha-1(I) chain 0.58 950.75 0.9 1120.91 0.85 0.7103529 

72533 PpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) chain 0.94 3157.59 0.91 1786.23 1.77 0.7108844 

90344 GKNGDDGEAGKpGRpGERGPpGPQ Collagen alpha-1(I) chain 0.68 1380.11 0.93 2542.67 0.54 0.7061543 

20862 GLPGPpGPpGPpG Collagen alpha-1(I) chain 0.31 168.72 0.6 380.82 0.44 0.6882440 

73913 GPpGPpGKNGDDGEAGkpGRPG Collagen alpha-1(I) chain 0.27 649.6 0.6 1056.5 0.61 0.6836735 

87365 KNGDDGEAGKpGRpGERGPPGpQ Collagen alpha-1(I) chain 0.09 185.88 0.39 263.28 0.71 0.6502445 

22725 DGAKGDAGApGApG Collagen alpha-1(I) chain 0.17 65.32 0.46 149.11 0.44 0.6629464 

101157 GPpGADGQpGAKGEpGDAGAKGDAGpPGPA Collagen alpha-1(I) chain 0.09 120.1 0.4 95.3 1.26 0.6487032 
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55143 PpGEAGKpGEQGVPGDLG Collagen alpha-1(I) chain 0.43 586.61 0.7 907.46 0.65 0.6860119 

38011 PpGKNGDDGEAGKpG Collagen alpha-1(I) chain 0.09 184.4 0.36 193.02 0.96 0.6406781 

122400 ADGQpGAKGEpGDAGAKGDAGpPGPAGPAGPPGpIG Collagen alpha-1(I) chain 0.64 266.08 0.86 354.59 0.75 0.6901042 

77018 DGQPGAKGEpGDAGAKGDAGPPGp Collagen alpha-1(I) chain 0.96 5570.45 0.95 2768.02 2.01 0.6899447 

128435 DRGETGPAGPpGApGAPGAPGPVGpAGKSGDRGETGP Collagen alpha-1(I) chain 0.24 163.97 0.53 343.3 0.48 0.6662415 

58050 GPpGEAGKpGEQGVPGDLG Collagen alpha-1(I) chain 0.45 409.94 0.74 505.2 0.81 0.6803784 

80012 NGDDGEAGkPGRpGERGPpGPQ Collagen alpha-1(I) chain 0.45 641.13 0.74 794.69 0.81 0.6787840 

72896 SGEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 0.92 1350.02 0.96 814.06 1.66 0.6837798 

141007 ARGNDGATGAAGPpGPTGPAGppGFpGAVGAKGEAG-

PQGPRG 

Collagen alpha-1(I) chain 0.11 184.21 0.39 260.09 0.71 0.6389775 

39064 SpGENGApGQMGPRG Collagen alpha-1(I) chain 0.55 530.59 0.32 213.77 2.48 0.6650723 

155132 ARGNDGATGAAGpPGPTGPAGPPGFpGAVGAKGEAG-

pQGpRGSEGPQG 

Collagen alpha-1(I) chain 0.53 337.4 0.69 749.7 0.45 0.6763393 

91542 LDGAKGDAGPAGPKGEpGSpGENGApG Collagen alpha-1(I) chain 0.68 463.41 0.92 572.79 0.81 0.6800595 

53744 KpGEQGVpGDLGApGPSG Collagen alpha-1(I) chain 0.33 264.94 0.63 258.89 1.02 0.6654974 

99919 PpGKNGDDGEAGKPGRpGERGppGPQ Collagen alpha-1(I) chain 0.18 468.84 0.47 666.66 0.70 0.6476403 

71602 PpGEAGKpGEQGVpGDLGAPGP Collagen alpha-1(I) chain 0.91 1846.54 0.91 1008.41 1.83 0.6761798 

51175 EGSpGRDGSpGAKGDRG Collagen alpha-1(I) chain 0.18 210.58 0.46 273.82 0.77 0.6455145 

68411 PpGPpGKNGDDGEAGKpGRp Collagen alpha-1(I) chain 0.23 533.25 0.56 394.1 1.35 0.6532738 

42188 GPpGKNGDDGEAGKpG Collagen alpha-1(I) chain 0.11 642.28 0.36 785.06 0.82 0.6293048 

50638 PpGPpGKNGDDGEAGKP Collagen alpha-1(I) chain 0.31 522.57 0.6 477.87 1.09 0.6563563 

75846 GPpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) chain 0.97 2774.85 0.98 1843.41 1.51 0.6703869 

56139 pPGEAGKpGEQGVpGDLG Collagen alpha-1(I) chain 0.71 818.24 0.89 1465.01 0.56 0.6694303 

61576 GANGApGNDGAKGDAGApGApG Collagen alpha-1(I) chain 0.32 298.73 0.61 357.37 0.84 0.6549213 

102819 GPpGKNGDDGEAGKPGRpGERGPpGpQ Collagen alpha-1(I) chain 0.3 448.42 0.54 706.56 0.63 0.6485969 



ID Sequence of polypeptide Protein name  

Cases Controls 

R AUC 

% MA % MA 

108724 KEGGKGPRGETGPAGRpGEVGpPGPpGPAG Collagen alpha-1(I) chain 0.29 183.13 0.51 322.27 0.57 0.6461522 

105105 KDGEAGAQGPpGPAGPAGERGEQGPAGSpG Collagen alpha-1(I) chain 0.13 64.83 0.36 112.37 0.58 0.6250531 

23628 KpGEQGVpGDLG Collagen alpha-1(I) chain 0.18 151.25 0.45 146.39 1.03 0.6355230 

32171 ApGDRGEpGPpGPA Collagen alpha-1(I) chain 0.97 8865.26 0.96 18773.43 0.47 0.6632653 

130077 GPpGESGREGApGAEGSpGRDGSpGAKGDRGETGPA Collagen alpha-1(I) chain 0.21 466 0.45 762.99 0.61 0.6363202 

81457 IGPpGPAGApGDKGESGPSGPAGPTG Collagen alpha-1(I) chain 0.55 216.02 0.73 376.59 0.57 0.6583759 

62547 DAGPVGPpGPpGPpGPPGPPS Collagen alpha-1(I) chain 0.15 144.9 0.38 350.11 0.41 0.6245748 

98485 PQGFqGPpGEPGEPGASGPMGpRGPpG Collagen alpha-1(I) chain 0.23 138.35 0.52 111.61 1.24 0.6389243 

82026 GNSGEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 0.6 13874.99 0.85 17489.37 0.79 0.6572066 

58941 GPpGEAGKpGEQGVpGDLG Collagen alpha-1(I) chain 0.7 1567.7 0.84 2259.23 0.69 0.6574724 

28850 DGQPGAKGEpGDAG Collagen alpha-1(I) chain 0.15 159.62 0.39 185.38 0.86 0.6213329 

68663 GEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 0.47 519.19 0.21 557.78 0.93 0.6301020 

106067 PpGADGQpGAKGEpGDAGAKGDAGPpGPAGP Collagen alpha-1(I) chain 0.22 134.31 0.48 149.06 0.90 0.6304209 

124886 PpGESGREGAPGAEGSpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 0.46 1372.7 0.74 1238.23 1.11 0.6467368 

108021 GPpGADGQPGAKGEpGDAGAKGDAGpPGPAGP Collagen alpha-1(I) chain 0.67 306.74 0.79 450.84 0.68 0.6494473 

26670 GQDGRpGPpGPpG Collagen alpha-1(I) chain 0.5 849.6 0.57 2832.67 0.30 0.6425914 

65312 ETGPAGRpGEVGPpGPpGPAG Collagen alpha-1(I) chain 0.18 204.42 0.43 186.61 1.10 0.6217049 

118163 LTGSpGSpGpDGKTGPPGPAGQDGRPGPpGppG Collagen alpha-1(I) chain 0.89 1143.92 0.94 1539.79 0.74 0.6492347 

42594 VGPpGpPGPPGPPGPPS Collagen alpha-1(I) chain 0.55 381.96 0.71 561.66 0.68 0.6430697 

55582 NGApGNDGAKGDAGApGApG Collagen alpha-1(I) chain 0.87 1006.3 0.94 1338.55 0.75 0.6439201 

86677 ADGQpGAKGEpGDAGAKGDAGppGPA Collagen alpha-1(I) chain 0.33 200.55 0.56 221.45 0.91 0.6296769 

107858 RPGApGPAGARGnDGATGAAGPPGPTGpAGpP Collagen alpha-1(I) chain 0.48 313.21 0.67 439.04 0.71 0.6360544 

102371 KEGGKGPRGETGPAGRpGEVGpPGPpGP Collagen alpha-1(I) chain 0.33 297.28 0.54 384.8 0.77 0.6277636 

65257 SGEpGApGSKGDTGAKGEpGP Collagen alpha-1(I) chain 0.43 230.8 0.26 91.2 2.53 0.6195791 
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89642 GKNGDDGEAGKPGRpGERGPpGPQ Collagen alpha-1(I) chain 0.3 279.82 0.48 531.27 0.53 0.6224490 

16779 ApGDRGEpGPP Collagen alpha-1(I) chain 0.17 206.52 0.39 191.34 1.08 0.6097470 

85076 ADGqPGAKGEpGDAGAKGDAGPpGPA Collagen alpha-1(I) chain 0.6 2154.86 0.44 1128.52 1.91 0.6307398 

27350 DKGETGEQGDRG Collagen alpha-1(I) chain 0.79 1332.67 0.98 1454.94 0.92 0.6381803 

92410 LDGAKGDAGpAGPKGEpGSpGENGApG Collagen alpha-1(I) chain 0.62 250.12 0.83 286.44 0.87 0.6344600 

152967 ERGEQGPAGSpGFQGLpGpAGppGEAGKpGEQGVPGDL-

GAPGPSG 

Collagen alpha-1(I) chain 0.82 824.03 0.85 1355.53 0.61 0.6328656 

42776 EpGDAGAKGDAGPpGPA Collagen alpha-1(I) chain 0.49 285.32 0.72 284.56 1.00 0.6289328 

55315 PpGPPGkNGDDGEAGKpG Collagen alpha-1(I) chain 0.13 174.77 0.34 139.73 1.25 0.5985863 

67217 GDDGEAGKPGRpGERGPpGP Collagen alpha-1(I) chain 0.87 1205.87 0.93 601.94 2.00 0.6310055 

21747 GPPGPpGppGPPS Collagen alpha-1(I) chain 0.62 556.29 0.69 1338.8 0.42 0.6281888 

50008 TGSpGSpGPDGKTGPpGP Collagen alpha-1(I) chain 0.35 616.41 0.56 760.58 0.81 0.6195791 

29840 DGQpGAKGEpGDAG Collagen alpha-1(I) chain 0.15 147.17 0.36 114.15 1.29 0.5995429 

85761 ADGQpGAKGEpGDAGAKGDAGPpGPA Collagen alpha-1(I) chain 0.89 3613.95 0.99 4405.75 0.82 0.6294111 

74420 EGSpGRDGSpGAKGDRGETGPA Collagen alpha-1(I) chain 0.26 13007.27 0.45 18146.64 0.72 0.6091093 

29538 SpGSPGPDGKTGPp Collagen alpha-1(I) chain 0.26 297.49 0.49 280.07 1.06 0.6101722 

127848 pPGESGREGApGAEGSpGRDGSpGAKGDRGETGPA Collagen alpha-1(I) chain 0.19 619.9 0.39 800.21 0.77 0.6013499 

128936 SPGEAGRPGEAGLpGAKGLTGSPGSPGpDGkTGPPGP Collagen alpha-1(I) chain 0.44 251.08 0.24 189.89 1.32 0.6066645 

92841 ADGQPGAKGEpGDAGAKGDAGPpGPAGP Collagen alpha-1(I) chain 0.65 329.5 0.84 375.45 0.88 0.6252126 

114823 ESGREGAPGAEGSpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 0.41 620.73 0.64 490.4 1.27 0.6159651 

70803 GEpGEpGASGPMGPRGPpGPpG Collagen alpha-1(I) chain 0.14 283.92 0.32 265.65 1.07 0.5907738 

13747 PpGSAGAPGKDG Collagen alpha-1(I) chain 0.35 282.35 0.54 288.26 0.98 0.6113946 

76839 DGKTGpPGPAGQDGRPGPpGppG Collagen alpha-1(I) chain 0.3 109.36 0.48 137.97 0.79 0.6068240 

12380 GPDGKTGPpGP Collagen alpha-1(I) chain 0.29 146.65 0.47 166.2 0.88 0.6057611 
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75248 GApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) chain 0.53 338.55 0.36 231.82 1.46 0.6088435 

63427 DAGPAGPKGEpGSpGENGApG Collagen alpha-1(I) chain 0.24 118.04 0.46 107.41 1.10 0.6009779 

70635 NSGEpGApGSKGDTGAKGEpGP Collagen alpha-1(I) chain 0.97 2173.35 0.96 1584.04 1.37 0.6181973 

79786 ADGQPGAKGEPGDAGAKGDAGPpGP Collagen alpha-1(I) chain 0.64 754.77 0.85 740.66 1.02 0.6161777 

63910 DDGEAGKPGRPGERGpPGp Collagen alpha-1(I) chain 0.9 3082.35 0.99 1652.9 1.86 0.6153274 

100344 AGPpGApGApGApGPVGPAGKSGDRGETGP Collagen alpha-1(I) chain 0.73 307.71 0.61 237.91 1.29 0.6132015 

127852 AAGEPGKAGERGVpGppGAVGPAGKDGEAGAQGPpGP Collagen alpha-1(I) chain 0.58 389.96 0.74 526.66 0.74 0.6128295 

73989 GDDGEAGKpGRpGERGPpGPQ Collagen alpha-1(I) chain 0.17 208.55 0.36 191.03 1.09 0.5892326 

88972 GADGQPGAkGEpGDAGAKGDAGPpGPA Collagen alpha-1(I) chain 0.22 155.27 0.4 191.3 0.81 0.5915179 

93417 ADGQpGAKGEpGDAGAKGDAGpPGPAGP Collagen alpha-1(I) chain 0.33 141.9 0.49 165.94 0.86 0.5988520 

54703 EpGSpGENGAPGQmGPR Collagen alpha-1(I) chain 0.19 363.61 0.35 413.98 0.88 0.5819515 

43442 VGPpGPpGPpGPPGPPS Collagen alpha-1(I) chain 0.93 1880.51 0.94 2799.68 0.67 0.6042730 

132014 GPpGADGQPGAKGEpGDAGAKGDAGpPGPAGPAGPPGPIG Collagen alpha-1(I) chain 0.48 205.96 0.31 213.31 0.97 0.5917304 

130747 PpGADGQPGAKGEpGDAGAKGDAGPpGPAGPAGPpGPIG Collagen alpha-1(I) chain 0.79 1087.25 0.9 1219.93 0.89 0.6023597 

50172 ApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 0.2 240.43 0.4 162.08 1.48 0.5830145 

82015 NGApGNDGAkGDAGApGApGSQGApG Collagen alpha-1(I) chain 0.65 238.19 0.59 158.17 1.51 0.5987457 

81196 NGApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) chain 0.97 6435.94 1 5197.29 1.24 0.6014031 

84909 GLpGpAGpPGEAGKPGEQGVpGDLG Collagen alpha-1(I) chain 0.16 177.25 0.31 167.5 1.06 0.5754677 

40541 SpGENGApGQmGPRG Collagen alpha-1(I) chain 0.22 491.76 0.41 290.64 1.69 0.5832270 

25053 GPpGEAGKpGEQG Collagen alpha-1(I) chain 0.26 286.23 0.46 139.23 2.06 0.5855655 

96879 GETGPAGRpGEVGPpGPpGPAGEKGSpG Collagen alpha-1(I) chain 0.24 141.52 0.43 116.25 1.22 0.5836522 

63143 NSGEpGApGSKGDTGAKGEp Collagen alpha-1(I) chain 0.29 608.61 0.5 298.27 2.04 0.5834396 

60975 GEpGApGSKGDTGAKGEpGP Collagen alpha-1(I) chain 0.35 287 0.2 544.47 0.53 0.5739796 

97506 GPpGADGQpGAKGEpGDAGAKGDAGpPGP Collagen alpha-1(I) chain 0.27 280.79 0.42 276.19 1.02 0.5794005 
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58759 DGEAGKpGRPGERGPpGP Collagen alpha-1(I) chain 0.44 406.97 0.33 294.23 1.38 0.5818452 

5675 DGKTGPpGPA Collagen alpha-1(I) chain 0.29 266.81 0.85 709.73 0.38 0.8384354 

121775 ADGQPGAkGEPGDAGAKGDAGPPGPAGpAGpPGPIG Collagen alpha-1(I) chain 0.64 333.92 0.76 477.73 0.70 0.6411033 

36988 GPPGppGPpGPPGPPS Collagen alpha-1(I) chain 0.47 435.81 0.67 646.42 0.67 0.6251063 

33135 GAPGPRGRDGEpGT Collagen alpha-1(II) 0.83 679.53 0.7 540.09 1.26 0.6062394 

35339 ApGEDGRpGPpGPQ Collagen alpha-1(II) chain 0.95 2232.32 1 3398.04 0.66 0.7731718 

16976 DGpSGAEGpPGp Collagen alpha-1(II) chain 0.92 1900.2 0.95 2435.82 0.78 0.6693240 

93227 GpAGPPGEKGEPGDDGPSGAEGPpGPQ Collagen alpha-1(II) chain 0.79 708.3 0.94 855.09 0.83 0.6675170 

23968 pPGSNGNpGPpGP Collagen alpha-1(II) chain 0.23 206.01 0.46 401.04 0.51 0.6308461 

61192 VGPSGApGEDGRpGPpGPQG Collagen alpha-1(II) chain 0.14 182.11 0.3 256.44 0.71 0.5880102 

32470 SpGGpGSDGKpGPpG Collagen alpha-1(III) chain 0.35 218.46 0.72 362.3 0.60 0.7372449 

30699 DGApGKNGERGGpG Collagen alpha-1(III) chain 0.39 428.35 0.84 409.15 1.05 0.7392645 

18943 SpGERGETGPp Collagen alpha-1(III) chain 0.82 2185.57 0.93 4029.69 0.54 0.7357568 

123969 GERGSpGGpGAAGFpGARGLpGpPGSNGNPGPpGp Collagen alpha-1(III) chain 0.86 1809.86 0.74 981.31 1.84 0.7189626 

107460 KNGETGPQGPPGPTGPGGDKGDTGPpGpQG Collagen alpha-1(III) chain 0.86 919.94 0.96 1398.45 0.66 0.7167304 

1577 KGDTGPpGP Collagen alpha-1(III) chain 0.15 107.18 0.5 205.69 0.52 0.6786777 

18988 DGESGRpGRpG Collagen alpha-1(III) chain 0.07 422.96 0.39 340.14 1.24 0.6550276 

156081 ARGNDGARGSDGQpGppGPPGTAGFPGSpGAKGEVGpAG-

SpGSNGApG 

Collagen alpha-1(III) chain 0.46 2355 0.74 3896.07 0.60 0.6979698 

104786 NRGERGSEGSPGHpGQpGppGpPGAPGP Collagen alpha-1(III) chain 0.97 3608.38 0.91 2259.68 1.60 0.7008397 

110913 LRGGAGpPGPEGGKGAAGpPGppGAAGTPGLQG Collagen alpha-1(III) chain 0.5 386.13 0.75 629.26 0.61 0.6930272 

105352 NRGERGSEGSpGHpGQpGppGPPGAPGp Collagen alpha-1(III) chain 0.97 5094.04 0.96 3271.88 1.56 0.6905825 

98596 ApGPAGSRGApGPQGpRGDKGETGERG Collagen alpha-1(III) chain 0.64 1170.12 0.89 1512.92 0.77 0.6864902 

63135 NpGPPGpSGSpGKDGPpGPAG Collagen alpha-1(III) chain 0.18 299.62 0.47 403 0.74 0.6490221 

38798 GLpGTGGPpGENGKpG Collagen alpha-1(III) chain 0.88 3752.67 1 4550.73 0.82 0.6778274 
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156445 ARGNDGARGSDGQpGpPGPpGTAGFpGSpGAKGEVGpAG-

SpGSNGApG 

Collagen alpha-1(III) chain 0.86 1787.33 0.96 2673.53 0.67 0.6731505 

106678 KNGETGPQGPPGPTGPGGDKGDTGPpGPQG Collagen alpha-1(III) chain 0.23 195.1 0.48 200.14 0.97 0.6410502 

3743 PpGENGKpG Collagen alpha-1(III) chain 0.21 97.1 0.47 132.98 0.73 0.6367453 

61304 GLpGTGGPpGENGKPGEPGp Collagen alpha-1(III) chain 0.63 3412.56 0.53 646.82 5.28 0.6544430 

62000 ApGApGGKGDAGApGERGPpG Collagen alpha-1(III) chain 0.55 464.05 0.33 226.66 2.05 0.6451956 

48394 NDGApGKNGERGGpGGp Collagen alpha-1(III) chain 0.51 561.63 0.79 543.66 1.03 0.6557185 

71312 SEGSpGHpGQpGpPGPPGApGp Collagen alpha-1(III) chain 0.94 1078.97 0.92 674.42 1.60 0.6576318 

88093 ERGSEGSPGHpGQPGpPGPpGApGP Collagen alpha-1(III) chain 0.43 261.05 0.21 89.41 2.92 0.6282951 

156878 LQGLpGTGGppGENGKpGEpGpKGDAGAPGAPGGKG-

DAGAPGERGppG 

Collagen alpha-1(III) chain 0.33 3184.53 0.11 966.74 3.29 0.6122449 

61340 GLpGTGGPpGEnGKPGEpGP Collagen alpha-1(III) chain 0.32 839.62 0.13 71.66 11.72 0.6100128 

49295 ApGGKGDAGApGERGPpG Collagen alpha-1(III) chain 0.81 711.82 0.81 330.8 2.15 0.6493410 

97349 KNGETGPQGPPGPTGPGGDKGDTGPpGP Collagen alpha-1(III) chain 0.13 208.47 0.36 112.03 1.86 0.6128295 

50840 DGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 0.89 9939.06 0.99 5733.56 1.73 0.6448236 

61945 GLpGTGGPpGENGKpGEPGp Collagen alpha-1(III) chain 0.78 6969.39 0.77 1660.16 4.20 0.6419005 

19655 GGpGSDGKpGPpG Collagen alpha-1(III) chain 0.41 152.24 0.16 224.59 0.68 0.6124575 

61332 ApGAPGGKGDAGApGERGPpG Collagen alpha-1(III) chain 0.95 5644.1 0.99 6228.52 0.91 0.6409970 

96716 LRGGAGPpGPEGGKGAAGPpGPpGAAGTpG Collagen alpha-1(III) chain 0.49 548.94 0.63 841.82 0.65 0.6342474 

57537 NDGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 0.91 5998.4 0.99 5980.02 1.00 0.6380208 

97965 KNGETGPQGPpGPTGPGGDKGDTGPPGp Collagen alpha-1(III) chain 0.29 185.08 0.51 152.9 1.21 0.6185162 

15887 GpGSDGKpGPpG Collagen alpha-1(III) chain 0.44 139.18 0.57 232.32 0.60 0.6254783 

78792 SDGQpGPpGPpGTAGFpGSpGAKG Collagen alpha-1(III) chain 0.81 759.53 0.69 522.68 1.45 0.6277636 

25866 GPGGDKGDTGPpGP Collagen alpha-1(III) chain 0.27 356.59 0.51 163.06 2.19 0.6119260 

70633 AGpPGPPGppGTSGHpGSpGSpG Collagen alpha-1(III) chain 0.32 122.15 0.54 109.6 1.11 0.6134141 
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60149 GNDGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 0.77 2895.68 0.96 2213.61 1.31 0.6242560 

85331 ApGHpGPpGPVGPAGKSGDRGESGP Collagen alpha-1(III) chain 0.65 871.79 0.89 790.4 1.10 0.6212798 

28747 SpGERGETGPpGP Collagen alpha-1(III) chain 0.95 10365.8 0.93 5574.77 1.86 0.6213329 

27742 DGVPGKDGPRGPT Collagen alpha-1(III) chain 0.21 365.82 0.42 382.48 0.96 0.5988520 

84300 LQGLpGTGGPpGENGKpGEpGPKG Collagen alpha-1(III) chain 0.32 1010.59 0.5 1241.27 0.81 0.6048044 

13429 SpGGKGEmGPA Collagen alpha-1(III) chain 0.28 174.53 0.45 194.11 0.90 0.5956101 

69681 SNGNpGPpGPSGSpGKDGPpGP Collagen alpha-1(III) chain 0.68 258.98 0.82 308.19 0.84 0.6086841 

71171 GEPGGkGERGApGEKGEGGpPG Collagen alpha-1(III) chain 0.7 482.48 0.66 377.8 1.28 0.6066645 

77099 GDAGApGApGGKGDAGApGERGPpG Collagen alpha-1(III) chain 0.69 673.94 0.59 429.13 1.57 0.6026786 

32471 SpGGpGSDGKpGpPG Collagen alpha-1(III) chain 0.19 1283.49 0.39 716.64 1.79 0.5834928 

76415 SNGNpGpPGPSGSPGKDGPpGpAG Collagen alpha-1(III) chain 0.32 131.04 0.49 143.05 0.92 0.5923151 

74065 DAGApGApGGKGDAGApGERGPpG Collagen alpha-1(III) chain 0.99 8888.59 1 7324.59 1.21 0.6034226 

127575 NTGApGSpGVSGpKGDAGQpGEKGSPGAQGPPGAPGp Collagen alpha-1(III) chain 0.44 1105.57 0.28 975.34 1.13 0.5879571 

67462 kGNDGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 0.21 497.65 0.44 125.86 3.95 0.5840774 

120192 QNGEPGGKGERGApGEKGEGGppGVAGPpGGSGP Collagen alpha-1(III) chain 0.55 353.37 0.68 410.1 0.86 0.5957696 

69882 SEGSPGHpGQPGpPGpPGApGP Collagen alpha-1(III) chain 0.74 327.73 0.74 159.92 2.05 0.5963542 

32343 TGPGGDKGDTGPpGP Collagen alpha-1(III) chain 0.23 417.78 0.39 403.57 1.04 0.5791348 

54269 GpPGPpGTSGHpGSpGSpG Collagen alpha-1(III) chain 0.23 123.18 0.41 93.02 1.32 0.5791348 

73177 DAGApGAPGGKGDAGApGERGPpG Collagen alpha-1(III) chain 0.87 1114.24 0.92 669.6 1.66 0.5951318 

111564 ERGEAGIpGVpGAkGEDGKDGSpGEpGANG Collagen alpha-1(III) chain 0.68 1865.83 0.73 772.42 2.42 0.5933248 

33209 SpGERGETGPpGPA Collagen alpha-1(III) chain 0.45 180.64 0.65 214.9 0.84 0.6281888 

53800 GPPGFTGPpGPpGPPGPPG Collagen alpha-1(IV) chain 0.57 419.91 0.39 482.85 0.87 0.5857781 

46091 KGETGDVGQMGppGPP Collagen alpha-1(V) 0.18 150.82 0.51 126.48 1.19 0.6576318 

56493 KGDEGEAGDPGDDNNDI Collagen alpha-1(VI) 0.24 416.31 0.7 672.93 0.62 0.7493622 
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54421 ppGDSGppGEKGDPGRP Collagen alpha-1(VII) chain 0.28 332.3 0.52 495.09 0.67 0.6156463 

20756 GPpGPpGPPGPpA Collagen alpha-1(VIII) chain 0.35 181.85 0.48 333.27 0.55 0.5936437 

33973 KGEAGLpGApGSPGQ Collagen alpha-1(XIX) chain 0.68 312.44 0.89 463.05 0.67 0.6986076 

37903 GLPGPpGPpGSFLSN Collagen alpha-1(XVII) chain 0.86 1563.29 0.98 2260.54 0.69 0.6799532 

22835 GPpGPpGPpGPVT Collagen alpha-1(XVII) chain 0.26 186.97 0.46 281.09 0.67 0.6215986 

91342 DDILASPPRLPEPQPYPGAPHH Collagen alpha-1(XVIII) chain 0.45 333.4 0.15 222.75 1.50 0.6684736 

99475 DDILASPPRLPEPQPYPGAPHHSS Collagen alpha-1(XVIII) chain 0.87 691.24 0.9 332.35 2.08 0.7035502 

34766 PpGPpGPpGPPGTPV Collagen alpha-1(XVIII) chain 0.72 554.73 0.81 732.36 0.76 0.6045918 

50838 DpGKDGVGQpGLpGppG Collagen alpha-1(XVIII) chain 0.36 440.08 0.25 131.78 3.34 0.5775935 

48520 QGpRGQpGPPGpPGApG Collagen alpha-1(XXIV) chain 0.44 275.83 0.69 191.67 1.44 0.5901361 

6803 GPpGPYGnPG Collagen alpha-1(XXVII) chain 0.29 45.84 0.44 127.61 0.36 0.6082058 

41434 GpSGPpGPDGNKGEpG Collagen alpha-2(I) chain 0.35 426.47 0.72 472.77 0.90 0.7190689 

80306 NDGPpGRDGQpGHKGERGYpG Collagen alpha-2(I) chain 0.17 374.8 0.5 495.49 0.76 0.6717687 

36769 DGPpGRDGQpGHKG Collagen alpha-2(I) chain 0.19 290.39 0.52 365.14 0.80 0.6745323 

114702 TGEVGAVGpPGFAGEKGpSGEAGTAGPpGTpGP Collagen alpha-2(I) chain 0.26 171.24 0.57 254.69 0.67 0.6767113 

120423 EAGRDGNpGNDGPpGRDGQpGHkGERGYPG Collagen alpha-2(I) chain 0.28 453.18 0.56 815 0.56 0.6762330 

151244 SKGESGNKGEpGSAGPQGPpGPSGEEGKRGPNGEAGSAG-

PpGPpG 

Collagen alpha-2(I) chain 0.62 747.28 0.81 1311.78 0.57 0.6813350 

24958 GPpGPDGNKGEpG Collagen alpha-2(I) chain 0.43 509.5 0.69 602.63 0.85 0.6617772 

60248 QGEAGQKGDAGAPGpQGpSG Collagen alpha-2(I) chain 0.24 243.77 0.52 219.24 1.11 0.6454082 

143947 DQGPVGRTGEVGAVGPpGFAGEKGPSGEAGTAG-

PpGTpGPQG 

Collagen alpha-2(I) chain 0.43 201.71 0.66 318.74 0.63 0.6538053 

102725 QGPpGPSGEEGKRGPNGEAGSAGPpGPpG Collagen alpha-2(I) chain 0.73 374.49 0.88 483.16 0.78 0.6551871 

139064 DQGPVGRTGEVGAVGPpGFAGEKGPSGEAGTAGpPGTpGP Collagen alpha-2(I) chain 0.57 285.22 0.7 423.62 0.67 0.6406250 

4976 DpGKNGDKG Collagen alpha-2(I) chain 0.76 514.64 0.9 730.44 0.70 0.6426446 
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112515 GRDGNpGNDGPpGRDGQpGHKGERGYpG Collagen alpha-2(I) chain 0.19 481.94 0.38 699.29 0.69 0.6029974 

126699 RTGEVGAVGpPGFAGEKGPSGEAGTAGPPGTpGpQG Collagen alpha-2(I) chain 0.77 1355.32 0.77 2192.02 0.62 0.6237245 

19791 ApGEAGRDGNpG Collagen alpha-2(I) chain 0.29 203.7 0.46 307.04 0.66 0.6021471 

144344 DQGPVGRTGEVGAVGPpGFAGEKGpSGEAGTAG-

PpGTpGPQG 

Collagen alpha-2(I) chain 0.14 91.56 0.3 100.37 0.91 0.5794005 

114086 TGEVGAVGPpGFAGEKGPSGEAGTAGPpGTpGP Collagen alpha-2(I) chain 0.71 289.48 0.59 184.38 1.57 0.6051233 

127354 RTGEVGAVGpPGFAGEkGPSGEAGTAGPPGTpGpQG Collagen alpha-2(I) chain 0.51 273.57 0.69 338.69 0.81 0.5936437 

117009 VGEpGPAGSKGESGNKGEPGSAGPqGPpGpSGE Collagen alpha-2(I) chain 0.37 166.36 0.47 256.23 0.65 0.5840774 

55450 GpAGpAGPRGSpGERGEV Collagen alpha-2(I) chain 0.15 195.98 0.3 147.07 1.33 0.5682929 

3052 ApGERGPpG Collagen alpha-2(IV) chain 0.4 84.26 0.57 230.43 0.37 0.6354698 

84484 pGFPGAQGEPGSQGEpGDpGLpGP Collagen alpha-2(IV) chain 0.35 226.09 0.15 173.73 1.30 0.6014031 

20072 PIGQEGAPGRPG Collagen alpha-2(IV) chain 0.54 279.26 0.68 438.98 0.64 0.6153805 

98891 PGSAGPPGSPGPQGSTGPQGIRGqPGDPG Collagen alpha-2(V) chain 0.71 265.4 0.54 135.09 1.96 0.6669855 

121940 LTGNpGVQGPEGKLGPLGApGEDGRpGpPGSIG Collagen alpha-2(V) chain 0.71 485.63 0.89 725.01 0.67 0.6641156 

69979 KGSpGSDGpKGEKGDPGpEGP collagen alpha-2(VI) chain 0.39 720.87 0.86 1396.18 0.52 0.7988946 

43828 SpGSDGPKGEKGDpGP Collagen alpha-2(VI) chain 0.45 198.48 0.26 115.21 1.72 0.6176658 

61405 GpPGEGRAGEpGTAGpTGpP Collagen alpha-2(VIII) chain 0.34 460.77 0.63 562.02 0.82 0.6535927 

61404 GPpGEGRAGEpGTAGpTGpP Collagen alpha-2(VIII) chain 0.11 762.89 0.31 243.75 3.13 0.5954507 

64067 pGFPGTpGLpGmPGHDGAPG Collagen alpha-5(IV) chain 0.15 139.34 0.32 118.22 1.18 0.5841305 

74273 GQDGIPGPAGqKGEPGqpGFGN Collagen alpha-5(IV) chain 0.65 647.64 0.73 251.02 2.58 0.6018282 

18029 pGPPGpPGpPSP Collagen alpha-6(IV) chain 0.26 99.54 0.42 269.63 0.37 0.6005527 

72641 pGppGppGSAGARGEpGpGGRp Collagen. type XII. alpha 1 0.98 4334.17 0.96 1332.88 3.25 0.7834821 

66197 DELPAKDDPDAPLQPVTP Complement C4-A 0.35 161.44 0.6 147.17 1.10 0.6308461 

42866 MIPGGLSEAKPATPE Cystatin-A 0.23 299.77 0.57 229.35 1.31 0.6600234 
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103022 FNINNLDNNWLKMHFWFYYA Dermatan-sulfate epimerase-

like protein 

0.14 617.79 0.39 354.22 1.74 0.6128827 

38910 DEAGSEADHEGTHS Fibrinogen alpha chain 0.3 613.88 0.63 406.33 1.51 0.6530612 

61573 DEAGSEADHEGTHSTKR Fibrinogen alpha chain 0.73 2839.49 0.94 3352.31 0.85 0.6515731 

53957 DEAGSEADHEGTHSTK Fibrinogen alpha chain 0.55 709.99 0.82 528.6 1.34 0.6239371 

60126 EEAPSLRPAPPPISGGGY Fibrinogen beta chain 0.5 772.53 0.78 482.76 1.60 0.6108099 

60628 LVDFEDNYQFAKYR Ficolin-2 0.34 361 0.78 295.44 1.22 0.7151892 

70456 YLWVGTGASEAEKTGAQEL Gelsolin 0.16 498.15 0.47 654.13 0.76 0.6591199 

32022 TYFPHFDLSHG Hemoglobin subunit alpha 0.16 208.23 0.41 233.67 0.89 0.6230867 

23423 VAHVDDMPNAL Hemoglobin subunit alpha 0.08 194.2 0.31 98.15 1.98 0.6175595 

62080 AVAHVDDMPNALSALSDL Hemoglobin subunit alpha 0.14 1953.08 0.35 330.34 5.91 0.6080995 

77236 SFPTTKTYFPHFDLSHGSA Hemoglobin subunit alpha 0.36 282.02 0.19 106.8 2.64 0.6031037 

41665 DGLAHLDNLKGTFA Hemoglobin subunit beta 0.24 148.06 0.48 162.58 0.91 0.6134141 

19046 PTSRYIHFP Histone-lysine N-

methyltransferase MLL4 

0.31 231.33 0.18 277.13 0.83 0.5704719 

29685 GSGSGWSSSRGPY Hornerin 0.17 174.58 0.5 235.3 0.74 0.6759141 

47285 IFPPSDEQLKSGTAS Ig kappa chain C region 0.4 561.74 0.22 439.43 1.28 0.5973108 

51865 FIFPPSDEQLKSGTA Ig kappa chain C region 0.7 1293.45 0.75 1902.28 0.68 0.5999150 

15216 TISRLEPED Ig kappa chain V-III region 

NG9 

0.49 1000.53 0.13 477.43 2.10 0.6974915 

4845 GGSGAmGSmD Immunoglobulin-like and fi-

bronectin type III domain-

containing protein 1 

0.28 894.52 0.42 762.13 1.17 0.5813138 

79918 LSDPEQGVEVTGQYEREKAG Inter-alpha-trypsin inhibitor 

heavy chain H4 

0.38 1497.08 0.17 1238.23 1.21 0.6107568 



ID Sequence of polypeptide Protein name  

Cases Controls 

R AUC 

% MA % MA 

39607 DTDRFSSHVGGTLG Inter-alpha-trypsin inhibitor 

heavy chain H4 

0.57 751.39 0.71 730.22 1.03 0.5925808 

44146 DDFDAHKALEDDE Isoform 1 of Histone-lysine N-

methyltransferase MLL2 

0.16 301.07 0.47 429.11 0.70 0.6597577 

54184 PGNPGPpGADGIAGAAGppG Isoform 3 of Collagen alpha-

1(XXII) chain 

0.39 3263.92 0.24 3109.13 1.05 0.5836522 

59773 LnEDAYmGVVDEATLQ Izumo sperm-egg fusion pro-

tein 1 

0.33 291.61 0.63 356.09 0.82 0.6704932 

13746 ATKTVGSDTF Kininogen-1 0.14 253.92 0.3 180.17 1.41 0.5742985 

51838 GSqDGPVSNPSSSnSSQ Liprin-alpha-1 0.1 226.47 0.35 427.2 0.53 0.6301020 

93361 mASDASHALEAALEQMDGIIAGTK Liprin-beta-2 0.21 151.65 0.39 183.1 0.83 0.5857249 

49958 SGDSDDDEPPPLPRL Membrane associated proges-

terone receptor component 1 

0.34 578.89 0.85 739.65 0.78 0.7680697 

44464 GDSDDDEPPPLPRL Membrane associated proges-

terone receptor component 1 

0.27 156.32 0.54 191.66 0.82 0.6420068 

129131 GTSLSPPPESSGSPQQPGLSAPHSRQIPAPQGAV Metastasis-suppressor  KiSS-1 0.27 128.2 0.43 157.66 0.81 0.5900298 

132057 GRPEAQPPPLSSEHKEPVAGDAVPGPKDGSAPEV Neurosecretory protein VGF 0.4 866.82 0.67 1219.88 0.71 0.6789966 

140780 GRPEAQPPPLSSEHKEPVAGDAVPGPKDGSAPEVRGA Neurosecretory protein VGF 0.59 1264.38 0.67 1945.24 0.65 0.5944940 

33938 NRDGPRQDTQAP Nuclear pore complex protein 

Nup205 

0.68 690.47 0.56 373.67 1.85 0.6341412 

63517 EKETVIIPNEKSLQLQ Osteoglycin 0.35 812.49 0.2 194.64 4.17 0.5848214 

111426 IPVKQADSGSSEEKQLYNKYPDAVAT Osteopontin 0.55 4883.89 0.25 3574.86 1.37 0.6565689 

20700 YNKYPDAVAT Osteopontin 0.22 147.49 0.46 213.25 0.69 0.6280825 

47855 YKRKANDESNEHS Osteopontin 0.43 527.24 0.66 750.62 0.70 0.6377551 

30524 IQNWPHYRSP Peptidoglycan recognition 

protein 1 

0.34 657.07 0.19 250.05 2.63 0.5838648 



ID Sequence of polypeptide Protein name  

Cases Controls 

R AUC 

% MA % MA 

73015 ELTETGVEAAAASAISVARTL Plasma protease C1 inhibitor 0.51 433.53 0.23 90.09 4.81 0.6792092 

60816 FAEEKAVADTRDQADGS Polymeric immunoglobulin 

receptor 

0.4 418.99 0.66 335.75 1.25 0.6109162 

33812 DSGSSEEQGGSSRA Polymeric-immunoglobulin 

receptor 

0.23 217.57 0.63 234.65 0.93 0.7113095 

136697 FAEEKAVADTRDQADGSRASVDSGSSEEQGGSSRA Polymeric-immunoglobulin 

receptor 

0.54 822.31 0.75 1181.43 0.70 0.6492347 

55917 DHDVGSELPPEGVLGAL ProSAAS 0.23 298.07 0.51 743.94 0.40 0.6503508 

62323 YSQGSKGPGEDFRMATL Prostaglandin-H2  D-isomerase 0.1 487.41 0.34 1767.57 0.28 0.6230867 

63098 YSQGSKGPGEDFRmATL Prostaglandin-H2  D-isomerase 0.19 568.26 0.43 959.79 0.59 0.6283482 

58880 KmHEGDEGPGHHHKPG Protein S100-A9 0.23 354.57 0.54 558.35 0.64 0.6673044 

17830 VIEHIMEDL Protein S100-A9 0.39 352.81 0.17 185.34 1.90 0.6222364 

20204 DTNADKQLSF Protein S100-A9 0.11 434.52 0.3 150.29 2.89 0.5950787 

3608 KLGHPDTL Protein S100-A9 0.23 135.29 0.36 148.8 0.91 0.5796662 

44679 AHDYFKDTGGDGQD Rab GTPase-activating pro-

tein 1 

0.58 696.74 0.9 822.72 0.85 0.6905825 

98720 REQGHQKERNQEmEEGGEEEH Retinitis pigmentosa GTPase 

regulator 

0.44 424.63 0.34 166.37 2.55 0.5856186 

60751 SVDETGQmSATAKGRVR Retinol-binding protein 4 0.86 2286.7 0.97 3288.38 0.70 0.6967474 

38790 LQKGNDDHWIVD Retinol-binding protein 4 0.45 474.69 0.33 257.3 1.84 0.5864158 

123750 EGGVNHENGmNRDGGmIPEGGGGNQEPRQQ Rhox homeobox family mem-

ber 1 

0.81 867.05 0.67 551.81 1.57 0.6302083 

125103 SSQGGSLPSEEKGHPQEESEESNVSMASLGE Secretogranin-1 0.16 159.05 0.44 208.66 0.76 0.6462585 

74187 DAHKSEVAHRFKDLGEEN Serum albumin 0.42 809.32 0.71 1202.1 0.67 0.6792092 

17968 DGGGSPKGDVDP Sodium/potassium-

transporting ATPase subunit 

gamma 

0.62 310.36 0.91 888.01 0.35 0.8322173 



ID Sequence of polypeptide Protein name  

Cases Controls 

R AUC 

% MA % MA 

42404 GLSMDGGGSPKGDVDP Sodium/potassium-

transporting ATPase subunit 

gamma 

0.38 336.54 0.75 655.59 0.51 0.7386267 

49713 TGLSmDGGGSPKGDVDP Sodium/potassium-

transporting ATPase subunit 

gamma 

0.11 310.87 0.36 186.14 1.67 0.6212266 

48580 TGLSMDGGGSPKGDVDP Sodium/potassium-

transporting ATPase subunit 

gamma 

0.57 657.3 0.79 972.89 0.68 0.6522109 

43226 GLSmDGGGSPKGDVDP Sodium/potassium-

transporting ATPase subunit 

gamma 

0.11 90.04 0.31 207.6 0.43 0.6078869 

24660 YLGGSPKGDVDP Sodium/potassium-

transporting ATPase subunit 

gamma isoform 2 

0.13 77.91 0.41 159.05 0.49 0.6491815 

56099 REQGVEEHETLLLR TLN1 Talin-1 0.23 404.84 0.45 221.12 1.83 0.5980548 

25363 DAQSGSGQRSQP Ubiquitin-associated protein 2 0.82 1060.15 0.77 1895.59 0.56 0.6034226 

8503 SGSVIDQSR Uromodulin 0.19 140.61 0.48 327.52 0.43 0.6712372 

43605 SVIDQSRVLNLGPI Uromodulin 0.5 7057.59 0.2 6131.35 1.15 0.6506696 

14763 SGSVIDQSRV Uromodulin 0.13 1498.96 0.34 336.22 4.46 0.6056016 

58355 SGSVIDQSRVLNLGPIT Uromodulin 0.76 6326.81 0.88 8174.64 0.77 0.6360544 

11413 VLNLGPITR Uromodulin 0.49 401.63 0.85 1006.41 0.40 0.7746599 

65035 SVIDQSRVLNLGPITRK Uromodulin 0.44 916.62 0.21 565.49 1.62 0.6232993 

44633 VIDQSRVLNLGPIT Uromodulin 0.36 1404.38 0.63 2092.26 0.67 0.6359481 

50056 SVIDQSRVLNLGPIT Uromodulin 0.58 2617.31 0.4 2499.12 1.05 0.6105442 

54438 VIDQSRVLNLGPITR Uromodulin 0.83 13229.37 0.92 22414.37 0.59 0.6008716 



ID Sequence of polypeptide Protein name  

Cases Controls 

R AUC 

% MA % MA 

59368 FGASAGTGDLSDNHDIIS Vesicular integral-membrane 

protein VIP36 

0.44 745.55 0.26 711.64 1.05 0.5986395 

77684 FGASAGTGDLSDNHDIISMKL Vesicular integral-membrane 

protein VIP36 

0.35 1384.49 0.21 392.59 3.53 0.5846088 

72033 FGASAGTGDLSDNHDIISMK Vesicular integral-membrane 

protein VIP36 

0.35 885.28 0.23 286.88 3.09 0.5825893 

61984 DQDKHDDSTDDSDTDK WW domain-binding protein 

11 

0.43 884.19 0.85 1510 0.59 0.7767857 

50212 VGGGEQPPPAPAPRRE Xylosyltransferase 1 0.57 383.1 0.79 315.83 1.21 0.6010842 

99691 PEAEAEAEAGAGGEAAAEEGAAGRKARG Zinc finger protein 653 0.47 288.62 0.35 155.64 1.85 0.5874787 

ID, polypeptide identifier (SQL number); %, percentage of samples, in which the polypeptide could be detected; MA, mean signal amplitude of the polypeptides; AUC, area under the curve.  

R was calculated as Σ (ln signal amplitude x frequency/number of participants) in controls divided by Σ (ln signal amplitude x frequency/number of participants) in cases.  The polypeptides were or-

dered by ascending R.   Polypeptides highlighted in red are collagen fragments.  



Table S5   Patient characteristics by fourths of the distribution of HF2  

Characteristic Categories of the urinary HF2 biomarker 

p

Limits, score <–1.090 
–1.090 to

–0.776

–0.775 to

–0.380
≥–0.379 

Number of subjects (%) 
All patients in category  187 186 186 186 
Women  90 (48.1) 97 (52.2) 106 (57.0) 89 (47.9) 0.25 
Smokers  40 (21.4) 39 (21.0) 38 (20.4) 31 (16.7) 0.65 
Drinking alcohol  138 (73.8) 138 (74.2) 119 (64.0)* 120 (64.5) 0.040 
Hypertension  41 (21.9) 58 (31.2)* 87 (46.8)† 123 (66.1)‡ <0.0001 
Antihypertensive treatment 21 (11.2) 31 (16.7) 49 (26.3)* 84 (45.2)‡ <0.0001 
Diabetes mellitus  2 (1.1) 1(0.5) 1 (0.5) 5 (2.7) 0.18 

Mean (SD) of characteristic 
Age, years 42.5 ± 13.4 46.0 ± 14.4* 52.2 ± 14.5§  58.6 ± 14.3§  <0.0001 
Body mass index, kg/m2 25.3 ± 3.8 25.4 ± 4.1 26.6 ± 3.5† 28.1 ± 4.8‡ <0.0001 
Office blood pressure 

Systolic pressure, mmHg  123.2 ± 13.2 125.5 ± 15.0 129.6 ± 17.5* 136.7 ± 19.9‡  <0.0001 
Diastolic pressure, mmHg 77.9 ± 8.7 78.8 ± 10.3 80.2 ± 9.1 81.7 ± 9.6 0.0006 
Mean arterial pressure, 
mmHg  

93.0 ± 9.2 94.4 ± 10.8 96.7 ± 10.3* 100.0 ± 11.1† <0.0001 

Heart rate, beats per minute 61.0 ± 9.7 61.0 ± 9.9 60.9 ± 9.7 60.3 ± 9.9 0.91 
Biochemical data 

Total cholesterol, mmol/L 5.09 ± 0.92 5.12 ± 0.95 5.41 ± 1.02† 5.32 ± 0.97 0.003 
HDL cholesterol, mmol/L 1.45 ± 0.34 1.45 ± 0.35 1.45 ± 0.37 1.36 ± 0.33† 0.016 
LDL cholesterol, mmol/L 3.07 ± 0.82 3.08 ± 0.86 3.34 ± 0.86† 3.26 ± 0.85 0.003 
Blood glucose, mmol/L 4.77 ± 0.44 4.82 ± 0.50 4.91 ± 0.58 5.27 ± 1.28‡ <0.0001 
Serum creatinine, μmol/L 82.0 ± 12.2 81.0 ± 13.7 83.7 ± 14.5 87.4 ± 20.1* 0.0005 
eGFR, mL/min/1.73 m2 85.3 ± 15.1 84.9 ± 17.8 78.3 ± 15.6§ 75.4 ± 15.6 <0.0001 
-glutamyltransferase, units/L 21 (12–40) 21 (11–45) 24 (12–59) 27 (13–63) 0.0001 
NT-proBNP, pmol/L 188 (92–340) 207 (90–436)  211 (102–415)  210 (99–447) 0.23 

Abbreviations: eGFR, estimated glomerular filtration rate calculated according to the MDRD formula (reference  
9).  Office blood pressure was the average of five consecutive readings.  Heart rate was determined during the 
echocardiographic examination.  Hypertension was an office blood pressure of ≥140 mmHg systolic, or ≥90 mm 
Hg diastolic, or use on antihypertensive drugs.  For -glutamyltransferase and NT-proBNP, values are geometric 
mean (interquartile range).  NT-proBNP was measured in168, 160, 168 and 175 participants of the 1st, 2nd, 3rd 
and 4th quartile, respectively (671 in total). P values denote the significance of the differences in prevalence rates 
or means across fourths of the HF2 distribution.  Significance of the difference with the adjacent lower fourth: * 
p≤0.05; † p≤0.01; ‡ p≤0.001; § p<0.0001.  
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Table S6   Echocardiographic measurements by fourths of the distribution of HF2 

Characteristic Categories of the urinary HF2 biomarker 

Limits, score <–1.090  
–1.090 to

–0.776

–0.775 to

–0.380
≥–0.379 

Conventional echocardiography 

Left atrial volume, mL  39.5 ± 12.2 41.1 ± 13.5 43.0 ± 12.6 47.1 ± 15.2† 

Left atrial volume index, mL/m2  21.3 ± 5.63 22.0 ± 6.00 23.1 ± 5.95 24.9 ± 7.21† 

Left ventricular mass, g  160.8 ± 45.3 166.4 ± 47.8 170.1 ± 47.1  189.1 ± 50.7‡ 

Left ventricular mass index, g/m2 86.4 ± 19.3 88.9 ± 19.8 91.4 ± 22.3  100.3 ± 22.6‡ 

Doppler data  

Deceleration time, ms   153.5 ± 24.4† 162.1 ± 31.3  165.6 ± 35.2 181.4 ± 44.3‡ 

Isovolumetric relaxation time, ms 94.2 ± 15.6 94.5 ± 15.3 98.7 ± 16.2† 100.6 ± 14.9 

E peak, cm/s   78.3 ± 14.5  77.4 ± 16.5 75.6 ± 16.2 71.9 ± 16.3* 

A peak, cm/s  57.3 ± 14.3 60.4 ± 16.2 67.0 ± 16.4§  70.6 ± 18.1*  

E/A ratio  1.46 ± 0.47 1.39 ± 0.52 1.20 ± 0.43‡   1.10 ± 0.43* 

e’ peak, cm/s   13.3 ± 3.50 12.5 ± 3.60* 11.1 ± 3.19§  9.60 ± 3.03§ 

a’ peak, cm/s  9.46 ± 2.25 9.68 ± 2.12 10.3 ± 1.83† 10.6 ± 2.01  

e’/a’ ratio  1.58 ± 0.77 1.43 ± 0.69* 1.15 ± 0.49§  0.97 ± 0.46‡ 

E/e’ ratio  6.17 ± 1.53 6.54 ± 1.89* 7.12 ± 1.84† 7.98 ± 2.46‡ 

All ANOVA p values for differences in means across fourths of the HF2 distribution were significant 
(< 0.0001).  Significance of the difference with the adjacent lower fourth: * p≤0.05; † p≤0.01; ‡ p≤0.001; § 
p<0.0001.  
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Table S7   Risk factor scores and comorbidities by fourths of the distributions of HF1 and HF2 

Characteristic Categories of the urinary biomarker p

HF1

Framingham risk score  1.35 ± 6.75 2.28 ± 6.62 3.46 ± 6.11 5.34 ± 5.56† <0.0001 
Pulse pressure, mm Hg  46.9 ± 411.9 48.0 ± 15.8 48.9 ± 14.7 51.7 ± 15.0 0.003 
Framingham risk score plus pulse pres-
sure   

0.58 ± 7.83 1.73 ± 7.83 2.79 ± 7.34 5.19 ± 6.71† <0.0001 

Stage of chronic kidney disease, %   
1 56 (29.9%) 51 (27.3%) 39 (21.1%) 29 (15.6%) 0.005 
2 126 (67.4%) 125 (66.8%) 133 (71.9%) 133 (71.5%) 0.60 
≥3  5 (2.7%) 11 (5.9%) 13 (7.0%) 24 (12.9%) 0.002 

Ischaemic heart disease, % 3 (1.60%) 4 (2.14%) 4 (2.16%) 4 (2.15%) 0.97 
Cardiovascular disease, %  5 (2.67%) 8 (4.28%) 8 (4.32%) 15 (8.06%) 0.12 

HF2

Framingham risk score  0.33 ± 6.88 2.11 ± 6.20† 3.91 ± 5.82† 6.09 ± 5.35‡ <0.0001 
Pulse pressure, mm Hg  45.3 ± 10.5 46.7 ± 11.4 49.4 ± 15.2 55.0 ± 17.9† <0.0001 
Framingham risk score plus pulse pres-
sure  

–0.53 ± 7.75 1.27 ± 7.14* 3.35 ± 6.99† 6.20 ± 6.70§ <0.0001 

Stage of chronic kidney disease, %  
1 65 (34.8%) 54 (20.9%) 29 (15.6%)† 27 (14.5%) <0.0001 
2 118 (63.1%) 124 (66.7%) 141 (75.8%) 134 (72.0%) 0.039 
≥3  4 (2.1%) 8 (4.3%) 16 (8.6%) 25 (13.4%) <0.0001 

Ischaemic heart disease, % 1 (0.53%) 1 (0.54%) 4 (2.15%) 9 (4.84%) 0.011 
Cardiovascular disease, %  3 (1.60%) 5 (2.69%) 9 (4.84%) 19 (10.2%) 0.0008 

The Framingham risk score was calculated according to Wilson et al (Circulation 1998; 97: 1837–1847).  Methods to compute the Framingham risk score 
including pulse pressure appear in Nawrot et al (J. Hum. Hypertens. 2004; 18: 279–286).  eGFR was derived by the MDRD formula (Ann. Intern. Med. 
1999; 130: 461–470).  Chronic kidney disease was staged according to K/DOQI Clinical Practice Guidelines for Chronic Kidney Disease: Evaluation, Clas-
sification, and Stratification (Am.J.Kidney Dis. 2002; 39: S46–S75).  P values denote the significance of the differences in prevalence rates or means 
across fourths of the HF1 and HF2 distributions.  Quartiles limits for HF1 and HF2 are given in Tables 1 and S5, respectively.  Significance of the differ-
ence with the adjacent lower fourth: * p≤0.05; † p≤0.01; ‡ p≤0.001; § p<0.0001.



Table S8   Multivariable-adjusted associations of Doppler measurements with 1-SD increases in HF1 

and HF2 

Characteristic

Associations with HF1 Associations with HF2 

Association size  

(95% confidence interval)

p Association size  

(95% confidence interval) 

p 

Deceleration time, ms  2.165 (–0.340 to 4.671) 0.091 3.427 (0.802 to 6.052) 0.011 

Isovolumetric relaxation time, ms –0.187 (–1.249 to 0.875) 0.73 –0.646 (–1.763 to 0.471) 0.26 

E peak, cm/s  –0.247 (–1.335 to 0.842) 0.66 0.549 (–0.594 to 1.691) 0.35 

A peak, cm/s  –0.044 (–0.930 to 0.842) 0.92 –0.142 (–1.073 to 0.788) 0.76 

E/A ratio  –0.006 (–0.029 to 0.017) 0.60 0.023 (–0.001 to 0.047) 0.056 

e’ peak, cm/s   –0.216 (–0.363 to –0.070) 0.004 –0.094 (–0.248 to 0.061) 0.23 

a’ peak, cm/s  –0.106 (–0.227 to 0.015) 0.085 –0.152 (–0.279 to –0.025) 0.019 

e’/a’ ratio  –0.020 (–0.048 to 0.008) 0.16 0.002 (–0.028 to 0.032) 0.89 

E/e’ ratio  0.143 (0.020 to 0.267) 0.023 0.166 (0.036 to 0.295) 0.012 

Association were expressed for a 1-SD increase in the multidimensional classifiers HF1 and HF2.  All association sizes were ad-
justed for sex, age, mean arterial pressure, heart rate, body mass index, left ventricular mass index, blood glucose, serum creati-
nine and -glutamyltransferase, treatment with inhibitors of the renin system (angiotensin-converting enzyme inhibitors or angioten-
sin II type-1 receptor blockers), and use of -blockers.    



Table S9   Multivariable-adjusted odds ratios for a 1-SD increase in HF1 or HF2 

Characteristic

Associations with HF1 Associations with HF2 

Odds ratio  

(95% confidence interval)

p Odds ratio  

(95% confidence interval) 

p 

Impaired relaxation (n=67) 1.34 (0.98 to 1.84) 0.068 1.21(0.85 to 1.70)  0.28 

Increased pressure (n=96) 1.17 (0.86 to 1.59) 0.33 1.33 (0.96 to 1.85) 0.087 

Impaired relaxation refers to patients with an abnormally low age-specific transmitral E/A ratio indicative without evidence of increased LV 
filling pressures (E/e' ≤8.5).  Increased pressure refers to patients with elevated LV filling pressure (E/e' >8.5) and an E/A ratio within or 
below the normal age-specific range Association were expressed for a 1-SD increase in in the multidimensional classifiers HF1 and HF2. 
All association sizes were adjusted for sex, age, body mass index, mean arterial pressure, heart rate, left ventricular mass index, blood 
glucose, serum creatinine and -glutamyltransferase, treatment with inhibitors of the renin system (angiotensin-converting enzyme inhibi-
tors or angiotensin II type-1 receptor blockers), and use of -blockers.   



Table S10   Diagnostic accuracy of HF1 and HF2 for the detection of diastolic left ventricular dysfunction in 745 

participants 

Biomarker

Optimal  

discrimination 

limit

Odds ratio 

(95% CI)
p

Sensitivity 

(%) 

Specificity 

(%)

Positive 

predictive 

value (%)

Negative 

predictive 

value (%)

Misclassification 

rate  

(%) 

Case defined as impaired relaxation (n=67) 

HF1 –1.04 2.95 (1.72 to 5.07) <0.0001 68.7 57.4 84.5 94.1 36.1 

HF2 –0.90 2.86 (1.58 to 5.09) 0.0005 76.1 47.1 85.8 94.5 43.5 

Case defined as increased filling pressure (n=96) 

HF1 –1.59 6.77 (2.91 to 15.8) <0.0001 93.8 31.1 81.7 96.8 54.6 

HF2 –0.64 5.59 (3.44 to 9.10) <0.0001 74.0 66.3 73.4 93.9 30.0 

Case defined as combined dysfunction (n=163) 

HF1 –1.05 2.64 (1.84 to 3.81) <0.0001 66.9 56.7 69.8 85.9 41.1 

HF2 –0.64 3.76 (2.61 to 5.43) <0.0001 65.6 66.3 64.7 87.3 33.8 

Unadjusted odds ratios are presented with 95% confidence interval.  The optimal discrimination limit was obtained by maximising Younden’s 
index.  



Table S11   Net reclassification improvement and integrated discrimination improvement by adding the urinary 

proteomic biomarkers to the basic model including covariables 

Integrated Discrimination Improvement  Net Reclassification Improvement  

IDI (%) CI (%) P NRI (%) CI (%) P 

Case defined as impaired relaxation (n=67) 

HF1 0.89 -0.24 to 2.03 0.12 52.1 28.5 to 75.7 <0.0001 

HF2 0.31 -0.34 to 0.96 0.35 35.8 12.5 to 59.2 0.003 

Case defined as increased filling pressure (n=96) 

HF1 1.30 0.11 to 2.50 0.032 43.4 29.6 to 57.3 <0.0001 

HF2 0.39 -0.45 to 1.23 0.36 60.9 41.1 to 80.8 <0.0001 

Case defined as combined dysfunction (n=163) 

HF1 0.13 -0.22 to 0.49 0.46 46.3 29.7 to 62.9 <0.0001 

HF2 0.27 -0.14 to 0.68 0.20 47.9 31.1 to 64.7 <0.0001 

Controls are participants without left ventricular dysfunction.  The basic reference models included as covariables sex, age, body 
mass index, mean arterial pressure, heart rate, treatment with inhibitors of the renin system (angiotensin-converting enzyme inhibi-
tors or angiotensin II type-1 receptor blockers), use of -blockers, and left ventricular mass index.  The integrated discrimination 
improvement (IDI) is the difference between the discrimination slopes of basic models and basic models extended with a predictor 
variable.  The discrimination slope is the difference in predicted probabilities (%) between cases and controls.  The net reclassifica-
tion improvement (NRI) is the sum of the percentages of subjects reclassified correctly in cases and controls.   



Figure S1  Multivariable-adjusted odds ratios for 1-SD increase in HF1 and HF2.    

Impaired relaxation refers to patients with an abnormally low age-specific transmitral 

E/A ratio indicative without evidence of increased LV filling pressures (E/e' ≤8.5). 

Increased filling pressure refers to patients with elevated LV filling pressure (E/e' 

>8.5) and an E/A ratio within or below the normal age-specific range.  Associations 

were expressed for a 1-SD increase in the multidimensional classifiers HF1 (■) and 

HF2 (●).  Horizontal bars denote the 95% confidence interval.  All odds ratios were 

adjusted for sex, age, body mass index, mean arterial pressure, heart rate, treatment 

with inhibitors of the renin system (angiotensin-converting enzyme inhibitors or an-

giotensin II type-1 receptor blockers), and use of β-blockers.   
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Abstract  

Easily applicable screening techniques for the early detection of asymptomatic left ven-

tricular (LV) dysfunction (LVDD) are lacking.  We investigated whether HF1, a urinary bi-

omarker consisting of 85 naturally occurring peptides, can differentiate normal from mildly 

impaired diastolic LV function as assessed by echocardiography 5 years later.  In 645 

White Flemish (50.5% women; mean age, 50.9 years), we measured HF1 by capillary 

electrophoresis coupled with mass spectrometry in 2002–2010.  We measured peak early 

(E) and late (A) diastolic velocities of the transmitral blood flow and peak early (e’) and 

late (a’) mitral annular movement and their ratios from 2009 until 2013.  In multivariable-

adjusted analyses, per 1-SD increment in HF1, e’ was -0.193 cm/s lower (95% confi-

dence interval: -0.352 to -0.033; p=0.018) and E/e’ 0.174 units higher (0.005 to 0.342; 

p=0.043).  Of 645 participants, 179 (27.8%) had LVDD at follow-up, based on impaired 

relaxation in 69 patients (38.5%) or an elevated filling pressure in the presence of a nor-

mal (74 [43.8%]) or low (36 [20.1%]) age-specific E/A ratio.  For a 1-SD increment in HF1, 

the adjusted odds ratio was 1.37 (95% CI: 1.07 to 1.76; p=0.013).  The integrated dis-

crimination improvement (1.14%; p=0.024) and net reclassification improvement (31.7%; 

p=0.0002) of an optimised HF1 threshold (-0.350) in discriminating normal from abnormal 

diastolic LV function over and beyond other risk factors was significant.  HF1 allows 

screening for LVDD over a 5-year horizon in asymptomatic people.   
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Introduction 

Diastolic heart failure (DHF) represents half of all heart failure cases [1] and has a 30% 

death rate within one year of the first hospital admission [2].  Subclinical left ventricular 

(LV) diastolic dysfunction (LVDD) has 25% prevalence in the general population [3,4].  It 

is an insidious condition evolving to DHF [5].  Screening for LVDD at the point of entry in 

health care is extremely challenging, because it requires awareness of predisposing risk 

factors, clinical interpretation of vague symptoms and signs, and LV imaging demonstrat-

ing functional or structural LV changes.  The observation that natriuretic peptide levels in 

LVDD patients are often within normal limits [3,4,6] complicates matters further and justi-

fies the quest for novel biomarkers specific for LVDD at an early stage long before pro-

gression to DHF.  

Capillary electrophoresis coupled with high-resolution mass spectrometry (CE-MS) 

enables detection of >5000 distinct peptides in urine samples [7,8].  We previously identi-

fied a multidimensional urinary classifier, HF1, mainly consisting of dysregulated collagen 

fragments [9-11],  which in case-control studies [9] and in the general population [10,11] 

was reproducibly associated with subclinical LVDD.  In patients progressing from LVDD 

to DHF, the LV wall undergoes fibrosis characterised by increased interstitial deposition 

[12] and cross-linking of collagen I at the detriment of collagen III [13,14].  We hypothe-

sised that urinary markers of collagen turnover might carry information on the incidence of 

LVDD and might therefore represent an easily applicable screening tool in primary care. 

We tested our hypothesis in participants enrolled in the Flemish Study on Environment, 

Genes and Health Outcomes (FLEMENGHO [9-11]), in whom we related the echocardio-

graphically assessed diastolic LV function (2009–2013) to HF1 measured approximately 

5 years earlier (2005–2010).   
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Methods 

Study Participants 

FLEMENGHO is a family-based population study [15,16], which complies with the Helsin-

ki declaration [17] and received ethical approval from the Ethics Committee of the Univer-

sity Hospitals Leuven (approval number B32220083510).  For the current analysis, we 

selected 655 people, whose urinary proteome had been measured in 2005–2010 (base-

line) and who underwent echocardiography in 2009–2013 (follow-up).  The participation 

rate at echocardiography was 80.0%.  We excluded 10 participants, whose diastolic LV 

function at follow-up could not be reliably assessed, because of atrial fibrillation (n=6) or 

paced heart rhythm (n=4).  Thus, the number of participants statistically analysed totalled 

645.  Blood pressure was the average of five consecutive auscultatory readings.  Hyper-

tension was a blood pressure of ≥140 mm Hg systolic or ≥90 mm Hg diastolic or use of 

antihypertensive drugs.  Glomerular filtration rate (eGFR) was derived from serum creati-

nine by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [18].  

Diabetes mellitus was a self-reported diagnosis, a fasting plasma glucose ≥7 mmol/L, or 

use of antidiabetic agents [19]. 

Echocardiography

Detailed information on the acquisition and off-line analysis of the echocardiographic im-

ages is available in previous publications [9,10].  In short, echocardiographic measure-

ments, obtained with a Vivid7 Pro device (GE Vingmed, Horten, Norway) interfaced with a 

2.5- to 3.5-MHz phased-array probe were averaged over three heart cycles.  Diastolic LV 

function was assessed by the EchoPac software, version 4.0.4 (GE Vingmed, Horten, 

Norway).  In keeping with guidelines [20], we determined peak early (E) and late (A) dias-

tolic velocities of the transmitral blood flow from the pulsed Doppler signal and peak early 

(e’) and late (a’) mitral annular movement by tissue Doppler imaging (TDI) with velocities 

averaged over four acquisition sites (septal, lateral, inferior and posterior).  Reproducibil-

ity across the four TDI sampling sides ranged from 4.5% to 5.3% for e’ and from 4.0% to 
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4.5% for a’ [5].  Patients with LVDD had an abnormally low age-specific transmitral E/A 

ratio indicative of impaired relaxation or a mildly-to-moderately elevated LV filling pres-

sure (E/e' >8.5) with normal or decreased age-specific E/A ratio.  These age-specific cri-

teria in a healthy reference sample drawn from FLEMENGHO [3] were replicated in an 

independent European population study [4].  

Biomarkers

Detailed information about urine sample preparation, proteome analysis by CE-MS, data 

processing and sequencing has been published before [7,8].  Peptides were combined 

into a single summary variable, using the MosaCluster software, version 1.6.5.  HF1 was 

originally derived in a case-control study including participants with mild and moderate 

LVDD.  It consists of 85 peptides (Table S1), mainly collagen fragments.  HF1 is a robust 

[9,10] urinary biomarker validated before in case-control studies [9] and in the general 

population [10].  HF1 is normally distributed, higher values being associated with worse 

outcomes [10,21,22].  In 591 participants, N-terminal pro b-type natriuretic peptide (NT-

proBNP) was also measured in plasma at baseline (2005–2010) by a competitive enzyme 

immnunoassay (EIA) for research use (Biomedica Gruppe, Vienna, Austria).   

Statistical Analysis

For database management and statistical analysis, we used the SAS system, version 9.4 

(SAS Institute Inc., Cary, NC).  Means were compared using the large-sample z-test and 

proportions by Fisher’s exact test.  Our statistical methods also included multivariable-

adjusted linear and logistic regression with as dependent variables the echocardiographic 

indexes reflecting diastolic LV function on a continuous or binary scale. We adjusted for 

baseline covariables of physiological relevance, identified in previous analyses, including 

sex, age, body mass index (BMI), systolic and diastolic blood pressure, heart rate, serum 

creatinine, fasting blood glucose, and treatment with inhibitors of the renin system and 

-blockers.  In sensitivity analyses, we additionally accounted for LV mass indexed to 

height2.7 (LVMI).  We determined optimal discrimination limits for HF1 by maximizing 
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Younden’s index (the maximum of sensitivity plus specificity minus 1).  Finally, we as-

sessed the incremental value of the urinary biomarkers in discriminating between normal 

and abnormal LV function, using the integrated discrimination improvement (IDI) and the 

net reclassification improvement (NRI) [23].   

Results 

Baseline Characteristics of Participants 

Of 645 participants, 326 (50.5%) were women.  Mean values (SD) were 50.9 (14.7) years 

for age, 26.5 (4.4) kg/m2 for BMI and 128.8 (16.8)/79.8 (9.3) mm Hg for systolic/diastolic 

blood pressure.  Of all participants, 268 (41.6%) had hypertension, of whom 160 (59.7%) 

were on antihypertensive drug treatment; 18 (2.8%) had a history of diabetes mellitus; 

and 30 (4.7%) reported previous coronary heart disease.  The antihypertensive drug 

classes used at baseline were: diuretics in 59 (9.2%) participants, -blockers in 100 

(15.5%), inhibitors of the renin-angiotensin system in 51 (7.9%) and calcium-channel 

blockers in 26 (4.0%).  Table 1 lists the characteristics of participants by quartiles of the 

HF1 distribution.  Age, BMI, systolic pressure, the prevalence of hypertension and use of 

antihypertensive drugs, plasma glucose, serum creatinine all increased (p≤ 0.004) with 

higher HF1 category, whereas the opposite was the case for eGFR (p<0.0001). 
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Table 1  Baseline Characteristics by Quartiles of the HF1 Distribution 

Characteristic Categories of the urinary HF1 biomarker 

p 

Limits, score <–1.623 
–1.623 to

–1.047

–1.046 to

–0.445
>–0.445 

Number of subjects (%) 

All patients in category  162 161 161 161 

Women  83 (51.2) 84 (52.2) 85 (52.8) 74 (46.0) 0.60 

Smokers  40 (24.7) 33 (20.5) 22 (13.7) 26 (16.2) 0.057 

Drinking alcohol  60 (37.0) 57 (35.4) 61 (37.9) 60 (37.3) 0.60 

Hypertension  44 (27.2) 60 (37.3) 62 (38.5) 102 (63.4)§ <0.0001 

Antihypertensive treatment 18 (11.1) 27 (16.8) 38 (23.6) 77 (47.8)§ <0.0001 

History of CHD  3 (1.9) 10 (6.2)* 7 (4.4) 14 (8.7) 0.043 

Diabetes mellitus  2 (1.2) 0 4 (2.5)* 12 (7.5)* 0.0003 

Mean (SD) of characteristic 

Age, y 44.0 ± 14.0 49.9 ± 14.2‡ 52.0 ± 13.5 57.5 ± 13.9‡ <0.0001 

Body mass index, kg/m2 25.3 ± 3.7 26.2 ± 3.7* 26.4 ± 4.5 28.3 ± 5.0‡ <0.0001 

Blood pressure  

Systolic pressure, mm Hg 125.2 ± 14.0 128.4 ± 18.9 128.1 ± 16.1 133.3 ± 17.2† 0.0003 

Diastolic pressure, mm Hg 78.6 ± 8.8 79.6 ± 9.9 80.1 ± 9.2 81.0 ± 9.4 0.13 

Heart rate, beats per minute  60.2 ± 9.1 60.3 ± 9.6 60.0 ± 9.8 59.8 ± 10.6 0.97 

Biochemical data  

Total cholesterol, mmol/L 5.22 ± 1.51 5.45 ± 1.10 5.29 ± 0.95 5.29 ± 0.97 0.36 

Plasma glucose, mmol/L  4.83 ± 0.52 4.83 ± 0.43 4.92 ± 0.66 5.10 ± 1.23 0.004 

Serum creatinine, mol/L  81.8 ± 13.4 83.4 ± 12.9 83.5 ± 13.0 88.1 ± 21.1* 0.002 

eGFR, ml/min/1.73 m2  87.5 ± 14.9 82.1 ± 16.5† 80.6 ± 13.8 75.8 ± 16.3† <0.0001 

NT-proBNP, pmol/L 212 (158–284) 199 (143–288) 217 (148–318) 202 (130–284) 0.51 

Abbreviations: eGFR, estimated glomerular filtration rate calculated according to the CKD-EPI formula [18]; NT-proBNP, N-
terminal pro B-type natriuretic peptide.  Blood pressure was the average of five consecutive readings.  Heart rate was deter-
mined during echocardiography.  Hypertension was a blood pressure of ≥140 mm Hg systolic or ≥90 mm Hg diastolic, or use on 
antihypertensive drugs.  NT-proBNP was measured in 144, 149, 150 and 148 participants of the 1st, 2nd, 3rd and 4th quartile, 
respectively (591 in total).  p values denote the significance of the differences in prevalence rates or means across quartiles of 
the HF1 distribution.  Significance of the difference with the adjacent lower quartile: * p≤0.05; † p≤0.01; ‡ p≤0.001; § p<0.0001.  
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Continuous Analyses 

Median follow-up time was 4.8 years (interquartile range, 4.4–5.1 years; 5–95th percentile 

interval, 3.7–5.4 years).  Table S2 shows that the left atrial volume index, A and a’ peak 

velocities, and the E/e’ ratio were greater (p≤0.010) with higher baseline HF1 category, 

whereas the opposite was the case (p<0.0001) for the E and e’ peak velocities and the 

E/A and e’/a’ ratios.  e’ (r=-0.79) and E/e’ (r=0.54) were strongly dependent on age 

(p<0.0001; Figure 1, Panels A and B).  Stepwise cumulative adjustment for the covaria-

bles (Figure 1, Panels C and D) weakened the associations of e’ and E/e’ at follow-up 

with baseline HF1, age having the biggest impact (Figure 1, Panels C and D).  With all 

adjustments applied, per 1-SD increment in HF1, e’ was -0.193 cm/s lower (95% confi-

dence interval [95% CI]: -0.352 to -0.033; p=0.018) and E/e’ 0.174 units higher (95% CI: 

0.005 to 0.342; p=0.043).  None of the other echocardiographic variables (E, A, E/A, e’/a’) 

was associated with HF1.  Sensitivity analyses of e’ and E/e’ additionally adjusted for 

LVMI were confirmatory.   

Categorical Analyses 

Next, we analysed the relative risk of LVDD in relation to HF1.  Of 645 participants, 179 

(27.8%) had LVDD at follow-up, based on impaired relaxation in 69 patients (38.5%) or 

an elevated filling pressure in the presence of a normal (74 [43.8 %]) or low (36 [20.1%]) 

age-specific E/A ratio.  The probability of having LVDD curvilinearly increased with age 

(model R2=0.32; Figure 2, Panel A).  Age strongly influenced the parameter estimates for 

the association of the risk of LVDD with baseline HF1 (Figure 2, panel B).  In multivaria-

ble-adjusted analyses, for a 1-SD increment in HF1, the odds ratio was 1.37 (95% CI: 

1.07 to 1.76; p=0.013).  For a doubling of NT-proBNP, the odds ratio was 1.16 (95% CI: 

0.87 to 1.55; p=0.30).  Moreover, HF1 in the presence of NT-proBNP yielded an odds ra-

tio of 1.39 (95% CI: 1.07 to 1.81; p=0.013).   
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Figure 1   Simple correlations of e’ (A) and E/e’ (B) with age.  Red and blue dots indicate women and 

men, respectively.  Full lines represent the regression slopes and dotted lines the 95% confidence 

boundaries for the prediction of the mean and individual values of e’ and E/e’ at any given age.  As-

sociations of e’ (C) and E/e’ (D) with HF1 weaken as covariables were stepwise introduced in the re-

gression model, but remained significant after full adjustment.  The association sizes are expressed 

for a 1-SD increment in HF1.  The shaded area denotes the 95% confidence boundary of the parame-

ter estimates.  The percentage of explained variance is plotted along the horizontal axis.  Stepwise 

cumulative adjustment was implemented for sex, age, BMI, SBP, DBP, heart rate (HR), serum creati-

nine (Crt), fasting blood glucose (Glyc), and treatment with inhibitors of the renin system (RAS) and  

blockers (BB).   
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Figure 2   The probability of having LVDD curvilinearly increased with age. rage and rage2 are the partial correlation coefficients for the linear and 

squared terms of age and page and page2 the corresponding significance levels.  R2 is the coefficient of multiple determination.  Red and blue dots 

indicate women and men, respectively.  The full line represents the regression slope and the dotted lines the 95% confidence boundaries for the 

prediction of the mean and individual probabilities of LVDD at any given age.  The odds of having LVDD in relation to HF1 weaken as covariables 

were stepwise introduced in the logistic model, but remained significant after full adjustment.  Odds ratios are expressed for a 1-SD increment in 

HF1.  The shaded area denotes the 95% confidence boundary of the parameter estimates.  Stepwise cumulative were implemented for sex, age, 

BMI, SBP, DBP, heart rate (HR), serum creatinine (Crt), fasting blood glucose (Glyc), and treatment with inhibitors of the renin system (RAS) and  

blockers (BB).



Added Diagnostic Accuracy 

The optimised HF1 threshold was -0.350.  Among all participants, sensitivity was 43.0% 

and specificity 86.1%.  When stratified by age (≥50 vs. <50 years), BMI (≥25 vs. <25 

kg/m2) or hypertension vs. normotension, sensitivity and specificity were consistently 

higher in the low compared with the high risk group, whereas the misclassification rate 

showed the opposite trend.  In all and aged participants, both IDI and NRI reached signif-

icance (p≤0.024), while this was also the case for NRI in overweight, normal weight and 

normotensive people (p≤0.007).  

Discussion 

The objective of our current study was to evaluate whether the multidimensional urinary 

biomarker HF1 could discriminate over a 5-year horizon between normal LV function and 

mildly impaired LVDD.  The key findings can be summarised as follows: (i) in continuous 

analyses, e’ and E/e’ at follow-up were associated with baseline HF1; (ii) in categorical 

analyses, HF1 predicted subclinical LVDD; (iii) over a 5-year horizon, HF1 improved dis-

crimination between people with normal and mildly impaired diastolic LV function.  In 

short, the HF1 classifier performed well for the indication for which it was developed, i.e. 

the diagnosis of LVDD at an early asymptomatic stage [9,10].   

While the diagnosis of DHF remains challenging in a hospital environment, this is even 

more the case for asymptomatic LVDD at the point of entry in health care.  Echocardiog-

raphy is the diagnostic approach recommended by guidelines, but requires highly skilled 

observers, is costly and impossible to implement on a large scale.  Hence, screening by 

means of biomarkers in primary care is an option to be favoured.  Figure 3 proposes how 

HF1 might guide clinical practice in asymptomatic high-risk individuals.  In the presence 

of one or more clinical risk factors for LVDD, in particular the combination of seniority, 

overweight and hypertension (n=167; 25.9% of our study population), HF1 might be used 

as a screening tool.   
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Figure 3   Proposal for the clinical application of HF1 over a 5-year horizon. 



If the value is <-0.350, managing risk factors over a 5-year horizon is the intervention to 

be recommended.  In contrast, if HF1 is ≥-0.350, a second test might inform the health 

care provider whether continuing managing risk factors for 5 years is sufficient or whether 

the patient should be referred for echocardiography.  An added benefit is that HF1 pre-

dicts worsening of renal function [21] and the 5-year incidence of cardiovascular and car-

diac events [22].  NT-proBNP is the biomarker most frequently used in clinical practice, 

but its distribution shows large overlap between individuals with normal diastolic LV func-

tion, LVDD or even DHF [10,24].  In our current study, in line with previous publications 

[3,4,6], NT-proBNP did not add to the prediction of LVDD over and beyond classical risk 

factors.  Moreover, HF1 in the presence of NT-proBNP fully retained its prognostic value. 

Another issue to be considered is the risk assessment of individuals not at high risk.  In 

such participants, HF1 values ≥-0.350 tended to have higher sensitivity than in high-risk 

individuals (Table S3).  The large amount of prognostic information carried by older age 

and higher BMI (Figure 1 and 2) explain this observation.  Thus, although a positive test 

in low-risk individuals is predictive, it cannot be recommended, because its application on 

a large scale is impracticable.  

Our current and previous findings are in line with the pathophysiologic concepts under-

lying deterioration of diastolic LV function.  In patients with LVDD, the LV wall undergoes 

fibrosis characterised by increased interstitial deposition [12] and cross-linking of colla-

gen I at the detriment of collagen III [13,14].  Small increases in the collagen I/III ratio 

augment myocardial stiffness, thereby reducing early diastolic LV filling and increasing LV 

filling pressure [25,26].  Of the peptides with known amino-acid sequence, which make up 

HF1, 60.0% [9] consist of dysregulated collagen fragments.  Recent cross-sectional anal-

yses of sequenced urinary peptides in FLEMENGHO participants demonstrated that 

LVDD was associated with higher levels of urinary collagen I fragments, lower levels of 

urinary collagen III degradation products, and higher levels of circulating tissue inhibitor of 

matrix metalloproteinase type 1, an inhibitor of collagen-degrading enzymes [11].  Com-

bined, these data suggest that HF1 displays collagen degradation and in this way reveals 
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relevant molecular processes that subsequently lead to remodelling of the extracellular 

matrix and fibrosis of the myocardium.   

Strong point of our study are the assessment of Doppler indexes as early signs of 

subclinical LVDD and the adjustment of our analyses for a large number of covariables 

measured simultaneously with the urinary biomarker.  Of note, HF1 retained its prognos-

tic significance over and beyond established LVDD risk factors, in particular age and BMI. 

In all and older participants, HF1 improved both IDI and NRI.   

Study Limitations 

Our present study must also be interpreted within the context of its limitations.  Among 

FLEMENGHO participants followed up for 6 years, HF1 predicted the incidence of cardio-

vascular and cardiac complications [22].  Although these prognostic data [22] add a per-

spective to our current observations, an observational study cannot prove the utility of a 

biomarker.  Further validation of HF1 as screening tool in a randomised clinical trial is 

therefore necessary.  Such approach is presently being implemented to validate CKD273 

[27] in the multicentre double-blind placebo-controlled PRIORITY trial (proteomic predic-

tion and renin angiotensin aldosterone system inhibition prevention of early diabetic 

nephropathy in type-2 diabetic patients with normal albumin excretion) [28].  Second, a 

sensitivity ranging from 43.0% to 77.3% might be considered as low.  However, ECG is a 

commonly used instrument with a sensitivity of only 35% to diagnose echocardiograph-

ically confirmed LV hypertrophy [29].  Finally, our current study cannot prove the cardiac 

origin of the urinary collagen fragments that contribute to HF1.  However, preliminary re-

sults from ongoing proteome profiling studies on biopsies taken from explanted (dis-

eased) and implanted healthy donor hearts showed consistency between the tissue and 

urinary proteome signature (https://erc.europa.eu/projects-and-results/erc-funded-

projects/prophet).   

145

A urinary biomarker for diastolic LV dysfunction

145

https://erc.europa.eu/projects-and-results/erc-funded-projects/prophet
https://erc.europa.eu/projects-and-results/erc-funded-projects/prophet


Conclusions 

In a general population HF1 allows screening for LVDD.  Our current observations sup-

port the concept of porting easily obtainable multidimensional urinary biomarkers [8] to 

clinical practice to enable a personalised approach to the diagnosis, prevention and 

treatment of LVDD, a high-risk condition [24] that affects 25% of the general population 

[3,4].   
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Data Supplement

Expanded Methods 

Participants collected 24-h urine samples within one week of the clinical examination at 

the field centre.  Aliquots (0.7 mL) were stored at –80 °C and thawed immediately before 

analysis.  To remove higher molecular mass proteins, such as albumin and immuno-

globulin G, the samples were ultrafiltered using Centrisart ultracentrifugation devices (20 

kDa MWCO; Sartorius, Göttingen, Germany) at 2000 g relative centrifugal force until 1.1 

mL of filtrate was obtained.  This filtrate was then applied onto a PD-10 desalting column 

(GE Healthcare, Uppsala, Sweden) equilibrated in 0.01% NH4OH in HPLC-grade H2O 

(Roth, Germany) to decrease matrix effects by removing urea, electrolytes, and salts, and 

to enrich peptides.  Finally, all samples were lyophilised, stored at 4 ºC, and suspended in 

HPLC-grade H2O shortly before capillary electrophoresis coupled with mass spectrome-

try (CE-MS).  

As described in detail elsewhere [1-3] CE-MS analyses were performed using a 

P/ACE MDQ capillary electrophoresis system (Beckman Coulter, Brea, California, US) 

on-line coupled to a micrOTOF MS (Bruker Daltonic, Bremen, Germany).  The ESI spray-

er (Agilent Technologies, Palo Alto, CA) was grounded, and the ion spray interface poten-

tial was set between 4 and  4.5 kV.  Data acquisition and mass spectrometry acquisition 

methods were automatically controlled by the capillary electrophoresis via contact-close-

relays.  Spectra were accumulated every 3 seconds, over a range of charge states (m/z) 

350 to 3000.  Previous publications described the accuracy, precision, selectivity, sensi-

tivity, reproducibility, and stability of the CE-MS measurements in detail [3,4].  Mass spec-

tra were processed using MosaiquesVisu software, including peak picking, deconvolution 

and de-isotoping [5].  Migration time and peak intensity were normalised, using internal 

polypeptide standards [6].  These fragments result from normal biological processes and 

appear to be unaffected by any disease state studied to date based on over 30,000 sam-
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ples in the Mosaiques database [7].  The resulting peak list characterizes each polypep-

tide by its molecular mass, normalised capillary electrophoresis migration time, and nor-

malised signal intensity.  All detected polypeptides were deposited, matched, and anno-

tated in a Microsoft SQL database, allowing further analysis and comparison of multiple 

patient groups.  

For targeted sequencing, urine samples were analysed on a Dionex Ultimate 3000 

RSLS nano flow system (Dionex, Camberly, UK) or on a Beckman CE, interfaced with an 

Orbitrap Velos MS instrument (Thermo Scientific, Waltham, Massachusetts, US) [3].  The 

data files were analyzed using Proteome Discoverer 1.2 (precursor mass tolerance, 5 

ppm; fragment mass tolerance, 0.05 Da) and were searched against the UniProt human 

non-redundant database without enzyme specificity.  No fixed modifications were select-

ed.  Oxidation of methionine and proline were considered as variable modifications.  The 

criteria for accepting sequences were high confidence (Xcorr ≥1.9) and absence of un-

modified cysteine.  A strict correlation between peptide charge at the working pH of 2 and 

capillary electrophoresis migration time was used to avoid falsely characterised peptides 

[8].   

Peptide fragments identified in previous study were combined into a single summary 

variable, using the support-vector machine based MosaCluster software, version 1.6.5. 

As published previously [9], HF1 combined information from 85 peptide fragments identi-

fied in 19 patients with diastolic LV dysfunction and 19 controls.   
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Table S1   List of Polypeptides Included in the HF1 Classifier 

Polypeptide Cases Controls 
P-value 

(unadjusted) ID 
Mass 

(Da) 

CE Time 

(min) 
% MA % MA R 

81272 2211.98 33.23 0 0 0.42 2.67 0 1.99E-03 

129821 3333.36 19.42 0 0 0.47 2.39 0 8.72E-04 

8725 949.4 25.79 0.05 1.94 0.63 2.28 0.067 2.22E-04 

123106 3130.43 30.82 0.05 1.98 0.47 2.63 0.080 2.57E-03 

1577 840.41 23.17 0.05 1.65 0.47 1.85 0.095 3.29E-03 

103493 2658.22 19.5 0.05 3.36 0.47 3.29 0.109 4.71E-03 

44146 1518.6 19.37 0.11 1.91 0.58 2.49 0.145 1.33E-03 

4845 900.27 43.66 0.16 1.55 0.63 2.44 0.161 1.33E-03 

37610 1421.59 38.71 0.11 1.73 0.53 1.87 0.192 6.07E-03 

83441 2248.97 33.69 0.11 3.45 0.53 3.56 0.201 4.88E-03 

74703 2087.84 19.42 0.11 2.64 0.53 2.7 0.203 6.76E-03 

101157 2616.16 28.39 0.11 1.97 0.53 1.98 0.206 6.76E-03 

103022 2649.2 34.85 0.16 2.52 0.68 2.56 0.232 2.50E-03 

57360 1734.66 19.9 0.16 2.2 0.58 2.24 0.271 1.03E-02 

46091 1554.66 28.59 0.16 2.08 0.53 2.24 0.280 1.18E-02 

32022 1319.58 20.89 0.21 1.99 0.58 2.21 0.326 1.57E-02 

102269 2638.18 28.42 0.26 2.3 0.68 2.49 0.353 1.26E-02 

82708 2235.04 34.17 0.32 2.57 0.84 2.68 0.365 2.53E-03 

188895 11967.55 20.47 0.26 2.68 0.63 2.94 0.376 9.50E-03 

98089 2559.18 19.41 0.32 2.97 0.84 3 0.377 3.76E-03 

138143 3593.47 20.2 0.26 2.67 0.68 2.68 0.381 1.50E-02 

167786 4771.07 20.2 0.37 2.74 0.79 3.13 0.410 4.34E-03 

61984 1835.71 19.91 0.53 2.64 1 3.12 0.448 1.33E-04 

46369 1560.7 29.79 0.32 2.78 0.68 2.84 0.461 2.27E-02 

143947 3801.77 33.46 0.37 2.26 0.79 2.24 0.473 2.67E-02 

39275 1445.62 37.36 0.47 2.59 0.79 2.96 0.521 4.87E-03 

56493 1716.66 20.18 0.47 2.56 0.79 2.74 0.556 2.11E-02 

41972 1478.61 39.3 0.53 2.75 0.84 2.95 0.588 3.16E-03 

24168 1195.48 37.51 0.58 2.8 0.84 3.26 0.593 3.12E-03 

107858 2751.34 29.23 0.63 2.36 0.89 2.69 0.621 3.00E-03 

23356 1179.52 37.49 0.58 2.63 0.84 2.9 0.626 2.67E-02 

97599 2547.99 21.44 0.58 2.59 0.89 2.66 0.635 3.15E-02 

8695 949.22 34.33 0.53 2.46 0.68 3.01 0.637 2.78E-02 

23697 1186.53 22.39 0.68 2.8 1 2.88 0.661 2.08E-02 

36566 1401.38 36.56 0.58 2.77 0.74 3.27 0.664 8.74E-03 

153832 4196.75 20.84 0.68 2.41 0.95 2.59 0.666 4.93E-03 

26670 1235.56 26.65 0.63 3.02 0.84 3.3 0.686 1.08E-02 

58050 1749.81 30.61 0.63 2.57 0.84 2.79 0.691 3.04E-02 
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Polypeptide Cases Controls 
P-value 

(unadjusted) ID 
Mass 

(Da) 

CE Time 

(min) 
% MA % MA R 

28005 1255.48 35.77 0.68 3.08 0.84 3.4 0.733 3.19E-02 

159396 4409.89 20 0.74 2.72 0.84 3.23 0.742 2.68E-02 

69979 1996.79 20.98 0.79 2.86 0.95 3.17 0.750 8.53E-03 

40737 1462.62 39.42 0.84 3.33 1 3.68 0.760 2.62E-04 

65368 1901.82 43.83 0.79 3.17 0.89 3.61 0.779 1.52E-02 

128086 3286.55 30.92 0.79 3.13 0.89 3.51 0.792 6.91E-04 

73434 2067.82 20.62 0.84 3.1 1 3.28 0.794 1.42E-02 

148086 3986.65 20.6 0.84 3.53 0.95 3.82 0.817 2.75E-03 

108574 2764.21 42.63 0.79 3.56 0.89 3.85 0.821 2.43E-02 

90344 2377.1 20.8 0.89 3.12 0.95 3.46 0.845 1.95E-02 

36759 1405.61 39.04 0.89 2.94 0.95 3.18 0.866 1.02E-02 

147541 3968.6 21.09 0.89 3.14 0.89 3.57 0.880 1.77E-03 

28561 1265.59 27.09 0.89 3.36 0.89 3.79 0.887 1.10E-02 

107460 2742.25 28.98 0.95 2.91 1 3.11 0.889 1.19E-02 

32171 1321.59 28.37 0.95 4.07 1 4.27 0.906 1.82E-02 

39322 1446.64 39.43 1 3.2 1 3.49 0.917 3.19E-02 

35339 1378.61 28.82 1 3.36 1 3.53 0.952 1.54E-02 

81196 2210.95 33.61 1 3.72 1 3.59 1.036 2.15E-02 

41601 1469.67 23.69 1 3.72 1 3.56 1.045 2.33E-02 

62866 1854.81 40.92 1 3.89 1 3.71 1.048 1.98E-02 

99021 2570.19 42.56 1 3.88 1 3.7 1.049 1.19E-02 

79136 2175 33.28 1 3.74 1 3.49 1.072 1.09E-02 

50840 1623.73 24.12 0.95 4.17 0.95 3.86 1.080 9.77E-03 

72533 2046.92 32.58 0.95 3.49 0.95 3.21 1.087 1.06E-02 

57537 1737.78 23.73 1 4.02 0.95 3.82 1.108 2.15E-02 

50212 1613.82 23.99 0.89 2.7 0.89 2.43 1.111 3.30E-02 

60149 1794.8 23.92 1 3.72 0.95 3.47 1.128 6.20E-03 

103198 2654.19 23.92 0.89 2.94 0.89 2.47 1.190 5.52E-03 

104786 2679.2 23.53 1 3.58 0.89 3.34 1.204 7.89E-03 

33135 1338.6 23.99 1 2.86 0.89 2.65 1.213 1.20E-02 

73291 2064.92 24.46 0.84 2.75 0.79 2.37 1.234 3.25E-02 

45021 1532.62 26.35 1 2.82 0.89 2.55 1.243 1.67E-02 

99475 2577.25 24.67 0.95 2.78 0.89 2.38 1.247 6.05E-03 

40294 1452.66 23.61 1 2.85 0.84 2.62 1.295 2.17E-03 

35424 1380.64 23.83 0.95 2.79 0.79 2.56 1.311 7.17E-03 

131294 3375.57 31.92 1 2.87 0.79 2.71 1.341 1.80E-02 

111564 2841.26 24.54 0.89 3.21 0.79 2.67 1.354 4.98E-03 

104195 2663.2 23.51 0.89 2.61 0.74 2.29 1.371 2.07E-02 

28747 1268.57 27.25 1 3.44 0.74 3.32 1.400 1.01E-02 
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Polypeptide Cases Controls 
P-value 

(unadjusted) ID 
Mass 

(Da) 

CE Time 

(min) 
% MA % MA R 

44802 1526.69 23.92 0.79 2.51 0.63 2.1 1.499 1.10E-02 

113452 2889.35 24.08 0.89 2.47 0.58 2.29 1.655 7.34E-03 

69681 1989.88 32.44 0.84 2.43 0.42 2.51 1.936 2.03E-02 

55516 1696.72 23.95 0.79 2.54 0.42 2.39 1.999 1.59E-02 

80360 2196.02 33.16 0.68 2.74 0.26 2.73 2.625 1.15E-02 

82784 2236.98 27.14 0.63 2.28 0.21 2.31 2.961 1.29E-02 

56806 1723.52 37.74 0.53 2.31 0.11 2.52 4.417 1.03E-02 

129182 3320.51 24.25 0.47 2.07 0.05 2.1 9.266 4.71E-03 

ID, polypeptide identifier (SQL number); %, percentage of samples, in which the polypeptide could be detected; 
MA, mean signal amplitude of the polypeptides. R was calculated as ∑ (ln signal amplitude x frequency/number 
of participants) in controls divided by ∑ (ln signal amplitude x frequency/number of participants) in cases. The 
polypeptides were ordered by ascending R.  Published under CC BY-NC-ND license. 
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Table S2   Echocardiographic measurements by quartiles of the HF1 distribution 

Characteristic Categories of the urinary HF1 biomarker 

Limits, score <–1.623 
–1.623 to

–1.047

–1.046 to

–0.445
>–0.445 

Conventional echocardiography 

Left atrial volume index, mL/m2   24.6 ± 5.46 26.2 ± 6.79* 26.2 ±7.32 27.5 ± 7.22  

Left ventricular mass index, g/m2 89.6 ± 16.7 97.0 ± 21.4‡ 96.6 ± 21.2 104.3 ± 24.1† 

Doppler data  

E peak, cm/s  70.8 ± 14.8 68.6 ± 15.8 65.9 ± 15.4 62.1 ± 15.0* 

A peak, cm/s  56.4 ± 13.8 60.6 ± 15.9* 62.2 ± 14.5 65.5 ± 15.7 

E/A ratio  1.35 ± 0.50 1.21 ± 0.44* 1.12 ± 0.40 1.01 ± 0.40* 

e’ peak, cm/s  11.4 ± 3.26 10.0 ± 3.44‡ 9.40 ± 2.98 8.14 ± 3.11‡ 

a’ peak, cm/s 9.08 ± 2.02 9.66 ± 2.06* 9.75 ± 2.32 9.77 ± 2.03 

e’/a’ ratio  1.40 ± 0.71 1.14 ± 0.59‡ 1.07 ± 0.55 0.90 ± 0.45† 

E/e’ ratio  6.56 ± 1.81 7.44 ± 2.79‡ 7.44 ± 2.06 8.36 ± 3.00† 

All differences in means across HF1 quartiles were significant (p≤0.010).  Significance of the difference 
with the adjacent lower quartile: * p≤0.05; † p≤0.01; ‡ p≤0.001.  
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Table S3   Classification parameters by HF1 at baseline 

Groups  

Classification parameters using -0.350 as optimised HF1 threshold 

Sensitivity 
(%) 

Specificity 
(%) 

Positive 
predictive 
value (%) 

Negative 
predictive 
value (%) 

Misclassifica-
tion rate 

Integrated  
discrimination  

improvement (%) 

Net reclassification 
improvement (%)  

All participants (n=645)  43.0 86.1 54.2 79.7 25.9 1.14 (0.15 to 2.13)* 31.7 (14.9 to 18.5)‡ 

Age ≥50 year (n=345)  45.9 81.4 67.3 64.3 34.8 1.66 (0.30 to 3.02)* 39.2 (19.3 to 59.1)§ 

Age <50 year (n=300)  77.3 89.2 85.7 93.6 15.7 0.07 (-0.40 to 0.54) 19.1 (-21.5 to 59.7) 

BMI ≥25 kg/m2 (n=400) 43.1 82.3 59.6 70.3 32.6 0.81 (–0.09 to 1.71) 26.7 (7.31 to 46.1)† 

BMI <25 kg/m2 (n=245) 57.1 90.4 36.4 92.5 15.0 3.75 (-0.39 to 7.88) 48.6 (9.81 to 87.4)* 

Hypertension (n=268)  47.3 76.3 64.9 60.9 37.7 0.78 (-0.29 to 1.85) 21.0 (-2.44 to 44.4) 

Normotension (n=377)  68.0 90.2 66.7 89.7 17.5 2.77 (-0.18 to 5.73) 44.4 (17.8 to 71.1)† 

Abbreviation: BMI, body mass index.  The basic reference models included as covariables sex, age, BMI, systolic and diastolic blood pressure, heart rate, serum creatinine, 
fasting blood glucose, and treatment with inhibitors of the renin system and  blockers.  The integrated discrimination improvement (IDI) is the difference between the dis-
crimination slopes of basic models and basic models extended with HF1.  The discrimination slope is the difference in predicted probabilities (%) between cases and con-
trols.  Cases and controls are participants with and without LVDD, respectively.  The net reclassification improvement (NRI) is the sum of the percentages of participants 
reclassified correctly as cases and controls.  Significance: * p≤0.05; † p≤0.01; ‡ p≤0.001; § p≤0.0001.   
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Abstract 

In a previous cross-sectional study, we identified a multidimensional urinary classifier 

(HF1), which was associated with left ventricular dysfunction.  We investigated whether 

HF1 predicts cardiovascular endpoints over and beyond traditional risk factors.  In 791 

randomly recruited Flemish (mean age, 51.2 years; 50.6% women), we quantified HF1 by 

capillary electrophoresis coupled with mass spectrometry.  In addition, we measured car-

diovascular risk factors.  HF1 averaged -0.97 units (range, -3.26 to 2.60).  Over 6.1 years 

(median), 35 participants died and 63, 45 and 22 experienced fatal or nonfatal cardiovas-

cular, cardiac or coronary events.  The incidence of fatal combined with nonfatal cardio-

vascular and cardiac endpoints, standardised for sex and age, increased across thirds of 

the HF1 distribution (p≤0.014), whereas trends for all-cause mortality and coronary 

events were nonsignificant (p≥0.10).  The multivariable-adjusted hazard ratios (+1-SD) 

were 1.30 (95% confidence interval, 1.03–1.65; p=0.029) and 1.39 (1.06–1.84; p=0.018) 

for cardiovascular and cardiac events in relation to HF1.  For systolic pressure, the corre-

sponding estimates were 0.97 (0.74–1.28; p=0.85) and 0.93 (0.67–1.29; p=0.66), respec-

tively.  The HF1 upper thresholds optimised by maximising Younden’s index were -0.50 

and -0.36 units for cardiovascular and cardiac endpoints.  Prognostic accuracy signifi-

cantly (p≤0.006) improved  by adding HF1 to Cox models already including the other 

baseline predictors.  Sensitivity analyses, from which we excluded 71 participants with 

previous cardiovascular disease were confirmatory.  In conclusion, over a 6-year period, 

the urinary proteome, but not systolic pressure, predicted cardiovascular and cardiac dis-

ease.   
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Introduction

Recent publications, reviewed elsewhere [1], proved the feasibility of developing multidi-

mensional classifiers based on the urinary proteome that are associated with chronic kid-

ney disease [2], urothelial cell carcinoma [3], prostate cancer [4], or coronary heart dis-

ease [5].  However, these urinary proteomic markers were mainly established in selected 

patients matched with controls or in cohorts of diseased patients.  In 2012, we identified 

in a preliminary case-control study 85 urinary peptides, mainly up- or down-regulated col-

lagen fragments, that discriminated 19 hypertensive patients with asymptomatic diastolic 

left ventricular dysfunction from 19 controls [6].  With adjustments applied for multiple 

testing, three urinary peptide biomarkers remained significant [6].  In a subsequent cross-

sectional study, we demonstrated that left ventricular diastolic dysfunction was associated 

with this proteomic signature in a random population sample [7].  A study in the same 

population revealed that the urinary proteome predicted progression of chronic kidney 

disease from grade 2 or lower to stage 3 or higher [8].  In the light of our previous obser-

vations [6-8], we investigated in a random population sample whether the urinary proteo-

me predicts cardiovascular events over and beyond traditional risk factors.   

Methods 

Study Participants

The Ethics Committee of the University of Leuven approved the Flemish Study on Envi-

ronment, Genes and Health Outcomes (FLEMENGHO) [9,10].  Recruitment started in 

1985 and continued until 2004.  The initial participation rate was 78.0%.  The participants 

were repeatedly followed up [9,10].  From May 2005 until May 2010, we mailed an invita-

tion letter to 1208 former participants for a follow-up examination.  However, 153 were 

unavailable, because they had died earlier (n=26), because they had been institutional-

ised or were too ill (n=27), or because they had moved out of the area (n=100).  Of the 

remaining 1055 former participants, 828 renewed informed consent.  The participation 
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rate was therefore 78.5%.  We excluded 37 participants from analysis, because urine 

samples for urinary proteomics were unavailable (n=22) or because they were lost to fol-

low-up (n=15).  Thus, the outcome cohort included 791 participants (for details, see Fig-

ure S1 in the Data Supplement).  

Assessment of Outcome

At annual intervals, we ascertained vital status through 6 October 2014 via the Belgian 

Population Registry in Brussels, Belgium.  We obtained the International Classification of 

Disease codes for the immediate and underlying causes of death from the Flemish Regis-

try of Death Certificates.  For all 791 participants, we collected information on the inci-

dence of nonfatal events either via a follow-up visit at the examination centre with repeat 

administration of the same standardised questionnaire as used at baseline (n=637) or via 

a structured telephone interview (n=119).  

Coronary events included sudden death, myocardial infarction, acute coronary syn-

drome, new-onset angina pectoris, ischemic cardiomyopathy, and coronary revasculari-

sation.  Cardiac events additionally included heart failure, pulmonary heart disease, new-

onset atrial fibrillation, life-threatening arrhythmias, and high-degree atrioventricular block 

requiring pacemaker implantation.  Cardiovascular events comprised cardiac endpoints, 

stroke, transient ischemic attack, aortic aneurysm, arterial embolism and revasculariza-

tion of peripheral arteries.  To assess the symptoms associated with heart failure, we ad-

ministered the London School of Hygiene questionnaires on cardiovascular and respirato-

ry symptoms and dyspnea.  Physicians ascertained the diseases reported on the death 

certificates or by the questionnaires and interviews against the medical records of general 

practitioners or hospitals.  For all endpoints within a category, we censored participants 

from analysis after the occurrence of the first event.   

Urinary Proteomics 

To assess the urinary proteome-based HF1 classifier, 24-h urine samples were pro-

cessed and analysed using capillary electrophoresis coupled with mass spectrometry as 
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described previously [11].  The Supplementary Data (pages 2–3) gives detailed infor-

mation on the preparation and processing of the urine samples.  The data (on abun-

dance) of the predefined urinary peptide biomarkers were combined into a single sum-

mary variable, using the support-vector machine (SVM) based MosaCluster software, 

version 1.7.0.  In the present study, we used the previously published multidimensional 

classifier HF1, which is associated with decreased left ventricular function and which 

combines information from 85 peptide fragments identified in 19 patients with diastolic LV 

dysfunction and 19 controls [6].  How SVM modelling establishes the HF1 classifier is de-

scribed in the Supplementary Data (pages 3–4).  In addition, the Supplementary Data 

provide information on the peptides making up HF1 (Table S1) and sequenced peptides 

with known amino-acid sequence (Table S2).   

Other Measurements

Blood pressure was the average of five consecutive auscultatory readings obtained ac-

cording to European guidelines with a standard mercury sphygmomanometer with the 

participant in the seated position for at least 10 minutes.  As described elsewhere, we ap-

plied a stringent quality control program to the blood pressure measurements, looking for 

digit and number preference [12,13].  Hypertension was a blood pressure of at least 140 

mm Hg systolic or 90 mm Hg diastolic or use of antihypertensive drugs.  Body mass index 

was weight in kilograms divided by height in meters squared.  Venous blood samples 

were drawn for measurement of plasma glucose and serum total and high-density lipo-

protein cholesterol, creatinine, and -glutamyltransferase (index of alcohol intake).  Glo-

merular filtration rate was derived by the Chronic Kidney Disease Epidemiology Collabo-

ration equation [14].  Diabetes mellitus was a self-reported diagnosis, a condition men-

tioned on the death certificate or in records held by general practitioners or hospitals, an-

tidiabetic drug intake, a fasting plasma glucose level of at least 126 mg/dL, or a random 

blood glucose at least 200 mg/dL [15].   
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Statistical Analysis

For database management and statistical analysis, we used the SAS system, version 9.3 

(SAS Institute Inc., Cary, NC).  Means were compared using the large-sample z-test or 

ANOVA and proportions by Fisher’s exact test.  Statistical significance was a 2-sided sig-

nificance level of 0.05.  

In exploratory analyses, we plotted incidence rates by tertiles of the urinary biomarker, 

while standardising for sex and age group (<40 years; 40–60 years; >60 years) by the 

direct method.  In categorical analyses, we plotted the Kaplan-Meier survival function es-

timates by HF1 category with adjustments applied for sex and age.  We used Cox regres-

sion to compute standardised hazard ratios, which for continuous variables express the 

risk associated with a 1-standard deviation (SD) increment in the urinary biomarker.  All 

models accounted for clustering of failure times within pedigrees by fitting a shared frailty 

model.  We checked the proportional hazard assumption using the Kolmogorov-type su-

premum test.  The baseline characteristics considered as covariables in Cox regression 

were sex, age, body mass index, systolic blood pressure, fasting plasma glucose, serum 

creatinine, the total-to-HDL cholesterol ratio, -glutamyltransferase (as index of alcohol 

intake), smoking, history of cardiovascular disease, and treatment with diuretics (thia-

zides, loop diuretics and aldosterone antagonists), -blockers, inhibitors of the renin-

angiotensin system (angiotensin-converting enzyme inhibitors or angiotensin type-1 re-

ceptor blockers), vasodilators (calcium channel blockers or -blockers), or other antihy-

pertensive drugs.  We identified covariables to be retained in the analyses by a step-

down procedure, removing the least significant covariable at each step until all P-values 

of covariables were less than 0.15.  We applied the generalized R2 statistic to assess the 

contribution of HF1 and systolic blood pressure to risk over and beyond other risk factors. 

We calculated the multivariable-adjusted 5-year absolute risk of a cardiovascular or car-

diac event across thirds of the distributions of HF1 and systolic blood pressure.   
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Finally, we determined optimal discrimination limits for HF1 by maximising Younden’s 

index (the maximum of sensitivity plus specificity minus 1).  We then assessed the added 

prognostic accuracy of the optimised thresholds, using the integrated discrimination im-

provement (IDI) and the net reclassification improvement (NRI) [16].  IDI is the difference 

between the discrimination slopes of the basic model and the basic model extended with 

HF1.  The discrimination slope is the difference in predicted probabilities (%) between 

subjects with and without endpoint.  To calculate NRI [16], we predicted in each subject 

the 5-year risk for an event from a Cox model with and without HF1.  If p(up/event) is the 

percentage of subjects with events whose predicted probability is increased by adding 

HF1 to the model and if p(up/nonevent) is the percentage of subjects without events whose 

predicted probability is increased, then NRI equals 2  [p(up/event) – p(up/nonevent)]. 

Results 

Characteristics of Participants 

Of 791 participants, 400 (50.6%) were women.  All subjects were White Europeans. 

Mean values (SD) in all participants combined were 51.2 (15.7) years (interquartile range 

[IQR], 41.3 to 61.8 years) for age, 129.6 (17.7) and 79.7 (9.6) mm Hg for systolic and di-

astolic blood pressure, 26.5 (4.3) kg/m2 for body mass index, and 5.26 (0.97) mmol/L for 

total cholesterol.  Of 3955 systolic and 3955 diastolic blood pressure readings, only 10 

(0.13%) ended on an uneven number.  With regards to number preferences, the five con-

secutive blood pressure readings included three identical systolic or diastolic values in 

340 instances (4.3%) and five identical values in only a single participant.   

Of all participants, 340 (43.0%) had hypertension, of whom 209 (61.5%) were on anti-

hypertensive drug treatment, 27 (3.4%) had a history of diabetes mellitus, and 27 (3.4%) 

reported previous cardiovascular disease.  The antihypertensive drug classes used were 

diuretics in 84 (10.6%) participants, -blockers in 124 (15.7%), inhibitors of the renin-

angiotensin system in 68 (8.6%) and vasodilators in 39 (4.9%).  Among 209 treated pa-
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tients, 122 (58.4%) were on monotherapy; 69 (33.0%) were taking two drug classes and 

18 (8.6%) three or more.  Of 400 women and 391 men, 80 (20.0%) women and 80 

(20.5%) men were smokers, and 225 (56.3%) women and 323 (82.6%) men reported in-

take of alcohol.  In smokers, median tobacco use was 13 cigarettes per day (IQR, 7 to 20 

cigarettes per day).  In drinkers, the median alcohol consumption was 8 g per day (IQR, 3 

to 14 g per day).   

Table 1 lists the characteristics of participants by thirds of the HF1 distribution (medi-

an; -1.03; IQR, –1.60 to –0.44).  Age, body mass index, central obesity, blood pressure, 

serum creatinine, blood glucose and -glutamyltransferase, and the total-to-HDL choles-

terol ratio all (p≤0.002) increased with higher HF1 category, whereas eGFR decreased 

(p<0.0001).  The prevalence of hypertension, being treated for hypertension, having a 

history of cardiovascular disease or diabetes mellitus increased with HF1.  The propor-

tions of women, smokers and average heart rate did not differ across HF1 categories 

(p≥0.10).   
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Table 1  Baseline Characteristics of 791 Participants by Thirds of the HF1 Distribution

Characteristic <–1.42 
–1.42 to

–0.68
≥–0.68 p 

Number in category  264 263 264 
Number of subjects (%) 

Women  138 (52.3) 133 (50.6) 129 (48.9) 0.74 
Smokers  57 (21.6) 60 (22.8) 43 (16.3) 0.14 
Drinking alcohol  185 (70.1) 191 (72.6) 172 (65.2) 0.17 
Hypertension  80 (30.3) 94 (35.7) 166 (62.9)§  <0.0001 
Antihypertensive treatment 37 (14.0) 50 (19.0) 122 (46.2)§  <0.0001 
History of CVD  7 (2.7) 4 (1.5) 16 (6.1)† 0.011 
History of diabetes mellitus 3 (1.1) 7 (2.7) 17 (6.4)* 0.003 

Mean (SD) of characteristic 
Age (years)  45.6 (15.3) 50.4 (14.3)‡ 57.5 (15.0)§  <0.0001 

Body mass index (kg/m2)  25.6 (3.8) 26.0 (4.0) 28.0 (4.8)§  <0.0001 

Waist-to-hip ratio  0.85 (0.08) 0.87 (0.08)* 0.90 (0.08)§  <0.0001 
Office blood pressure (mmHg)  

Systolic pressure   126.6 (17.3) 127.9 (16.7) 134.3 (18.2)§  <0.0001 
Diastolic pressure   78.4 (9.6) 79.7 (9.5) 81.1 (9.6) 0.004 
Mean arterial pressure 94.4 (10.7) 95.8 (10.5) 98.9 (10.7)‡ <0.0001 

Heart rate (beats per minute) 62.6 (8.6) 63.4 (9.3) 64.4 (11.1) 0.10 
Biochemical data  

Serum creatinine (mol/L) 81.8 (13.3) 83.7 (13.1) 86.7 (19.8)* 0.002 

eGFR (mL/min/1.73 m2)  83.9 (16.4) 80.2 (16.2)† 76.3 (16.2)† <0.0001 

Total cholesterol (mmol/L)  5.13 (0.95) 5.32 (0.98)* 5.33 (0.98) 0.028 
HDL cholesterol (mmol/L)  1.45 (0.34) 1.45 (0.37) 1.37 (0.32)† 0.008 
THR   3.70 (0.98) 3.84 (1.03) 4.06 (1.05)* 0.0002 
Blood glucose (mmol/L)   4.85 (0.56) 4.88 (0.58) 5.09 (1.07)† 0.0007 
-GT (units/L)   21 (11, 40) 24 (12, 57)* 26 (13, 55) 0.0005 

Abbreviations: CVD, cardiovascular disease.  -GT, -Glutamyltransferase.  THR, Total-to-HDL cholesterol 
ratio. eGFR, estimated glomerular filtration rate calculated according to the Chronic Kidney Disease Epide-
miology Collaboration equation formula, as described in reference 14.  Office blood pressure was the aver-
age of five consecutive readings.  Hypertension was an office blood pressure of ≥140 mmHg systolic, or ≥90 
mm Hg diastolic, or use of antihypertensive drugs.  For -glutamyltransferase, values are geometric mean 
(interquartile range).  Diabetes mellitus was a self-reported diagnosis, a condition mentioned on the death 
certificate or in records held by general practitioners or hospitals, antidiabetic drug intake, a fasting glucose 
level of at least 126 mg/dL, or a random blood glucose at least 200 mg/dL.  P-values denote the significance 
of the differences in prevalence rates or means across thirds of the HF1 distribution.  Significance of the dif-
ference with the adjacent lower third: * p≤0.05; † p≤0.01; ‡ p≤0.001; § p≤0.0001.   
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Risk Associated with HF1 Categories 

Crude rates of cardiovascular, cardiac and coronary events increased across thirds of the 

HF1 distribution (Supplementary Table S4; p≤0.0032) with a similar trend for all-cause 

mortality (p=0.057).  The incidence of fatal combined with nonfatal cardiovascular 

(p=0.014) and cardiac (p=0.009)  endpoints, standardised for sex and age group, in-

creased across thirds of the HF1 distribution (Figure 1), whereas the trends for all-cause 

mortality and coronary events did not reach significance (p≥0.10).  For cardiovascular 

(p=0.046) and cardiac (p=0.028) events, the cumulative incidence ran a significantly 

higher course in the top compared with the low third of the HF1 distribution (Figure 2). 

These estimates were standardised to the means of the distributions of sex and age in 

the whole study population.  Based on these results, the risk of cardiovascular and cardi-

ac events was carried forward in multi-variable adjusted analyses.   
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Figure 1  Incidence of fatal and nonfatal cardiovascular and cardiac events 

by thirds of the HF1 distribution in 791 participants.  Incidence rates were 

standardised for sex and age group (<40 years, 40–60 years, and >60 years) 

by the direct method.  The number of endpoints contributing to the rates is 

shown.  p-values are for trend.  
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Figure 2  Cumulative incidence of cardiovascular (A) and cardiac endpoints (B) by thirds of the HF1 distribution.  Estimates were standardised 

to the means of the distributions of sex and age in the whole study populations.  The p-values for the between-group differences were derived 

by the log-rank test.    



Multivariable-Adjusted Risk Associated with the HF1 Biomarker 

The step-down selection procedure identified sex, age, fasting blood sugar, smoking and 

treatment with vasodilators as significant covariables of the risk of a cardiovascular or 

cardiac event (Supplementary Table S5).  Table 2 shows the multivariable-adjusted haz-

ard ratios associated with a 1-SD increment in HF1.  All Cox models complied with the 

proportional hazards assumption (p≥0.056).  In all 791 participants, HF1 was a significant 

predictor of fatal and nonfatal cardiovascular (p=0.029) and cardiac events (p=0.018), 

whereas systolic blood pressure was not (p=0.85 and p=0.66, respectively).  The general-

ised R2 statistics for entering HF1 or systolic blood pressure (Table 2) as predictor in 

these models were 0.59 vs. 0.01 for cardiovascular events, and 0.69 vs. 0.03 for cardiac 

events.  Sensitivity analyses, from which we excluded 71 participants with previous cardi-

ovascular disease (Table 2), or in all 791 participants with hypertension forced into the 

Cox models as additional covariable (p-values for HF1, ≤0.042; data not shown) were 

confirmatory.  Figure 3 shows the 5-year absolute risk of a cardiovascular or cardiac 

event in relation to systolic blood pressure (A, B) at different categories of HF1 or in rela-

tion to HF1 (C, D) at different levels of systolic blood pressure.  The analyses were 

standardised to the average of the distributions in the whole study population (mean or 

ratio) of sex, age, fasting plasma glucose, smoking, and treatment with vasodilators.  Fig-

ure 3 illustrates that HF1, being significantly related to outcomes (p≤0.033), was more 

informative than systolic pressure (p≥0.54) in predicting cardiovascular and cardiac 

events over a 5-year span.   
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Table 2  Multivariable-Adjusted Hazard Ratios Associated with HF1 and Systolic Blood Pressure

Endpoints 

Events 

/at risk 

HF1 Systolic blood pressure  

Hazard ratio (95% CI) p R2 Hazard ratio (95% CI) p R2 

Cardiovascular events 

All participants 63/791 1.30 (1.03-1.65) 0.029 0.59 0.97 (0.74-1.28) 0.85 0.01 

Free of CVD  42/720 1.39 (1.03-1.87) 0.034 0.59 1.00 (0.72-1.39) 0.98 <0.0001 

Cardiac events 

All participants 45/791 1.39 (1.06-1.84) 0.018 0.69 0.93 (0.67-1.29) 0.66 0.03 

Free of CVD  32/720 1.38 (0.98-1.95) 0.066 0.44 0.97 (0.66-1.40) 0.85 0.01 

Hazard ratios express the risk per 1-SD increase in HF1 (0.92 units) and systolic blood pressure (17.7 mm Hg).  Hazard ratios account for family clusters 
and were adjusted for baseline characteristics including sex, age, fasting plasma glucose, smoking, and treatment with vasodilators (calcium-channel 
blockers [n=35] or -blockers [n=4]).  CVD indicates cardiovascular disease at entry.   



Figure 3   Five-year absolute risk of cardiovascular and cardiac events in relation to systolic 

blood pressure (A, B) at different categories of HF1 and in relation to HF1 (C, D) at different lev-

els of systolic blood pressure.  The analyses were standardised to the average of the distribu-

tions in the whole study population (mean or ratio) of sex, age, fasting plasma glucose, smoking, 

treatment with vasodilators (calcium-channel blockers or -blockers).  In panels A and B, the 

risk functions span systolic blood pressure and correspond to the low, median and high catego-

ries of HF1.  In panels C and D, the risk functions span HF1 and correspond to the low (<33th 

percentile), median (33–66th percentile) and high (>66th percentile) categories of systolic blood 

pressure.  p-values are for the independent effect of HF1 (pHF1) and systolic blood pressure 

(pSBP).  np and ne indicate the number of participants at risk and the number of events.  
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Improvement of Prognostic Accuracy 

By maximising Younden’s index (Table 3), we determined optimal thresholds for HF1 in 

predicting cardiovascular or cardiac events.  Sensitivity of the optimised thresholds 

ranged from 59% to 86% for cardiovascular events and from 53% to 58% for cardiac 

events.  Specificity ranged from 46% to 75% and from 80% to 81%, respectively.  In all 

791 participants (Table 4), both IDI and NRI reached significance for cardiovascular and 

cardiac events (p≤0.006).  In 720 participants free of cardiovascular disease at entry 

(Table 4), IDI and NRI were significant for cardiovascular events (p<0.0001) and reached 

borderline significance for cardiac events (p≤0.086).   
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Table 3  Optimised HF1 Thresholds in the Prediction of Cardiovascular and Cardiac Events

Endpoints 

Optimal  

discrimination 

limit  

Hazard ratio 

(95% CI)  

Sensitivity 

(%) 

Specificity 

(%) 

Positive 

predictive 

value (%) 

Negative 

predictive 

value (%) 

Misclassification 

rate (%)  

Cardiovascular events 

All participants (n=791) –0.50 3.98 (2.41-6.57) 59 75 17 96 26 

Free of CVD (n=720)  –1.22 4.84 (2.04-11.5) 86 46 9 98 52 

Cardiac events 

All participants (n=791) –0.36 5.01 (2.77-9.05) 58 80 15 97 22 

Free of CVD (n=720)  –0.36 4.58 (2.29-9.18) 53 81 12 97 20 

The optimal discrimination limit was obtained by maximising Younden’s index (the maximum of sensitivity plus specificity minus 1).  Hazard ratios (95% confi-
dence interval) present the risk associated with exceeding the biomarker threshold.  The hazard ratios were significant (p≤0.0003).   



Table 4  Integrated Discrimination Improvement and Net Reclassification Improvement by Adding HF1 to the Basic Model 

Including Covariables

Endpoints 

Integrated Discrimination Improvement Net Reclassification Improvement 

IDI (%) CI (%) p NRI (%) CI (%) p 

Cardiovascular events 

All participants (n=791) 1.89 0.54–3.24 0.006 49.9 24.6–75.2 0.0001 

Free of CVD (n=720) 2.13 1.33–2.93 <0.0001 63.8 41.3–86.2 <0.0001 

Cardiac events  

All participants (n=791) 2.00 0.60–3.40 0.005 46.1 16.5–75.8 0.002 

Free of CVD (n=720)  1.34 0.61–2.73 0.061 31.0 –4.37–66.3 0.086 

The basic reference models included as covariables sex, age, fasting plasma glucose, smoking, and treatment with vasodilators.  The integrated 
discrimination improvement (IDI) is the difference between the discrimination slopes of basic models and basic models extended with HF1.  The 
discrimination slope is the difference in predicted probabilities (%) between cases and controls.  Controls are participants without incident cardio-
vascular or cardiac disease.  The net reclassification improvement (NRI) is the sum of the percentages of subjects reclassified correctly in cases 
and controls.   



Discussion 

The key findings of our study were as follows: (i) over a follow-up period of approximately 

5 years, the multidimensional urinary classifier HF1 predicted the incidence of fatal and 

nonfatal cardiovascular and cardiac events; (ii) after optimising the HF1 thresholds, add-

ing HF1 to Cox models including baseline cardiovascular risk factors, significantly im-

proved prognostic accuracy; (iii) HF1 was more informative than systolic blood pressure 

in the short-term prediction of cardiovascular and cardiac events.  Our current findings 

are in line with a previous publication showing that in the same cohort the early diastolic 

peak velocity of the mitral annulus (e’) predicted the incidence of fatal combined with non-

fatal cardiovascular events over a 5-year follow-up period [17]. Over a similar follow-up, 

mild and moderate-to-severe diastolic left ventricular dysfunction predicted all-cause mor-

tality in the Olmsted County study with hazard ratios amounting to 8.3 and 10.2, respec-

tively (p<0.001) [18].  As previously demonstrated in case-control [6] and proof-of-concept 

[7] studies, HF1 associates with diastolic left ventricular dysfunction.   

Under physiological conditions, approximately 70% of the urinary protein content origi-

nates from the kidney and the urinary tract, while the remaining 30% is derived from 

plasma [19].  We hypothesised that the latter fraction may be informative on cardiac and 

cardiovascular disease.  The multidimensional urinary classifier HF1 combines infor-

mation on 85 urinary peptides [6], mainly up-regulated and down-regulated collagen 

fragments (Supplementary Table S2).  Patients with left ventricular dysfunction are char-

acterised by a disturbed balance between collagen synthesis and degradation in the ex-

tracellular matrix of the myocardium and an increased interstitial deposition and cross-

linking of type I collagen [20].  The cardiac extracellular matrix is predominantly com-

posed of fibrillar collagen type I (85%) and type III (11%).  Furthermore, small amounts of 

collagen types IV and V co-distribute with collagen I.  The prime location of collagen V is 

at the fibril core and is important in nucleating collagen I-containing fibrils [21].  The HF1 
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classifier also includes a down-regulated peptide derived from the WW domain-binding 

protein 11 (Supplementary Table S2) that remained statistically significant after adjust-

ment for multiple testing [6].  WBP11 is an inhibitor of protein phosphatase-1 (PP-1) [22]. 

In cardiomyocytes, PP-1 plays a key role in calcium handling and relaxation via 

dephosphorylation of phospholamban [23].  In patients with heart failure, the activity of 

PP-1 is enhanced, thereby delaying left ventricular relaxation.  In line with this pathophys-

iological pathway, incident heart failure represented 33.3% and 46.7% of the cardiovascu-

lar and cardiac events, respectively.  We also considered whether reducing the multidi-

mensionality of classifiers, such as HF1, might be possible without losing information. 

However, we previously demonstrated that a higher number of peptides resulted in higher 

accuracy, by reducing variability in the assessment of single components [24].  In an ad-

ditional analysis of the current data, we therefore tested a classifier based only on the 

three peptide biomarkers remaining significant after adjustment for multiple testing [6].  As 

expected, this abridged classifier performed inferior to HF1 in diagnosing diastolic left 

ventricular dysfunction [7] and in the prediction of cardiovascular and cardiac events (data 

not shown).   

In population studies with long-term follow-up, blood pressure is the main driver of 

cardiovascular risk [25,26].  In our current study, HF1 largely outperformed systolic blood 

pressure in the prediction of cardiovascular and cardiac complications.  These observa-

tions cannot be attributed to the quality of our blood pressure measurements, as exempli-

fied by the absence of terminal digit and number preference.  Several investigators have 

reported that single blood pressure measurements predicted the risk of cardiovascular 

disease over a follow-up period of 15 to 50 years, but also that the impact of blood pres-

sure diminished with increasing duration of follow-up [27-34].  The strongest evidence in 

this regards comes from the Framingham Heart Study [34].  Vasan and coworkers used 

sex- and age-specific multivariable Cox regression to evaluate the association of current 

blood pressure (at baseline), recent antecedent blood pressure (average of readings for 
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all available examinations 1 to 10 years before baseline), and remote antecedent blood 

pressure (average for all available examinations 11 to 20 years before baseline) with the 

10-year risk of new-onset cardiovascular disease in 2313 Framingham Study participants. 

During follow-up, cardiovascular disease occurred in 899 participants.  In multivariable-

adjusted models recent and remote antecedent blood pressure predicted the risk of car-

diovascular disease incrementally over current blood pressure.  This observation was 

consistent in multiple subgroups: women (n=1403) and men (n=910) and three age strata 

(60–69, 70–79, and ≥80 years) [34].  Explanations offered by the Framingham investiga-

tors were that antecedent blood pressure is a forerunner of cardiovascular target organ 

damage, which is on the path to hard cardiovascular complications, and that the relation 

between cardiovascular risk and blood pressure might be weakened by the initiation of 

antihypertensive drug treatment [34].  Our current findings remained  consistent after ex-

clusion of participants with a history of cardiovascular disease.  Similarly, estimates of the 

hazard ratios remained confirmatory if we forced hypertension as covariable in the Cox 

models or if we limited the analyses to participants untreated for hypertension at baseline 

(data not shown).   

Use of vasodilators, calcium-channel blockers or -blockers, at baseline was among 

the significant predictors of cardiovascular or cardiac events, for which our analyses were 

adjusted.  Although resulting from an observational study, our findings are not surprising 

in view of the results of the Antihypertensive and Lipid-Lowering Treatment to Prevent 

Heart Attack Trial (ALLHAT) [35-37].  In ALLHAT, use of doxazosin or amlodipine, com-

pared with chlorthalidone, was associated with an increased risk of combined cardiovas-

cular disease.  This secondary endpoint was driven by congestive heart failure [35-37] 

and coronary revascularization [35-37], and for doxazosin also by hospitalised or treated 

angina pectoris [37].  Diuretics, -blockers, angiotensin-converting enzyme inhibitors and 

angiotensin type-1 receptor blockers are drug classes used in the primary and secondary 

prevention of cardiovascular complications, in particular heart failure, but in our current 
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study use of these drug classes at baseline did not predict cardiovascular or cardiac 

complications.  

To our knowledge there is no other population-based study that explored the value of 

the urinary proteome in predicting cardiovascular or cardiac complications.  Nevertheless, 

our study must be interpreted within the context of its limitations.  First, the sample size 

and number of events were substantially smaller than, for instance, in the Framingham 

Heart Study [34].  This might explain why we could not show any significant prognostic 

value of HF1 in relation to the incidence of mortality or coronary events.  Second, our cur-

rent study with a median follow-up of 6.1 years does not allow to compare the prognostic 

value of HF1 and blood pressure over a longer follow-up.  Third, we did not assess the 

incremental predictive value of HF1 with other biomarkers of risk, such as high-sensitivity 

C-reactive protein [38] or high-sensitivity troponin T [39].   

Perspectives

Our current study demonstrated that the urinary proteome, but not systolic pressure, pre-

dicts incident cardiovascular and cardiac disease over a 5-year period and thereby con-

firmed the diagnostic utility of the urinary proteomic signature [6-8].  Further prospective 

studies should underpin its use in clinical practice compared with other biomarkers over 

varying intervals of follow-up in relation to different endpoints.  A previous publication in 

the same cohort demonstrated that the early diastolic peak velocity of the mitral annulus 

(e’) predicts the incidence of fatal combined with nonfatal cardiovascular events over a 

5-year follow-up period [17].  When we introduced both HF1 and e’ in multivariable-

adjusted models (62 cardiovascular and 44 cardiac events in 776 participants who un-

derwent an assessment of their diastolic left ventricular function; data not shown), both 

were predictive, albeit with borderline p-values (0.020≤p≤0.097), reflecting complementa-

rity of information.  However, for screening purposes, HF1 is less costly and labour-

intensive than echocardiography and therefore preferable.  Having the urinary proteome 

confirmed as a short-term predictor of adverse outcomes might allow the timely initiation 
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of preventive or therapeutic measures.  On the other hand, quality-of-life of patients con-

fronted with a prognostically adverse urinary proteomic signature and cost-effectiveness 

of urinary marker remain issues of concern.    

Acknowledgements 

Linda Custers, Annick De Soete, Marie-Jeanne Jehoul, Daisy Thijs, Hanne Truyens  and 

Renilde Wolfs provided expert technical and clerical assistance.   

Sources of Funding 

The European Union (grants HEALTH-2011.2.4.2-2-EU-MASCARA, HEALTH-F7-305507 

HOMAGE and the European Research Council Advanced Researcher Grant-2011-

294713-EPLORE) gave support to the Studies Coordinating Centre, Leuven, Belgium. 

The Fonds voor Wetenschappelijk Onderzoek Vlaanderen, Ministry of the Flemish Com-

munity, Brussels, Belgium (G.0881.13 and G.0880.13) also supported the FLEMENGHO 

study.   

Disclosures 

T Koeck and P Zürbig are employees of Mosaiques-Diagnostics GmbH.  H Mischak is the 

co-founder and co-owner of Mosaiques Diagnostics GmbH (http://mosaiques-

diagnostics.de/diapatpcms/mosaiquescms/front_content.php?idcat=161) and Diapat 

GmbH (http://www.diapat.com/DiaPat-Diagnostik/diapat-en), Hannover, Germany.  The 

other authors did not declare a conflict of interest.   

184

Chapter 2.3

184

http://www.diapat.com/DiaPat-Diagnostik/diapat-en


References 

1. Mischak H, Coon JJ, Novak J, Weissinger EM, Schanstra JP, Dominiczak AF. Ca-

pillary electrophoresis-mass spectrometry as a powerful tool in biomarker discovery

and clinical diagnosis : an update of recent developments. Mass Spec Rev.

2009;28:703–724.

2. Zürbig P, Jerums G, Hovind P, MacIsaac RJ, Mischak H, Nielsen SE, Panag-

iotopoulos S, Persson F, Rossing P. Urinary proteomics for early diagnosis in dia-

betic nephropathy. Diabetes.  2012;61:3304–3313.

3. Theodorescu D, Wittke S, Ross MM, Walden M, Conaway M, Just I, Mischak H, Fri-

erson HF. Discovery and validation of new protein biomarkers for urothelial cancer :

a prospective analysis. Lancet Oncol.  2006;7:230–240.

4. Theodorescu D, Fliser D, Wittke S, Mischak H, Krebs R, Walden M, Ross M, Eltze E,

Bettendorf O, Wulfing C, Semjonow A. Pilot study of capillary electrophoresis cou-

pled to mass spectrometry as a tool to define potential prostate cancer biomarkers 

in urine. Electrophoresis.  2005;26:2797–2808. 

5. von Zur Muhlen C, Schiffer E, Zuerbig P, Kellmann M, Brasse M, Meert N,

Vanholder RC, Dominiczak AF, Chen YC, Mischak H, Bode C, Peter K. Evaluation

of urine proteome pattern analysis for its potential to reflect coronary artery athero-

sclerosis in symptomatic patients. J Proteome Res.  2009;8:335–345.

6. Kuznetsova T, Mischak H, Mullen W, Staessen JA. Urinary proteome analysis in

hypertensive patients with left ventricular diastolic dysfunction. Eur Heart J.

2012;33:2342–2350.

7. Zhang Z, Staessen JA, Thijs L, Gu Y, Liu Y, Jacobs L, Koeck T, Zürbig P, Mischak

H, Kuznetsova T. Left ventricular diastolic dysfunction in relation to the urinary pro-

185

Cardiovascular outcome and urinary proteomics

185



teome : a proof-of-concept study in a general population. Int J Cardiol.  

2014;176:158–165. 

8. Gu YM, Thijs L, Liu YP, Zhang ZY, Jacobs J, Koeck T, Zürbig P, Lichtinghagen R,

Brand K, Kuznetsova T, Olivi L, Verhamme P, Delles C, Mischak H, Staessen JA.

The urinary proteome as correlate and predictor of renal function in a population

study. Nephrol Dial Transplant.  2014;29:2260–2268.

9. Li Y, Zagato L, Kuznetsova T, Tripodi G, Zerbini G, Richart T, Thijs L, Manunta P,

Wang JG, Bianchi G, Staessen JA. Angiotensin-converting enzyme I/D and -

adducin Gly460Trp polymorphisms.  From angiotensin-converting enzyme activity to

cardiovascular outcome. Hypertension.  2007;49:1291–1297.

10. Staessen JA, Wang JG, Brand E, Barlassina C, Birkenhäger WH, Herrmann SM,

Fagard R, Tizzoni L, Bianchi G. Effects of three candidate genes on prevalence and

incidence of hypertension in a Caucasian population. J Hypertens.  2001;19:1349–

1358. 

11. Abalat A, Mischak H, Mullen W. Clinical application of urinary prote-

omics/peptidomics. Expert Rev Proteomics.  2011;8:615–629.

12. Staessen J, Bulpitt CJ, Fagard R, Jossens JV, Lijnen P, Amery A. Familial aggrega-

tion of blood pressure, anthropometric characteristics and urinary excretion of sodi-

um and potassium -- a population study in two Belgian towns. J Chron Dis.

1985;38:397–407.

13. Kuznetsova T, Staessen JA, Kawecka-Jaszcz K, Babeanu S, Casiglia E, Filipovský

J, Nachev C, Nikitin Y, Peleška J, O'Brien E, on behalf of the EPOGH Investigators.

Quality control of the blood pressure phenotype in the European Project on Genes

in Hypertension. Blood Press Monit.  2002;7:215–224.

186

Chapter 2.3

186



14. Levey AS, Stevens LA, Schmid CH, Zhang Y, Castro AF, III, Feldman HI, Kusek JW,

Eggers P, Van Lente F, Greene T, Coresh J, for the CKD-EPI (Chronic Kidney Dis-

ease Epidemiology Collaboration). A new equation to estimate glomerular filtration

rate. Ann Intern Med.  2009;150:604–612.

15. Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. Report

of the expert committee on the diagnosis and classification of diabetes mellitus. Di-

abet Care.  2003;26 (suppl 1):S5–S20.

16. Pencina MJ, D'Agostino RB, Sr., D'Agostino RB, Jr., Vasan RS. Evaluating the add-

ed predictive ability of a new marker : from area under the ROC curve to reclassifi-

cation and beyond. Stat Med.  2008;27:157–172.

17. Kuznetsova T, Thijs L, Knez J, Herbots L, Zhang Z, Staessen JA. Prognostic value

of left ventricular diastolic dysfunction in a general population. J Am Heart Assoc.

2014;3:e000789:1–11.

18. Redfield MM, Jacobsen SJ, Burnett JC, Jr., Mahoney DW, Bailey KR, Rodeheffer

RJ. Burden of systolic and diastolic ventricular dysfunction in the community.  Ap-

preciating the scope of the heart failure epidemic. JAMA.  2003;289:194–202.

19. Pieper R, Gatlin CL, McGrath AM, Makusky AJ, Mondal M, Seonarain M, Field E,

Schatz CR, Estock MA, Ahmed N, Anderson NG, Steiner S. Characterization of the

human urinary proteome : a method for high-resolution display of urinary proteins

on two-dimensional electrophoresis gels with a yield of nearly 1400 distinct protein

spots. Proteomics.  2004;4:1159–1174.

20. Burlew BS, Weber KT. Cardiac fibrosis as a cause of diastolic dysfunction. Herz.

2002;27:92–98.

187

Cardiovascular outcome and urinary proteomics

187



21. Kadler KE, Hill A, Canty-Liard EG. Collagen fibrillogenesis : fibronectin, integrins,

and minor collagens as organizers and nucleators. Curr Opin Cell Biol.

2008;20:495–501.

22. Llorian M, Beullens M, Andrés I, Ortiz JM, Bollen M. SIPP1, a novel pre-mRNA

splicing factor and interactor op protein phosphatase-1. Biochem J.  2004;378:229–

238. 

23. Neumann J. Altered phosphatase activity in heart failure, influence on Ca2+ move-

ment. Basic Res Cardiol.  2002;97:I91–I95.

24. Dakna M, Harris K, Kalousis A, Carpentier S, Kolch W, Schanstra JP, Haubitz M,

Vlahou A, Mischak H, Girolami M. Addressing the challenge of defining valid prote-

omic biomarkers and classifiers. BMC Bioinformatics.  2010;11:594 (doi

10.1186/1471–2105–11–594).

25. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R, Prospective Studies Collabo-

ration. Age-specific relevance of usual blood pressure to vascular mortality : a meta-

analysis of individual data for one million adults in 61 prospective studies. Lancet.

2002;360:1903–1913.

26. Li Y, Wei FF, Thijs L, Boggia J, Asayama K, Hansen TW, Kikuya M, Björklund-

Bodegård K, Ohkubo T, Jeppesen JL, Gu YM, Torp-Pedersen C, Dolan E, Liu YP,

Kuznetsova T, Stolarz-Skrzypek K, Tikhonoff V, Malyutina S, Casiglia E, Nikitin Y,

Lind L, Sandoya E, Kawecka-Jaszcz K, Mena L, Maestre GE, Filipovský J, Imai Y,

O'Brien E, Wang JG, Staessen JA. Ambulatory hypertension subtypes and 24-hour

systolic and diastolic blood pressure as distinct outcome predictors in 8341 untreat-

ed people recruited from 12 populations. Circulation.  2014;130:466–474.

27. Gordon T, Sorlie P, Kannel WB. Problems in the assessment of blood pressure: the

Framingham Study. Int J Epidemiol.  1976;5:327–334.

188

Chapter 2.3

188



28. Prentice RL, Shimizu Y, Lin CH, Peterson AV, Kato H, Mason MW, Szatrowski TP.

Serial blood pressure measurements and cardiovascular disease in a Japanese co-

hort. Am J Epidemiol.  1982;116:1–28.

29. Harris T, Cook EF, Kannel W, Schatzkin A, Goldman L. Blood pressure experience

and risk of cardiovascular disease in the elderly. Hypertension.  1985;7:118–124.

30. Pekkanen J, Tervahauta M, Nissinen A, Karvonen MJ. Does the predictive value of

baseline coronary risk factors change over a 30-year follow-up? Cardiology.

1993;82:181–190.

31. Welin L, Eriksson H, Larsson B, Svärdsudd K, Wilhelmsen L, Tibblin G. Risk factors

for coronary heart disease during 25 years of follow-up. The study of men born in

1913. Cardiology.  1993;82:223–228.

32. Wannamethee SG, Shaper AG, Whincup PH, Walker M. Role of risk factors for ma-

jor coronary heart disease events with increasing length of follow up. Heart.

1999;81:374–379.

33. McCarron P, Smith GD, Okasha M, McEwen J. Blood pressure in young adulthood

and mortality from cardiovascular disease. Lancet.  2000;355:1430–1431.

34. Vasan RS, Massaro JM, Wilson PWF, Seshadri S, Wolf PA, Levy D, D'Agostino RB.

Antecedent blood pressure and risk of cardiovascular disease : The Framingham

Heart Study. Circulation.  2002;105:48–53.

35. The ALLHAT Officers and Coordinators for the ALLHAT Collaborative Research

Group. Major cardiovascular events in hypertensive patients randomized to dox-

azosin vs chlorthalidone: the antihypertensive and lipid-lowering treatment to pre-

vent heart attack trial (ALLHAT). ALLHAT Collaborative Research Group JAMA.

2000;283:1967–1975.

189

Cardiovascular outcome and urinary proteomics

189



36. The ALLHAT Officers and Coordinators for the ALLHAT Collaborative Research

Group. Major outcomes in high-risk hypertensive patients randomized to angioten-

sin-converting enzyme inhibitor or calcium channel blocker vs diuretic : the Antihy-

pertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT)

JAMA.  2002;288:2981–2997.

37. ALLHAT Officers and Coordinators for the ALLHAT Collaborative Research Group.

Diuretic versus -blocker as first step antihypertensive therapy.  Final results from

the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial

(ALLHAT). Hypertension.  2003;42:239–246.

38. van Wijk DF, Boekholdt SM, Wareham NJ, Ahmadi-Abhari S, Kastelein JJ, Stroes

ES, Khaw KT. C-reactive protein, fatal and nonfatal coronary artery disease, stroke,

and peripheral artery disease in the prospective EPIC-Norfolk cohort study Arterio-

scler Thromb Vasc Biol.  2013;33:2888–2894.

39. Xanthakis V, Entman M, Murabito JM, Polak JF, Wollert KC, Januzzi JL, Wang TJ,

Tofler G, Vasan RS. Ideal cardiovascular health: associations with biomarkers and

subclinical disease and impact on incidence of cardiovascular disease in the fram-

ingham offspring study. Circulation.  2014;130:1676–1683.

190

Chapter 2.3

190



Novelty and Significance 

What is new?

In a previous cross-sectional study, we identified a multidi-

mensional urinary peptide-based classifier (HF1), which was 

associated with left ventricular dysfunction.  In randomly re-

cruited Flemish people, we investigated whether HF1 predicts 

cardiovascular endpoints over and beyond traditional risk fac-

tors.  

What is relevant?

□ Over a 5 year follow-up period, the standardised and mul-

tivariable-adjusted hazard ratios relating cardiovascular

(n=63) and cardiac (n=45) events with HF1 were 1.30 and

1.39 (p≤0.029), respectively, whereas those with systolic

pressure were around unity (p≥0.66).

□ The diagnostic improvement obtained by adding opti-

mised HF1 thresholds to Cox models including classical

cardiovascular risk factors, including systolic blood pres-

sure, was significant (p≤0.006).

Summary

Over approximately 5 years of follow-up, the urinary proteo-

me, but not systolic pressure, predicted incident cardiovascu-

lar disease.  Further prospective studies should confirm its 

diagnostic utility compared with other biomarkers over varying 

intervals of follow-up in relation to different endpoints.  Having 

the urinary proteome confirmed as a short-term predictor of 

adverse outcomes might allow the timely initiation of preven-

tive or therapeutic measures.   



Data Supplement 

Expanded Methods 

Urinary Proteomics 

Aliquots of urine were stored at -80 °C.  Urine (0.7 mL) was thawed immediately before analysis 

and diluted with 0.7 mL of 2 M urea, 10 mM NH4OH containing 0.02% SDS [1].  To remove higher 

molecular mass proteins, such as albumin and immunoglobulin G, the samples were ultrafiltered 

using Centrisart ultracentrifugation devices (20 kDa MWCO; Sartorius, Göttingen, Germany) at 

2,000 g relative centrifugal force until 1.1 mL of filtrate was obtained.  This filtrate was then applied 

onto a PD-10 desalting column (GE Healthcare, Uppsala, Sweden) equilibrated in 0.01% NH4OH 

in HPLC-grade H2O (Roth, Germany) to decrease matrix effects by removing urea, electrolytes, 

and salts, and to enrich peptides.  Finally, all samples were lyophilised, stored at 4 ºC, and sus-

pended in HPLC-grade H2O shortly before capillary electrophoresis coupled with mass spec-

trometry (CE-MS).   

As described in detail elsewhere [2], CE-MS analyses were performed using a P/ACE MDQ 

capillary electrophoresis system (Beckman Coulter, Brea, CA) on-line coupled to a micrOTOF MS 

(Bruker Daltonic, Bremen, Germany).  The ESI sprayer (Agilent Technologies, Palo Alto, CA) was 

grounded, and the ion spray interface potential was set between -4 and -4.5 kV.  Data acquisition 

and mass spectrometry acquisition methods were automatically controlled by the capillary electro-

phoresis via contact-close-relays.  Spectra were accumulated every 3 seconds, over a range of 

charge states (m/z) 350 to 3000.  Previous publications described the accuracy, precision, selec-

tivity, sensitivity, reproducibility, and stability of the CE-MS measurements in detail [2,3].   

Mass spectra were processed using MosaiquesVisu software, including peak picking, deconvo-

lution and de-isotoping [4].  Migration time and peak intensity were normalised using internal pep-

tide standards [5].  These fragments result from normal biological processes and appear to be un-

affected by any disease state studied to date based on over 20,000 samples in the Mosaiques 

database [6].  The resulting list of peaks characterises each peptide by its molecular mass, nor-

malised capillary electrophoresis migration time, and normalised signal intensity.  All detected pep-

tides were deposited, matched, and annotated in a Microsoft SQL database, allowing further anal-

192

Chapter 2.3

192



ysis and comparison of multiple patient groups.  Peptide fragments were combined into a single 

summary variable, using the support-vector machine based MosaCluster software, version 1.6.5.   

In the present study, we used the previously published multidimensional classifier, which is as-

sociated with decreased left ventricular function and which combines information from 85 peptide 

fragments identified in 19 patients with diastolic LV dysfunction and 19 controls [7].  The classifier 

established by SVM modelling allows the classification of samples in the high dimensional data 

space.  MosaCluster calculates classification scores based on the amplitudes of all HF1 bi-

omarkers in the different samples.  Classification is performed by determining the Euclidian dis-

tance (defined as the SVM classification score) of the vector to a maximal margin separating hy-

perplane.  The SVM classifier uses the log transformed intensities of the urinary peptides as coor-

dinates in an N-dimensional space.  For HF1, N equals to 85.  The SVM classifier then builds an N 

– 1 dimensional hyperplane that spans this space by performing a quadratic programming optimi-

sation of a Lagrangian, using the training labels only while allowing for samples to lie at the wrong 

side of the plane.  For such mistakes in classification the SVM introduces a cost parameter C.  

Because non-separable problems in low dimensions may be separable in higher dimensions, the 

SVM uses the Kernel-trick to transform the data to a higher dimensional space.  MosaCluster uses 

the standard radial basis functions as kernel.  These functions are just Gaussians with the pa-

rameter gamma controlling their width.  The optimal parameters C and gamma are found via cross 

validation error estimation, using a lattice build by different values of these two parameters. SVMs 

are frequently implemented in data mining software.  In particular, the kernlab cran R package is a 

versatile tool for building SVM based-classifiers.   
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Table S1  List of 85 Peptides Included in the HF1 Biomarker 

Peptide Cases Controls 
p-value  

(Unadjusted) 
ID 

Mass 

(Da) 

CE Time 

(min) 
% MA % MA R 

81272 2211.98 33.23 0 0 0.42 2.67 0 1.99E-03 
129821 3333.36 19.42 0 0 0.47 2.39 0 8.72E-04 
8725 949.4 25.79 0.05 1.94 0.63 2.28 0.067 2.22E-04 
123106 3130.43 30.82 0.05 1.98 0.47 2.63 0.080 2.57E-03 
1577 840.41 23.17 0.05 1.65 0.47 1.85 0.095 3.29E-03 
103493 2658.22 19.5 0.05 3.36 0.47 3.29 0.109 4.71E-03 
44146 1518.6 19.37 0.11 1.91 0.58 2.49 0.145 1.33E-03 
4845 900.27 43.66 0.16 1.55 0.63 2.44 0.161 1.33E-03 
37610 1421.59 38.71 0.11 1.73 0.53 1.87 0.192 6.07E-03 
83441 2248.97 33.69 0.11 3.45 0.53 3.56 0.201 4.88E-03 
74703 2087.84 19.42 0.11 2.64 0.53 2.7 0.203 6.76E-03 
101157 2616.16 28.39 0.11 1.97 0.53 1.98 0.206 6.76E-03 
103022 2649.2 34.85 0.16 2.52 0.68 2.56 0.232 2.50E-03 
57360 1734.66 19.9 0.16 2.2 0.58 2.24 0.271 1.03E-02 
46091 1554.66 28.59 0.16 2.08 0.53 2.24 0.280 1.18E-02 
32022 1319.58 20.89 0.21 1.99 0.58 2.21 0.326 1.57E-02 
102269 2638.18 28.42 0.26 2.3 0.68 2.49 0.353 1.26E-02 
82708 2235.04 34.17 0.32 2.57 0.84 2.68 0.365 2.53E-03 
188895 11967.55 20.47 0.26 2.68 0.63 2.94 0.376 9.50E-03 
98089 2559.18 19.41 0.32 2.97 0.84 3 0.377 3.76E-03 
138143 3593.47 20.2 0.26 2.67 0.68 2.68 0.381 1.50E-02 
167786 4771.07 20.2 0.37 2.74 0.79 3.13 0.410 4.34E-03 
61984 1835.71 19.91 0.53 2.64 1 3.12 0.448 1.33E-04 
46369 1560.7 29.79 0.32 2.78 0.68 2.84 0.461 2.27E-02 
143947 3801.77 33.46 0.37 2.26 0.79 2.24 0.473 2.67E-02 
39275 1445.62 37.36 0.47 2.59 0.79 2.96 0.521 4.87E-03 
56493 1716.66 20.18 0.47 2.56 0.79 2.74 0.556 2.11E-02 
41972 1478.61 39.3 0.53 2.75 0.84 2.95 0.588 3.16E-03 
24168 1195.48 37.51 0.58 2.8 0.84 3.26 0.593 3.12E-03 
107858 2751.34 29.23 0.63 2.36 0.89 2.69 0.621 3.00E-03 
23356 1179.52 37.49 0.58 2.63 0.84 2.9 0.626 2.67E-02 
97599 2547.99 21.44 0.58 2.59 0.89 2.66 0.635 3.15E-02 
8695 949.22 34.33 0.53 2.46 0.68 3.01 0.637 2.78E-02 
23697 1186.53 22.39 0.68 2.8 1 2.88 0.661 2.08E-02 
36566 1401.38 36.56 0.58 2.77 0.74 3.27 0.664 8.74E-03 
153832 4196.75 20.84 0.68 2.41 0.95 2.59 0.666 4.93E-03 
26670 1235.56 26.65 0.63 3.02 0.84 3.3 0.686 1.08E-02 
58050 1749.81 30.61 0.63 2.57 0.84 2.79 0.691 3.04E-02 
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Peptide Cases Controls 
p-value  

(Unadjusted) 
ID 

Mass 

(Da) 

CE Time 

(min) 
% MA % MA R 

28005 1255.48 35.77 0.68 3.08 0.84 3.4 0.733 3.19E-02 
159396 4409.89 20 0.74 2.72 0.84 3.23 0.742 2.68E-02 
69979 1996.79 20.98 0.79 2.86 0.95 3.17 0.750 8.53E-03 
40737 1462.62 39.42 0.84 3.33 1 3.68 0.760 2.62E-04 
65368 1901.82 43.83 0.79 3.17 0.89 3.61 0.779 1.52E-02 
128086 3286.55 30.92 0.79 3.13 0.89 3.51 0.792 6.91E-04 
73434 2067.82 20.62 0.84 3.1 1 3.28 0.794 1.42E-02 
148086 3986.65 20.6 0.84 3.53 0.95 3.82 0.817 2.75E-03 
108574 2764.21 42.63 0.79 3.56 0.89 3.85 0.821 2.43E-02 
90344 2377.1 20.8 0.89 3.12 0.95 3.46 0.845 1.95E-02 
36759 1405.61 39.04 0.89 2.94 0.95 3.18 0.866 1.02E-02 
147541 3968.6 21.09 0.89 3.14 0.89 3.57 0.880 1.77E-03 
28561 1265.59 27.09 0.89 3.36 0.89 3.79 0.887 1.10E-02 
107460 2742.25 28.98 0.95 2.91 1 3.11 0.889 1.19E-02 
32171 1321.59 28.37 0.95 4.07 1 4.27 0.906 1.82E-02 
39322 1446.64 39.43 1 3.2 1 3.49 0.917 3.19E-02 
35339 1378.61 28.82 1 3.36 1 3.53 0.952 1.54E-02 
81196 2210.95 33.61 1 3.72 1 3.59 1.036 2.15E-02 
41601 1469.67 23.69 1 3.72 1 3.56 1.045 2.33E-02 
62866 1854.81 40.92 1 3.89 1 3.71 1.048 1.98E-02 
99021 2570.19 42.56 1 3.88 1 3.7 1.049 1.19E-02 
79136 2175 33.28 1 3.74 1 3.49 1.072 1.09E-02 
50840 1623.73 24.12 0.95 4.17 0.95 3.86 1.080 9.77E-03 
72533 2046.92 32.58 0.95 3.49 0.95 3.21 1.087 1.06E-02 
57537 1737.78 23.73 1 4.02 0.95 3.82 1.108 2.15E-02 
50212 1613.82 23.99 0.89 2.7 0.89 2.43 1.111 3.30E-02 
60149 1794.8 23.92 1 3.72 0.95 3.47 1.128 6.20E-03 
103198 2654.19 23.92 0.89 2.94 0.89 2.47 1.190 5.52E-03 
104786 2679.2 23.53 1 3.58 0.89 3.34 1.204 7.89E-03 
33135 1338.6 23.99 1 2.86 0.89 2.65 1.213 1.20E-02 
73291 2064.92 24.46 0.84 2.75 0.79 2.37 1.234 3.25E-02 
45021 1532.62 26.35 1 2.82 0.89 2.55 1.243 1.67E-02 
99475 2577.25 24.67 0.95 2.78 0.89 2.38 1.247 6.05E-03 
40294 1452.66 23.61 1 2.85 0.84 2.62 1.295 2.17E-03 
35424 1380.64 23.83 0.95 2.79 0.79 2.56 1.311 7.17E-03 
131294 3375.57 31.92 1 2.87 0.79 2.71 1.341 1.80E-02 
111564 2841.26 24.54 0.89 3.21 0.79 2.67 1.354 4.98E-03 
104195 2663.2 23.51 0.89 2.61 0.74 2.29 1.371 2.07E-02 
28747 1268.57 27.25 1 3.44 0.74 3.32 1.400 1.01E-02 
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Peptide Cases Controls 
p-value  

(Unadjusted) 
ID 

Mass 

(Da) 

CE Time 

(min) 
% MA % MA R 

44802 1526.69 23.92 0.79 2.51 0.63 2.1 1.499 1.10E-02 
113452 2889.35 24.08 0.89 2.47 0.58 2.29 1.655 7.34E-03 
69681 1989.88 32.44 0.84 2.43 0.42 2.51 1.936 2.03E-02 
55516 1696.72 23.95 0.79 2.54 0.42 2.39 1.999 1.59E-02 
80360 2196.02 33.16 0.68 2.74 0.26 2.73 2.625 1.15E-02 
82784 2236.98 27.14 0.63 2.28 0.21 2.31 2.961 1.29E-02 
56806 1723.52 37.74 0.53 2.31 0.11 2.52 4.417 1.03E-02 
129182 3320.51 24.25 0.47 2.07 0.05 2.1 9.266 4.71E-03 

ID, peptide identifier (SQL number); %, percentage of samples, in which the peptide could be detected; MA, 
mean signal amplitude of the peptides. R was calculated as ∑ (ln signal amplitude x frequency/number of par-
ticipants) in cases divided by ∑ (ln signal amplitude x frequency/number of participants) in controls.  The pep-
tides were ordered by ascending R.  Reproduced from reference 7.  
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Table S2  List of Peptides Included in HF1 with Available Information on Amino-Acid Sequence 

ID Sequence of Peptide Protein Name 
Cases Controls 

R 
% MA % MA 

8725 GDAGSKGpmV Collagen alpha-1(V) 0.05 1.94 0.63 2.28 0.067 
123106 RDVEEEEEEEGLEEDAELLTELQEVLG Coiled-coil and C2 domain-containing 

protein 1B 0.05 1.98 0.47 2.63 0.080 

1577 KGDTGPpGP Collagen alpha-1(III) 0.05 1.65 0.47 1.85 0.095 
103493 DEAGSEADHEGTHSTKRGHAKSRPV Fibrinogen alpha 0.05 3.36 0.47 3.29 0.109 
44146 DDFDAHKALEDDE Isoform 1 of Histone-lysine N-

methyltransferase MLL2 0.11 1.91 0.58 2.49 0.146 

4845 GGSGAmGSmD Immunoglobulin-like and fibronectin 
type III domain-containing protein 1 0.16 1.55 0.63 2.44 0.161 

37610 GPpGpPGSpGEQGPSG Collagen alpha-1(I) 0.11 1.73 0.53 1.87 0.192 
83441 GAVGEKGEPGEAGEpGLpGEGGPpG Collagen alpha-1(V) 0.11 3.45 0.53 3.56 0.201 
74703 KSSSHQDSSRmSSVGDYNT Bone morphogenetic protein 5 0.11 2.64 0.53 2.7 0.203 
101157 GPpGADGQpGAKGEpGDAGAKGDAGpPGPA Collagen alpha-1(I) 0.11 1.97 0.53 1.98 0.207 
103022 FNINNLDNNWLKMHFWFYYA Dermatan-sulfate epimerase-like pro-

tein 0.16 2.52 0.68 2.56 0.232 

46091 KGETGDVGQMGppGPP Collagen alpha-1(V) 0.16 2.08 0.53 2.24 0.280 
32022 TYFPHFDLSHG Hemoglobin subunit alpha 0.21 1.99 0.58 2.21 0.326 
82708 GRTGDAGPVGPPGPpGppGpPGPPS Collagen alpha-1(I) 0.32 2.57 0.84 2.68 0.365 
98089 DEAGSEADHEGTHSTKRGHAKSRP Fibrinogen alpha 0.32 2.97 0.84 3 0.377 
61984 DQDKHDDSTDDSDTDK WW domain-binding protein 11 0.53 2.64 1 3.12 0.448 
46369 GPpGEKGGQGPPGpQGp Collagen alpha-1(V) 0.32 2.78 0.68 2.84 0.461 

143947 DQGPVGRTGEVGAVGPpGFAGEKGPSGEAG-
TAGPpGTpGPQG 

Collagen alpha-2(I) 0.37 2.26 0.79 2.24 0.472 

39275 DGVGQpGLPGpPGPpG Collagen alpha-1(XVIII) 0.47 2.59 0.79 2.96 0.520 



ID Sequence of Peptide Protein Name 
Cases Controls 

R 
% MA % MA 

56493 KGDEGEAGDPGDDNNDI Collagen alpha-1(VI) 0.47 2.56 0.79 2.74 0.556 
41972 EQGLpGAAGQDGPpGP Isoform D preproprotein of collagen 

alpha-1 (XI) 0.53 2.75 0.84 2.95 0.588 

24168 GPpGPPGPSSNQG Collagen alpha-6(IV) 0.58 2.8 0.84 3.26 0.593 
107858 VSESSIHIIGVSLGAHVGGmVGQLFGGQ Isoform 2 of phospholipase A1 mem-

ber A 0.63 2.36 0.89 2.69 0.621 

23356 GPpGPpGPSSNQG Collagen alpha-6(IV) 0.58 2.63 0.84 2.9 0.626 
97599 LGSHSQDEEDEDTEYFDAMEDS 101 kDa protein 0.58 2.59 0.89 2.66 0.634 
23697 DDGEAGKpGRpG Collagen alpha-1(I) 0.68 2.8 1 2.88 0.661 
36566 EEEDSSDSSSDSE Isoform 1 of AP-3 complex subunit 

beta-1 0.58 2.77 0.74 3.27 0.664 

26670 GQDGRpGPpGPpG Collagen alpha-1(I) 0.63 3.02 0.84 3.3 0.686 
58050 GPpGEAGKpGEQGVPGDLG Collagen alpha-1(I) 0.63 2.57 0.84 2.79 0.691 
28005 TYFPHFDLSHG Hemoglobin subunit alpha 0.68 3.08 0.84 3.4 0.733 
69979 KGSpGSDGpKGEKGDPGpEGP Isoform 2C2A' of collagen alpha-

2(VI) chain 0.79 2.86 0.95 3.17 0.750 

40737 GPpGPAGNpGpSpNSP Isoform 1 of collagen alpha-1(XXVI) 0.84 3.33 1 3.68 0.760 
65368 WIDAPDDVFYMATEET Metastasis-associated protein MTA1  

79 kDa protein 0.79 3.17 0.89 3.61 0.779 

73434 ADGSDLDAVSHGSmDSGHGTH C-myc promoter-binding protein iso-
form 1 0.84 3.1 1 3.28 0.794 

108574 DmGPpGPQGPpGKDGPPGVKGENGHPGSP Isoform 2 of collagen alpha-1 (XIII)  0.79 3.56 0.89 3.85 0.821 
90344 GKNGDDGEAGKpGRpGERGPpGPQ Collagen alpha-1(I) 0.89 3.12 0.95 3.46 0.845 
36759 PpGPpGFPGDpGPpG Collagen alpha-3(V) 0.89 2.94 0.95 3.18 0.866 
28561 SpGPDGKTGPpGPA Collagen alpha-1(I) 0.89 3.36 0.89 3.79 0.886 
107460 KNGETGPQGPPGPTGPGGDKGDTGPpGpQG Collagen alpha-1(III) 0.95 2.91 1 3.11 0.889 



ID Sequence of Peptide Protein Name 
Cases Controls 

R 
% MA % MA 

32171 ApGDRGEpGPpGPA Collagen alpha-1(I) 0.95 4.07 1 4.27 0.905 
39322 GPpGPpGFPGDPGPpG Collagen alpha-3(V) 1 3.2 1 3.49 0.917 
35339 ApGEDGRpGPpGPQ Collagen alpha-1(II) 1 3.36 1 3.53 0.952 
81196 NGApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) 1 3.72 1 3.59 1.036 
41601 DGQPGAKGEpGDAGAK Collagen alpha-1(I) 1 3.72 1 3.56 1.045 
62866 SGpQGppGSEGFTGPPGPQG Collagen alpha-2(IV) 1 3.89 1 3.71 1.048 
99021 QQEQLQQQQFQQQQEQLQQQ Zinc finger protein 853 1 3.88 1 3.7 1.049 
79136 AGPpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) 1 3.74 1 3.49 1.072 
50840 DGApGKNGERGGpGGpGP Collagen alpha-1(III) 0.95 4.17 0.95 3.86 1.080 
72533 PpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) 0.95 3.49 0.95 3.21 1.087 
57537 NDGApGKNGERGGpGGpGP Collagen alpha-1(III) 1 4.02 0.95 3.82 1.108 
50212 VGGGEQPPPAPAPRRE Xylosyltransferase 1 0.89 2.7 0.89 2.43 1.111 
60149 GNDGApGKNGERGGpGGpGP Collagen alpha-1(III) 1 3.72 0.95 3.47 1.128 
103198 ERGEAGIpGVpGAKGEDGKDGSpGEpGA Collagen alpha-1(III) 0.89 2.94 0.89 2.47 1.190 
104786 NRGERGSEGSPGHpGQpGppGpPGAPGP Collagen alpha-1(III) 1 3.58 0.89 3.34 1.204 
33135 GAPGPRGRDGEpGT Isoform 1 of collagen alpha-1(II) 1 2.86 0.89 2.65 1.213 
73291 DDKDEEDSPRPRSPPGGPD Zinc finger and BTB domain-

containing protein 46 0.84 2.75 0.79 2.37 1.234 

45021 RDGEPGTPGNpGPpGP Isoform 1 of collagen alpha-1(II) 1 2.82 0.89 2.55 1.243 
99475 DDILASPPRLPEPQPYPGAPHHSS Collagen alpha-1(XVIII) 0.95 2.78 0.89 2.38 1.246 
40294 DEPPQSPWDRVK Apolipoprotein A-I 1 2.85 0.84 2.62 1.295 
35424 AMFGPKGFGRGGAE Cysteine-rich protein 1 0.95 2.79 0.79 2.56 1.311 
131294 PGEDGEpGRNGNPGEVGFAGSpGARGFP-

GAPGLPGL 
Collagen alpha-2(V) 1 2.87 0.79 2.71 1.341 

111564 ERGEAGIpGVpGAkGEDGKDGSpGEpGANG Collagen alpha-1(III) 0.89 3.21 0.79 2.67 1.354 



ID Sequence of Peptide Protein Name 
Cases Controls 

R 
% MA % MA 

104195 NRGERGSEGSPGHPGQPGPpGppGApGP Collagen alpha-1(III) 0.89 2.61 0.74 2.29 1.371 
28747 SpGERGETGPpGP Collagen alpha-1(III) 1 3.44 0.74 3.32 1.400 
44802 GGAGEpGKNGAKGEpGp Isoform 1 of collagen alpha-1(III) 0.79 2.51 0.63 2.1 1.499 
113452 NGEAGSAGPpGppGLRGSpGSRGLPGADGRAG Collagen alpha-2(I) 0.89 2.47 0.58 2.29 1.655 
69681 SNGNpGPpGPSGSpGKDGPpGP Collagen alpha-1(III) 0.84 2.43 0.42 2.51 1.936 
55516 RGSGGGGGGGGQGSTNYGKS Isoform 3 of heterogeneous nuclear 

ribonucleoprotein A/B 0.79 2.54 0.42 2.39 1.999 

80360 ISVPGPMGPSGPRGLpGPpGApGP Collagen alpha-1(I) 0.68 2.74 0.26 2.73 2.625 
82784 ADGQpGAkGEpGDAGAKGDAGPpGP Collagen alpha-1(III) 0.63 2.28 0.21 2.31 2.961 

ID, peptide identifier (SQL number); %, percentage of samples, in which the peptide could be detected; MA, mean signal amplitude of the peptides. R was calculated as ∑ (ln signal 
amplitude x frequency/number of participants) in controls divided by ∑ (ln signal amplitude x frequency/number of participants) in cases. The peptides were ordered by ascending R. 
Reproduced from reference 7.   



Table S3  Fatal and Nonfatal Cardiovascular Events

Endpoint Type Number of Events 

Stroke Fatal 3 

Nonfatal 3 

Transient ischaemic attack Nonfatal 5 

Myocardial infarction  Fatal 2 

Nonfatal 3 

Acute coronary syndrome  Nonfatal 1 

Angina pectoris Nonfatal 1 

Ischaemic cardiomyopathy Nonfatal 17 

Coronary revascularisation Nonfatal 16 

Congestive heart failure  Fatal 5 

Nonfatal 16 

Atrial fibrillation/arrhythmia Nonfatal 6 

Atrioventricular block  Nonfatal 3 

Aortic aneurysm  Fatal 1 

Nonfatal 2 

Pulmonary heart disease  Nonfatal 1 

Arterial embolism  Nonfatal 1 

Peripheral arterial disease  Nonfatal 9 

Total number  95 

Follow-up of the 791 participants spanned a median of 6.1 years (5th to 95th per-
centile interval, 3.7–7.4).  A participant can experience multiple nonfatal events, so 
that nonfatal events do not add up.  In the outcome analyses, only the first event 
within each category was considered.   
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Table S4  Crude Event Rates by Thirds of the HF1 Distribution

Endpoint  
(number of events) 

<–1.42 (n=264) –1.42 to –0.68 (n=263) ≥ –0.68 (n=264) 

n Rate (95% CI) n Rate (95% CI ) n Rate (95% CI) 

Total mortality (n=35)  7 4.7 (4.6, 4.8) 9 5.9 (5.7, 6.0)  19 12.5 (12.4, 12.7) 

Cardiovascular events (n=63) 8 5.4 (5.3, 5.5) 17 11.4 (11.2, 11.6) 38 26.9 (26.6, 27.2) 

Cardiac events (n=45)  4 2.7 (2.6, 2.8) 13 8.7 (8.5, 8.8)  28 19.4 (19.1, 19.6) 

Coronary events (n=22)  3 2.0 (1.9, 2.1) 4 2.6 (2.5, 2.7)  15 10.2 (10.0, 10.4) 

Rates (95% confidence interval) are expressed as number of events per 1000 person-years. 



Table S5  Covariables Associated with Cardiovascular and Cardiac Risk Selected by a Step-Down Procedure

Selected  

covariables 

Cardiovascular events Cardiac events 

Hazard ratio (95% CI) P Hazard ratio (95% CI) p 

Being female (0,1)  0.57 (0.34–0.95) 0.031 0.56 (0.31–1.03) 0.063 

Age (+15.7 years)  3.63 (2.55–5.17) <0.0001 3.21 (2.04–5.07) <0.0001 

Fasting plasma sugar (+0.78 mmol/L) 1.17 (0.99–1.39) 0.063 1.30 (1.10–1.52) 0.002 

Smoking (0, 1)  2.57 (1.43–4.60) 0.002 1.83 (0.89–3.78) 0.10 

On treatment with vasodilators (0, 1)  2.04 (1.03–4.02) 0.040 2.86 (1.39–5.91) 0.005 

For age and fasting plasma glucose, hazard ratios express the risk per 1-SD increase in the explanatory variable.  Models accounted for clus-
tering of failure times within pedigrees.  The baseline characteristics considered as potential covariables were sex, age, body mass index, 
systolic blood pressure, fasting plasma glucose, the total-to-HDL cholesterol ratio, -glutamyltransferase (as index of alcohol intake), smoking, 
history of cardiovascular disease, and treatment with diuretics (thiazides, loop diuretics and aldosterone antagonists), -blockers, inhibitors of 
the renin-angiotensin system (angiotensin-converting-enzyme inhibitors or angiotensin type-1 receptor blockers), vasodilators (calcium-
channel blockers or -blockers), or other antihypertensive drugs.  Covariables to be retained in the analysis were identified by a step-down 
procedure, removing the least significant covariable at each step until all p-values of covariables were less than 0.15.   



Figure S1 Flow chart
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Figure S2  Distribution of the urinary multi-dimensional biomarker HF1 in 791 participants. 

The curves represent the fitted normal (full line) and Kernel (dashed line) density plots. S 

and K are the coefficients of skewness and kurtosis, respectively. The p-value is for the 

Kolmogorov–Smirnov test and indicates departure from normality.  
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Abstract 

Detection of preclinical cardiac dysfunction and prognosis of left ventricular heart failure 

(HF) would allow targeted intervention, and appears as the most promising approach in 

its management.  Novel biomarker panels may support this approach and provide new 

insights into the pathophysiology.  A retrospective comparison of urinary proteomic pro-

files generated by mass spectrometric analysis from 49 HF patients, 36 patients who pro-

gressed to HF within 2.6±1.6 years and 192 sex- and age-matched controls who did not 

progress to HF enabled identification of 96 potentially HF-specific peptide biomarkers. 

Based on these 96 peptides, the classifier called Heart Failure Predictor (HFP) was es-

tablished by support vector machine modelling.  The incremental prognostic value of HFP 

was subsequently evaluated in urine samples from 175 individuals with asymptomatic 

diastolic dysfunction from an independent population cohort.  Within 4.8 years, 17 of 

these individuals progressed to overt HF.  The area under receiver-operating characteris-

tic curve was 0.70 (95% CI, 0.56 to 0.82; P=0.0047 for HFP and 0.57 (0.42 to 0.72; 

P=0.62) for NT-proBNP.  Hazard ratios were 1.63 (CI, 1.04 to 2.55; P=0.032) per 1-SD 

increment in HFP and 0.70 (CI, 0.35 to 1.41; P=0.32) for a doubling of the logarithmically 

transformed NT-proBNP.  HFP is a novel biomarker derived from the urinary proteome 

and might serve  as a sensitive tool to improve risk stratification, patient management and 

understanding of the pathophysiology of HF.   
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Clinical Perspective 

What is New? 

 We identified a novel multidimensional urinary biomarker consisting of 96 peptide

fragments and named it Heart Failure Predictor (HFP).

 HFP predicts progression from asymptomatic LV dysfunction to overt HF and is

more accurate than a research-optimized NT-proBNP assay.

What are the Clinical Implications? 

 HFP might serve as a tool to improve risk stratification, patient management and

understanding the pathophysiology of HF.
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Introduction

Left ventricular (LV) heart failure (HF) is a clinical syndrome caused by adverse LV struc-

tural or functional alterations resulting in impaired ventricular filling and/or ejection and 

thus in the disability of the heart to pump a sufficient amount of blood to meet the meta-

bolic needs of the body.1,2  HF represents an enormous public health and socioeconomic 

burden.1,2  Due to etiological diversity, it is difficult to clearly identify all contributing fac-

tors in a clinical setting and to depict the complex pathophysiology by single biomarkers. 

Difficulties thus arise in diagnosis, risk stratification and management of HF patients.2  A 

position paper of the American Heart Association supported research into proteomics as 

applied to cardiovascular health and disease.3  In line with this recommendation, we de-

veloped multidimensional proteomic biomarkers characterizing distinct molecular mani-

festations of LV dysfunction that may provide additional diagnostic and prognostic value 

and identify new targets of treatment.  We already identified specific peptide biomarker 

patterns helping in the diagnosis of coronary artery disease,4 asymptomatic LV diastolic 

(LVDD5,6) and systolic (LVSD7) dysfunction.  The present study aimed to extend the find-

ings5-7 of these case-control5,7 and cross-sectional6 studies and to investigate whether 

the urinary proteomic signature might predict progression from asymptomatic LV dysfunc-

tion to overt symptomatic HF.   

Methods 

Study Participants

For discovery of the urinary biomarkers, we investigated 95 patients enrolled in the Gen-

eration Scotland: Scottish Family Health Study (GS),8 who had either HF at baseline 

(n=57) or progressed to HF during follow-up (n=38) and 192 sex- and age-matched 

healthy controls selected from the same cohort.  For validation, we studied 175 patients 

with asymptomatic diastolic LV dysfunction at baseline enrolled in the Flemish study on 

Environment, Genes and Health Outcomes (FLEMENGHO5,6), of whom over a 4.8-year 
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period 17 developed HF during follow-up.  The diagnosis of HF was ascertained against 

the records held by general practitioners or hospitals in the catchment area of the FLE-

MENGHO study.9  Both GS (ethical approval registration number, 10/S1402/20) and 

FLEMENGHO (ML4804) complied with the Helsinki declaration for research in humans10 

and received ethical approval.  Permission for health record linkage in GS was obtained 

from the Privacy Advisory Committee of NHS National Services Scotland.  The FLE-

MENGHO database is registered with the Belgian Privacy Commission 

(www.privacycommission.be).  All participants gave informed written consent.   

Definition of LV Dysfunction 

In the GS study,8 HF was an ICD-coded admission to the hospital for symptomatic HF.  In 

FLEMENGHO,5,6 the diagnosis of subclinical LVDD relied on echocardiography.  To as-

certain the absence of symptoms, participants completed the London School of Hygiene 

questionnaires on cardiovascular and respiratory symptoms.11  As described else-

where,12 guideline-driven echocardiographic criteria to stage patients with advanced di-

astolic LV dysfunction leave a large proportion of people unclassified in population stud-

ies.  We therefore developed age-specific criteria in a healthy reference sample drawn 

from FLEMENGHO12 and replicated these criteria in an independent European popula-

tion study.13  Diastolic LV dysfunction included:12,13 (i) patients with an abnormally low 

age-specific transmitral E/A ratio indicative of impaired relaxation, but without evidence of 

increased LV filling pressures (E/e' ≤8.5); (ii) patients with a mildly-to-moderately elevated 

LV filling pressure (E/e' >8.5) and an E/A ratio within the normal age-specific range; (iii) 

and patients with an elevated E/e' ratio and an abnormally low age-specific E/A ratio 

(combined dysfunction).   
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Proteomic Urine Sample Analysis 

Sample Preparation and CE-MS Analysis 

For proteomic analysis, a 0.7 mL aliquot of stored urine was thawed immediately before 

use and diluted with 0.7 mL of 2 M urea, 10 mM NH4OH containing 0.02% sodium do-

decyl sulphate.  To remove higher molecular mass proteins, such as albumin and immu-

noglobulins, the sample was ultra-filtered using Centrisart ultracentrifugation filter devices 

(20 kDa MWCO; Sartorius, Göttingen, Germany) at 3,000 relative centrifugal force units 

until 1.1 mL of filtrate was obtained.  This filtrate was then applied onto a PD-10 desalting 

column (GE Healthcare, Uppsala, Sweden) equilibrated in 0.01% NH4OH in HPLC-grade 

in H2O (Carl Roth GmbH, Karlsruhe, Germany) to decrease matrix effects by removing 

urea, electrolytes, salts, and to enrich polypeptides.  Finally, all samples were lyophilized, 

stored at 4°C, and suspended in HPLC-grade H2O shortly before CE-MS analyses.14   

CE-MS analyses were performed using a P/ACE MDQ capillary electrophoresis sys-

tem (Beckman Coulter, Fullerton, CA) on-line coupled to a micrOTOF MS (Bruker Dalton-

ics, Bremen, Germany).14,15  The electrospray ionization device (Agilent Technologies, 

Palo Alto, CA) was grounded, and the ion spray interface potential was set between –4 

and –4.5 kV.  Data acquisition and MS acquisition methods were automatically controlled 

by the CE via contact-close-relays.  Spectra were accumulated every 3 seconds, over a 

mass-to-charge ratio (m/z) ranging from 350 to 3000.   
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Quality Control 

Accuracy, precision, selectivity, sensitivity, reproducibility (Figure 1) and stability of the 

CE-MS have been previously published.14,16  Quality control involves daily CE-MS runs 

of human urine standards.16  CE has a high reproducibility with at least 70% of peptide 

recovered compared with only 43% by LC.  To prevent variability due to carry-over effects 

from one to the next run, capillaries are reconditioned between runs (e.g. 1 M NaOH). 

Figure 1 shows proteome coverage of 6 CE-MS runs of human urine standards.   The 

coefficient of variance estimated from over 600 urine samples collected once daily for 

over 3 years was 5.8%.17   

Mass Spectrometric Data Processing 

Mass spectral peaks representing identical molecules at different charge states were de-

convoluted into single masses, using MosaiquesVisu software.18  Only signals with z of 

more than 1 observed in a minimum of three consecutive spectra with a signal-to-noise 

ratio of at least 4 were considered.  Reference signals of 1770 urinary polypeptides were 

used for CE-time calibration by locally weighted regression.  For normalization of analyti-

cal and urine dilution variances, signal intensities were normalized relative to 29 ‘‘house-

keeping’’ peptides.19,20  The obtained peak lists characterize each polypeptide by its mo-

lecular mass, normalized CE migration time and normalized signal intensity.  All detected 

peptides were deposited, matched, and annotated in a Microsoft SQL database, allowing 

further statistical analysis.21  For clustering, peptides in different samples were consid-

ered identical, if mass deviation was less than 50 ppm.  CE migration time was controlled 

to be below 0.35 minutes after calibration.   
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Figure 1  Proteome coverage of 6 CE-MS runs (A–F) of human urine standards.  The molecular 

mass on a logarithmic scale (0.8-20 kDa on the y-axis) was plotted against the normalized CE mi-

gration time (15-45 min on the x-axis).  Peak height and color represent average signal intensity.  

The human urine standard is a urine sample from a randomly selected healthy person that is used 

for quality control (reference 16).   
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Sequencing of Polypeptides 

Heart failure biomarkers were in silico assigned to the previously sequenced peptides 

from Human Urinary Proteome Database, version 2.0.22  Peptides from this database 

were sequenced, as described elsewhere.23,24  Briefly, urinary peptides were fragmented 

using different tandem mass spectrometric techniques with a prior separation step with 

CE or HPLC.  Fragmentation spectra were matched to the protein sequences from up-to-

date public databases (IPI, NCBI Reference Sequence Database and Uniprot), using 

MS/MS search engines MASCOT (Matrix Sciences Ltd., London, UK) and OMSSA (Na-

tional Center for Biotechnology Information, Bethesda, MD).  In matching, we accounted 

for urinary proteins post-translational modifications, such as hydroxylation of lysine and 

proline, and specific MS characteristics.  Peptide sequences from LC-MS analyses were 

verified by the comparison of experimental and theoretical CE migration time, which is 

dependent on the number of basic and neutral polar amino acids.  

Identified HF-specific urinary peptides were combined into a single multidimensional 

classifier called Heart Failure Predictor (HFP), using the support vector machine-based 

MosaCluster software, version 1.7.0.25   MosaCluster calculates classification scores 

based on the amplitudes of the selected biomarkers.  Classification is performed by de-

termining the Euclidian distance (defined as the support-vector machine classification 

score) of the vector to a maximal margin hyperplane.  The parameters for derivation of 

the HFP classifier were 6.4 for C, 0.008192 for gamma, and 0.001 for epsilon.  In sensitiv-

ity analyses, we forced sex and age into the computations of the classification scores.   

Other Measurements

Hypertension was a blood pressure of at least 140 mm Hg systolic or 90 mm Hg diastolic 

or use of antihypertensive drugs.  Venous blood samples were drawn after at least 6 

hours of fasting for measurement of plasma glucose and serum total and high-density 

lipoprotein (HDL) cholesterol and serum creatinine.  We derived the glomerular filtration 
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rate (eGFR) from serum creatinine by the Modification of Diet in Renal Disease (MDRD) 

formula.26  Diabetes mellitus was a self-reported diagnosis, a fasting glucose level of at 

least 7 mmol/L, or use of antidiabetic agents.27  In the GS study,8 NT-proBNP was 

measured using an automated ELISA assay (Roche Diagnostics, Basel, Switzerland) with 

an inter-assay coefficient of variation of less than 3%.  The lower limit of detection was 5 

pg of NT-proBNP per mL.  In the FLEMENGHO study,12,13 NT-proBNP was measured in 

plasma by a competitive enzyme immnunoassay (EIA) for research use (Biomedica 

Gruppe, Vienna, Austria).28  The inter-assay and intra-assay variations were lower than 

15%.  The lower detection limit was 5 pmol of NT-proBNP/L.  The standard range provid-

ed by the manufacturer of the EIA is from 0 to 1000 pmol/l (median, 208 pmol/L; 95% 

percentile, 300 pmol/L)   

Statistical Analysis 

We compared means and proportions characterizing the study participants at baseline by 

Student t-test and Fisher’s exact test, respectively.  We compared urinary peptide levels 

with a detectable signal in at least 30% of participants by the non-parametric Wilcoxon 

rank sum test.  Unadjusted P-values were calculated using the normal approximation of 

the Wilcoxon test statistic.  In the GS study, we applied the Benjamini-Hochberg ap-

proach with the false discovery rate set at 5%.29  We used Cox regression to compute 

hazard ratios and to determine clinical characteristics relevant for progression to overt 

HF.  We identified covariables to be retained by a backward elimination with the P-value 

set at 0.1.  Variables with physiological relevance that were not retained by the stepdown 

procedure were combined in a propensity score30 derived by regressing HFP on covaria-

bles, including sex, body mass index, mean arterial pressure, heart rate, LV mass index, 

treatment with inhibitors of the renin system and use of -blockers.  To account for the 

small sample size in the replication sample (FLEMENGHO5,6), we applied Firth regres-

sion.31  In FLEMENGHO participants,5,6 we evaluated the discriminatory performance of 
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HFP by constructing the Receiver Operating Characteristic (ROC) curve and calculating 

the area under the ROC curve (AUC).   

Results  

Design of HFP in the GS Study 

Cases were 57 patients with overt HF (ICD10 code, I50.1) present at baseline and 38 pa-

tients who over a 5-year follow-up period progressed to symptomatic HF requiring hospi-

talization (median time to event, 2.9 years).  Among cases with incident HF, 19 (50%) had 

elevated levels of NT-proBNP (>125 pg/mL) at baseline.  Controls were 192 sex- and 

age-matched healthy individuals with normal NT-proBNP level (Table 1).  

Impaired renal function is a potential confounder in urinary biomarker discovery.32  We 

therefore excluded the 10 patients with an eGFR of less than 45 ml/min/1.73m2 (stage 3B 

according to the National Kidney Foundation Kidney Disease Outcomes Quality Initiative  

guideline [www.kidney.org]) from biomarker discovery, leaving 49 with overt HF at base-

line and 36 with incident HF.  The total number of detected peptide fragments was 5616, 

but only 1380 (24.6%) with a signal in at least 30% of study participants were analyzed. 

Of these 1380 peptides (Figure 2), 722 were not sequenced and 658 were sequenced. 

The sequenced peptides enabled identification of 157 parent proteins.  Comparison of 

cases and controls with the false discovery rate set at 5% identified 96 potential peptide 

biomarkers, of which 59 were characterized by sequence and post-translational modifica-

tion (Table 2).  The majority of the sequenced peptides originated from the extracellular 

matrix and were fragments of collagen I (n=33), III (n=10) as well as collagen IV, VII and 

IX (each n=1).  Other peptides originated from alpha-1-antitrypsin, fibrinogen alpha (n=2), 

kininogen-1, microtubule-associated protein tau, osteopontin (n=2), plasma protease C1 

inhibitor and serum albumin (Table 2).   
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Table 1  Baseline Characteristics of cases and controls nested in the Generation Scotland 

Study  

Characteristic HF at baseline Incident HF Healthy controls 

Number 57 38 192 

Number of subjects (%) 

Women  18 (31.6) 12 (31.6) 61 (31.3) 

Hypertension  129 (80.7) 26 (68.6) 157 (81.8) 

Diabetes mellitus 9 (15.8) 3 (7.9) 8 (4.2) 

Obesity  23 (41.1) 10 (26.3) 42 (22.0) 

Mean (SD) of characteristic 

Age (y)  69 ± 10* 64 ± 11 64 ± 9 

Body mass index (kg/m2) 29 ± 5* 28 ± 5 27 ± 5 

Waist-to-hip ratio  0.94 ± 0.08* 0.91 ± 0.07 0.91 ± 0.09 

Blood pressure (mm Hg)   

Systolic pressure 136 ± 23 143 ± 21 141 ± 17 

Diastolic pressure   78 ± 13* 81 ± 12* 82 ± 10 

Heart rate (beats per minute) 68 ± 12 70 ± 14 67 ± 11 

Biochemical data  

Serum creatinine (mol/L) 94 ± 28*  85 ± 19*  80 ± 13 

eGFR (mL/min/1.73 m2)  74 ± 22*  80 ± 17*  85 ± 15 

Total cholesterol (mmol/L)  4.3 ± 1.0*  4.9 ± 1.4*  5.2 ± 1.1 

HDL cholesterol (mmol/L)  1.2 ± 0.4* 1.3 ± 0.4*  1.4 ± 0.4 

Plasma glucose (mmol/L)  5.8 ± 2.2*  5.2 ± 1.6*  5.1 ± 1.3 

NT-proBNP (pg/mL)  278 (93–774)* 132 (69–242)* 48 (32–72) 

Abbreviations: HF, heart failure; HDL, high-density lipoprotein; NT-proBNP, N-terminal pro-B-type natriuretic peptide.  
Values are mean (±SD) or geometric mean (interquartile range).  Hypertension was an office blood pressure of ≥140 mm 
Hg systolic, ≥90 mm Hg diastolic, or use of antihypertensive drugs.  Diabetes mellitus was a self-reported diagnosis, a 
fasting glucose level of at least 7 mmol/L, or use of antidiabetic agents.  Obesity was a body mass index of ≥30 kg/m2.   
For NT-proBNP,  values are geometric mean (interquartile range).  An asterisk indicates a difference (P≤0.05) between 
cases and controls.   
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Figure 2   Flow chart illustrating the peptides retained in the generation of HFP.  
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Table 2   Sequenced Peptides Included in the Heart-Failure Specific Peptide Panel in the Generation Scotland Cohort (Starts) 

 ID Sequence Protein name Accession 
number BAS INC Overlap 

107929 DAHKSEVAHRFKDLGEENFKALVL Serum albumin P02768 +28.1 +44.5 

2505 SpGEAGRpG Collagen alpha-1(I) chain P02452 –2.2 –1.3 2 

2659 DDGEAGKpG Collagen alpha-1(I) chain P02452 –2.1 –1.2 2 

5675 DGKTGPpGPA Collagen alpha-1(I) chain P02452 –2.1 –1.2

14906 DGRpGPpGPpG Collagen alpha-1(I) chain P02452 –2.7 –1.4 2 

16779 ApGDRGEpGPP Collagen alpha-1(I) chain P02452 –2.8 1.3 

17694 ApGDRGEpGpP Collagen alpha-1(I) chain P02452 –2.8 –1.3 2 

21365 PpGEAGKpGEQG Collagen alpha-1(I) chain P02452 +1.8 –1.0 2 

23697 DDGEAGKpGRpG Collagen alpha-1(I) chain P02452 –2.1 –1.2 1 

28561 SpGPDGKTGPpGPA Collagen alpha-1(I) chain P02452 –2.9 –1.5 1,2 

30575 SpGSpGPDGKTGPp Collagen alpha-1(I) chain P02452 –3.3 –1.2

32171 ApGDRGEpGPpGPA Collagen alpha-1(I) chain P02452 –1.5 –1.2 1,2 

35339 ApGDRGEpGPpGPAG Collagen alpha-1(I) chain P02452 –1.4 –1.1 1,2 

42594 VGPpGpPGPPGPPGPPS Collagen alpha-1(I) chain P02452 –1.8 –1.2

43442 VGPpGPpGPpGPPGPPS Collagen alpha-1(I) chain P02452 –1.4 –1.1

50638 PpGPpGKNGDDGEAGKP Collagen alpha-1(I) chain P02452 –2.1 +1.1 

51175 EGSpGRDGSpGAKGDRG Collagen alpha-1(I) chain P02452 –2.3 +1.1 

51875 VGPpGPpGPpGPPGPPSAG Collagen alpha-1(I) chain P02452 +1.6 +1.1 

62504 TGPIGPpGPAGApGDKGESGP Collagen alpha-1(I) chain P02452 +2.1 +1.2 

63209 EGSpGRDGSpGAKGDRGET Collagen alpha-1(I) chain P02452 –2.0 –1.1 2 



Table 2  Sequenced Peptides Included in the Heart-Failure Specific Peptide Panel in the Generation Scotland Cohort (Continued) 

 ID Sequence Protein name Accession 
number BAS INC Overlap 

65257 SGEpGApGSKGDTGAKGEpGP Collagen alpha–1(I) chain P02452 +1.7 +3.2 2 

72896 SGEpGApGSKGDTGAKGEpGPVG Collagen alpha–1(I) chain P02452 +1.2 +1.4 

75846 GPpGEAGKpGEQGVpGDLGApGP Collagen alpha–1(I) chain P02452 +1.2 +1.3 

77018 DGQPGAKGEpGDAGAKGDAGPPGp Collagen alpha–1(I) chain P02452 +1.2 +1.4 

78073 AEGSpGRDGSpGAKGDRGETGPA Collagen alpha–1(I) chain P02452 –1.1 –2.1

81457 IGPpGPAGApGDKGESGPSGPAGPTG Collagen alpha–1(I) chain P02452 –1.1 –1.8

82234 IGPpGPAGApGDkGESGPSGPAGPTG Collagen alpha–1(I) chain P02452 –1.2 –2.6

87460 KGNSGEPGApGSKGDTGAKGEPGPVG Collagen alpha–1(I) chain P02452 +1.5 +1.9 

99808 LTGPIGPPGpAGApGDKGESGPSGPAGPTG Collagen alpha–1(I) chain P02452 –1.2 –1.2

118163 LTGSpGSpGpDGKTGPPGPAGQDGRPGPpGppG Collagen alpha–1(I) chain P02452 –1.1 –1.5

36769 DGPpGRDGQpGHKG Collagen alpha–2(I) chain P08123 –1.2 –2.1

48093 GpAGPRGERGPpGESGA Collagen alpha–2(I) chain P08123 +1.2 +2.0 2 

110240 LKGQpGApGVKGEpGApGENGTPGQTGARG Collagen alpha–2(I) chain P08123 +7.7 +2.2 

114086 TGEVGAVGPpGFAGEKGPSGEAGTAGPpGTpGP Collagen alpha–2(I) chain P08123 +1.3 +2.0 

18988 DGESGRpGRpG Collagen alpha–1(III) chain P02461 –1.2 –3.0

28747 SpGERGETGPpGP Collagen alpha–1(III) chain P02461 +1.1 +1.4 1 

30699 DGApGKNGERGGpG Collagen alpha–1(III) chain P02461 –1.0 –2.4 2 

36784 DGVPGKDGPRGPTGP Collagen alpha–1(III) chain P02461 +1.0 +2.0 2 

38798 GLpGTGGPpGENGKpG Collagen alpha–1(III) chain P02461 –1.1 –2.1 2 

49295 ApGGKGDAGApGERGPpG Collagen alpha–1(III) chain P02461 +1.2 +1.8 

61304 GLpGTGGPpGENGKPGEPGp Collagen alpha–1(III) chain P02461 +1.5 +3.6 2 
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Table 2   Sequenced Peptides Included in the Heart–Failure Specific Peptide Panel in the Generation Scotland Cohort (Ends) 

 ID Sequence Protein name Accession 
number BAS INC Overlap 

61945 GLpGTGGPpGENGKpGEPGp Collagen alpha–1(III) chain P02461 +1.6 +2.6 2 

64887 GApGApGGKGDAGApGERGPpG Collagen alpha–1(III) chain P02461 +1.3 +2.4 

107460 KNGETGPQGPPGPTGPGGDKGDTGPpGpQG Collagen alpha–1(III) chain P02461 –1.2 –1.7 1 

84484 pGFPGAQGEPGSQGEpGDpGLpGP Collagen alpha–2(IV) chain P08572 +1.6 +2.8 

30500 GApGLAGpAGpQGpS Collagen alpha–1(VII) chain Q02388–2 +1.7 +2.1 

86029 PpGppGPpGVPGSDGIDGDNGPPGK Collagen alpha–2(IX) chain H0Y409 +1.3 +2.0 

129940 DVGSYQEKVDVVLGPIQLQTPPRREEEPR Deleted in malignant brain tumors 1 protein Q9UGM3 +1.4 +2.0 

98089 DEAGSEADHEGTHSTKRGHAKSRP Fibrinogen alpha chain P02671 +1.6 +2.4 1 

103912 DEAGSEADHEGTHSTKRGHAKSRPV Fibrinogen alpha chain P02671 +1.4 +1.9 

17968 DGGGSPKGDVDP Sodium/potassium–transporting ATPase sub-
unit gamma 

P54710 –1.2 –1.4 2 

13747 ATKTVGSDTF Kininogen–1 P01042–2 1.1 –2.8

67263 GSGGSSYGSGGGSYGSGGGGGGGRG Keratin; type II cytoskeletal 1 P04264 –1.1 –1.6

59368 FGASAGTGDLSDNHDIIS Vesicular integral–membrane protein VIP36 Q12907 1.7 3.0 

73434 KDQGGYTmHQDQEGDTDAG Microtubule–associated protein tau; MAPT P10636 –1.3 –1.7 1 

87692 EDPQGDAAQKTDTSHHDQDHP Short peptide from AAT G3V387 –1.3 –2.1

73015 ELTETGVEAAAASAISVARTL Plasma protease C1 inhibitor P05155 1.9 5.7 

111426 IPVKQADSGSSEEKQLYNKYPDAVAT Osteopontin P10451 1.9 1.5 

118694 IPVKQADSGSSEEKQLYNKYPDAVATW Osteopontin P10451 2.9 7.1 

The analysis of 49 cases with HF at baseline (BAS), 36 cases with incident HF (INC) and 192 controls identified 59 differentially excreted peptides that could be se-
quenced.  The accession number is the identifier in the UniProtKB database (www.uniprot.org).  BAS and INC are fold changes of amplitude comparing heart failure cases 
at baseline (BAS) and incident heart failure at follow-up (INC) to normal controls, respectively.  The differential excretion was computed as (amplitude cases  frequency) / 
(amplitude control  frequency) or as (amplitude controls  frequency) / (amplitude cases  frequency) for upregulated (+) and downregulated (–) proteins in cases vs. con-
trols, respectively.  Amplitude refers to the average mass spectrometric signal and frequency to the number of individuals with a detectable signal.  Overlap refers to the 
peptide fragments also included in the previously published HF1 (1; reference 5) and HFrEF (2; reference 7) classifiers.   
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To reduce overfitting in the support vector machine modelling, for the generation of a 

novel multidimensional classifier for HF, we included all available 95 cases, irrespective 

of their renal function.  The resulting classifier, HFP (threshold level -0.22), allowed cor-

rect discrimination of 57 patients with HF at baseline and 38 patients with incident HF vs. 

192 controls with 100% accuracy upon complete take-one-out cross-validation.  HFP had 

11 (11.5%) peptide fragments in common with the earlier published classifiers HF1 de-

veloped in hypertensive patients with asymptomatic LVDD5,6 and shared 22 (22.9%) pep-

tides with HFrEF103 derived in HF patients with reduced ejection fraction (HFrEF).7  

Twenty-two of these common peptides have a known sequence (Table 2).  Forcing sex 

and age into the computations of the classification scores did not affect the performance 

of HFP.   

Replication of HFP in the FLEMENGHO Study 

The prognostic utility of HFP was assessed in the independent FLEMENGHO cohort by 

applying the classifier onto the proteome profiles of 175 individuals with asymptomatic 

LVDD but without previous coronary events (Table 3).  Median follow-up was 4.7 years 

(interquartile range, 4.5 – 5.1; range, 1.1 – 8.4 years) in 158 patients who did not pro-

gress to HF and 5.0 years (interquartile range, 4.4 – 6.2; range, 3.4 – 7.2) in 17 patients 

who developed overt diastolic HF (P=0.20).  In stepdown Cox regression, age was the 

only covariable retaining significance.  With adjustment for age and the propensity score, 

the hazard ratio for HF associated with HFP in Firth regression was 1.64 (CI, 1.05 to 2.53; 

P=0.029) for a 1-SD increment.  The corresponding hazard ratio for logarithmically trans-

formed NT-proBNP was 0.70 (CI, 0.36 to 1.38; P=0.31).  In similarly adjusted models in-

cluding both biomarkers, the hazard ratios were for were 1.63 (CI, 1.04 to 2.55; P=0.032) 

for HFP and 0.70 (CI, 0.35 to 1.41; P=0.32) for NT-proBNP.   
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Table 3   Baseline Characteristics of Cases and Controls in the FLEMENGHO 

Study 

Characteristic Cases Controls 

Number  17 158 

Number of subjects (%) 

Women  11 (64.7) 90 (57.0) 

Hypertension  13 (76.5) 128 (81.0) 

Diabetes mellitus 3 (17.7) 13 (8.2) 

Obesity  4 (23.5) 52 (32.9) 

Mean (SD) of characteristic 

Age (y)  72 ± 6* 64 ± 13 

Body mass index (kg/m2) 28 ± 4 28 ± 4 

Waist–to–hip ratio  0.89 ± 0.08 0.90 ± 0.08 

Blood pressure (mm Hg)  

Systolic pressure 142 ± 19 143 ± 19 

Diastolic pressure   76 ± 9* 82 ± 10 

Heart rate (beats per minute) 55 ± 11* 63 ± 11 

Biochemical data  

Serum creatinine (mol/L) 85 ± 19  87 ± 21  

eGFR (mL/min/1.73 m2)  71 ± 16  72 ± 14  

Total cholesterol (mmol/L)  5.4 ± 0.8  5.5 ± 1.0  

HDL cholesterol (mmol/L)  1.5 ± 0.3  1.4 ± 0.3  

Plasma glucose (mmol/L)  5.6 ± 1.9  5.2 ± 1.1  

NT–proBNP (pmol/L)  269 (251–432) 245 (166–389) 

Echocardiography data 

LVEF (%)  68 ± 9 70 ± 9 

e’ peak (cm/s) 7.5 ± 1.7 7.7 ± 1.9 

E/e’  9.9 ± 2.6 9.2 ± 2.9 

Abbreviations: HF, heart failure; HDL, high–density lipoprotein; NT–proBNP, N–terminal pro–B–
type natriuretic peptide.  Values are mean (±SD) or geometric mean (interquartile range).  Hy-
pertension was an office blood pressure of ≥140 mm Hg systolic, ≥90 mm Hg diastolic, or use of 
antihypertensive drugs.  Diabetes mellitus was a self–reported diagnosis, a fasting glucose level 
of at least 7 mmol/L, or use of antidiabetic agents.  Obesity was a body mass index of ≥30 
kg/m2.   For NT–proBNP,  values are geometric mean (interquartile range).  An asterisk indi-
cates a difference (P≤0.05) between cases and controls.  
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The AUC for NT-proBNP was 0.57 (95% confidence interval [CI], 0.42 to 0.72; P=0.62). 

For HFP, the AUC was 0.70 (CI, 0.56 to 0.82; P=0.0047; Figure 3).  The performance of 

the classifier made up of only type I collagens fragments (n=33) generated an AUC of 

0.60 (CI, 0.44 to 0.76; P=0.21).  

Figure 3  Receiver operating characteristic curve for the HFP score factors and NT–proBNP val-

ues of the comparison between patients with preclinical left ventricular diastolic dysfunction who 

did and did not progress to overt heart failure in the FLEMENGHO cohort.   
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Discussion 

We identified urinary peptide biomarkers with prognostic value for the progression from 

asymptomatic LV dysfunction to overt HF.  The ensuing multidimensional classifier HFP 

surpassed a research-optimized NT-proBNP assay in the prediction of progression to 

symptomatic HF.  NT-ProBNP, an inactive fragment of the cleaved pro-BNP molecule, is 

the guideline-endorsed state-of-the-art clinical marker to confirm HF diagnosis.33   

From a mechanistic point of view, HFP extensively depicts specific excretory molecu-

lar phenotypic alterations associated with progressive LV dysfunction.  Fragments of fibril-

lar type I and III collagen, important components of the myocardial extracellular matrix,34 

predominantly make up the proteomic urinary signature associated with HF.  These ob-

servations are in line with altered collagen synthesis,35 chemical/enzymatic cross-

linking36 and/or turnover by different proteases35,37 as the mechanisms underlying the 

perturbed LV mechanics and geometry38,39 and progression to HF.40  Renal dysfunction 

secondary to HF,32 might also have contributed to the urinary peptide excretion pattern 

as captured by HFP.   

In addition to collagens, the biomarker pattern included peptide fragments from alpha-

1-antitrypsin and osteopontin, which showed an elevated differential excretion in cases 

(Table 2).  Levels of alpha-1-antitrypsin progressively increase across the New York 

Heart Association classes of HF and correlate with B-type natriuretic peptide (BNP).41  

This might be a compensatory mechanism for the loss of anti-protease activity as a con-

sequence of oxidative stress.  The presence of a kininogen-1 fragment in HFP indicated 

that alterations in kininogen-1 and therefore kinins, its cleavage products, may also be 

relevant for the diagnosis and prediction of HF.  Kinins, such as bradykinin (kallidin-I) and 

lysyl-bradykinin (kallidin-II), are potent vasoactive and inflammatory peptides acting 

through the formation of nitric oxide radicals and prostacyclin.42  Inhibition of kinin degra-

dation by angiotensin-converting enzyme inhibitors increases LV ejection fraction and de-
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creases the LV end-diastolic volume,43 thereby underscoring the relevance of kinins in 

the pathophysiology of HF.  Moreover, in line with the observed increased HF-related ex-

cretion of osteopontin and altered excretion of collagen type I and III, López and cowork-

ers demonstrated that elevated expression of osteopontin in HF patients correlated with 

collagen cross-linking lysyl oxidase and insoluble collagen.44  Combined with NT-proBNP, 

osteopontin improves the diagnosis of acute heart failure and refines risk stratification.45   

Conclusions  

HFP is a novel biomarker derived from the urinary proteome and might serve as a tool to 

improve risk stratification, patient management and understanding of the pathophysiology 

of HF.   While the prognostic utility of HFP has been validated in a fully independent co-

hort, our study must be interpreted within the context of its limitations.  First, the number 

of patients progressing to overt heart failure in the validation cohort was relatively small 

(9.7%), thus limiting the statistical assessment of the prognostic utility.  However, we ap-

plied Firth regression as a bias-corrected approach to conventional Cox regression.  Sec-

ond, we derived HFP from peptides with a detectable signal in at least 30 percent of study 

participants.  Incomplete data might be perceived as a weakness.  However, ignoring bi-

omarkers with missing values waists potentially important information, explaining why in 

proteomic studies missing values of 50% or more are commonly accepted without con-

sensus about the threshold to be applied.  Moreover, the 30% threshold in this article is in 

keeping with our previously published peer-reviewed research.  Third, the fact that not all 

identified polypeptides were sequenced impedes to some extent the insight into the path-

ophysiological mechanisms underlying HF.  Finally, our current study cannot prove the 

origin of the urinary collagen fragments.  However, we are now running proteomics on 

biopsies taken from explanted (diseased) and implanted (healthy) hearts during cardiac 

transplantation surgery in an attempt to prove that the urinary and tissue proteomic signa-

tures are similar (http://erc.europa.eu/projects-and-results/erc-funded-projects/prophet). 
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In spite of these limitations, our study underscores the diagnostic and prognostic power of 

a multidimensional biomarker approach.  Further studies are necessary to reach the high 

level of evidence sufficient to establish HFP as clinically valuable test.   
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ABSTRACT 

CKD273 is a urinary biomarker, which in advanced chronic kidney disease (CKD) predicts 

further deterioration.  We investigated whether CKD273 can also predict a decline of es-

timated glomerular filtration rate (eGFR) to <60 ml/min/1.73 m2. In analyses of 2087 indi-

viduals from six cohorts (46.4% women; 73.5% diabetic patients; mean age, 46.1 years; 

eGFR ≥60ml/min/1.73 m2, 100%; urinary albumin excretion [UAE] ≥20 g/min, 6.2%), we 

accounted for cohort, sex, age, mean arterial pressure, diabetes and eGFR at baseline 

and expressed associations per 1-SD increment in urinary biomarkers.  Over 5 (median) 

follow-up visits, eGFR decreased more with higher baseline CKD273 than UAE (1.64 vs. 

0.82 ml/min/m2; P < 0.0001).  Over 4.6 years (median), 390 participants experienced a 

first renal endpoint (eGFR decrease by ≥10 to <60 ml/min/1.73 m2) and 172 an endpoint 

sustained over follow-up.  The risk of a first and sustained renal endpoint increased with 

UAE (hazard ratio, ≥ 1.23; P ≤ 0.043) and CKD273 (≥ 1.20; P ≤ 0.031).  UAE (≥20 

g/min) and CKD273 (≥0.154) thresholds yielded sensitivity of 30% and 33% and speci-

ficity of 82% and 83% (P ≤ 0.0001 for difference between UAE and CKD273 in proportion 

of correctly classified individuals).  As continuous markers, CKD273 (P = 0.039), but not 

UAE (P = 0.065) increased the integrated discrimination improvement, while both UAE 

and CKD273 improved the net reclassification index (P ≤ 0.0003), except for UAE per 

threshold (P = 0.086).  In conclusion, while accounting for baseline eGFR, albuminuria 

and covariables, CKD273 adds to the prediction of stage-3 CKD, at which point interven-

tion remains an achievable therapeutic target.  

241

CKD273 as predictor of early eGFR decline

241



INTRODUCTION 

Chronic kidney disease (CKD), defined as abnormalities of kidney structure or function 

lasting for over 3 months,1 is a major health problem affecting 10% of the general popula-

tion and thereby decreases the quality of life of millions of people.2-4  Compared with oth-

er chronic age-related illnesses, relatively few clinical trials addressed the prevention of 

progression in CKD patients.5  One of the underlying reasons is the long follow-up re-

quired to reach severe endpoints, such as doubling of serum creatinine6 or a 50% de-

crease in the estimated glomerular filtration rate (eGFR),7 the need for renal replacement 

therapy6,7 or death.6  In 2016, the European Medicines Agency (EMA) proposed that 

primary efficacy endpoints in trials with renal outcomes can be the prevention or delay of 

renal function decline defined as time to or the incidence rate of stage-3 CKD with or 

without albuminuria or proteinuria.8  A recent meta-analysis of 1.7 million subjects 

demonstrated that a 30% reduction in eGFR over 2 years was a predictor of end-stage 

renal disease and death9 and thereby supports the concept of using shorter-term end-

points as proposed by EMA.   

Capillary electrophoresis coupled with high-resolution mass spectrometry (CE-MS) 

enables detection of over 5000 peptide fragments in urine samples.10-12  CKD273 is a 

multidimensional urinary biomarker consisting of 273 peptide fragments,10,13 which in 

patients with advanced CKD predicts further deterioration of renal function.14,15  The 

Food and Drug Administration (FDA) recently encouraged further studies of CKD273 as a 

tool for the diagnosis and risk prediction in CKD.13  In keeping with the EMA recommen-

dation8 and the FDA statement,13 the objective of our current study was to investigate 

whether CKD273 also predicts the incidence of eGFR to less than 60 ml/min/1.73 m2, at 

which point intervention16 is still an option before structural alterations associated with 

higher stages of CKD render stopping or reversing the disease processes difficult, if not 

impossible.   
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METHODS 

Participants 

The Human Urine Proteome Database available at Mosaiques Diagnostics (Hannover, 

Germany)17 includes anonymised clinical information of participants enrolled in several 

studies as well as urinary proteomic signatures, including CKD273.  These studies com-

ply with the declaration of Helsinki18 and received ethical approval from the competent 

institutional review board.  All participants gave informed written consent.  The Ethics 

Committee of the University of Glasgow authorised the current analysis (approval number 

3115-2016).  To be eligible for analysis, the following criteria had to be fulfilled: (i) eGFR 

at baseline of 60 ml/min/1.73 m2 or higher; (ii) repeat assessment of eGFR during a fol-

low-up of at least 2 years; (iii) and information available on clinically relevant covariables, 

including sex, age, systolic and diastolic blood pressure, serum creatinine and albuminu-

ria.   

The number of participants in the Human Urine Proteome Database complying with 

the aforementioned eligibility criteria totalled 2087.  Participants were: (i) patients enrolled 

in the Diabetes Retinopathy Candesartan Trials in type-1 (DIRECT1; n = 740)19 and 

type-2 (DIRECT2 (n = 618)20 diabetic patients; (ii) type-2 diabetic patients recruited into a 

Dutch study (PREDICTIONS)21 aiming at identifying disease-pathway specific bi-

omarkers (n = 96), (iii) and diabetic patients recruited at clinics in Australia (n = 47)22 and 

Hannover, Germany (n = 22).16  The remaining 564 analysed individuals were enrolled in 

the Flemish Study on Environment, Genes and Health Outcomes (FLEMENGHO).23   

Assessment of renal function 

eGFR was calculated from serum creatinine by the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equation.24  The primary renal endpoint was a decrease in 

eGFR from baseline to follow-up by at least 10 ml/min/1.73 m2 to less than 60 

ml/min/1.73 m2.  A sustained renal endpoint required that the impairment of glomerular 

function was maintained for at least 3 months with no increase above 60 ml/min/1.73 m2 
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at any time during further follow-up.  eGFR categories, defined according to the National 

Kidney Foundation Kidney Disease Outcomes Quality Initiative (KDOQI) guideline,25 

were eGFR ≥90, 89–60, 59–45, 44–30, 29–15, and <15 mL/min/1.73m2 for stages 1, 2, 

3A, 3B, 4 and 5, respectively.  In keeping with the suggestion to use declines in eGFR 

smaller than those associated with a doubling of serum creatinine,9 in a sensitivity analy-

sis, we redefined the renal endpoint as a decrease in eGFR by 30% or more over 2 years. 

To harmonise baseline albuminuria across cohorts, we expressed UAE in g/min. 

This involved a conversion from milligram per 24 hours in FLEMENGHO23 and a conver-

sion from milligram per litre in PREDICTIONS (n = 96) and in the Australian22 (n = 47) 

and German16 (n = 22) patients assuming a diuresis of 1500 ml per day.  The cut-off 

threshold for UAE was 20 g/min, approximately corresponding to a 24-h albuminuria of 

30 mg.26 

Measurements of CKD273 

Detailed information about urine sample preparation, proteome analysis by capillary-

electrophoresis on-line coupled to electrospray micro time-of-flight mass spectrometry, 

data processing and sequencing is available in previous publications.27,28  CKD273, 

measured at baseline, is a multidimensional classifier based on 273 urinary peptides de-

rived by support vector machine modelling.10,13  For normalisation of analytical and urine 

dilution variances, the mass spectrometric signals were normalised, using 29 internal 

standard peptides present in at least 90% of all urine samples with small relative SD.29  

Previous studies11,30 proposed cut-off thresholds for CKD273 of 0.154 and 0.343 to pre-

dict early and advanced CKD.  

Statistical analyses 

For database management and statistical analysis, we used the SAS system, version 9.4 

(SAS Institute Inc., Cary, NC).  Means were compared using the large-sample z-test and 

proportions by Fisher’s exact test.  We rank normalised the distributions of albuminuria by 
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sorting measurements from the smallest to the highest and then applying the inverse cu-

mulative normal function.31   

Changes in eGFR during follow-up as predicted by baseline UAE and CKD273 were 

assessed from mixed models adjusted for sex, age, mean arterial pressure, i.e. diastolic 

blood pressure plus one third of the difference between systolic and diastolic blood pres-

sure, and history of diabetes mellitus (0,1).  These mixed models accounted for the vary-

ing number of follow-up eGFR measurements and clustering of the observations within 

individuals and study centres.  In exploratory analyses, we assessed the cumulative inci-

dence of the primary (first) renal endpoint by quartiles of the distributions of UAE and 

CKD273, while stratifying for centre and adjusting for baseline eGFR, sex, age, mean ar-

terial pressure and history of diabetes mellitus.  Next, we used similarly adjusted propor-

tional hazard regression to model time to the first and sustained renal endpoints.  For the 

calculation of relative risk in the sensitivity analysis, we applied logistic regression.   

We assessed the added value of UAE and CKD273 to predict study endpoints from 

nested Cox models and the log likelihood ratio test and from the integrated discrimination 

improvement (IDI) and the net reclassification improvement (NRI),32  IDI is the difference 

between the discrimination slopes of the basic model and the basic model extended with 

the biomarker.  The discrimination slope is the difference in predicted probabilities (%) 

between subjects with and without endpoint.  To calculate NRI,  we predicted in each par-

ticipant the 5-year risk of a renal event from a Cox model with and without the bi-

omarker.32  If P(up/event) is the percentage of subjects with events whose predicted prob-

ability is increased by adding the biomarker to the model and if P(up/nonevent) is the per-

centage of subjects without events whose predicted probability is increased, then NRI 

equals 2  (P[up/event] – P[up/nonevent]).   

Finally, we assessed the performance of published thresholds of UAE26 and 

CKD27311,30 from two-by-two tables and applied McNemar test for the pairwise compari-

son of proportions.  Running a published SAS macro33 over our current data, we deter-
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mined thresholds for UAE and CKD273 yielding a specificity of 90% and we compared 

the sensitivity of the so derived UAE and CKD273 thresholds.   

RESULTS 

Baseline characteristics of participants 

The whole study group (n = 2087) included 968 women (46.4%), 1533 (73.5%) patients 

with diabetes mellitus and 388 (18.6%) with hypertension.  At baseline, 1959 participants 

(93.9%) and 1824 (87.4%) did not exceed the thresholds for albuminuria (urinary albumin 

excretion rate [UAE] ≥20 g/min) or a CKD273 signal indicative of CKD (≥0.154), respec-

tively.  Mean values in the whole study population were 46.1 ± 15.2 years for age, 125.9 ± 

14.7 mm Hg and 76.9 ± 8.2 mm Hg for systolic and diastolic blood pressure, 87.5 ± 12.4 

mol/L for serum creatinine, and 81.0 ± 13.0 ml/min/1.73 m2 for eGFR.  Progressors ex-

perienced a decrease in eGFR during follow-up of at least 10 ml/min/1.73 m2 to less than 

60 ml/min/1.73 m2.  Progressors compared with non-progressors (Table 1) were older (P

< 0.0001), had higher systolic and mean arterial blood pressure (P < 0.0001), higher uri-

nary albumin excretion rate (P < 0.0001) and stronger CKD273 signal intensity (P < 

0.0001), but had lower eGFR (P < 0.0001).  
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Table 1   Baseline characteristics of participants by renal function

Characteristic Progressors Non-progressors 

Number of participants (%) 

All participants in category  390 1697 

Women  236 (60.5)‡ 732 (43.1) 

Diabetes mellitus   358 (91.8)‡ 1175 (69.2) 

Hypertension  110 (28.2)‡ 278 (16.4) 

UAE ≥20 g/min  40 (10.3)† 89 (5.2) 

CDK273 signal  ≥0.154 and <0.343 34 (8.7)* 99 (5.8) 

CKD273 signal ≥0.343  54 (13.8)‡ 76 (4.5) 

Mean of characteristic 

Age (years)  55.2 ± 11.7‡  44.0 ± 15.0  

Systolic pressure (mm Hg)  131.4 ± 14.8‡  124.7 ± 14.4  

Diastolic pressure (mm Hg )  77.3 ± 7.5  76.8 ± 8.3  

Mean arterial pressure (mm Hg)  95.4 ± 8.8‡  92.7 ± 9.2  

Serum creatinine (mol/L)  87.5 ± 12.4  88.4 ± 12.4  

eGFR (mL/min/1.73 m2)  73.0 ± 9.93‡  82.8 ± 12.9  

Urinary albumin excretion (g/min)* 6.76 (3.50 to 9.51)‡ 5.24 (3.12 to 7.08) 

CKD273  –0.17 ± 0.43‡ –0.40 ± 0.41

Follow up (years)  4.73 (4.22–4.94)‡ 4.50 (4.16–5.11) 

eGFR data points  6 (5–6)‡  5 (2–6)  

Averages are arithmetic mean ± SD or geometric mean (interquartile range).  Estimated glomeru-
lar filtration rate (eGFR) was derived from serum creatinine by the Chronic Kidney Disease Epi-
demiology Collaboration formula.  UAE, urinary albumin excretion rate; CKD273, urinary proteomic 
biomarker.  Progressors had a eGFR decrease by at least 10 ml/min/1.73 m2 to less than 60 
ml/min/1.73 m2.  Significance of the difference between progressors and non-progressors: * P ≤ 
0.05; † P ≤ 0.001; ‡ P ≤ 0.0001.  
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Change in eGFR 

The median number of eGFR data points was 6 (interquartile range [IQR]), 5–6) in pro-

gressors and 5 (IQR, 2–6) in non-progressors.  From baseline to last follow-up, the annu-

al decrease in eGFR averaged 3.97 ml/min/m2 (95% confidence interval [CI], 3.62 to 

4.29) in progressors and 1.27 ml/min/m2 (CI, 1.07 to 1.49) in non-progressors.  In repeat-

ed measures analyses of all participants covering the whole follow-up, we stratified for 

centre and adjusted estimates for baseline eGFR, sex, age, mean arterial pressure, histo-

ry of diabetes mellitus and follow-up duration and we expressed effect sizes per 1-SD in-

crement in the urinary biomarkers.  In models including a single marker, eGFR decreased 

by 1.20 ml/min/m2 (CI, 1.00 to 1.40; P < 0.0001) in relation to UAE and by 1.84 ml/min/m2 

(CI, 1.64 to 2.04; P < 0.0001) in relation to CKD273.  In models including both bi-

omarkers, the decline in eGFR averaged 1.64 ml/min/m2 (CI, 1.43 to 1.84; P < 0.0001) for 

CKD273 and 0.82 ml/min/m2 (CI, 0.62 to 1.02; P < 0.0001) for UAE (P for difference be-

tween the two markers <0.0001).   

Baseline UAE and CKD273 as continuous predictors 

Over a median follow-up of 4.6 years (IQR, 4.1 to 5.1; 5th to 95th percentile interval, 2.1 

to 5.7), the 2087 participants experienced 390 primary renal endpoints at a rate of 43.2 

per 1000 person-years (CI, 41.1 to 43.3).  After excluding 564 participants with only a 

single follow-up eGFR assessment, 172 sustained renal endpoints occurred at a rate of 

26.5 (CI, 26.4 to 26.6) per 1000 person-years.  Among 390 patients with a primary renal 

endpoint, at the end of follow-up, 340 had progressed to stage 3A, 44 to stage 3B, 4 to 

stage 4 and 2 to stage 5.  While accounting for centre, sex, age, mean arterial pressure, 

the presence of diabetes mellitus, and baseline eGFR, the cumulative incidence of the 

first (primary) endpoint did not show a coherent gradient across quartiles of the UAE dis-

tribution, with the incidence for the low-medium quartile running above that of the medi-
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um-high group.  In contrast, the cumulative incidence of a first renal endpoint consistently 

increased from the lowest to highest quartile of CKD273 (Figure 1).  

Figure 1   Cumulative incidence of a first renal endpoint by quartiles of the distributions of microal-

buminuria (UAE [A]) and CKD273 (B).  Midpoints of the quartiles (Q1, Q2, Q3 and Q4) were 2.0, 

3.5, 6.0 and 13.0 g/min for UAE and -0.81, -0.52, -0.25 and 0.16 for CKD273.  Incidence rates 

were adjusted for centre, sex, age, mean arterial pressure, presence of diabetes mellitus and 

baseline eGFR.  The cumulative incidence of the first (primary) endpoint did not show a consistent 

gradient across quartiles of the UAE distribution, whereas the cumulative incidence of a first renal 

endpoint consistently increased from the lowest to highest quartile of CKD273.  For UAE, the Q2 

line runs above the Q3 line, whereas for CKD273 the four lines run according to the order of the 

quartiles.   
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Next we modelled the risk associated with eGFR, UAE and CKD273, analysed as con-

tinuous variables.  We expressed the risk per 1-SD increment in the biomarkers (Table 2). 

All models accounted for study centre, sex, age, mean arterial pressure and the presence 

of diabetes mellitus.  If we introduced eGFR, UAE and CKD273 as single predictors in the 

multivariable-adjusted models, the hazard ratios for the first renal endpoint were 0.71 (P < 

0.0001) for eGFR, 1.29 (P = 0.0002) for UAE and 1.29 (P < 0.0001) for CKD273; the cor-

responding point estimates for a sustained renal endpoint were 0.38 (P < 0.0001), 1.19 (P

= 0.096) and 1.18 (P = 0.050), respectively.  In models additionally accounting for base-

line eGFR, the hazard ratios for a first renal endpoint associated with UAE and CKD273 

were 1.31 (P < 0.0001) and 1.30 (P < 0.0001), and for a sustained renal endpoint 1.25 (P

= 0.027) and 1.21 (P = 0.020), respectively.  The 2 statistics of the log likelihood ratios 

(Table 3) confirmed that CKD273 improved the model fit over and beyond baseline eGFR 

for the first (P < 0.0001) and sustained (P ≤ 0.049) renal endpoints, whereas UAE did so 

for the first renal endpoint (P ≤ 0.0002), but required the presence in the model of eGFR 

to reach significance for the sustained renal endpoint (P = 0.027).  Similarly, in models 

already including baseline eGFR and UAE (Tables 2 and 3), introducing CKD273 im-

proved the model fit (P ≤ 0.030) yielding a hazard ratios of 1.28 (P < 0.0001) and 1.20 (P

= 0.031) for the first and sustained renal outcomes, respectively.  Figure 2 shows the 5-

year absolute risk of the renal endpoints in relation to UAE (Figure 2A and 2C) at different 

levels of CKD273 and vice versa.  It illustrates that in fully adjusted models both UAE and 

CKD273 predicted first and sustained renal outcomes (P ≤ 0.028).  As continuous varia-

bles (Table 4), CKD273 (P = 0.039), but not UAE (P = 0.065), improved the integrated 

discrimination improvement (IDI), while both markers increased the net reclassification 

index (NRI; P ≤ 0.0003).  
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Table 2   Multivariable-adjusted hazard ratios predicting progression of chronic kidney 

disease 

Models 

First renal endpoint 
(390 vs. 1697)  

Sustained renal endpoint 
(172 vs. 1351)  

Hazard ratio P Hazard ratio P  

Single-biomarker models 

Baseline eGFR 0.71 (0.61 to 0.84)  <0.0001 0.38 (0.29 to 0.52)  <0.0001 

UAE  1.29 (1.13 to 1.47) 0.0002 1.19 (0.97 to 1.45) 0.096 

CKD273  1.29 (1.15 to 1.44)  <0.0001 1.18 (1.00 to 1.40) 0.050 

Two-biomarker models 

Baseline eGFR 0.70 (0.60 to 0.83)  <0.0001 0.37 (0.27 to 0.50)  <0.0001 

UAE  1.31 (1.14 to 1.50)  <0.0001 1.25 (1.03 to 1.53) 0.027 

Baseline eGFR 0.71 (0.61 to 0.83)  <0.0001 0.38 (0.28 to 0.51)  <0.0001 

CKD273 1.30 (1.16 to 1.45)  <0.0001 1.21 (1.03 to 1.43) 0.020 

Three-biomarker model 

Baseline eGFR 0.50 (0.60 to 0.82)  <0.0001 0.37 (0.27 to 0.50)  <0.0001 

UAE  1.27 (1.11 to 1.46) 0.0004 1.23 (1.01 to 1.51) 0.043 

CKD273  1.28 (1.14 to 1.43)  <0.0001 1.20 (1.02 to 1.42) 0.031 

Abbreviations: eGFR, estimated glomerular filtration rate derived from serum creatinine by the Chronic Kid-
ney Disease Epidemiology Collaboration formula; UAE, urinary albumin excretion rate; CKD273, urinary pro-
teomic biomarker.  Hazard ratios express the increase in risk associated with a 1 SD-increases in the base-
line biomarkers: 13.1 ml/min/1.73 m2 for eGFR, 1.00 for UAE, and 0.41 for CKD273.  Associations were 
stratified by centre and accounted for sex, age, mean arterial pressure and prevalence of diabetes at base-
line.  564 participants had only one eGFR follow-up measurement and were not included in the analysis of 
sustained incidence.   
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Table 3   Predictive value of nested Cox regression models 

Model 

  (variables included) 

First renal endpoint 
Sustained renal 

endpoint  

2 P 2 P 

Basic model (sex, age, MAP, DM) 

+ Baseline eGFR 17.8 <0.0001 46.6 <0.0001 

+ UAE   13.6 0.0002 2.79 0.094 

+ CKD273  19.4 <0.0001 3.88 0.049 

Basic model (sex, age, MAP, DM, eGFR) 

+ UAE  15.4 <0.0001 4.90 0.027 

+ CKD273 20.7 <0.0001 5.48 0.019 

Basic model (sex, age, MAP, DM, eGFR, UAE ) 

+ CKD273 17.8 <0.0001 4.70 0.030 

Abbreviations: MAP, mean arterial pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate derived from 
serum creatinine by the Chronic Kidney Disease Epidemiology Collaboration formula; UAE, urinary albumin excretion rate; 
CKD273, urinary proteomic biomarker.  2 is the test statistic for the log likelihood ratio with 1 degree of freedom.  All basic 
Cox models were stratified by study centre.  P-values are for the improvement of the fit across nested models.   



Figure 2   Five-year absolute risk of a first (A, C) or sustained (B, D) renal endpoint in relation to 

microalbuminuria (UAE) at different levels of CKD273 (A, B) and in relation to CKD273 at different 

levels of UAE (C, D).  The analyses accounted for centre, sex, age, mean arterial pressure, pres-

ence of diabetes and estimated glomerular filtration rate at baseline.  In A and B, risk functions 

span the 5th to 95th percentile interval of UAE and lines represent quartiles of the CKD273 distri-

bution.  In C and D, risk functions span the 5th to 95th percentile interval of CKD273 and lines rep-

resent quartiles of the UAE distribution.  Midpoints of the quartiles (Q1, Q2, Q3 and Q4) were 2.0, 

3.5, 6.0 and 13.0 g/min for UAE and -0.81, -0.52, -0.25 and 0.16 for CKD273.  P-values are for 

the independent effect of UAE (PUAE) and CDK273 (PCKD).  np and ne indicate the number of par-

ticipants at risk and the number of renal endpoints, respectively.   
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Table 4   Integrated discrimination improvement and net reclassification improvement by adding CKD273 to the basic 

model including covariables 

Biomarkers 

 (threshold) 

Integrated Discrimination Improvement Net Reclassification Improvement 

IDI (%) CI (%) P NRI (%) CI (%) P 

UAE continuous 0.69 –0.04 to 1.41 0.065 20.1 9.14 to 31.1 0.0003 

UAE (20 g/min ) 0.50 –0.17 to 1.18 0.14 8.22 –1.16 to 17.6 0.086 

CKD273 continuous 0.86 0.04 to 1.68 0.039 25.8 14.9 to 36.8 <0.0001 

CKD273 (0.154) 0.34 –0.21 to 0.88 0.23 23.3 14.5 to 32.1 <0.0001 

CKD273 (0.343) 0.57 –0.08 to 1.23 0.085 17.9 10.8 to 25.1 <0.0001 

The basic reference models were stratified by study centre and included sex, age, mean arterial pressure, eGFR and prevalence of diabetes at 
baseline as covariables.  The integrated discrimination improvement (IDI) is the difference between the discrimination slopes of basic models 
and basic models extended with CKD273.  The discrimination slope is the difference in predicted probabilities (%) between cases and controls.  
Controls are participants without incident chronic kidney disease.  The net reclassification improvement (NRI) is the sum of the percentages of 
subjects reclassified correctly in cases and controls.  All estimates are provided with 95% confidence interval (CI).   

254254



Baseline UAE and CKD273 as categorical predictors 

In the next step of our analysis, we evaluated established thresholds of UAE26 and 

CKD27311,30 as predictors of CKD progression.  In all participants (Table 5), the UAE cut-

off of 20 g/min and the CKD273 thresholds of 0.154 and 0.343 yielded a sensitivity of 

30%, 33% and 42% and a specificity of 82%, 83% and 83%, respectively.  The corre-

sponding proportions in diabetic patients were 8%, 23%, 13% for sensitivity and 93%, 

86% and 94% for specificity (Table 5).  In all participants and in diabetic patients, differ-

ences between the UAE threshold and both CKD273 thresholds in the proportion of cor-

rectly vs. incorrectly classified individuals were significant (P < 0.0001).  With specificity 

set at 90%, thresholds derived from the current dataset were 14 g/min for UAE and 

0.163 for CKD273.  The sensitivity of these thresholds was lower for UAE than for 

CKD273 (15.6% vs. 20.8%; P = 0.004).  Assessed per threshold, no marker improved IDI, 

but CKD273 (P < 0.0001), not UAE (P = 0.086) enhanced NRI.  

Sensitivity analysis 

In a sensitivity analysis, we applied a decline in eGFR by 30% or more over 2 years as 

the renal endpoint.9 There were 33 cases among 2087 participants at risk.  After stratifi-

cation by centre and while accounting for sex, age, mean arterial pressure, prevalence of 

diabetes, we constructed the three-biomarker model as in Table 2.  In this model, the 

odds ratios were 2.03 (CI, 1.36 to 3.03; P = 0.0005) for UAE and 1.83 (1.22 to 2.74; P = 

0.0033) for CKD273.  In all participants, the UAE cut-off of 20 g/min and the CKD273 

thresholds of 0.154 and 0.343 yielded a sensitivity of 45%, 46% and 42% and a specifici-

ty of 95%, 88% and 94%, respectively.   
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Table 5   Classification parameters by categories of UAE and CKD273 at baseline 

Biomarkers 

 (threshold) 

Correctly classified Incorrectly classified Classification parameters 

Progressor 
Non-

progressor 
Progressor 

Non-
progressor 

Sensitivity 
(%) 

Specificity 
(%) 

Positive 
predictive 
value (%) 

Negative 
predictive 
value (%) 

All participants 

UAE (20 g/min) 38 1607 352 90 10 95 30 82 

CKD273 (0.154)  88 1522 302 175 23 90 33 83 

CKD273 (0.343)  54 1621 336 76 14 96 42 83 

Diabetic patients 

UAE (20 g/min) 30 1097 328 78 8 93 28 77 

CKD273 (0.154)  82 1014 276 161 23 86 34 79 

CKD (0.343)  48 1103 310 72 13 94 40 78 

Abbreviation: UAE, urinary albumin excretion rate; CKD273, urinary proteomic biomarker.  



DISCUSSION 

In keeping with research priorities endorsed by EMA8 and FDA,13 we investigated wheth-

er CKD273 can predict decline of eGFR below 60 ml/min/1.73 m2.  The key findings of 

our current study can be summarised as follows: (i) per 1-SD increment in the urinary 

markers, eGFR decreased 0.82 ml/min/m2 more with baseline CKD273 than with base-

line UAE; (ii) the risk of a first and a sustained renal endpoint increased with UAE and 

CKD273; (iii) using published thresholds,11,26,30 the sensitivity of both markers was low 

with a specificity of approximately 90%, but the proportion of correctly classified individu-

als was higher for CKD273 than UAE; (iv) there was agreement between the CKD273 

thresholds for early CKD published before in diabetic patients (0.154)11,30 and derived 

from the current data (0.163); (v) and CKD273 continuous, but not UAE continuous in-

creased IDI, while both markers continuous and CKD273 also per threshold improved 

NRI.  The IDI and NRI indices provide complementary information.  Indeed, if adding a 

biomarker to a model increases the predicted probability in cases, this is reflected by a 

significant increase in IDI, as was the case for CKD273 continuous (Table 4).  NRI indi-

cates the extent by which a biomarker improves diagnostic accuracy, which in the current 

analyses amounted to 20.1% and 8.22% for UAE continuous and per threshold and to 

25.8%, 23.3% and 17.9% for CKD273 continuous and per 0.154 and 0.343 threshold. 

Expert statisticians suggested that IDI and NRI have limitations.34  They recommended 

retaining existing descriptive terms, such as the true-positive and false-positive classifica-

tion rates (Table 5) and to test the null hypothesis of no prediction increment from mod-

elled regression coefficients (Table 2 and Figure 2).  In our current analyses, we imple-

mented these different approaches.34  Whatever method used, CKD273 provided a 

meaningful improvement in risk stratification.   

While adjusting for covariables and baseline eGFR, our study suggest that CKD273, 

independent from UAE, predicts decline in glomerular filtration and progression to stage-3 
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CKD.  The clinical relevance of our observations pertains to the clinical management of 

patients and the design of intervention trials in patients at risk of CKD.  Intentionally, our 

current study recruited participants with a eGFR of 60 ml/min/1.73 m2 or higher and im-

plemented eGFR <60 ml/min/1.73 m2 as primary endpoint.  At this relatively early phase, 

interventions aimed at reversing or stopping the disease process before irreversible renal 

anatomical disruption occurs, remains a potentially achievable therapeutic target.35  

Timely intervention would substantially increase the quality of life of patients, while reduc-

ing health care costs.  For instance, type-2 diabetes currently accounts for 15% of the 

health care budget in Europe.36  Preventing or delaying the complications of diabetic 

nephropathy might reduce health care costs six fold.36  From the view point of clinical trial 

design, measuring CKD273 will help in selecting patient at risk of progressive CKD for 

enrolment in intervention studies, thereby reducing the number of patients to be random-

ised and curtailing the follow-up duration required to achieve an intermediate endpoint, 

e.g. CKD stage-3 as recommended by EMA.8  This approach is presently being imple-

mented in the multicentre double-blind placebo-controlled PRIORITY trial (proteomic pre-

diction and renin angiotensin aldosterone system inhibition prevention of early diabetic 

nephropathy in type-2 diabetic patients with normal albumin excretion).30   

Renal interstitial fibrosis is a universal predictor of the decline in renal function37 and is 

characterised by exaggerated deposition of extracellular matrix by an expanding popula-

tion of fibroblasts and myofibroblasts.38  Consistent with the pathophysiology of 

CKD,37,38 the majority of peptide fragments included in CKD273 are dysregulated colla-

gen fragments.  Examining the top 20 sequenced peptide fragments with a differential 

signal amplitude between progressors and non-progressors, revealed that 15 were frag-

ments of collagen I or III, which were all downregulated in cases (Table S1).  Higher lev-

els of tissue inhibitor of matrix metalloproteinase type-1, as observed in patients with re-

nal dysfunction,39 might inhibit the breakdown of collagen.  This process might be further 

enhanced by increased crosslinking of collagen, inhibiting physiological degradation of 
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collagen by matrix metalloproteases.40  In addition, four fibrinogen fragments were up-

regulated.  Fibrinogen plays a role in the pathogenesis of fibrotic disorders by acting as a 

profibrotic ligand for a variety of cellular surface receptors.  In a mouse model of renal 

interstitial fibrosis induced by obstruction of the ureter,41,42 pharmacological or genetic 

depletion of fibrinogen protected the kidneys against fibrosis.  In selected patients with 

hypertensive nephropathy, the urinary excretion of the fibrinogen  chain was 15-fold ele-

vated compared with healthy controls and associated with a rapid decline in renal function 

(6.7 ml/min/1.73 m2/year).43  Of particular interest among the sequenced peptides (Table 

S1) is a fragment of the mucin-1 subunit α, an extracellular protein that is shed from renal 

tubular epithelium and, which as reported in this journal,44 is a strong predictor of renal 

dysfunction.  

Our current study must also be interpreted within the context of its limitations.  First, in 

line with EMA recommendations,8 we chose as primary renal endpoint a decrease in 

eGFR from baseline to follow-up by at least 10 ml/min/1.73 m2 to less than 60 

ml/min/1.73 m2.  This endpoint has not yet been firmly validated in terms of adverse 

health outcomes.  However, a sensitivity analysis based on a decrease in eGFR by 30% 

or more over 2 years9 confirmed the predictive value of CKD273.  This relatively small 

decline in eGFR is a strong predictor of progression to end-stage renal disease and mor-

tality.9  Second, selection of individuals with a eGFR of 60 ml/min/1.73 m2 or higher re-

sulted in a prevalence of albuminuria (≥20 g/min)26 of only 6.2%.  Our current results 

can therefore not be extrapolated to patients with albuminuria or proteinuria.  Third, the 

participants available for analysis from the Human Urine Proteome Database17 were en-

rolled in studies with different design, including two randomised clinical trials,19,20 one 

population study23 and three smaller subgroups of diabetic patients recruited in Western 

Europe16,21 and Australia.22  While heterogeneity might be considered as a limitation, it 

might also facilitate generalisability.  Fourth, in 564 participants only a single follow-up 

measurement of eGFR was available.  However, results involving first and sustained re-
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nal endpoints were consistent (Tables 2 and 3).  Finally, to compute albuminuria, we had 

to assume a urinary volume of 1500 ml per day in 165 participants (7.9%).  However, ex-

cluding these participants did not materially alter our results.   

In conclusion, CKD273 adds to the prediction of stage-3 CKD, at which intervention 

remains an achievable therapeutic target.  Our study confirms a CKD273 threshold of 

0.154 for clinical application.  Nevertheless, future translation of our current results into 

widespread day-to-day practice will be challenging.13,45  Urinary proteomic analysis is 

complex, requires expertise only available in few centres46,47 and for now remains costly 

compared with other diagnostic test employed in the management of patients at risk or 

having CKD.  However, a recent health-economic assessment48 indicated that the appli-

cation of CKD273 in type-2 diabetic patients is cost efffective.  Future trials involving 

CKD273 should demonstrate the exact magnitude of the cost-benefit ratio supporting im-

plementation of CKD273 in clinical practice. In addition, CKD273 is a biomarker reflecting 

the pathophysiology of CKD and is thereby generating insights into potentially effective 

pharmacological approaches to manage this high-risk condition affecting millions of peo-

ple worldwide.2-4   
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Table S1   Top 20 peptide fragments predictive of eGFR decline below 60 ml/min/1.73 m2

Sequence of the peptide Protein  
abbreviation Protein name

Protein 
accession 
number 

Start 
amino-acid 

Stop 
amino-acid P 

Fold-change 
compared 

with 
non-cases 

LGPHAGDVEGHLS COL1A1 Collagen alpha-1(I) chain P02452 273 299 7.49012E-30 0.64 

GANGApGNDGAKGDAGApGApGSQGApG FGA Fibrinogen alpha chain P02671 607 622 5.6245E-29 1.98 

DKGETGEQGDRG COL3A1 Collagen alpha-1(III) chain P02461 642 663 9.17272E-26 0.66 

DDGEAGKPGRpGERGPpGp COL1A1 Collagen alpha-1(I) chain P02452 819 846 2.76131E-25 0.63 

PpGADGQPGAKGEpGDAGAKGDAGpPGPAGPAGPPGPIG COL1A1 Collagen alpha-1(I) chain P02452 816 854 3.37757E-25 0.54 

LDGAKGDAGpAGPKGEpGSpGENGApG FGA Fibrinogen alpha chain P02671 608 622 5.7148E-25 1.72 

GpQGVRGEpGPPGPAGAAGpAGNPG COL1A1 Collagen alpha-1(I) chain P02452 769 794 2.54559E-23 0.60 

ESGREGApGAEGSpGRDGSpGAKGDRGETGPA COL1A1 Collagen alpha-1(I) chain P02452 588 624 9.00437E-23 0.59 

LTGSpGSpGpDGKTGPPGPAGQDGRPGPpGppG COL1A1 Collagen alpha-1(I) chain P02452 562 572 1.73392E-21 0.57 

SpGPDGKTGPpGPA COL3A1 Collagen alpha-1(III) chain P02461 463 489 3.42672E-21 0.60 

SGPPGRAGEPGLQGPAGPpGEKGEPGDDGpSGAEGPpGPQG FGA Fibrinogen alpha chain P02671 609 622 4.83297E-21 1.85 

NTGApGSPGVSGPKGDAGQpGEKGSpGAQGpPGAPGPLG COL1A1 Collagen alpha-1(I) chain P02452 273 299 4.50753E-20 0.69 

SpGERGETGPp COL1A2 Collagen alpha-2(I) chain P08123 824 865 5.12192E-19 0.57 

RTGEVGAVGpPGFAGEKGPSGEAGTAGPPGTpGpQG COL1A1 Collagen alpha-1(I) chain P02452 698 725 7.75283E-18 0.67 

DQGPVGRTGEVGAVGPpGFAGEKGPSGEAGTAGPpGTpGPQG COL1A1 Collagen alpha-1(I) chain P02452 818 846 5.32675E-17 0.65 

GNEGpSGPPGpAGSPGERGAAGSGGPIGpPG COL1A1 Collagen alpha-1(I) chain P02452 229 251 1.74873E-16 0.68 

DEAGSEADHEGTHSTKRG COL1A1 Collagen alpha-1(I) chain P02452 1021 1039 3.19918E-16 0.69 

EEAPSLRPAPPPISGGGY COL1A1 Collagen alpha-1(I) chain P02452 819 843 1.4192E-13 0.70 

TSFSTIIWSSTPTI FGB Fibrinogen beta chain P02675 54 71 1.4192E-13 1.46 

EETEDANEEAPLRDRSH MUC1 Mucin-1 subunit alpha P15941 1003 1011 2.2905E-12 1.46 

The accession number is the identifier in the UniProtKB database (www.uniprot.org).  The differential excretion was computed as (amplitude cases  frequency) / (amplitude 
control  frequency) or as (amplitude controls  frequency) / (amplitude cases  frequency) for upregulated (+) and downregulated (–) proteins in cases vs. controls, respec-
tively.  P-values with Benjamini-Hochberg  correction for multiple testing applied  were derived by the Wilcoxon test.  

http://www.uniprot.org/


Table S2   Baseline characteristics of analysed participants enrolled in six studies 

Characteristic DIRECT1 DIRECT2 PREDICTIONS Australia Hannover FLEMENGHO 

Nº  740 618 96 47 22 564 

Study design  RCT RCT Cohort Cohort Cohort Cohort 

Participants  DM1 DM2 DM2 DM2 DM2 Population 

Women, %  44.1 48.7 28.1 57.5 50.0 48.9 

Hypertension, %  0 33 46 0 27 24 

Use of antihypertensive drugs 

RAAS inhibitors, % 50 50 22 53 … 7 

Other drug classes, %  0 62  41  … … 15 

Age (years)  31.6 ± 8.34 56.4 ± 7.28  65.1 ± 8.65  59.6 ± 10.4 45.0 ± 9.49 49.4 ± 14.0  

Systolic pressure, mm Hg  117.5 ± 9.3 133.0 ± 13.5 137.0 ± 18.4 125.5 ± 3.4 126.5± 17.0 127.3 ± 15.8 

Diastolic pressure, mm Hg 73.7 ± 6.6 78.1 ± 7.1  76.7 ± 9.6  77.0 ± 1.9 76.9 ± 10.8 79.7 ± 9.6  

eGFR (mL/min/1.73 m2)  86.4 ± 13.5 75.0 ± 9.93  72.7 ± 7.70  72.6 ± 9.16 83.0 ± 7.09 82.5 ± 12.7  

UAE (g/min)  5.01 (3.50–7.00)  5.55 (3.50–8.50)  30.1 (10.4–67.6)  11.0 (6.35–14.6)  85.1 (30.2-260)  3.92 (2.81–4.93) 

Follow-up (years)  4.67 (4.24–5.15) 4.61 (4.15–4.72) 2.89 (2.25–4.17) 5.83 (3.82–8.42) 4.06 (3.86–5.92) 4.84 (4.42–5.16) 

N° indicates number of participants extracted from Human Urine Proteome Database available at Mosaiques Diagnostics.  RCT refers to the Diabetes Retinopa-
thy Candesartan Trials in type-1 (DIRECT1) and type-2 (DIRECT2) diabetic patients.  Hypertension was a blood pressure of ≥140 mm Hg systolic or ≥90 mm Hg 
diastolic, irrespective of treatment status.  Abbreviations: RAAS inhibitors: inhibitors of the renin-angiotensin system (angiotensin-converting enzyme inhibitors or 
angiotensin receptor blockers); eGFR, estimated glomerular filtration rate derived from serum creatinine by the Chronic Kidney Disease Epidemiology Collabora-
tion formula; UAE: urinary albumin excretion rate; and DM1, DM2: type-1, type-2 diabetes mellitus.  Values are geometric mean (interquartile range) for UAE, me-
dian (interquartile range) for follow-up duration and mean ± SD for the other characteristics .  An ellipsis indicates that the information was unavailable.   
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Abstract

Current knowledge on the pathogenesis of diastolic heart failure predominantly rests on 

case-control studies involving symptomatic patients with preserved ejection fraction and 

relying on invasive diagnostic procedures including endomyocardial biopsy.  Our objec-

tive was to gain insight in serum and urinary biomarkers reflecting collagen turnover and 

associated with asymptomatic diastolic LV dysfunction.  We randomly recruited 782 Flem-

ish (51.3% women; 50.5 years).  We assessed diastolic LV function from the early and 

late diastolic peak velocities of the transmitral blood flow and of the mitral annulus.  By 

sequencing urinary peptides, we identified 70 urinary collagen fragments.  In serum, we 

measured carboxyterminal propeptide of procollagen type 1 (PICP) as marker of collagen 

I synthesis and tissue inhibitor of matrix metalloproteinase type 1 (TIMP-1), an inhibitor of 

collagen-degrading enzymes.  In multivariable-adjusted analyses with Bonferroni correc-

tion, we expressed effect sizes per 1-SD in urinary collagen I (uCI) or collagen III (uCIII) 

fragments.  In relation to uCI fragments, e’ decreased by 0.183 cm/s (95% confidence 

interval, 0.017 to 0.350; p=0.025), whereas E/e’ increased by 0.210 (0.067 to 0.353; 

p=0.0012).  E/e’ decreased with uCIII by 0.168 (0.021 to 0.316; p=0.018).  Based on age-

specific echocardiographic criteria, 182 participants (23.3%) had subclinical diastolic LV 

dysfunction.  Partial least squares discriminant analysis contrasting normal vs. diastolic 

LV dysfunction confirmed the aforementioned associations with the uCI and uCIII frag-

ments.  PICP and TIMP-1 increased in relation to uCI (p<0.0001), whereas these serum 

markers decreased with uCIII (p≤0.0006).  Diastolic LV dysfunction was associated with 

higher levels of TIMP-1 (653 vs. 696 ng/mL; p=0.013).  In a general population, the non-

invasively assessed diastolic LV function correlated inversely with uCI and serum markers 

of collagen I deposition, but positively with uCIII.  These observations generalise previous 

studies in patients to randomly recruited people, in whom diastolic LV function ranged 

from normal to subclinical impairment, but did not encompass overt diastolic heart failure.  
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Introduction

Diastolic heart failure, also known as heart failure with preserved ejection fraction 

(HFpEF) represents half of all heart failure cases.  It has a prognosis as dire as heart fail-

ure with reduced ejection fraction with a rate of cardiovascular mortality of over 30% with-

in one year of the first hospital admission.  In patients with diastolic heart failure, the left 

ventricular (LV) wall undergoes fibrosis characterised by increased interstitial deposition 

[1] and cross-linking of collagen I at the detriment of collagen III [2,3].  Small increases in 

the collagen I/III ratio augment myocardial stiffness, thereby reducing early diastolic LV 

filling and increasing LV filling pressure [4,5].  However, information on the asymptomatic 

phases of the disease remains scarce.  This knowledge gap is particularly relevant, be-

cause the prevalence of asymptomatic diastolic LV dysfunction in the general population 

is as high as 25%[6] with a 10% risk of deterioration over 5 years [7].  

Capillary electrophoresis coupled with high-resolution mass spectrometry (CE-MS) 

enables detection of over 5000 distinct peptide fragments in urine samples [8].  Our pre-

vious studies revealed a unique urinary proteomic signature, which in case-control stud-

ies [9] and in the general population [10] was reproducibly associated with subclinical di-

astolic LV dysfunction and which predicted the incidence of adverse cardiovascular out-

comes over and beyond traditional cardiovascular risk factors [11].  We hypothesised that 

jointly linking diastolic LV dysfunction to urinary and serum markers of collagen turnover 

might increase our understanding of LV dysfunction.  With the aim to generalise observa-

tions in patients with diastolic heart failure [2–5] to the early still asymptomatic stage of 

the disease in the population at large, we analysed the Flemish Study on Environment, 

Genes and Health Outcomes (FLEMENGHO) [10].  First, we searched for association of 

diastolic LV function with individual urinary peptides with known amino-acid sequence, 

thereby identifying collagen types as the parent proteins.  Next, we correlated single uri-

nary peptides significantly associated with diastolic LV function with circulating markers of 
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cardiac collagen turnover, which in previous studies [5,12] predicted mortality and cardio-

vascular events.  

Materials and Methods 

Study population 

FLEMENGHO complies with the Helsinki declaration [13] for research in human subjects. 

The  Ethics Committee of the University of Leuven approved the study [10].  At each con-

tact, participants gave informed written consent.  Recruitment for FLEMENGHO started in 

1985 [10,14–17]. From August 1985 until November 1990, a random sample of the 

households living in a geographically defined area of Northern Belgium was investigated 

with the goal to recruit an equal number of participants in each of six subgroups by sex 

and age (20-39, 40-59, and ≥60 years).  All household members with a minimum age of 

20 years were invited to take part, provided that the quota of their sex-age group had not 

yet been satisfied. From June 1996 until January 2004 recruitment of families continued 

using the former participants (1985−1990) as index persons and also including teenag-

ers. The initial participation rate was 78·0%.  The participants were repeatedly followed 

up at the field centre in the catchment area (North Limburg, Belgium).  From May 2005 

until May 2010, an invitation letter was mailed to 1208 former participants for a follow-up 

examination.  However, 153 were unavailable, because they had died (n = 26), had been 

institutionalised or were too ill (n = 27), or had moved out of the area (n = 100).  Of the 

remaining 1055 former participants, 828 renewed informed consent [10].  The participa-

tion rate at re-examination was 78.5%.  We excluded 46 participants from analysis, be-

cause serum samples were unavailable (n = 22), or because arrhythmia (n = 8), paced 

heart rhythm (n = 3) or poor echocardiographic image quality (n = 13) rendered assess-

ment of diastolic LV function difficult.  Thus, the number of participants statistically ana-

lysed totalled 782.  
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Echocardiography

The acquisition, offline analysis, staging of diastolic LV function and quality control are 

extensively described in previous publications [6,7,18] and summarised below.   

Data acquisition

One observer (TKu) did the ultrasound examination [6], using a Vivid7 Pro (GE Vingmed, 

Horten, Norway) device interfaced with a 2.5- to 3.5-MHz  phased-array probe.  For off-

line analysis, she recorded at least five heart cycles according to the recommendations of 

the American Society of Echocardiography [19].  M-mode echocardiograms of the left 

ventricle (LV) were recorded from the parasternal long-axis under control of the two-

dimensional image.  The ultrasound beam was positioned just below the mitral valve at 

the level of the posterior tendinous chords.  To record the mitral and pulmonary vein (PV) 

flow velocities from the apical window, the observer positioned the Doppler sample vol-

ume at the mitral valve tips, in the right superior PV, and between the LV outflow and mi-

tral inflow, respectively.  From the apical window, the observer placed a 5-mm Doppler 

sample at the septal, lateral, inferior and posterior sites of the mitral annulus to record 

low-velocity, high-intensity myocardial signals at a high frame rate (>190 frames per sec-

ond), while ensuring parallel alignment of the ultrasound beam with the myocardial seg-

ment of interest.   

Off-line analysis

One reader (TKu) analysed the digitally stored images, averaging three heart cycles, us-

ing a workstation running EchoPac software, version 4.0.4 (GE Vingmed, Horten, Nor-

way).  LV internal diameter and interventricular septal and posterior wall thickness were 

measured at end-diastole from the 2-dimensionally guided M-mode tracing.  When opti-

mal orientation of M-mode ultrasound beam could not be obtained, the reader performed 

linear measurements on correctly oriented 2-dimensional images.  End-diastolic LV di-

mensions were used to calculate LV mass [19].  Left atrial (LA) volume was calculated 
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using the prolate-elipsoid method from the LA dimensions in three orthogonal planes and 

indexed to body surface area [19].  From the transmitral flow signal, the reader deter-

mined peak early diastolic velocity (E), peak late diastolic velocity (A), the E/A ratio, and 

the transmitral A flow duration.  From the PV flow signal, she measured the duration of 

PV reversal flow during atrial systole.  From the tissue Doppler recordings, the observer 

measured peak early (e') and peak late (a') diastolic mitral annular velocities, and the e'/a' 

ratio at the four acquisition sites (septal, lateral, inferior, and posterior).   

Staging of diastolic LV function

S1 Table summarises the physiological interpretation of the echocardiographic measure-

ments reflecting diastolic LV function.  As shown in Fig 1, guideline-driven echocardio-

graphic criteria to stage patients with advanced diastolic LV dysfunction [20] leave a large 

proportion of people unclassified in population studies [6,21].  We therefore developed 

age-specific criteria in a healthy reference sample drawn from FLEMENGHO [6] and rep-

licated these criteria in a European population study [21].  To stage diastolic LV function 

in our current study, as previously described [6,21], we combined the velocities of the 

transmitral blood flow and the mitral annular movement.  Group 1 included patients with 

an abnormally low age-specific transmitral E/A ratio indicative of impaired relaxation, but 

without evidence of increased LV filling pressures (E/e' ≤ 8.5).  Group 2 had mildly-to-

moderately elevated LV filling pressure (E/e' > 8.5) and an E/A ratio within the normal 

age-specific range.  Differences in durations between the transmitral A flow (Ad) and the 

reverse flow in the pulmonary veins (ARd) during atrial systole (Ad < ARd + 10) and the 

left atrial volume index (≥ 29 mL/m2; the 97.5th percentile of the distribution in a reference 

sample of 239 healthy FLEMENGHO participants [6]) were checked to confirm elevation 

of LV filling pressure (S1 Table).  Group 3 had an elevated E/e' ratio and an abnormally 

low age-specific E/A ratio (combined dysfunction).  We combined these three groups for 

analysis.
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Quality control

Intra-observer reproducibility was the 2-SD interval about the mean of the relative differ-

ences across pairwise readings.  The intra-observer reproducibility for the tissue Doppler 

peak velocities across the four sampling sites ranged from 4.5% to 5.3% for e’ and from 

4.0% to 4.5% for a’ [6].  Reproducibility was 2.2% for internal end-diastolic LV diameter, 

4.6% for LV wall thickness, and  4.3% for LV mass [18].    

Urinary peptides 

Participants collected 24-h urine samples within one week of the echocardiographic ex-

aminations.  Aliquots (0.7 mL) were stored at –80 °C and thawed immediately before 

analysis.  Previous publications provide a detailed account of the methods applied for 

preparation of the urine samples and running the CE-MS analysis [22,23].  For targeted 

sequencing, urine samples were analysed on a Dionex Ultimate 3000 RSLS nano flow 

system (Dionex, Camberly, UK) or on a Beckman CE, coupled to an Orbitrap Velos MS 

instrument (Thermo Scientific, Waltham, Massachusetts, US) [24].  The data files were 

analysed using Proteome Discoverer 1.2 (precursor mass tolerance, 10 ppm; fragment 

mass tolerance, 0.05 Da) and were searched against the UniProt human non-redundant 

database without enzyme specificity.  No fixed modifications were selected.  Oxidation of 

methionine and proline were considered as variable modifications.  The criteria for ac-

cepting sequences were high confidence (Xcorr ≥ 1.9) and absence of unmodified cyste-

ine.  A strong correlation between peptide charge at the working pH of 2 and capillary 

electrophoresis migration time was used to avoid falsely characterised peptides [25].  

We identified 88 sequenced peptides with mean signal amplitude different from unde-

tectable in over 95% of participants.  Proteomics and peptidomics data usually display 

missing values, which result from either the absence of a particular peptide in certain da-

tasets or from the fact that this particular peptide may be below of the limit of detection of 

the technological platform.  For the current analysis, the values of peptides undetectable 
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in less than 5% of randomly varying study participants were set to the minimum of the 

distribution of each sequenced peptide.  This strategy has been validated by other re-

search groups [26,27].  Furthermore, the cardiac extracellular matrix (ECM) is predomi-

nantly composed of fibrillar collagen I (85%) and III (11%) and small amounts of colla-

gen IV and V co-distributed with collagen I.  We therefore confined our analyses to 70 

urinary peptide fragments, which could be traced back to the aforementioned collagen 

types (S2 Table).   

Circulating biomarkers

On the day of echocardiography, venous blood samples were drawn after at least 8 hours 

of fasting.  Serum was analysed for carboxyterminal propeptide of procollagen I (PICP), a 

marker of collagen I synthesis; carboxyterminal telopeptide of collagen I (CITP) and tis-

sue inhibitor of the matrix metalloproteinase type 1 (TIMP-1) as markers of degradation of 

collagen I; and amino terminal propeptide of procollagen type III (PIIINP), a marker of 

synthesis and degradation of collagen III (S2 Fig).  Serum markers were measured in 740 

of 782 participants (94.6%).  As described previously [3], PICP (Quidel Corporation, San 

Diego, CA), TIMP-1 (GE Healthcare Life Sciences, Buckinghamshire, UK) and PIIINP 

(MyBioSource, San Diego, CA) were quantified by sandwich enzyme linked immuno-

sorbent assay and CITP by a quantitative enzyme immunoassay (Orion Diagnostica, Es-

poo, Finland).  The detection limits were 0.2 g/L for PICP (inter- and intra-assay coeffi-

cients of variability, 6.4% and 4.5%), 0.3 g/L for CITP (13.1% and 10.0%), 1.25 ng/mL 

for TIMP-1 (12.8% and 2.6%), and  31.3 pg/mL for PIIINP (<15.0%) [3].   

Other measurements 

Blood pressure was the average of five consecutive auscultatory readings obtained ac-

cording to European guidelines [28] with a standard mercury sphygmomanometer with 

the participant resting in the seated position for at least 10 minutes.  Hypertension was a 
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blood pressure of at least 140 mm Hg systolic or 90 mm Hg diastolic or use of antihyper-

tensive drugs.  Body mass index was weight in kilograms divided by height in meters 

squared.  Plasma glucose and serum total and high-density lipoprotein (HDL) cholesterol, 

creatinine, -glutamyltransferase (biomarker of alcohol intake) and insulin were measured 

by automated methods in a single certified laboratory.  Glomerular filtration rate was de-

rived by the Chronic Kidney Disease Epidemiology Collaboration equation [29].  We 

graded chronic kidney disease according to the National Kidney Foundation K/DOQI 

guideline [30] into stages 1, 2, 3A, 3B, 4 and 5 based on eGFR values of ≥90, 60–89, 45–

59, 30–44, 15–29 and <15 mL/min/1.73 m2.  Diabetes mellitus was a self-reported diag-

nosis, a fasting glucose level of 7 mmol/L or higher, or use of antidiabetic agents [31].   

Statistical Analysis 

For database management and statistical analysis, we used the SAS system, version 9.4 

(SAS Institute Inc., Cary, NC).  Means were compared using the large-sample z-test and 

proportions by Fisher’s exact test.  We normalised the distributions of 

-glutamyltransferase, insulin and PIIINP by a logarithmic transformation.   

We identified covariables to be retained in the analyses by a stepwise regression pro-

cedure with p-values for covariables to enter and stay in the models set at 0.15.  In con-

tinuous analyses, we standardised diastolic LV function for the average in the whole 

study population (mean or ratio) of the covariables identified by stepwise regression. 

While accounting for covariables, we regressed the indexes of diastolic LV function on the 

urinary peptide markers and constructed –log10 probability plots.  Based on the number 

of parent collagen proteins (types I, III, IV and V), we adjusted significance levels by the 

Bonferroni method.  In the next step of our analyses, we applied partial least squares dis-

criminant analysis (PLS-DA). PLS-DA is a statistical technique that constructs predictive 

models for categorical outcomes in relation to correlated high dimensional predictors. 

PLS-DA allowed us to identify a set of independent latent factors that were linear combi-
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nations of the urinary peptides and that maximised the covariance between the urinary 

peptides and the variables describing diastolic LV function.  We studied normal vs. dias-

tolic dysfunction in relation to the latent factors.  We retained the smallest number of la-

tent factors for which the predicted residual sums of squares (PRESS, calculated using 

leave-one-out cross-validation) did not differ significantly (p>0.10) from the model with the 

minimum PRESS value as assessed by the van der Voet T2 statistic.  The importance of 

each urinary peptide in the construction of the PLS factors and in the association of dias-

tolic function was assessed from the Variable Importance in Projection (VIP) scores of 

Wold.  Using principal component analysis, we summarized the urinary peptides with a 

VIP score higher than 1.0 and a correlation coefficient of less than –0.04 or higher than 

0.04 into a single factor.  Finally, we constructed Receiver Operating Characteristic 

(ROC) plots and evaluated the area under the ROC curve (AUC).  

Results

Characteristics of participants

Of 782 participants, 401 (51.3%) were women.  All were White Europeans.  Mean values 

(SD) in the 782 participants were 50.5 (15.5) years for age, 26.4 (4.2) kg/m2 for body 

mass index, 129.1 (17.5) mm Hg and 79.6 (9.5) mm Hg for systolic and diastolic blood 

pressure, and 5.25 (0.97) mmol/L for total cholesterol.  Among all participants, 327 

(41.8%) had hypertension, of whom 199 (60.9%) were on antihypertensive drug treat-

ment, and 9 (1.2%) had diabetes.   

The prevalence of diastolic LV dysfunction amounted to 182 (23.3%).  Two partici-

pants had tricuspid regurgitation and 10 had an E/e’ ratio exceeding 14.  Among partici-

pants with normal or impaired diastolic LV function only two and seven had an ejection 

fraction of less than 50%.  There was no difference in the ejection fraction between these 

two groups (68.2 vs. 69.0%, p=0.29).  Table 1 shows that cardiovascular risk factors were 
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more prevalent or elevated in participants with diastolic dysfunction compared with those 

with normal LV function, with exception of the proportion of women, smokers and patients 

with diabetes.  Fig 1 shows the distributions of echocardiographic indexes, e’ and E/e’. 

Diastolic LV dysfunction was characterised by impaired relaxation in 68 patients (37.4%) 

or an elevated filling pressure in the presence of a normal (90 [49.5 %]) or low (24 

[13.2%]) age-specific E/A ratio [6,21].  The echocardiographic characteristics of partici-

pants by these categories of diastolic LV function appear in Table 2.  Compared with par-

ticipants with normal LV function, patients with diastolic LV dysfunction more frequently 

(p≤0.003) used medications: any diuretic (5.3% vs. 25.3%), loop diuretics (0.2% vs. 

2.2%), spironolactone (1.0% vs. 7.7%), -blockers (9.0% vs. 36.3%), angiotensin-

converting enzyme inhibitors (3.0% vs. 9.3%), angiotensin I type-1 receptor blockers 

(2.2% vs. 10.4%) and vasodilators including calcium-channel blockers and -blockers 

(2.8% vs. 11.0%).  

S3 Table lists the covariables considered for entry and retained for multivariable ad-

justment of diastolic LV function.  Based on the results of the stepwise regression analy-

sis, we standardised all echocardiographic indexes of diastolic function for sex, age, body 

mass index, mean arterial pressure, heart rate, serum total cholesterol, 

−glutamyltransferase and creatinine, plasma glucose, LV mass index and treatment with 

diuretics, −blockers and inhibitors of the renin-angiotensin system.   
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Table 1   Characteristics of 782 Participants by Category of the Diastolic LV Function 

Characteristic Normal Dysfunction  p 

Number in category  600 182 
Number of subjects (%) 

Women  298 (49.7) 103 (56.6) 0.10 
Smokers  129 (21.5) 29 (15.9) 0.10 
Drinking alcohol 435 (72.5) 107 (58.8) 0.0004 
Hypertension  180 (30.0) 147 (80.8) <0.0001 

Antihypertensive treatment 97 (53.9) 102 (69.4) <0.0001 
Diabetes mellitus  4 (0.7) 5 (2.8) 0.10 

Mean (SD) of characteristic 
Age (years)  46.4 (13.8) 64.2 (12.7) <0.0001 
Body mass index (kg/m2)  25.8 (4.0) 28.6 (4.4) <0.0001 
Waist-to-hip ratio  0.86 (0.08) 0.90 (0.08) <0.0001 
Office blood pressure (mmHg)  

Systolic pressure   125.1 (15.2) 142.2 (18.2) <0.0001 
Diastolic pressure   79.0 (9.3) 81.5 (10.1) 0.0021 
Mean arterial pressure 94.3 (10.2) 101.7 (10.3) <0.0001 

Heart rate (beats per minute) 60.3 (9.2) 62.1 (11.2) 0.053 
Biochemical data  

Serum creatinine (mol/L)  82.5 (13.5) 86.9 (20.2) 0.0072 
eGFR (mL/min/1.73 m2)  83.2 (16.1) 72.4 (14.6) <0.0001 
Total cholesterol (mmol/L)   5.17 (0.96) 5.51 (0.98) <0.0001 
HDL cholesterol (mmol/L)   1.44 (0.35) 1.38 (0.35) 0.059 
Total-to-HDL cholesterol ratio   3.75 (1.01) 4.17 (1.05) <0.0001 
Plasma glucose (mmol/L)   4.84 (0.55) 5.25 (1.25) <0.0001 
-Glutamyltransferase (units/L) 22 (12–53) 26 (13–51) 0.013 
Insulin (pmol/L)  31.0 (13.9–69.5)  40.9 (21.0–89.6) <0.0001 

eGFR indicates estimated glomerular filtration rate derived by the Chronic Kidney Disease Epidemiology 
Collaboration equation formula.  Office blood pressure was the average of five consecutive readings.  Hy-
pertension was an office blood pressure of ≥140 mmHg systolic, or ≥90 mm Hg diastolic, or use of antihy-
pertensive drugs.  For −glutamyltransferase and insulin reported values are geometric means (interquar-
tile range).  Diabetes mellitus was a self-reported diagnosis, a fasting glucose level of ≥7 mmol/L, or use 
of antidiabetic agents.   
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Fig 1. Distributions of: (A) the peak velocity of the mitral annular movement during early diastole (e’); (B) the ratio of the peak velocities of 

transmitral blood flow to mitral annular movement in early diastole; and (C) the left atrial volume index (LAVI).  In line with the US guideline (J 

Am Soc Echocardiogr 2016;29:277-314), e’ was measured at septal wall in panel A, but was the average of the septal and lateral sample sites 

in panel B.  Arrows indicate the cut-off values for diastolic LV dysfunction recommended for clinical use in patients with advanced diastolic dys-

function. 



Table 2   Echocardiographic measurements by category of diastolic LV 

function 

Characteristic 
Normal 
(n=600) 

Dysfunction 
(n=182)  

Conventional echocardiography 

Left atrial volume, mL  40.9 (12.5) 49.3 (15.4)*  

Left atrial volume index, mL/m2   21.8 (5.51) 26.7 (7.59)*  

Left ventricular mass, g  165.5 (44.7) 194.3 (55.7)* 

Left ventricular mass index, g/m2 88.4 (19.0) 104.9 (25.7)* 

Doppler data  

Deceleration time, ms  159.8 (30.6) 189.2 (45.2)* 

Isovolumetric relaxation time, ms 94.7 (14.1) 106.8 (18.0)* 

E peak, cm/s   77.7 (14.9) 69.0 (17.3)*  

A peak, cm/s  59.1 (13.9) 82.1 (15.8)*  

E/A ratio  1.40 (0.46) 0.86 (0.25)*  

e’ peak, cm/s   12.6 (3.26) 7.77 (1.89)*  

a’ peak, cm/s  9.75 (2.07) 11.1 (1.94)*  

e’/a’ ratio  1.42 (0.65) 0.73 (0.26)*  

E/e’ ratio  6.38 (1.33) 9.26 (2.78)*  

An asterisk indicates a significant difference with normal.  
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Urinary biomarkers

In general, urinary peptides derived from collagen I correlated with one another.  For in-

stance, the correlation coefficients relating p70635 to the other collagen I fragments 

ranged from 0.14 to 0.30 (p<0.0001 for all).  The correlation between the two collagen III 

fragments, p107460 and p112106, was 0.19 (p<0.0001).  There was a weak inverse cor-

relation (r =–0.10; p=0.0054) between p70635 (collagen I fragment) and p107460 (colla-

gen III fragment).   

Among all 782 participants, eGFR averaged 80.7 (16.4) mL/min/1.73 m2.  The preva-

lence of renal function stages 1, 2, 3A, 3B, 4 and 5 amounted to 175 (22.4%), 552 

(70.8%), 49 (6.3%), 5 (0.6%), 1 (0.1%) and 0, respectively.  With adjustments applied for 

mean arterial pressure, waist-to-hip ratio, smoking, -glutamyltransferase, the total-to-

HDL cholesterol ratio, plasma glucose, and use of antihypertensive medications by drug 

class, none of the associations of eGFR with the urinary collagen fragments reached sig-

nificance (p≥0.082).  

Continuous analysis 

S1 Fig. shows the –log10(p) probability plot of the multivariable-adjusted associations of 

various indexes of diastolic LV function with the urinary peptides.  With Bonferroni correc-

tion applied, the urinary peptides that remained significantly associated with the Doppler 

indexes of diastolic LV function included six fragments of collagen I (p70635, p72896, 

p73697, p77018, p77952 and p115491) and two fragments of collagen III (p107460 and 

p112106).  Focusing on collagen I (Table 3), e’ peak velocity and the e’/a’ ratio decreased 

respectively with p70635 (effect size per 1-SD increment, –0.183; p=0.025) and p77952 

(–0.041; p=0.006), whereas the E/e’ ratio increased with p72896 (0.164; p=0.020), 

p77018 (0.210; p=0.0012) and p115491 (0.162; p=0.019).  The a’ peak velocity declined 

with p72896 (–0.192; p=0.0024) and p73697 (–0.160; p=0.016).  In relation to collagen III 

fragments, A peak velocity (–1.450; p=0.0024) and the E/e’ ratio (–0.168; p=0.018) de-
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clined with p107460 and the A peak also with p112106 (–1.334; p=0.006).  Sensitivity 

analyses with additional adjustment for HDL cholesterol and insulin produced confirmato-

ry results (Table 3).  None of the indexes of diastolic LV function was significantly associ-

ated with the sequenced collagen IV or V fragments (S2 Table).  

Categorical analysis

We dichotomised the study population in 600 participants with normal LV function and 

182 with diastolic LV dysfunction.  The PLS-DA procedure yielded two latent factors ac-

counting for 10.2% and 6.3% of the variance in the urinary peptides and 16.5% in total.   

Using a VIP score of 1.5 and a correlation coefficient of –0.04 as cut-offs, normal diastolic 

LV function (Fig 2, left top side of the V-plot) was associated with the collagen I fragments 

p35339, p57531, and p91542.  Using a VIP score of 1.5 and a correlation coefficient of 

0.04 as cut-offs, diastolic dysfunction (Fig 2, right top side of the V-plot) was associated 

with collagen I fragment p77763, collagen III fragments p50840 and p105352, and colla-

gen V fragment p104786.  p77763 is a collagen I fragment with an amino-acid sequence 

very similar to p77018 (one proline residue being replaced by hydroxyproline; S2 Table), 

which was related to the indexes of diastolic LV function in the continuous analyses (Ta-

ble 3 and S1 Fig).  In general, the sequences of collagen I fragments associated with 

normal diastolic function were shorter than those associated with dysfunction (S2 Table). 

The level of the collagen I fragment p77018 was higher in patients with diastolic LV dys-

function than in participants with normal diastolic function, whereas the opposite was true 

for the collagen III fragment p107460 (Table 4).   
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Table 3   Multivariable-adjusted associations of tissue Doppler indexes with urinary peptides 

Urinary peptides (SD) 
Collagen 

Type 

Model 1 

p  

Model 2 

p  
Estimate  

(95% Confidence Interval) 

Estimate  

(95% Confidence Interval) 

A peak 

p107460 (863)  III –1.450 (–2.502 to –0.398) 0.0024 –1.453 (–2.507 to –0.398) 0.0024 

p112106 (3149) III –1.334 (–2.378 to –0.289) 0.006 –1.349 (–2.401 to –0.296) 0.0056 

e’ peak 

p70635 (728) I –0.183 (–0.350 to –0.017) 0.025 –0.170 (–0.335 to –0.005) 0.041 

a’ peak 

p72896 (389) I –0.192 (–0.330 to –0.053) 0.0024 –0.193 (–0.332 to –0.055) 0.002 

p73697 (521) I –0.160 (–0.298 to –0.022) 0.016 –0.163 (–0.300 to –0.025) 0.013 

e’/a’ peak 

p77952 (1518) I –0.041 (–0.072 to –0.009) 0.006 –0.038 (–0.070 to –0.006) 0.011 

E/e’ 

p72896 (289)  I 0.164 (0.018 to 0.310) 0.020 0.163 (0.017 to 0.309) 0.022 

p77018 (1504)  I 0.210 (0.067 to 0.353) 0.0012 0.208 (0.065 to 0.351) 0.0012 

p107460 (863)  III –0.168 (–0.316 to –0.021) 0.018 –0.164 (–0.312 to –0.016) 0.023 

p115491 (2362) I 0.162 (0.019 to 0.305) 0.019 0.161 (0.018 to 0.304) 0.020 

All estimates were adjusted for sex, age, body mass index, mean arterial pressure, heart rate, serum total cholesterol, −glutamyltransferase 
and creatinine, plasma glucose, LVMI and treatment with diuretics, −blockers and inhibitors of the renin-angiotensin system.  Model 2 was 
additionally adjusted for HDL cholesterol and insulin.  Estimates express the change in the dependent variable for 1-SD increase (given be-
tween parentheses) in the urinary peptide.  P-values are Bonferroni adjusted.  



Table 4   Serum and urinary biomarkers by category of diastolic LV function 

Biomarkers 
Unadjusted Adjusted 

Normal Dysfunction p Normal Dysfunction p 

Urine n=600 n=182 n=600 n=182 

p77018 (I)  2751 (56) 3162 (136) 0.0056 2770 (63) 3099 (121) 0.020 

p107460 (III) 1788 (35) 1515 (63) 0.0002 1767 (35) 1585 (68) 0.022 

p77018/p107460 (I/III) 2.40 (0.19) 4.15 (0.68) 0.015 2.49 (0.25) 3.87 (0.47) 0.0013 

Serum n=565 n=175 n=565  n=175 

PICP, g/L  103.7 (1.9) 90.8 (2.8) 0.0002 100.1 (1.8) 102.7 (3.6) 0.54 

CITP, g/L  5.41 (0.08) 6.05 (0.19) 0.003 5.34 (0.09) 6.26 (0.19) <0.0001 

TIMP1, ng/mL 634 (7) 755 (16) <0.0001 653 (7) 696 (15) 0.013 

PIIINP, pg/mL 457 (175–1160)  513 (180–1355) 0.15 447 (175–1160)  562 (180–1355) 0.020 

Abbreviations: PICP, carboxyterminal propeptide of procollagen I; CITP, carboxyterminal telopeptide of collagen I; TIMP-1, tissue inhibitor of the 
matrix metalloproteinase type 1; PIIINP, aminoterminal propeptide of procollagen III.  Values are arithmetic mean (SE) or geometric mean (in-
terquartile range).  Adjustments included body mass index, serum total cholesterol, −glutamyltransferase and creatinine, plasma glucose, and 
treatment with diuretics, −blockers and inhibitors of the renin-angiotensin system.   



To evaluate diagnostic accuracy, we combined the urinary peptides with a  VIP score 

higher than 1.5 and a correlation coefficient lower than –0.04 or higher than 0.04 into a 

single factor (p35339, p50840, p57531, p77763, p91542, p104786, p105352), using prin-

cipal component analysis. The AUC for diagnosing diastolic LV dysfunction was 0.92 

(95% CI, 0.89–0.94; p<0.0001) yielding a sensitivity, specificity and positive and negative 

predictive values of 67.6%, 93.3%, 75.5% and 90.5%, respectively.  

Circulating biomarkers

With adjustments applied for metabolic confounders (body mass index, serum total cho-

lesterol, -glutamyltransferase and creatinine, and plasma glucose) and concurrent treat-

ment by drug class (Table 4), serum levels of CITP (6.26 vs. 5.34 g/L), TIMP-1 (696 vs. 

653 ng/mL) and PIIINP (562 vs. 447 pg/mL) were significantly higher (p≤0.020) in patients 

with diastolic LV dysfunction (n = 175) than in people with normal function (n = 565), with 

no between-group differences in serum PICP.  

Table 5 lists the associations of circulating collagen biomarkers with the urinary colla-

gen I and III fragments that reached a significance level of 1% or less.  With association 

sizes expressed per 1-SD increment in collagen I fragments, PICP, CITP and PIIINP in-

creased (p≤0.0016) by 14.9 µg/L, 0.31 µg/L and 4.63% in relation to p73697.  TIMP-1 in-

creased by 21.4 ng/mL (p=0.0013) and by 39.4 ng/mL (p<0.0001) in relation to p77018 

and p77763, respectively.  The association sizes of PICP, CITP and TIMP-1 with colla-

gen III fragments amounted to –5.39 µg/L, –0.62 µg/L and –30.9 ng/mL for p107460 

(p≤0.0006) and to –0.44 µg/L for CITP.  
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Table 5   Association of urinary collagen fragments with serum biomarkers of collagen turnover 

Urinary marker (SD) 
    Serum markers  

Collagen I 

Urinary marker (SD) 
    Serum markers  

Collagen III 

Estimate  
(95% Confidence 

Interval)  
p 

Estimate  
(95% Confidence 

Interval)  
p 

p73697 (521) p107460 (863) 

PICP, g/L 14.9 (12.0 to 17.8) <0.0001 PICP, g/L  –5.39 (–8.47 to –2.31) 0.0006

CITP, g/L 0.31 (0.16 to 0.47) <0.0001 CITP, g/L  –0.62 (–0.76 to –0.47) <0.0001

PIIINP, %  4.63 (1.77 to 7.50) 0.0016 TIMP-1, ng/mL –30.9 (–43.9 to –18.0) <0.0001

p77018 (1504) p112106 (3149) 

TIMP-1, ng/mL 21.4 (8.36 to 34.5) 0.0013 CITP, g/L –0.44 (–0.59 to –0.29) <0.0001

p77763 (991) 

TIMP-1, ng/mL 39.4 (26.5 to 52.2) <0.0001 

Abbreviations: PICP, carboxyterminal propeptide of procollagen I; CITP, carboxyterminal telopeptide of collagen I; TIMP-1, tissue inhibitor 
of the matrix metalloproteinase type 1; PIIINP, aminoterminal propeptide of procollagen type III.  Estimates express the change in the se-
rum biomarkers per 1-SD  increase in urinary collagen fragments.  The urinary peptides were identified in the continuous analyses (S1 Fig 
and Table 3) with the exception of p77763, which was a marker of diastolic LV dysfunction in the PLS-DA analysis (Fig 2) and had an ami-
no-acid sequence very similar to that of  p77018 (one proline residue being replaced by hydroxyproline; S2 Table).   



Discussion

The novel findings in our article, all obtained in a general population, can be summarised 

as follows: (i) the correlations between urinary collagen I and III fragments were inverse; 

(ii) in continuous analyses, e’ peak and e’/a’ decreased and E/e’ increased with urinary 

collagen I fragments, whereas the A peak and E/e’ decreased with urinary collagen III 

fragments (S1 Fig and Table 3); (iii) the PLS-DA analysis contrasting normal vs. diastolic 

LV dysfunction confirmed the associations with urinary collagen I and III fragments (Fig 

2); (iv) PICP, CITP and TIMP-1 increased in relation to urinary collagen I fragments, 

whereas these serum markers decreased in relation to urinary collagen III (Table 5); and 

(v) in categorical analyses, diastolic LV dysfunction was associated with higher levels of 

urinary collagen I fragments, lower levels of urinary collagen III degradation products, and 

higher levels of CITP and TIMP-1, but not PICP (Table 4).   

Collagen I is a stiff fibrillar protein providing tensile strength, whereas collagen III forms 

an elastic network storing kinetic energy that is released during elastic recoil [32].  Histo-

pathological [33–35] and expression [34] studies of endomyocardial biopsies suggested 

that in humans chronic heart failure with preserved ejection fraction is characterised by 

myocardial fibrosis with a predominant increase in collagen I.  Zile and colleagues meas-

ured myocardial stiffness directly in myocardial biopsies of 70 patients undergoing coro-

nary artery bypass grafting [36].  In comparison with controls without comorbidity and 

controls with hypertension, patients with hypertension and diastolic heart failure had an 

increased end-diastolic LV pressure, left atrial volume, and collagen-dependent passive 

stiffness [36].  In keeping with experimental studies in rats [37], among patients with dilat-

ed cardiomyopathy [32], tissue samples of patients with heart failure compared with those 

from controls with mild global LV dysfunction had a 2- to 6-fold increase in collagen I 

mRNA, a 2-fold increase in collagen III mRNA, resulting in a higher collagen I/III expres-

sion ratio (8.6 vs. 6.4).  Our current findings are novel, because they show in a general 
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population that echocardiographic indexes of diastolic LV function are associated with 

sequenced urinary collagen I and III fragments (S1 Fig and Table 3).  In addition, the I/III 

ratio of urinary collagen fragments was higher in patients with diastolic LV dysfunction 

compared to participants with normal LV function (Table 4).  Thus, sequencing of the uri-

nary peptide fragments allowed us to translate previous observations in endomyocardial 

biopsies [32–35] to people randomly recruited from the general population, in whom dias-

tolic LV function ranged from normal to subclinical dysfunction, but did not encompass 

overt diastolic heart failure.   

During the cardiac cycle, the left atrium acts as a reservoir, receiving pulmonary ve-

nous return during LV systole; as a conduit, passively transferring blood to the LV during 

early diastole; and as a pump, actively priming the LV in late diastole [38].  Stiffening of 

the LV requires a greater contribution of the atrial contraction to late diastolic LV filling 

and is associated with a higher a’ peak velocity.  Next, as diastolic LV function deterio-

rates, the a’ peak velocity decreases [39].  This so-called pseudo-normalisation (moder-

ate diastolic LV dysfunction in S1 Table) might therefore underlie the inverse association 

between a’ peak velocity and urinary collagen I fragments, as observed in our current 

study (Table 3).  However, excluding 13 patients with an e’/a’ ratio higher than unity or all 

patients with an E/e’ ratio exceeding 8.5 [6] did not confirm this interpretation.  An alterna-

tive explanation is that worsening of diastolic LV function leads to collagen deposition in 

the atria [40] with higher collagen I/III ratio [40], impairment of the atrial reservoir function 

[41], increase in the left atrial volume [36], deterioration of electromechanical coupling 

[40], and therefore to lower a’ peak velocity.   

PICP is released in a 1:1 stoichiometric ratio during conversion of procollagen I to col-

lagen I (S2 Fig) and therefore its serum concentration is a direct indicator of concurrent 

collagen I synthesis [42].  In patients with hypertensive heart disease [43], circulating 

PICP, at least in part, originates from the heart, because there is a positive concentration 

gradient from the coronary sinus towards the antecubital vein with a high correlation be-
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tween coronary and peripheral levels.  This association was not present in normotensive 

controls [42].  Moreover, serum PICP concentration correlates well with histologically 

proven myocardial collagen type I deposition [44] and in response to pharmacological in-

tervention changes in serum PICP associate with changes in myocardial collagen type I 

deposition [45].  Our current study moves the field forward by showing that in the general 

population PICP increased in relation to p73697, a urinary collagen I fragment, but de-

creased in relation to p107460, a marker of the more elastic [32] collagen III (Table 5).   

Metalloproteinases catalyse the degradation of collagen I resulting in the release of 

CITP in a 1:1 stoichiometric ratio (S2 Fig).  The role of CITP as a reliable biomarker of 

collagen breakdown is not firmly established, because its association with myocardial fi-

brosis was inconsistently reported as negative [46] or positive [47].  Notwithstanding the 

uncertainty in the clinical interpretation of circulating CITP levels, our study (Table 5) re-

vealed that serum CITP correlated positively with p73697, a urinary collagen I fragment 

associated with worse diastolic LV function, and inversely with p107460, a urinary marker 

of collagen III breakdown associated with more performant diastolic LV function.   

Circulating TIMP-1 inhibits the metalloproteinases and is a pro-fibrotic stimulus.  Simi-

lar to PICP [43], a positive gradient and a direct correlation exist between the TIMP-1 

concentrations in coronary sinus and antecubital vein blood in patients with hypertensive 

heart disease, but not in normotensive controls [33].  In hypertensive patients with heart 

failure but normal ejection fraction, elevated estimated capillary wedge pressure com-

pared with normal LV filling pressure was associated with higher TIMP-1 levels and a 

lower metalloproteinase-1 to TIMP-1 ratio, indicative of lower breakdown of collagen [48]. 

Zile and coworkers confirmed that in patients with hypertension with or without diastolic 

heart failure, circulating TIMP-1 levels, but not metalloproteinases, were elevated com-

pared to normotensive controls [36].  Our study moves current knowledge forward by 

demonstrating that in a general population diastolic LV dysfunction was associated with 

higher levels of TIMP-1 (Table 4) and that TIMP-1 increased in relation to urinary colla-
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gen I fragments (Table 5).  By linking circulating TIMP-1 to urinary collagen I fragments, 

our observation support the hypothesis that an excess of TIMP-1 inhibits collagen degra-

dation, thereby promoting collagen deposition in the myocardium and diastolic LV dys-

function characterised by higher LV filling pressure [42].  On the other hand, the urinary 

collagen III fragment p107460 was associated with better diastolic LV function and lower 

LV filling pressure (Table 3 and Fig 2) and lower levels of TIMP-1 (Table 5).  In patients 

with heart failure due to ischaemic heart disease or dilated cardiomyopathy [37], serum 

PIIINP levels are highly correlated with the myocardial collagen III volume fraction.  The 

positive association between the urinary collagen I fragment p73697 and circulating 

PIIINP (Table 5), formed in a 1:2 stoichiometric ratio during the conversion of procolla-

gen III to mature collagen III (S2 Fig), probably reflects the joint increase in both collagen 

subtypes[49] during myocardial fibrosis.   

Strong points of our study are the availability of Doppler indexes of early subclinical di-

astolic LV dysfunction measured on a continuous scale, the application of two approach-

es in the statistical analysis, and the demonstration of a pathophysiologically plausible 

correlation between sequenced urinary collagen fragments and the serum biomarkers of 

collagen turnover.  The epidemiological angle enhances the relevance of our findings 

over and beyond that of case-control studies involving selected heart failure patients, who 

represent the end stage of a long pathogenetic process confounded by multiple comor-

bidities and poly-medication.  However, our present study must also be interpreted within 

the context of its limitations.  First, our findings originate from a cross-sectional analysis 

and therefore reflect a snapshot in each individual participant.  From this point of view our 

results should be considered as hypothesis generating.  Whether or not, the urinary pro-

teomic and serum biomarkers can predict the course over time of diastolic LV dysfunction 

remains to be confirmed in longitudinal studies.  Second, the pathogenetic drivers leading 

to diastolic LV dysfunction are multifaceted each with different contributions among peo-

ple at risk.  Whether or not, the urinary collagen markers can predict the course over time 
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of diastolic LV dysfunction remains to be proven in longitudinal studies.  Third, we could 

not apply the simplified US criteria for the diagnosis of diastolic LV dysfunction in clinical 

practice (Fig 1) for the simple reason that they do not align with the gradation from normal 

to impaired diastolic function in the general population.  However, our classification sys-

tem passed expert peer review [7,9–11,18,21].  Finally, epidemiological studies demon-

strate association and the causal interpretation of associations between traits of interest 

and biomarkers rests on a careful interpretation of the literature.   

In conclusion, by sequencing urinary collagen I and III fragments and by linking dias-

tolic LV function with urinary and serum collagen biomarkers, our current findings gener-

alize previous observations in patients to the population at large.  Our current observa-

tions support the concept of porting the use of multidimensional biomarkers measured on 

diverse platforms or in different media, e.g. urine and serum, to clinical practice to enable 

a personalised approach to the diagnosis, prevention and treatment of diastolic LV dys-

function, a high-risk condition [7] that affects 25% of the general population [6].  Further-

more, our current study highlights research tracks to be pursued in the future, such as 

showing parallelism between concomitant changes in diastolic LV function and bi-

omarkers in longitudinal studies and proving concordance in the proteomic profiles of 

urine, serum or plasma and the myocardium.   
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S1 Table    Glossary of echocardiographic measurement reflecting diastolic left ventricular function 

Measurement Description Interpretation 

E, A, E/A Peak velocities of the transmitral blood 
flow, as measured by standard Doppler 
techniques during rapid LV filling in early 
diastole (E) and during atrial contraction in 
late diastole (A)  

E (cm/s) decreases with impaired relaxation during the early stage of diastolic LV dysfunction, but in-
creases in the later stages with onset of LV stiffening. During progression from mild to severe diastolic 
LV dysfunction, the A wave (cm/s) changes in directions opposite to E. The E/A ratio is decreased in 
early diastolic LV dysfunction. Because mitral inflow patterns are highly sensitive to preload (left atrial 
pressure) and change as diastolic dysfunction progresses, the use of mitral valve inflow patterns to 
assess diastolic function remains limited. 

e’, a’, e’/a’ Peak velocities of the mitral annular 
movement, as measured by tissue Dop-
pler imaging (TDI) during rapid LV filling in 
early diastole (e’) and during atrial contrac-
tion in late diastole (a’)  

e’ (cm/s) progressively decreases during the progression of diastolic LV dysfunction. a’ (cm/s) increas-
es in the early stage of diastolic LV dysfunction, but thereafter decreases with advancing disease. TDI 
assessment of diastolic LV function is less load dependent than that provided by standard Doppler 
techniques.  e’ is resistant to changes in LV filling pressure. The e’/a’ ratio decreases in early diastolic 
LV dysfunction, but increases with further progression. 

E/e’ Transmitral E / mitral annular e’ This ratio reflects LV filling pressure and increases during progression of diastolic LV dysfunction. 

Ad, ARd, LAVI Duration of the transmitral A wave and of 
the reversal of flow in the pulmonary veins; 
left atrial volume normalised to body sur-
face area  

Ad < ARd + 10 (ms) and LAVI ≥ 28 mL/m2 confirm that LV filling pressure is high. 

DT, IVRT Deceleration time and isovolumetric relax-
ation time  

DT (ms) and IVRT (ms) initially lengthen as LV relaxation is impaired, but shorten with more severe LV 
dysfunction.  
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S2 Table   Urinary collagen fragments with known amino-acid sequence (Starts) 

ID Sequence Protein 

4976 DpGKNGDKG Collagen alpha-2(I) chain 

13342 ApGDKGESGPS Collagen alpha-1(I) chain 

14906 DGRpGPpGPpG Collagen alpha-1(I) chain 

17694 ApGDRGEpGpP Collagen alpha-1(I) chain 

26113 GppGPDGNKGEpG Collagen alpha-2(I) chain 

27350 DKGETGEQGDRG Collagen alpha-1(I) chain 

32171 ApGDRGEpGPpGPA Collagen alpha-1(I) chain 

35339 ApGDRGEpGPpGPAG Collagen alpha-1(I) chain 

37903 GPpGPpGPpGPpGPPS Collagen alpha-1(I) chain 

37949 KGDKGAMGEpGPPGp Collagen alpha-3(IV) chain 

38605 SpGSPGPDGKTGPpGP Collagen alpha-1(I) chain 

40243 SpGSpGPDGKTGPPGp Collagen alpha-1(I) chain 

42304 DGQpGAKGEpGDAGAK Collagen alpha-1(I) chain 

43442 VGPpGPpGPpGPPGPPS Collagen alpha-1(I) chain 

43543 GSpGSpGPDGKTGPPGp Collagen alpha-1(I) chain 

44618 VGPpGPpGPpGpPGPPS Collagen alpha-1(I) chain 

48106 SpGSpGPDGKTGPPGpAG Collagen alpha-1(I) chain 

50840 DGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 

52189 pGKpGEDGEpGRNGNp Collagen alpha-2(V) chain 

53035 VGPpGPpGPpGPpGPPSAG Collagen alpha-1(I) chain 

54525 GLpGTGGPpGENGKpGEp Collagen alpha-1(III) chain 

55582 NGApGNDGAKGDAGApGApG Collagen alpha-1(I) chain 

55756 EpGSpGENGApGQmGPR Collagen alpha-1(I) chain 

57531 TGSpGSpGPDGKTGPPGpAG Collagen alpha-1(I) chain 



S2 Table   Urinary collagen fragments with known amino-acid sequence (Continued) 

ID Sequence Protein 

57537 NDGApGKNGERGGpGGpGP  Collagen alpha-1(III) chain 

60149 GNDGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 

61332 ApGAPGGKGDAGApGERGPpG Collagen alpha-1(III) chain 

69769 DGESGRPGRpGERGLpGPpG Collagen alpha-1(III) chain 

70413 DGESGRpGRpGERGLpGPpG Collagen alpha-1(III) chain 

70635 NSGEpGApGSKGDTGAKGEpGP Collagen alpha-1(I) chain 

70674 EGSpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 

71602 PpGEAGKpGEQGVpGDLGAPGP Collagen alpha-1(I) chain 

72596 NGDDGEAGKPGRPGERGPpGp Collagen alpha-1(I) chain 

72641 QGLQGQQGGAGpTGpPGEpGDP  Collagen alpha-2(V) chain 

72896 SGEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 

73177 DAGApGAPGGKGDAGApGERGPpG Collagen alpha-1(III) chain 

73246 NGDDGEAGKpGRpGERGPpGP Collagen alpha-1(I) chain 

73697 GNSGEpGApGSKGDTGAKGEPGp Collagen alpha-1(I) chain 

74065 DAGApGApGGKGDAGApGERGPpG Collagen alpha-1(III) chain 

75846 GPpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) chain 

77018 DGQPGAKGEpGDAGAKGDAGPPGp Collagen alpha-1(I) chain 

77763 DGQpGAKGEpGDAGAKGDAGPPGp Collagen alpha-1(I) chain 

77952 VGEpGPAGSKGESGNKGEpGSAGP Collagen alpha-2(I) chain 

78332 AGPpGEAGkPGEQGVPGDLGAPGp Collagen alpha-1(I) chain 

78843 NSGEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 

79136 AGPpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) chain 

79626 NSGEpGApGSKGDTGAkGEpGPVG Collagen alpha-1(I) chain 

80891 ADGQPGAKGEpGDAGAKGDAGPPGp Collagen alpha-1(I) chain 



S2 Table   Urinary collagen fragments with known amino-acid sequence (Continued) 

ID Sequence Protein 

81196 NGApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) chain 

81758 ADGQpGAKGEpGDAGAKGDAGPpGP Collagen alpha-1(I) chain 

84542 QNGEpGGKGERGAPGEKGEGGppG Collagen alpha-1(III) chain 

85315 ANGApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) chain 

85761 ADGQpGAKGEpGDAGAKGDAGPpGPA Collagen alpha-1(I) chain 

89233 KGNSGEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 

90344 GKNGDDGEAGKpGRpGERGPpGPQ Collagen alpha-1(I) chain 

91542 LDGAKGDAGPAGPKGEpGSpGENGApG Collagen alpha-1(I) chain 

98660 GApGQNGEpGGKGERGApGEKGEGGPpG Collagen alpha-1(III) chain 

99577 PGRpGLDGERGRPGPAGPpGPpGPSSN Collagen alpha-6(IV) chain 

99808 LTGPIGPPGpAGApGDKGESGPSGPAGPTG Collagen alpha-1(I) chain 

104786 pGMPGADGPPGHPGKEGppGEKGGQGpPG Collagen alpha-1(V) chain 

105352 SGHPGSPGSPGYQGPpGEPGQAGPSGPpGP Collagen alpha-1(III) chain 

107460 KNGETGPQGPPGPTGPGGDKGDTGPpGpQG Collagen alpha-1(III) chain 

111001 ERGEAGIpGVpGAKGEDGKDGSpGEpGANG Collagen alpha-1(III) chain 

112106 PQGPpGPTGpGGDKGDTGPpGPQGLQGLpGT Collagen alpha-1(III) chain 

115491 ESGREGApGAEGSpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 

118163 LTGSpGSpGpDGKTGPPGPAGQDGRPGPpGppG Collagen alpha-1(I) chain 

119538 GpSGASGERGPpGPMGpPGLAGPPGESGREGAPG  Collagen alpha-1(I) chain 

125402 PpGESGREGApGAEGSpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 

133430 PpGPSGpRGQPGVMGFpGPKGNDGAPGKNGERGGPGG Collagen alpha-1(III) chain 

134470 PpGADGQpGAKGEPGDAGAKGDAGPPGpAGPAGPPGpIGN Collagen alpha-1(I) chain 



S3 Table   Covariables selected by stepwise regression 

Covariables E peak A peak E/A e’ a’ e’/a’ E/e’ 

R2  0.27 0.58 0.66 0.75 0.49 0.73 0.46 

Female sex (0,1)  8.66§ 5.82§ 0.05† … –0.88§ 0.09‡ 1.11§ 

Age (+15.5 yrs)  –6.56§ 10.0§ –0.33§ –2.41§ 1.26§ –0.46§ 0.80§ 

Body mass index (+4.2 kg/m2)  … 2.82§ –0.07§ –0.65§ 0.35§ –0.14§ 0.30§ 

Mean arterial pressure (+10.7 mm Hg ) … 2.14§ –0.02† –0.32§ … –0.03† 0.32§ 

Heart rate (+9.7 bpm)  –3.15§ 3.62§ –0.14§ –0.25§ 0.68§ –0.12§ –0.12*

Serum creatinine (+15.4 mol/L) … … 0.02* 0.14† … … … 

Total cholesterol (+0.97 mmol/L) … … –0.03‡ –0.19‡ 0.16‡ –0.06§ … 

Log  −glutamyltransferase ( 2)  –0.96* –0.76* … –0.26‡ 0.15† –0.04† … 

Fasting plasma glucose (+0.79 mmol/L) … … … … … … 0.09* 

LVMI (+21.9 g/m2)  … … … –0.27§ –0.20‡ … 0.32§ 

On treatment with diuretics (0,1)  … … … –0.41* –0.45† … 0.51† 

On treatment with -blockers  (0,1)  … 1.94* –0.07† –0.60‡ –0.75§ … 0.41† 

On treatment with RAAS inhibitors (0,1) –3.40* … … … … … –0.39* 

The variables considered for entry into the models included sex, age, body mass index, mean arterial pressure, heart rate, serum total cholesterol, 
-glutamyltransferase (as index of alcohol intake) and creatinine, fasting plasma glucose, LVMI, and treatment with diuretics (thiazides, loop diuretics 
and aldosterone antagonists), - blockers, inhibitors of the renin-angiotensin system (angiotensin-converting enzyme inhibitors or angiotensin type-1 
receptor blockers), and vasodilators (calcium channel blockers and -blockers).  P-values for variables to enter and stay in the regression models 
were set at 0.15.  Significance of the association: * 0.05<p≤0.15; † p≤ 0.05; ‡ p≤ 0.01; § p≤ 0.001.  



S4 Table   Multivariable-adjusted associations of tissue Doppler indexes with 

urinary peptides  

Urinary peptides (SD) Collagen type Estimate (95% CI) p  

A peak 

p107460 (863)  III –1.404 (–2.477 to –0.330) 0.0044

p112106 (3149) III –1.291 (–2.361 to –0.221) 0.011 

e’ peak 

p70635 (728) I –0.149 (–0.342 to –0.007) 0.038 

a’ peak 

p72896 (389) I –0.203 (–0.343 to –0.064) 0.0012

p73697 (521) I –0.163 (–0.288 to –0.010) 0.031 

e’/a’ peak 

p77952 (1518) I –0.035 (–0.067 to –0.002) 0.032 

E/e’ 

p72896 (289)  I 0.140 (–0.010 to 0.289) 0.076 

p77018 (1504)  I 0.211 (0.066 to 0.357) 0.0012 

p107460 (863)  III –0.165 (–0.316 to –0.014) 0.026 

p115491 (2362) I 0.162 (0.016 to 0.308) 0.022 

Abbreviations: CI, confidence interval. We excluded 25 participants with proteinuria.  All 
estimates were adjusted for sex, age, body mass index, mean arterial pressure, heart rate, 
serum total cholesterol, −glutamyltransferase and creatinine, plasma glucose, LVMI and 
treatment with diuretics, −blockers and inhibitors of the renin-angiotensin system.  Esti-
mates express the change in the dependent variable for 1-SD increase (given between 
parentheses) in the urinary peptide.  P-values are Bonferroni adjusted.  
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S5 Table   Urinary biomarkers by category of diastolic LV function 

Biomarkers Normal (n=587) Dysfunction (n=170) p

p77018 (I)  2765 (6) 3046 (122) 0.048 

p107460 (III) 1774 (35) 1599 (69) 0.029 

p77018/p107460 (I/III) 2.25 (0.19) 3.66 (0.38) 0.0015 

We excluded 25 participants with proteinuria.  Values are arithmetic mean (SE).  Adjustments in-
cluded body mass index, serum total cholesterol, −glutamyltransferase and creatinine, plasma 
glucose, and treatment with diuretics, −blockers and inhibitors of the renin-angiotensin system.  
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S1 Fig   –Log10(p) probability plot of the multivariable-adjusted associations of various in-

dexes of diastolic left ventricular function with the urinary peptides.  The adjustment account-

ed for sex, age, body mass index, mean artery pressure, heart rate, serum total cholesterol, 

−glutamyltransferase and creatinine, fasting plasma glucose, LVMI, treatment with diuretics, 

−blockers and inhibitors of the renin-angiotensin system.   The horizontal line denotes the 

significance level with Bonferroni correction applied.   
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S2 Fig   Circulating biomarkers of collagen turnover.  PINP and PICP are released during con-

version of procollagen I to collagen I, and CITP during the degradation of collagen I by matrix 

metalloproteinases, which are inhibited by TIMP-1.  PIIINP and PIIICP are released during con-

version of procollagen III to collagen III.  Numbers alongside arrows indicate the stoichiometric 

ratio.  In the present study, serum levels of PICP, CITP, PIIINP and TIMP-1 were measured.  

PICP is a direct indicator of collagen I synthesis and CITP of collagen I degradation.  PIIINP is an 

imperfect indicator of collagen III synthesis, because PIIINP remains partially bound to the sur-

face of collagen III fibres and is therefore also released during breakdown of these fibres (JACC 

2015; 65: 2449–2456). Abbreviations: PICP, procollagen I carboxy-terminal propeptide; PINP, 

procollagen I amino-terminal propeptide; CITP, carboxyterminal telopeptide of collagen I; MMPs, 

matrix metalloproteinases; TIMP-1, tissue inhibitor of the matrix metalloproteinase type 1; PIIICP, 

procollagen III carboxy-terminal propeptide; and PIIINP, procollagen III amino-terminal propeptide.  
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Abstract 

Proteomic studies can provide deeper mechanistic insight in the pathophysiology of heart 

failure, but those performed on human hearts are scarce.  Using liquid chromatography-

tandem mass spectrometry, we analyzed biopsies from explanted human hearts, 15 with 

ischemic (ICMP) and 14 with dilated (DCMP) cardiomyopathy and 12 healthy donor 

hearts discarded from implantation (CNT).   Compared with CNT, with Benjamini-

Hochberg correction applied, 20/17 down/upregulated proteins retained significance in 

ICMP and 18/17 down/upregulated proteins in DCMP.  In both ICMP and DCMP, the tis-

sue proteomic signature consistently showed higher abundance of proteins involved in 

the organization of the extracellular matrix or derived from the circulating blood and lower 

abundance of mitochondrial proteins.  Proteins involved in cell cycle regulation, DNA re-

pair, transcription, calcium fluxes, contractility, signal transduction, the cytoskeleton, pro-

tein scaffolding, trafficking and folding and cell migration were either down- or upregulat-

ed.  In the Ingenuity Pathway Analysis, oxidative phosphorylation and mitochondrial dys-

function were the two top canonical pathways in ICMP and DCMP.  The other pathways 

among the top five, were, clathrin-mediated endocytosis signaling, -linolenate biosynthe-

sis and LXR/RXR activation in ICMP and -linolenate biosynthesis, acetate conversion to 

acetyl-CoA and pyruvate fermentation to lactate in DCMP, and acute phase response 

signaling, LXR/RXR and FXR/RXR activation in the two disease combined.  Upstream 

inhibitors of the pathways associated with ICMP included BMP1, ZFHX3 and 20-

hydroxyeicosatetraenoic acid and INSR.  RICTOR was an upstream activator in DCMP. 

BMP1 and GH1 were upstream regulators in DCMP without known predicted function. 

Our current study translates experimental studies to end-stage heart failure in humans 

with ICMP and DCMP.  Although different in etiology, both cardiomyopathies seem to 

share similar mechanisms in left ventricular dysfunction and cardiac remodeling, suggest-

ing that both conditions could be treated similarly.   
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Introduction 

The prevalence of heart failure among adults living in developed countries is approxi-

mately 2%, amounting to 15 million in the European Union1 and 5 million in the United 

States2 with a 5-year mortality rate in excess of 50%.1,3  In the Italian Network of Con-

gestive Heart Failure Registry ischemic and dilated cardiomyopathy was the underlying 

disease in 45% and 35% of hospitalized patients.  Structural remodeling of the left ventri-

cle goes hand-in-hand with functional deterioration and progression towards end-stage 

heart failure, but the underlying pathophysiological processes remain largely unknown.   

Proteomic studies can serve as an approach to gain deeper mechanistic insight in the 

disease processes underlying heart failure and to identify novel strategies of intervention.  

Before 2010, most studies of human cardiac tissue focused on specific candidate proteins. 

Since then, advances in high-throughput technologies and construction of publicly acces-

sible omics databases allowed measuring, identifying and functionally characterizing the 

tissue proteome, including less abundant proteins.  The objective of the current study was 

to search for myocardial proteomic signatures specifically associated with end-stage di-

lated and ischemic cardiomyopathy in humans, using disregarded normal donor hearts as 

reference.  

Methods 

Selection of Patients 

The proof-of-concept project, urinary PROteomics in Predicting HEart Transplantation 

outcomes (uPROPHET) is conducted at the University Hospitals Leuven as a single-

center study.  A detailed protocol has been published.  uPROPHET complies with the 

Helsinki declaration for research in Humans.4  The project was approved by the Ethics 

Committee of the University Hospitals Leuven (approval numbers B322201421186 

[S56384] and B322201421045 [S56472]) and passed ethical screening by the European 
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Research Council Executive Agency (ERCEA).  Recipients of a heart transplant provided 

written informed consent.   

Twelve disease-free donor hearts served as controls.  All donors had normal left ven-

tricular function and no history of myocardial disease or active infection at the time of ex-

plantation.  Though initially deemed suitable for implantation, the donor hearts were sub-

sequently disregarded.  uPROPHET investigators received anonymized characteristics of 

the donors via the heart transplant coordinator at the University Hospitals Leuven.  Dis-

eased hearts were obtained from patients with end-stage treatment-resistant heart failure 

caused by ischemic cardiomyopathy in 15 patients and dilated cardiomyopathy in 14. 

These patients were diagnosed and selected for heart transplantation according to cur-

rent guidelines.5,6  For calculation of the estimated glomerular filtration rate, we applied 

the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.7   

Proteomics 

Immediately after explantation, at the operating theatre, failing hearts were immersed in 

ice-cold 0.9% saline.  Transmural biopsies were taken within 15 minutes after explanta-

tion at the left ventricle free wall, midway between the anterior and posterior papillary 

muscles.  The tissue samples were snap frozen in liquid nitrogen and stored at -80°C. 

Unused donor hearts, obtained at collaborating hospitals, were transported to the Univer-

sity Hospitals Leuven in containers filled with ice-cold 0.9% saline.  Biopsies were taken 

within 3 to 6 hours after explantation and processed in the same way as for the failing 

hearts.  All tissue samples were shipped on dry ice for proteomic analysis to the Biotech-

nology Division, Biomedical Research Foundation of the Academy of Athens, Athens, 

Greece.   

The published uPROPHET protocol8 and the Expanded Methods available in the 

online-only Data Supplement provide a detailed description of the procedures followed for 

processing and analyzing the cardiac tissue samples.  Tryptic digests of cardiac tissue 
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were analyzed by nanoflow liquid chromatography-tandem mass spectrometry, using Or-

bitrap Velos Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (Thermo 

Finnigan, Bremen, Germany).9-11  Protein identification was performed using the SE-

QUEST search engine (Proteome Discoverer 1.4, Thermo Scientific) against the Swis-

sProt human protein database (30 May 2016), containing 20,197 entries without protein 

isoforms.12,13  Obtained results were further processed by applying the following filters: 

(i) high, medium and low confidence peptides; (ii) at least five peptides required for pro-

tein identification; and (iii) peptide grouping enabled or disabled.  The list of peptides was 

exported from Proteome Discoverer (Thermofisher Scientific, Waltham, MA) and further 

processed and harmonized by software developed by Mosaiques-Diagnostics AG (Han-

nover, Germany) by applying previously described methods for calibration, clustering, 

matching and sequence assignment, protein annotation and retrieval of peptide infor-

mation.  Only peptides reported in more than 60% of the samples in at least one experi-

mental group (cases or controls) were considered for peptide and protein identification. 

Part per million (ppm)-normalization of the protein peak areas was done according to the 

following formula:11,14  normalized peak area = (peptide peak area/total peak area)  

106.  Protein abundance in each sample was calculated as the sum of all normalized 

peptide areas for a given protein and checked against publicly available published reposi-

tories, including the European Molecular Biology Laboratory data (http://www.embl.org) 

and the ProteomicsDB database (http://www.proteomicsdb.org).  

Statistical Analysis

We imported all relevant clinical and proteomic data into SAS version 9.4 (SAS Institute 

Inc., Cary, NC).   For database management and statistical analysis, we used the SAS 

system.  For comparison of means, we applied the Student t-test or the exact Wilcoxon 

test, as appropriate, and Fisher’s exact test for comparison of proportions.  We construct-

ed –log10(P) plots comparing the peak areas of identified proteins between cases and 
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controls, while adjusting for multiple testing using the Benjamini-Hochberg approach.15  

Next, we applied partial least squares discriminant analysis (PLS-DA) to identify a set of 

independent latent factors that were linear combinations of the proteins.16  We studied 

normal vs. failing hearts in relation to these latent factors.  We retained the smallest num-

ber of latent factors, for which the predicted residual sums of squares (PRESS) did not 

differ significantly (P>0.10) from the model with the minimum PRESS value, as assessed 

by the van der Voet T2 statistic.  For cross-validation we applied the leave-one-out or 

random method, as appropriate for the data.  The importance of each protein in the con-

struction of the PLS factors and in the association with cardiomyopathy was assessed 

from the Variable Importance in Projection (VIP) scores of Wold.16  Finally, we used 

pathway analysis to estimate the relative importance of proteins in their associations with 

ischemic and dilated cardiomyopathy (Ingenuity Pathway Analysis [IPA], QIAGEN Bioin-

formatics, Redwood City, CA).   

Results  

Patient Characteristics 

Table S1 summarizes the clinical characteristics of the cases and controls.  The median 

number of days that patients with ischemic (n=15) or dilated (n=14) cardiomyopathy spent 

on the waiting for a first heart transplantation was 193 (range, 20–477) and 232 (range, 

8–405), respectively.  As a bridge to heart transplantation, 10 patients with ischemic car-

diomyopathy (66.7%) and 5 (35.7%) with dilated cardiomyopathy received a left ventricu-

lar assist device to provide circulatory support for a median number of days amounting to 

357 (range, 59–688) and 199 (range, 73–338), respectively.  Table S1 list the characteris-

tics of the heart failure patients by type of cardiomyopathy.   

At the time of brain death, age of the 12 controls averaged 64.8 years (Table S1).  Body 

mass index ranged from 18.9 to 29.2 kg/m2, serum creatinine from 37 to 202 mol/L and 

the glomerular filtration rate 29.3 to 104.7 mL/min/1.73 m2.  None of the donors had dia-
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betes mellitus or had a history of substance abuse, while 6 (50.0%) had hypertension. 

The cause of death was subarachnoidal (n=2) or intracerebral (n=4) hemorrhage, ischem-

ic stroke (n=2), subdural hematoma (n=1), obstruction of the airways (n=1), suicide (n=1) 

or euthanasia (n=1).  The donor hearts were not accepted for transplantation for one or 

more of the following reasons: advanced age of the donor (n=11), heart lesion as a con-

sequence of suicide (n=1), non-beating heart (n=2), history of excessive smoking (n=1) or 

a coronary atherosclerotic lesion with 30% narrowing of the lumen (n=1).   

Protein Abundance 

The proteomic analyses identified 814 different proteins based on at least two peptides 

(median, 3; 75th, 95th and 99th percentiles, 6, 17 and 37).  The number of proteins with a 

differential abundance between cases and controls amounted to 187 in ischemic cardio-

myopathy and 163 in dilated cardiomyopathy.  Among these proteins 105 (56.1%) and 97 

(59.5%) were downregulated in ischemic and dilated cardiomyopathy, respectively, 

whereas the others were upregulated.  With Benjamini-Hochberg correction for multiple 

testing applied, significance was retained for 20 downregulated and 17 upregulated pro-

teins in ischemic cardiomyopathy (Table 1) and 18 downregulated and 17 upregulated 

proteins in dilated cardiomyopathy (Table 2).  The –log10(P) probability plot of the differ-

ences between cases and controls appears in Figure 1.  Dysregulated proteins common 

to ischemic and dilated cardiomyopathy were listed in Table 3.  To identify dysregulated 

proteins common to all types of heart failure, we also contrasted all cases with controls, 

irrespective of the cause of heart failure.  Of 231 proteins with differential abundance be-

tween cases and controls, 133 (57.6%) were downregulated.  With correction for multiple 

testing applied, 51 downregulated and 44 upregulated proteins retained statistical signifi-

cance (Table S2 available in the online-only Data Supplement).  Table 4 lists the dysregu-

lated proteins by type of cardiomyopathy and according to whether they were down- or 

upregulated.  Table S3 available in the online-only Data Supplement lists the full names 
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Table 1   Top List of Dysregulated Proteins in Ischemic Cardiomyopathy (Starts) 

Protein Full Name Z VIP 

Downregulated

NDUFA6 NADH dehydrogenase [ubiquinone] 1  subcomplex subunit 6 –3.81 1.53 

TDRD6 Tudor domain-containing protein 6 –3.79 2.27 

LDHB L-lactate dehydrogenase B chain –3.71 2.04 

PACRGL PACRG-like protein –3.71 1.88 

CAPN12 Calpain-12 –3.56 1.97 

ACSL1 Long-chain-fatty-acid-CoA ligase 1 –3.56 1.89 

SLC25A20 Mitochondrial carnitine/acylcarnitine carrier protein –3.51 1.93 

DDX1 ATP-dependent RNA helicase DDX1 –3.39 1.90 

UQCR10 Cytochrome b-c1 complex subunit 10 –3.37 1.96 

ZNF266 Zinc finger protein 266 –3.27 1.67 

SUCLG1 Succinyl-CoA ligase [ADP/GDP-forming] subunit , mitochondrial –3.17 1.54 

ETFB Electron transfer flavoprotein subunit  –3.12 1.69 

NDUFA12 NADH dehydrogenase [ubiquinone] 1  subcomplex subunit 12 –3.12 1.77 

COL6A6 Collagen alpha-6(VI) chain –3.10 1.67 

ETFDH Electron transfer flavoprotein-ubiquinone oxidoreductase, mito-
chondrial 

–3.07 1.66 

SLC25A3 Phosphate carrier protein, mitochondrial –3.03 1.52 

HHATL Protein-cysteine N-palmitoyltransferase HHAT-like protein –2.98 1.53 

GSTO1 Glutathione S-transferase -1 –2.98 1.60 

GYS1 Glycogen [starch] synthase, muscle –2.98 1.88 

NDUFA7 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 7 –2.98 1.63 

Upregulated

CYB5R3 NADH-cytochrome b5 reductase 3 +4.15 2.11 

IGKC Ig kappa chain C region +4.00 1.48 

DCN Decorin +3.90 1.34 

APOA1 Apolipoprotein A-I +3.61 1.23 

LUM Lumican +3.56 1.31 

ZC3H6 Zinc finger CCCH domain-containing protein 6 +3.56 1.75 

IGHG1 Ig gamma-1 chain C region +3.51 1.44 

OGN Mimecan +3.51 1.31 
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Table 1   Top List of Dysregulated Proteins in Ischemic Cardiomyopathy (Continued) 

Protein Full Name Z VIP 

Upregulated 

ALB Serum albumin +3.46 1.64 

APOA2 Apolipoprotein A-II +3.37 1.41 

MYL9 Myosin regulatory light polypeptide 9 +3.22 1.55 

COL6A2 Collagen -2(VI) chain +3.12 1.29 

PRELP Prolargin +3.07 1.30 

UBA52 Ubiquitin-60S ribosomal protein L40 +3.07 1.71 

CAMKK2 Calcium/calmodulin-dependent protein kinase kinase 2 +3.03 1.53 

FBLN5 Fibulin-5 +2.98 1.28 

POSTN Periostin +2.961 1.53 

The level of Benjamini-Hochberg corrected significance required for proteins to be listed was set at 0.05.  
Z refers to the test statistic of the exact Wilcoxon test and VIP to the variable importance in projection.   
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Table 2   Top List of Dysregulated Proteins in Dilated Cardiomyopathy (Starts) 

Protein Full Name Z VIP 

Downregulated

DNTTIP1 Deoxynucleotidyltransferase terminal-interacting protein 1 –3.99 2.35 

ACSL1 Long-chain-fatty-acid-CoA ligase 1 –3.70 2.16 

NDUFS8 NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, mito-
chondrial 

–3.60 2.11 

LDHB L-lactate dehydrogenase B chain –3.50 2.14 

NDUFS1 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial –3.39 1.95 

TDRD6 Tudor domain-containing protein 6 –3.32 2.06 

ACTR5 Actin-related protein 5 –3.29 1.95 

ABCC1 Multidrug resistance-associated protein 1 –3.26 1.98 

GPI Glucose-6-phosphate isomerase –3.24 1.55 

DDX1 ATP-dependent RNA helicase DDX1 –3.22 1.93 

APOOL MICOS complex subunit MIC27 –3.14 1.88 

DECR1 2,4-dienoyl-CoA reductase, mitochondrial –3.09 1.84 

FHL2 Four and a half LIM domains protein 2 –3.09 1.78 

COX4I1 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial –3.03 1.75 

CYC1 Cytochrome c1, heme protein, mitochondrial –2.98 1.77 

SLC25A20 Mitochondrial carnitine/acylcarnitine carrier protein –2.98 1.83 

UQCRB Cytochrome b-c1 complex subunit 7 –2.98 1.26 

UQCR10 Cytochrome b-c1 complex subunit 9 –2.98 1.73 

Upregulated

IGKC Ig kappa chain C region +4.27 1.66 

ZC3H6 Zinc finger CCCH domain-containing protein 6 +4.22 2.22 

NES Nestin +3.91 2.03 

FBLN5 Fibulin-5 +3.68 2.10 

PRELP Prolargin +3.60 2.06 

TF Serotransferrin +3.60 1.63 

OGN Mimecan +3.55 1.77 

LUM Lumican +3.45 1.771 

DCN Decorin +3.45 1.77 

ALB Serum albumin +3.24 1.93 
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Table 2   Top List of Dysregulated Proteins in Dilated Cardiomyopathy (Continued) 

Protein Full Name Z VIP 

Upregulated

KRIT1 Krev interaction trapped protein 1  +3.22 1.92 

IGHG1 Ig gamma-1 chain C region  +3.19 1.85 

MYL12A Myosin regulatory light chain 12A  +3.12 1.60 

CYB5R3 NADH-cytochrome b5 reductase 3 +3.09 1.92 

VIM Vimentin  +3.09 1.79 

POSTN Periostin  +3.01 1.65 

EVC2 Limbin  +2.98 1.86 

The level of Benjamini-Hochberg corrected significance required for proteins to be listed was set at 0.05.  Z re-
fers to the test statistic of the exact Wilcoxon test and VIP to the variable importance in projection (Figures 2-3).   

326

Chapter 3.2

326



Figure 1   –Log10(P) probability plot of the differences between cases and controls in protein abun-

dance in the myocardium.  Controls were hearts of healthy donors discarded for transplantation 

(n=12).  Cases were failing hearts from allogeneic heart transplant recipients with ischemic cardiomy-

opathy (n=15) or idiopathic dilated cardiomyopathy (n=14).  The horizontal line denotes correspond-

ing significance level of 0.0002.  Red and green symbols indicate up and downpregulated proteins in 

cases relative to controls.  Full names and function of the proteins appear in Tables 1-2 and the 

online-only Data Supplement Table S2.  
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Table 3   Dysregulated Proteins Common to Ischemic and Dilated Cardio-

myopathy  

Protein Full Name 

Downregulated

ACSL1  Long-chain-fatty-acid-CoA ligase 1  
DDX1  ATP-dependent RNA helicase DDX1  
LDHB  L-lactate dehydrogenase B chain  
SLC25A20 Mitochondrial carnitine/acylcarnitine carrier protein 
TDRD6  Tudor domain-containing protein 6  
UQCR10  Cytochrome b-c1 complex subunit 9  

Upregulated

ALB Serum albumin  
CYB5R3 NADH-cytochrome b5 reductase 3  
DCN Decorin  
FBLN5 Fibulin-5  
IGHG1 Ig gamma-1 chain C region  
IGKC Ig kappa chain C region  
LUM Lumican  
OGN Mimecan  
POSTN Periostin  
PRELP Prolargin  
ZC3H6 Zinc finger CCCH domain-containing protein 6 
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Table 4   Down- and Upregulated Proteins by Function (Starts) 

Function 

ICM DCM All 

↓ ↑ ↓ ↑ ↓ ↑ 

Collagen deposition or organization of the extracellular matrix 

BGN  √ 
COL6A2   √ √ 
COL6A3  √ 
COL6A6  √  √ 
DCN √ √ √ 
FBLN5  √ √ √ 
LUM  √ √ √ 
POSTN  √ √ √ 
PRELP  √ √ √ 
TNFRSF11 B √ 

Mitochondrial function and energy utilization  

ACADVL  √ 
ACSL1  √  √ 
APOOL  √ √ 
COX4I1  √ √ 
CYB5R3   √ √ √ 
CYC1  √ √ 
DECR1  √ √ 
ETFB √ √ 
ETFDH √ 
FABP3  √ 
GOT1  √ 
GP1  √ √ 
GYS1  √ √ 
HAGH  √ 
LDHB  √ √ √ 
MDH1  √ 
NDUFA6 √ √ 
NDUFA7  √ √ 
NDUFA12  √ √ 
NDUFS1  √ √ 
SDHA  √ 
SLC25A3  √ √ 
SLC25A20 √ √ √ 
SUCLG1  √ √ 
UQCR10  √ √ √ 
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Table 4   Down- and Upregulated Proteins by Function (Continued) 

Function 

ICM DCM All 

↓ ↑ ↓ ↑ ↓ ↑ 

Cell cycle regulation and DNA repair 

ACTR5  √ √ 
CAPN12  √ √ 
CAPZB  √ 
DDX1  √ √ √ 
FHL2  √ 
HIST1H2BC   √ 
KRIT1  √ √ 
NES  √ √ 
OGN  √ √ √ 
SEC22B  √ 
TDRD6  √ √ √ 
TUBB  √ 
UBA52  √ √ 

Transcription  

DNTTIP1 √ √ 
PRDM15 √ 
ZNF84 √ 
ZNF266 √ √ 
ZNF445 √ 
ZMYM5 √ 

Calcium fluxes, contractility and signal transduction 

CAMKK2  √ 
GPD1L  √ 
GSTO1 √  √ 
HPX √ 
MYL3 √ 
MYL9  √ √ 
MYL12A √ √ 
NRAP √ 
OPN1SW  √ 
TPM1 √ 
VIM √ √ 
ZC3H6  √ √ √ 
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Table 4   Down- and Upregulated Proteins by Function (Continued) 

Function 

ICM DCM All 

↓ ↑ ↓ ↑ ↓ ↑ 

Inflammatory responses 

PSMA6  √ 
TRIM26 √ 

Membrane, cytoskeleton, protein scaffolding, trafficking and folding and cell migra-
tion 

ABCC1     √    √ 
ABLIM3 √ 
ACTN1 √ 
AKAP2 √ 
DNAH6 √ 
DSP √ 
EVC2      √  
HHATL  √       √  
HSPA12A         √ 
NAV3 √ 

   PCM1 √ 

Circulating proteins 

ALB   √ √ √ 
APOA1  √ √ 
APOA2  √ √ 
C3  √ 
CP  √ 
HBD  √ 
IGHA  √ 
IGHG1  √ √ √ 
IGKC  √ √ √ 
IGLL5  √ 
SERPINC1 c √ √ 
TF  

Abbreviation: ICM, ischemic cardiomyopathy; DCM, dilated cardiomyopathy. 
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of the proteins picked up in our analyses and their biological role in humans as described 

in the UniProtKB database (http://www.uniprot.org).  Finally, tissue abundance of the 

aforementioned dysregulated proteins was similar in patients who received a left ventricu-

lar assist device as a bridge to transplantation and those who did not.   

Discriminant Analysis 

In the next step of our analysis, we constructed PLS-DA models contrasting protein 

abundance in cases vs. controls.  This approach consists of plotting the VIP scores 

against the centered and rescaled correlation coefficients and allows combining 814 high-

ly intercorrelated markers in a single run without need to correct for multiple testing.  For 

ischemic cardiomyopathy (Figure 2, Panel A), the PLS-DA procedure yielded three latent 

factors accounting for 16.5%, 10.3% and 8.1% of the variance in the proteins and 34.9% 

in total.  For dilated cardiomyopathy (Figure 2, Panel B), PLS-DA identified two latent fac-

tors, explaining 12.1% and 7.7% of the variance and 19.8% in total.  For all heart failure 

cases combined (Figure S1), the number of latent factors amounted to six, respectively 

explaining 16.0%, 8.0%, 8.8%, 3.8%, 3.3% and 3.1% of the variance and 43.0% in total.   

The left top side of the V-plots identifies proteins associated with normal left ventricular 

function in controls (downregulated in cases), whereas the right top side of the V indi-

cates upregulated proteins in cases (Figure 2 and Figure S1).  For identification of rele-

vant proteins in PLS-DA, we set VIP score at 2.0.16  The VIP scores corresponding with 

the Z scores of downregulated and upregulated proteins appear in Table 1 for ischemic 

cardiomyopathy, in Table 2 for dilated cardiomyopathy and in Table S2 available in the 

online-only Data Supplement for all cases combined.  The PLS-DA analyses generated 

results consistent with those in Tables 1 and 2 and Figure 1.  
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Figure 2   V plots for ischemic (Panel A) and dilated (Panel B) cardiomyopathy were generated by plotting the PLS-DA derived VIP scores 

against the centered and rescaled correlation coefficients.  The left top side of the V plot identifies proteins associated with normal left ven-

tricular function in controls (downregulated in cases), whereas the right top side of the V indicates upregulated proteins in cases.  

Abbreviations: ACSL1, long-chain-fatty-acid-CoA ligase 1; CYB5R3, NADH-cytochrome b5 reductase 3; DNTTIP1, deoxynucleotidyltransfer-

ase terminal-interacting protein 1; FBLN5, fibulin-5; LDHB, L-lactate dehydrogenase B chain; NDUFS8, NADH dehydrogenase [ubiquinone] 

iron-sulfur protein 8, mitochondrial; NEST, nestin; PRELP, prolargin; TDRD6, tudor domain-containing protein 6; ZC3H6, zinc finger CCCH 

domain-containing protein 6. 



Pathway Analysis 

Oxidative phosphorylation and mitochondrial dysfunction were the two top canonical 

pathways in ischemic and dilated cardiomyopathy and consequently in both cardiomyopa-

thies combined.  The other pathways among the top five, were, clathrin-mediated endocy-

tosis signaling, -linolenate biosynthesis and LXR/RXR activation in ischemic cardiomyo-

pathy, -linolenate biosynthesis, acetate conversion to acetyl-CoA and pyruvate fermenta-

tion to lactate in dilated cardiomyopathy, and acute phase response signaling, LXR/RXR 

and FXR/RXR activation in the two disease combined.  Upstream inhibitors of the path-

ways associated with ischemic cardiomyopathy include bone morphogenetic protein 1 

(BMP1), zinc finger homeobox protein 3 and 20-hydroxyeicosatetraenoic acid (20-HETE) 

and the insulin receptor (INSR) in dilated cardiomyopathy.  Rapamycin-insensitive com-

panion (RICTOR) of mammalian target of rapamycin  (mTOR) was an upstream activator 

in dilated cardiomyopathy.  BMP1 and growth hormone 1 (GH1) were upstream regula-

tors in dilated cardiomyopathy without known predicted function.  

Discussion  

Using two different approaches our analyses identified dysregulated proteins, which might 

be categorized by their function reported in the published literature or in the UniProtKB 

database.  In the context of this article, downregulation (Table 1) and upregulation (Table 

2) refer to lower and higher abundance of proteins in cases compared with controls or

association of proteins with heart failure (Figures 1–2 and Figure S1).  Proteins can be 

classified according to where they are expressed or their function.  In general, proteins 

involved in collagen deposition and the organization of the extracellular matrix were con-

sistently upregulated and those involved in mitochondrial function downregulated, irre-

spective of the type of cardiomyopathy (Table 4).  Fibrosis and reorganization of the ex-

tracellular matrix is a hallmark of end-stage heart failure.17,18  The observed downregula-
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tion of mitochondrial proteins is in line with a recently published expert consensus state-

ment19 that described mitochondrial abnormalities, including impaired mitochondrial elec-

tron transport chain activity, increased formation of reactive oxygen species, shifted met-

abolic substrate utilization, aberrant mitochondrial dynamics, and altered ion homeosta-

sis.  LDHB is abundantly expressed in cardiomyocytes and is a biomarker of myocardial 

injury.20,21  This enzyme converts pyruvate, the final product of glycolysis, to lactate 

when oxygen is absent or in short supply.20,21  The only upregulated mitochondrial pro-

tein was CYB5R3, which is involved in desaturation and elongation of fatty acids, choles-

terol biosynthesis and drug metabolism.  CYB5R3 encodes for isoforms: a soluble one, 

exclusively expressed in erythrocytes, and a membrane-bound isoform anchored to the 

mitochondrial outer membrane, the endoplasmic reticulum, and cell membranes.  Mem-

brane-bound CYB5R3 encodes for NADH-dependent redox enzyme that contributes to 

metabolic homeostasis and stress protection.22    

Two proteins involved in inflammatory responses, protease subunit alpha type-6 

(PSMA6) and tripartite motif-containing protein 26 (TRIM26) were downregulated in all 

cases combined.  Suppression of PSMA6 expression using siRNA in cultured coronary 

vascular endothelial cells as well as T-lymphocyte cell line reduced the activation of nu-

clear factor kappa-light-chain-enhancer of activated B cells (NFκB), the central mediator 

of inflammation.23  In a GWAS study of 188 cases with coronary heart disease and 188 

matched controls, expression of TRIM26 was downregulated in cases.24  Lower tissue 

abundance of these two proteins as currently observed might therefore explain higher 

inflammatory activity.   

The finding that the abundance of albumin was higher in diseased hearts was con-

sistent across the types of cardiomyopathy.  In all cases combined, there was also a con-

sistent upregulation of other circulating proteins, including apolipoproteins, complement 

C3, immunoglobins, ceruloplasmin, hemoglobin subunit delta, antithrombin-III and sero-

transferin.  These proteins play a role in lipid transport and immune responses.  Higher 
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abundance of circulating proteins in myocardial tissue might indicate: (i) increased myo-

cardial vascularization to compensate for loss in oxidative phosphorylation providing in-

creased supply in oxygen to prevent anaerobic metabolism; (ii) or more likely loss of in-

tegrity of the endothelial barrier of the myocardial capillaries,25,26 enhancing penetration 

of circulating proteins into the extracellular matrix.   

The cAMP-dependent protein kinase A (PKA) is targeted to specific compartments in 

the cardiac myocyte by A kinase anchoring proteins (AKAPs), a diverse set of scaffolding 

proteins that have been implicated in the regulation of excitation–contraction coupling and 

cardiac remodeling.27  Dysregulation of AKAPs and their interactions are associated with 

chronic heart failure.27  However, to our knowledge, our current study is the first to report 

different abundance of AKAP2 in heart failure cases and controls.  Other proteins identi-

fied in our study were involved in cell cycle regulation, DNA repair, transcription, calcium 

fluxes, contractility, signal transduction, the cytoskeleton, protein scaffolding, trafficking 

and folding and cell migration (Table 4).  However, for these proteins there was less con-

sistency in the patterns of down- and upregulation.  However, pathway analysis revealed 

that these proteins have been implicated in cardiovascular or cardiac disease (data not 

shown).   

Pathway Analysis 

The top five pathways identified by IPA are involved in cardiac fibrosis, cardiac enlarge-

ment cardiac necrosis and cell death and cardiac inflammation in ischemic cardiomyopa-

thy, and cardiac fibrosis, cardiac dilatation, cardiac arrhythmia and heart failure in dilated 

cardiomyopathy.  An interesting finding in our view was that BMP1 was among the up-

stream inhibitors of the pathways associated with ischemic cardiomyopathy.  BMPs be-

long to the transforming growth factor  (TGF-) superfamily.  Following signaling activa-

tion via BMP type-1 or type-2 receptors, phosphorylated receptor-regulated SMADs 

(mothers against decapentaplegic homolog 4) form heterodimeric complexes with the 
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common mediator SMAD4  and translocate to the nucleus to regulate gene expression.28  

In the heart, BMP pathways play a pivotal role in the embryogenesis of the left ventricular 

chamber,29 the differentiation of cardiac progenitor cells into functional cardiomyocytes,30 

maintenance of the balance between left ventricular growth and apoptosis,31 initiating fi-

brosis,31 and Ca2+ channel remodeling.32  BMP signaling also promotes endothelial 

apoptosis,33 increases endothelial permeability,33 and is involved in the expression of 

vascular endothelial growth factor and angiogenesis.34  In the Framingham Heart 

Study,35 investigators applied aptamer-based technology to profile low-abundance pro-

teins in plasma and reported that circulating BMP1 correlated with total cholesterol, a ma-

jor risk factor for ischemic cardiomyopathy.    

Liver X receptors (LXR)  and  belong to the nuclear receptor superfamily of ligand-

activated transcription factors.36  LXRs are important regulators of cholesterol homeosta-

sis, lipid and glucose metabolism, and inflammation.  In the nucleus, LXRs form obligate 

heterodimers with the retinoid X receptor (RXR) and are bound to LXR response ele-

ments.  In the heart, expression levels of both LXRs are 10- to 15-fold higher in the non-

cardiomyocyte compartment, consisting of fibroblasts and endothelial cells, than in cardi-

omyocytes.36  The prevailing concept is that dysregulation of the LXR/RXR affects cardi-

ac function via their influence on co-morbidities associated with heart failure, such as ath-

erosclerosis, hypertension, diabetes, metabolic syndrome and chronic kidney disease.36  

The farnesoid-X-receptor (FXR) is a member of the metabolic nuclear receptor superfami-

ly and is expressed in vascular cells.37  Mechanistic studies demonstrated that FXR ago-

nists disrupted mitochondria, characterized by mitochondrial permeability transition pores 

activation, mitochondrial potential dissipation, cytochrome c release, and caspase-3 

and -9 activation.37  In murine animal models, pharmacological inhibition or genetic abla-

tion of FXR significantly reduced myocardial apoptosis by 29.0–53.4%, decreased infarct 

size by 23–50%, and improved cardiac function in ischemic/reperfused myocardium. 37   
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Clathrin-mediated endocytosis signaling was among the top five pathways.  Signaling 

via the 1-adrenoceptor (-AR) affects the contractile properties and intracellular Ca2+ 

transients in cardiomyocytes.38   -ARs are phosphorylated and internalized upon ligand 

binding. Clathrin-coated pits are involved in the initial process of -AR internalization.39  

Although receptor internalization has been traditionally portrayed as a mechanism to ter-

minate receptor signaling, it could mediate activation of signaling molecules, such as 

MAPKs (mitogen activated protein kinases), which in turn play a key role in mediating cell 

growth responses by G protein-coupled receptors.38,39   

Well described mechanisms in terminal heart failure are acute phase response signal-

ing,40 shifts in energy utilization as reflected by -linolenate biosynthesis, acetate conver-

sion to acetyl-CoA and pyruvate fermentation to lactate,19,41 dysregulation of vascular 

tone as exemplified by 20-hydroxyeicosatetraenoic acid,42 and INSR43 and GH44 signal-

ing.  Insulin resistance and diabetes mellitus are among the key co-morbidities strongly 

associated with left ventricular dysfunction in the general population45 as well as in pa-

tients.25   

What This Study Adds 

We searched PubMed (September 28, 2017) for relevant publications without limitations 

of publication date or language using as terms “proteomic” OR “proteome” AND “cardio-

myopathy” OR “heart failure”.  We screened papers by title or abstract to identify full-text 

reports that might be relevant to the results reported in our current manuscript.  Our 

search revealed 353 articles published from 1998 until September 2017.  We read the 

full-text version of 61 papers.  Our search identified few publications comparing the tissue 

proteomics of ischemic and dilated cardiomyopathy in humans.  Roselló-Lletí and 

coworkers analyzed 30 explanted human hearts by 2-dimensional gel electrophoresis. 

The study included 12 patients with ischemic cardiomyopathy, 12 with dilated cardiomyo-

pathy and 6 non-diseased donor hearts.  Proteins of interest were identified by mass 
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spectrometry and validated by Western blotting and immunofluorescence.  Compared 

with the controls, the study found 35 differentially regulated proteins associated with is-

chemic cardiomyopathy and 34 in dilated cardiomyopathy.  It identified glyceraldehyde 

3-phophate dehydrogenase upregulation and -crystallin B downregulation in both cardi-

omyopathies.  Heat shock 70 protein 1 was upregulated only in ischemic cardiomyopathy. 

We observed that four-and-a-half LIM-domain 2 (FHL2) was downregulated in dilated 

cardiomyopathy.  In line with these findings, a microarray study of cryopreserved cardiac 

tissue samples from patients with ischemic, dilated and hypertrophic cardiomyopathy and 

normal donor hearts, demonstrated a significant reduction in FHL2 protein expression 

across the three types of cardiomyopathy.46   

Other investigators focused on ischemic47 or dilated48-50 cardiomyopathy.  In mito-

chondria isolated from explanted hearts of 6 patients with ischemic cardiomyopathy and 6 

normal hearts, analyzed by 2-dimensional fluorescence difference gel electrophoresis, 12 

mitochondrial proteins had a differential abundance with the fold-change vs. normal con-

trols only ranging from -1.69 to +2.09.47  However, P-values were not adjusted for multi-

ple testing.47  Electron transfer flavoprotein-ubiquinone oxidoreductase (ETFD) was 

+1.51 fold (P=0.046) upregulated,47 whereas we observed a -1.61 downregulation (P with 

correction for multiple testing 0.040).  The same group also contrasted the abundance of 

mitochondrial proteins among 8 human hearts affected by dilated cardiomyopathy and 8 

controls.48  Using a similar analytical and statistical approach as in their study of ischemic 

cardiomyopathy,47 22 mitochondrial proteins had a differential abundance with the fold-

change vs. normal controls ranging from -2.01 to +2.41.  ETFD was +1.77 fold upregulat-

ed (P=0.001).48  Proteomic analysis of the isolated extracellular matrix from 7 human 

hearts with dilated cardiomyopathy and 9 nonfailing hearts analyzed by liquid chromatog-

raphy-tandem mass spectrometry, revealed 26 differential structural proteins, including 

four-and-a-half LIM domains protein, which in keeping with our findings was downregu-

lated (0 vs. 2 mean spectral counts; P-value without correction for multiple testing, 
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0.008).49  In a study applying, iTRAQ-coupled two-dimensional liquid chromatography-

tandem mass spectrometry included cardiac tissue samples from 3 patients with dilated 

cardiomyopathy and 3 healthy donors.50  It identified 4263 proteins, of which 125 were 

differentially expressed in diseased hearts compared to controls.50  The majority of these 

were membrane proteins related to cellular junctions and neuronal metabolism.  In addi-

tion, these proteins were involved in membrane organization, mitochondrial organization, 

translation, protein transport, and cell death process.50   

Study Limitations 

The present study must also be interpreted within the context of its potential limitations. 

First, the complexity of biological function and structure remains a major challenge in pro-

teomic studies.  The current study is descriptive and needs to be followed up by molecu-

lar studies in-vitro or in genetically engineered animals to confirm the functionality of the 

proteins we identified in the pathophysiology of heart failure.  Second, tissue proteomic 

studies rely on sophisticated technology and complex software to manipulate the crude 

data.  However, the correlations of protein abundance in our dataset with the European 

Molecular Biology Laboratory data was 0.30 (P<0.0001) and 0.46 (P<0.0001) for Prote-

omicsDB database (www.proteomicsdb.org).  Third, the failing hearts examined in our 

study were all defective in systolic function, so that the present findings cannot necessari-

ly extrapolated to diastolic heart failure with preserved ejection fraction.   However, dias-

tolic left ventricular dysfunction is apparent in all patients with heart failure, regardless of 

ejection fraction.51  Finally, tissue proteomic studies on explanted hearts reveal the end-

stage of a protracted process evolving over many years.  The challenge remains to 

search for biomarkers that enable a personalized approach to the diagnosis, prevention 

and treatment of left ventricular dysfunction at the an early asymptomatic stage.  For this 

urinary proteomics might become a game changer, allowing a shift in the mindset from 

repairing to preventing disease.52,53   
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Conclusions 

Our current study translates experimental studies to end-stage heart failure in humans 

with end-stage ischemic and dilated cardiomyopathy.  Although different in etiology, both 

cardiomyopathies seem to share similar mechanisms that underlie left ventricular dys-

function and cardiac remodeling.  From a clinical perspective, proteomic technologies 

hold great promise for biomarker and pathway discovery and identification of novel drug 

targets in left ventricular dysfunction.   
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Clinical Perspective 

What Is New? 

 Studies comparing the proteomic profiles in ischemic and dilated cardiomyopathy with

normal hearts as reference are scarce.

 In both cardiomyopathies, there was greater abundance of proteins involved in the

organization of the extracellular matrix or derived from the circulating blood and lower

abundance of mitochondrial proteins.  Proteins involved in cell cycle regulation, DNA

repair, transcription, calcium fluxes, contractility, signal transduction, the cytoskeleton,

protein scaffolding, trafficking and folding and cell migration were either down- or up-

regulated.  .

 Oxidative phosphorylation and mitochondrial dysfunction were the two top canonical

pathways in both cardiomyopathy.

What Are the Clinical Implications?

 Both cardiomyopathies seem to share similar mechanisms underlying left ventricular

dysfunction and cardiac remodeling, suggesting that both condition could be treated

similarly.

 Proteomic technologies hold great promise for biomarker and pathway discovery and

identification of novel drug targets in left ventricular dysfunction.
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Data Supplement 

Proteomics 

Processing of the Samples

Approximately 30 mg of heart tissue was homogenized in 150 L of lysis buffer (4% SDS, 

0.1 M DTE, 0.1 M Tris-HCl pH 7.6), using a bullet blender homogenizer (Next Advance, 

Averill Park, NY).  Samples were homogenized using stainless steel beads (0.9-2 mm 

diameter) at speed 12 during 5 minutes, followed by a second homogenization step at 

speed 10 for 3 minutes.  Samples were then centrifuged at 16,000 g for 10 minutes at 

room temperature and the supernatant was transferred to clean tubes.  Protein concen-

tration was determined by the Bradford assay (BioRad, Hercules, CA).  Subsequently, 

protein extracts (200 g) were processed using the FASP method (Filter Aided Sample 

Preparation), as described previously.1-4    

Tryptic digests were analyzed by nano-flow liquid chromatography-tandem mass spec-

trometry (LC-MS/MS), using Orbitrap Velos Fourier Transform Ion Cyclotron Resonance 

Mass Spectrometer (FTMS) (Thermo Finnigan, Bremen, Germany), as described previ-

ously with some modifications.2,5,6  Lyophilized peptides were re-dissolved in 200 μL of 

HPLC grade water.  Subsequently, 5 μL of the peptide mixture was analyzed on a nano-

flow system (Dionex Ultimate 3000 RSLS, Dionex, Camberley UK).  Briefly, samples were 

loaded onto a Dionex nano-trap column (C18; 0.1   20 mm; 5 μm) at a flow rate of 

5 μl/min in 98% 0.1% formic acid and 2% acetonitrile, followed by elution onto an Acclaim 

PepMap nano-column (C18; 75 μm  50 cm; 2 μm; 100 Å) at a flow rate of 0.3 L/min. 

Reverse-phase chromatography was performed using a linear gradient of solution A 

(0.1% formic acid and acetonitrile [98:2]) and solution B (0.1% formic acid and acetonitrile 

[20:80]).  Separation was initiated using 1% solution B (5 minutes) followed by a gradual 

increase to 20% (360 minutes) and 45% (480 minutes).  Ionization involved a nano-
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electrospray source (Proxeon, Thermo Fisher Hemel Hempstead, UK) in a positive ion 

mode and mass spectral analysis was performed in an Orbitrap Velos FTMS.  Ionization 

voltage was 2.6 kV and the capillary temperature was 250 °C.  The mass spectrometer 

was operated in MS/MS mode scanning from 380–1,600 amu (atomic mass unit).  The 

MS analysis was performed using a data-dependent acquisition (top 20).  Resolution in 

MS1 (MS) was 60,000 and in MS2 7,500.  Parent ions were fragmented at and energy 

setting 40 by higher energy collision-induced dissociation (HCD).   

Protein Identification 

As described in previous publications,3,4 protein identification was performed using the 

SEQUEST search engine (Proteome Discoverer 1.4, Thermo Scientific) against the Swis-

sProt human protein database (30 May 2016), containing 20,197 entries without protein 

isoforms.  Obtained results were further processed by applying the following filters: (i) 

high, medium and low confidence peptides; (ii) peptide rank up to 5; (iii) peptide grouping 

enabled or disabled.  The list of peptides was exported from “Proteome Discoverer” and 

processed further as follows using software developed by Mosaiques-Diagnostics AG 

(Hannover, Germany).  

Protein identification involved five steps.  (i) Calibration: to re-identify the same peptide 

across the whole study by m/z and retention time, we selected the exported peptide list 

from one sample, which covers the full mass and retention time range, and align all the 

remaining samples to this representative one.  (ii) Clustering: We virtually drew all data 

points (pairs of m/z and rt) from all the proteome discoverer exports in a 2-dimensional 

plane.  Then, we constructed rectangles with fixed size (5 ppm for the width and 15 

minutes for the length were common) and moved them until they individually captured 

most data points.  The center of this rectangles (pairs of m/z and retention time again) 

were put in a cluster list.  This cluster list included all peptides found in all samples of the 

study.  (iii) Matching and Sequence Assignment: Each cluster was given a unique identifi-

cation number.  After matching the exported peptide lists from each sample to the cluster 
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list, each peptide obtained an identification number.  For each cluster from the list, we 

determined the set of sequences that had the same identification number.  From that set, 

we picked the peptide with highest frequency across the study.  If there was a tie, we se-

lected the one with the maximum Xcorr.  The rectangles construed in step 2 can intersect. 

One sequence could therefore be assigned to multiple clusters.  (iv) Protein Annotation: 

each Uniprot ID was annotated with protein name and protein symbol, based on the Uni-

prot database (www.uniprot.org).  In the case of one peptide being assigned to multiple 

protein accessions, we selected the one that occurred most frequently across the cluster 

list. (v) Retrieve peptide information: peptide area, confidence, Xcorr and mass/RT infor-

mation were retrieved from the exported peptide lists of each sample, which now also 

cluster identification numbers.  Only peptides with 5 ppm between experimental and theo-

retical mass were retained at this step.   

All new peptide lists of each sample were merged based on the cluster identification 

number and duplicate sequences were combined by summing up their areas.  For a lim-

ited number of sequences for which no peptide area could be retrieved by Proteome Dis-

coverer, version 2.1 (Thermo Scientific, Waltham, MA), the absent values were replaced 

with the mean area under the peak of that group.  When the peptide was not identified in 

a particular sample, the missing value was set to zero.  Only peptides reported in more 

than 60% of the samples in at least one experimental group (cases or controls) were con-

sidered in calculating the number of peptides, protein identification, protein peak areas, 

evaluation of consistency and statistical analysis.  Subsequently, part per million (ppm)-

normalization of the protein peak areas was conducted according to the following formu-

la:6,7  normalized peak area = (peptide peak area/total peak area)  106.  Protein abun-

dance in each sample was calculated as the sum of all normalized peptide areas for a 

given protein.   
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Table S1   Characteristics of Cases and Controls 

Characteristic Controls 

Cardiomyopathy 

Ischemic Dilated 

Number in category  12 15 14 
Number of subjects (%) 

Women  6 (50.0) 2 (13.3) 0 
Hypertension  6 (50.0) 1 (6.7)* 2 (14.3) 
Diabetes mellitus 0 0 1 (7.1) 

Mean (±SD) of characteristic 
Age (years)  64.8±13.5 57.5±11.2 53.9±13.3 

Body mass index (kg/m2) 24.2±3.9 26.3±4.4 25.9±3.7 

Blood pressure (mm Hg)   
Systolic 142.2±31.7 126.9±14.7 106.3±11.6 
Diastolic   75.6±28.8 76.6±9.9 69.3±13.0 

Biochemical data 
Serum creatinine (mol/L) 92.9±65.6 120.9±37.5 121.0±37.9 

eGFR (mL/min/1.73 m2)  73.6±31.3 60.5±22.1 63.5±23.3 

eGFR indicates estimated glomerular filtration rate derived by the Chronic Kidney Disease Epidemiol-
ogy Collaboration equation formula (reference 7).  Hypertension and diabetes mellitus as documented 
in the medical records of cases and controls.  In controls, blood pressure was the in-hospital blood 
pressure before removal of the donor heart and in cases the 24-h ambulatory blood pressure recorded 
within 3 months of transplantation.  Significance of the difference with controls: * p ≤ 0.05; † p ≤ 0.01; ‡
p ≤ 0.001.  
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Table S2   Top List of Dysregulated Proteins in All Heart Failure Cases Combined (Starts) 

Protein Full Name Z VIP 

Downregulated

LDHB L-lactate dehydrogenase B chain –4.33 1.89 
ACSL1 Long-chain-fatty-acid-CoA ligase 1 –4.33 2.02 
TDRD6 Tudor domain-containing protein 6 –4.10 2.55 
DDX1 ATP-dependent RNA helicase DDX1 –4.06 1.45 
NDUFA6 NADH dehydrogenase [ubiquinone] 1  subcomplex subunit 6 –3.90 0.54 
SLC25A20 Mitochondrial carnitine/acylcarnitine carrier protein –3.78 1.82 
GPI Glucose-6-phosphate isomerase –3.78 1.42 
UQCR10 Cytochrome b-c1 complex subunit 9 –3.75 1.71 
CAPN12 Calpain-12 –3.58 1.56 
NDUFS8 NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, mito-

chondrial 
–3.58 1.83 

PACRGL PACRG-like protein –3.58 0.87 
DECR1 2,4-dienoyl-CoA reductase, mitochondrial –3.55 1.62 
ZNF266 Zinc finger protein 266 –3.48 1.30 
NDUFA12 NADH dehydrogenase [ubiquinone] 1  subcomplex subunit 12 –3.46 1.58 
GYS1 Glycogen [starch] synthase, muscle –3.45 2.33 
SUCLG1 Succinyl-CoA ligase [ADP/GDP-forming] subunit , mitochondri-

al 
–3.45 1.56 

ACTR5 Actin-related protein 5 –3.44 1.60 
PCM1 Pericentriolar material 1 protein –3.43 1.73 
UQCRB Cytochrome b-c1 complex subunit 7 –3.35 1.54 
MYL3 Myosin light chain 3 –3.33 1.53 
APOOL MICOS complex subunit MIC27 –3.29 1.49 
FABP3 Fatty acid-binding protein, heart –3.23 1.52 
ETFB Electron transfer flavoprotein subunit  –3.15 0.90 
COX4I1 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial –3.10 1.15 
HAGH Hydroxyacylglutathione hydrolase, mitochondrial –3.09 1.48 
OPN1SW Short-wave-sensitive opsin 1 –3.08 1.78 
CYC1 Cytochrome c1, heme protein, mitochondrial –3.08 1.46 
NDUFV1 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial –3.08 1.45 
GSTO1 Glutathione S-transferase omega-1 –3.05 1.96 
COL6A6 Collagen -6(VI) chain –3.04 1.54 
CAPZB F-actin-capping protein subunit  –3.03 1.98 
TPM1 Tropomyosin -1 chain –3.00 1.45 
HHATL Protein-cysteine N-palmitoyltransferase HHAT-like protein –2.98 1.38 
ABCC1 Multidrug resistance-associated protein 1 –2.98 1.74 
GOT1 Aspartate aminotransferase, cytoplasmic –2.98 1.12 
ZNF445 Zinc finger protein 445 –2.98 1.53 
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Table S2   Top List of Dysregulated Proteins in All Heart Failure Cases Combined (Continued) 

Protein Full Name Z VIP 

Downregulated

DNTTIP1 Deoxynucleotidyltransferase terminal-interacting protein 1 –2.97 1.35 
MDH1 Malate dehydrogenase, cytoplasmic –2.90 1.31 
NDUFS1 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial –2.90 1.30 
PSMA6 Proteasome subunit  type-6 –2.88 1.41 
SLC25A3 Phosphate carrier protein, mitochondrial –2.88 1.17 
DSP Desmoplakin –2.85 1.39 
ACADVL Very long-chain specific acyl-CoA dehydrogenase, mitochondrial –2.83 1.21 
TRIM26 Tripartite motif-containing protein 26 –2.81 1.45 
SDHA Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mito-

chondrial 
–2.78 1.39 

FAM179B Protein FAM179B –2.77 1.59 
DNAH6 Dynein heavy chain 6, axonemal –2.75 1.55 
CHGB Secretogranin-1 –2.75 0.93 
NDUFA7 NADH dehydrogenase [ubiquinone] 1  subcomplex subunit 7 –2.74 1.17 
GPD1L Glycerol-3-phosphate dehydrogenase 1-like protein –2.73 1.28 
NAV3 Neuron navigator 3 –2.72 1.33 

Upregulated

IGKC Ig kappa chain C region +4.88 1.39 
ZC3H6 Zinc finger CCCH domain-containing protein 6 +4.63 1.32 
DCN Decorin +4.43 1.34 
CYB5R3 NADH-cytochrome b5 reductase 3 +4.38 1.96 
OGN Mimecan +4.25 1.42 
LUM Lumican +4.20 1.38 
NES Nestin +4.13 1.33 
ALB Serum albumin +4.10 1.35 
IGHG1 Ig gamma-1 chain C region +4.10 2.22 
FBLN5 Fibulin-5 +4.03 1.66 
PRELP Prolargin +4.00 1.62 
APOA1 Apolipoprotein A-I +3.98 1.39 
TF Serotransferrin +3.93 1.05 
POSTN Periostin +3.73 1.16 
COL6A2 Collagen -2(VI) chain +3.60 1.37 
UBA52 Ubiquitin-60S ribosomal protein L40 +3.50 1.02 
MYL12A Myosin regulatory light chain 12A +3.50 1.39 
BGN Biglycan +3.48 1.63 
KRIT1 Krev interaction trapped protein 1 +3.46 1.41 
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Table S2   Top List of Dysregulated Proteins in All Heart Failure Cases Combined (Continued) 

Protein Full Name Z VIP 

Upregulated

MYL9 Myosin regulatory light polypeptide 9 +3.43 1.25 
VIM Vimentin +3.40 1.39 
IGLL5 Immunoglobulin lambda-like polypeptide 5 +3.28 1.34 
CCDC66 Coiled-coil domain-containing protein 66 +3.21 1.04 
SEC22B Vesicle-trafficking protein SEC22b +3.17 1.48 
ZNF84 Zinc finger protein 84 +3.16 1.34 
PRDM15 PR domain zinc finger protein 15 +3.15 1.38 
APOA2 Apolipoprotein A-II +3.10 1.11 
ACTN1 Alpha-actinin-1 +3.10 1.40 
COL6A3 Collagen -3(VI) chain +3.10 1.17 
TUBB Tubulin  chain +3.10 1.31 
CP Ceruloplasmin +2.98 0.98 
TNFRSF11B Tumor necrosis factor receptor superfamily member 11B +2.97 1.26 
C3 Complement C3 +2.95 1.21 
HIST1H2BC Histone H2B type 1-C/E/F/G/I +2.88 1.04 
IGHA1 Ig -1 chain C region +2.88 1.30 
HSPA12A Heat shock 70 kDa protein 12A +2.84 1.20 
ZMYM5 Zinc finger MYM-type protein 5 +2.80 1.29 
SERPINC1 Antithrombin-III +2.80 1.21 
ABLIM3 Actin-binding LIM protein 3 +2.80 1.13 
FSIP2 Fibrous sheath-interacting protein 2 +2.75 1.05 
HPX Hemopexin +2.75 1.18 
HBD Hemoglobin subunit delta +2.75 1.58 
AKAP2 A-kinase anchor protein 2 +2.73 0.91 
NRAP Nebulin-related-anchoring protein +2.71 1.16 

The level of Benjamini+Hochberg corrected significance required for proteins to be listed was set at 0.05.  Z 
refers to the test statistic of the exact Wilcoxon test and VIP to the variable importance in projection.   
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Table S3   Annotation of Identified Proteins 

Proteins Full name Biological Functions Current Literature  

ABCC1 Multidrug resistance-associated protein 1 Cell membrane; mediates export of organic anions 
and drugs from the cytoplasm; mediates ATP-
dependent transport of glutathione and glutathione 
conjugates  

D, A (↓) (H+)8,9 

ABLIM3 Actin-binding LIM protein 3 Cytoplasm; scaffold protein; actin cytoskeleton organ-
ization; positive regulation of protein targeting to mito-
chondrion  

A (↑) 

ACADVL* Very long-chain specific acyl-CoA dehydrogenase, 
mitochondrial 

Mitochondrion inner membrane; energy derivation by 
oxidation of organic compounds; fatty acid beta-
oxidation; fatty acid metabolism; lipid metabolism 

A (↓) (H+)10-12 

ACSL1 Long-chain-fatty-acid--CoA ligase 1 Mitochondrion; fatty acid metabolism; lipid metabo-
lism; activation of long-chain fatty acids for both syn-
thesis of cellular lipids, and degradation via beta-
oxidation; highly expressed in liver, heart, skeletal 
muscle, kidney and erythroid cells  

I, D (↓) (H+)13 

ACTN1 Alpha-actinin-1 Cytoplasm; cytoskeleton bundling protein; actin cross-
link formation; focal adhesion; inhibition of cell move-
ment; platelet morphogenesis and degranulation  

A (↑)  (H+)14 

ACTR5 Actin-related protein 5 Nucleus and cytoplasm; DNA repair, DNA recombina-
tion;  

D, A (↓) 

AKAP2 A-kinase anchor protein 2 Scaffolding proteins; binds to regulatory subunit (RII) 
of protein kinase A  

A (↑)  (H+)15 

ALB Serum albumin Extracellular region or secreted; transport of ions (e.g. 
calcium, zinc), fatty acids, hormones, bilirubin and 
drugs and regulation of colloidal osmotic pressure   

I,D,A (↑) 
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APOA1 Apolipoprotein A-I Extracellular region or secreted; reverse cholesterol 
transport from peripheral tissues to liver; protection 
against inflammation and downregulation of TNF sig-
naling  

I, A (↑) (H+)16,17 

APOA2 Apolipoprotein A-II Extracellular region or secreted; stabilize HDL (high 
density lipoprotein) structure by its association with 
lipids, and affect the HDL metabolism  

I, A (↑) (H+)18 

APOOL MICOS complex subunit MIC27 Mitochondrion; platelet degranulation; specifically 
binds to cardiolipin; promotes cardiac lipotoxicity by 
enhancing mitochondrial respiration and fatty acid 
metabolism in cardiac myoblasts  

D, A (↓) (H+)19 

BGN Biglycan Extracellular region or secreted; blood vessel remod-
eling; extracellular matrix organization; peptide cross-
linking via chondroitin 4-sulfate glycosaminoglycan  

A (↑) 

C3 Complement C3 Extracellular region or secreted; fatty acid metabolic 
process; inflammatory response  

A (↑) 

CAMKK2 Calcium/calmodulin-dependent protein kinase 2 Nucleus; calcium-mediated signaling; cellular re-
sponse to reactive oxygen species  

I (↑) 

CAPN12 Calpain-12 Cytoplasm; calcium-regulated non-lysosomal thiol-
protease  

I, A (↓) 

CAPZB F-actin-capping protein subunit beta Cytoskeleton; plays a role in the regulation of cell 
morphology and cytoskeletal organization  

A (↓) 

CCDC66 Coiled-coil domain-containing protein 66 Unknown function A (↑) 

CHGB Secretogranin-1 Extracellular region or secreted; regulation of insulin-
like growth factor transport and uptake by insulin-like 
growth factor binding proteins 

A (↓) 
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COL6A2 Collagen alpha-2(VI) chain Cell-binding protein involved in cell adhesion, colla-
gen catabolism and extracellular matrix organization; 
deregulated in heart failure  

I, A (↑) 

COL6A3 Collagen alpha-3(VI) chain Extracellular region or secreted; collagen catabolic 
process; extracellular matrix organization; muscle 
organ development 

A (↑) 

COL6A6 Collagen alpha-6(VI) chain Extracellular region or secreted; collagen catabolic 
process 

I, A (↓) 

COX4I1 Cytochrome c oxidase subunit 4 isoform 1, mitochon-
drial 

Mitochondrion; generation of precursor metabolites 
and energy; mitochondrial electron transport, cyto-
chrome c to oxygen 

D, A (↓) 

CP Ceruloplasmin Cellular iron ion homeostasis; copper ion transport; 
elevated in heart failure   

A (↑) (H+)20 

CYB5R3 NADH-cytochrome b5 reductase 3 Endoplasmic reticulum and Mitochondrion; Desatura-
tion and elongation of fatty acids; cholesterol biosyn-
thesis; drug metabolism 

I, D, A (↑) 

CYC1 Cytochrome c1, heme protein, mitochondrial Mitochondrion; mitochondrial ATP synthesis coupled 
proton transport; mitochondrial electron transport, 
ubiquinol to cytochrome c 

D, A (↓) 

DCN Decorin  Extracellular region or secreted; Extracellular matrix 
assembly and disassembly; negative regulation of 
endothelial cell migration and angiogenesis; down-
regulation of vascular EGF signaling; peptide cross-
linking via chondroitin 4-sulfate glycosaminoglycan in 
response to mechanical stress  

I, D, A (↑) (H+)21 

DDX1 ATP-dependent RNA helicase DDX1 Nucleus; DNA duplex unwinding; double-strand break 
repair; RNA secondary structure unwinding; tRNA 
splicing; response to virus  

I, D, A (↓) 
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DECR1 2,4-dienoyl-CoA reductase, mitochondrial Mitochondrion; fatty acid beta-oxidation DA (↓) 

DNAH6 Dynein heavy chain 6, axonemal Cytoskeleton; ATP binding; microtubule-based 
movement 

A (↓) 

DNTTIP1 Deoxynucleotidyltransferase terminal-interacting pro-
tein 1 

Nucleus; regulation of transcription, DNA-templated D, A (↓) 

DSP Desmoplakin Cytoskeleton; regulation of heart rate by cardiac con-
duction; regulation of ventricular cardiac muscle cell 
action potential; ventricular compact myocardium 
morphogenesis 

A (↓) 

ETFB Electron transfer flavoprotein subunit beta Mitochondrion; fatty acid beta-oxidation using acyl-
CoA dehydrogenase; protein methylation; respiratory 
electron transport chain 

I, A (↓) 

ETFDH Electron transfer flavoprotein-ubiquinone oxidoreduc-
tase, mitochondrial 

Mitochondrion; fatty acid beta-oxidation using acyl-
CoA dehydrogenase; respiratory electron transport 
chain;  

I (↓) 

EVC2 Limbin Cytoskeleton; plays a critical role in bone formation 
and skeletal development 

D (↑) 

FABP3 Fatty acid-binding protein, heart Cytoplasm; fatty acid metabolic process; long-chain 
fatty acid import; regulation of fatty acid oxidation; 
response to insulin 

A(↓) 

FAM179B Protein FAM179B No information available at protein level A(↓) 

FBLN5 Fibulin-5  Extracellular region or secreted; Matricellular protein 
secreted by vascular smooth muscle cells, the endo-
thelium and fibroblast involved in tissue homeostasis, 
physiological remodeling, and tumorigenesis; elastic 
fiber assembly; protein localization to cell surface ; 
removal of superoxide radicals   

I, D, A (↑) (H+)22-24 
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FHL2 Four and a half LIM domains protein 2 Nucleus; atrial cardiac muscle cell development; heart 
trabecula formation; negative regulation of apoptotic 
process; ventricular cardiac muscle cell development 

D (↓) 

FSIP2 Fibrous sheath-interacting protein 2 Mitochondrion: no information available at protein 
level 

A (↑) 

GOT1 Aspartate aminotransferase, cytoplasmic Cytoplasm; 2-oxoglutarate metabolic process; aspar-
tate biosynthetic process; cellular amino acid biosyn-
thetic process; fatty acid homeostasis 

A (↓) 

GPD1L Glycerol-3-phosphate dehydrogenase 1-like protein Cytoplasm; regulation of heart rate; regulation of ven-
tricular cardiac muscle cell membrane depolarization; 
ventricular cardiac muscle cell action potential 

A (↓) 

GPI Glucose-6-phosphate isomerase Extracellular region or secreted; angiogenesis; canon-
ical glycolysis; carbohydrate metabolic process;  

D, A (↓) 

GSTO1 Glutathione S-transferase omega-1 Regulation of cardiac muscle contraction by regula-
tion of the release of sequestered calcium ions; up- 
and downregulation of ryanodine-sensitive calcium-
release channel activity   

I, A (↓) 

GYS1 Glycogen [starch] synthase, muscle Extracellular region or secreted; angiogenesis; canon-
ical glycolysis; carbohydrate metabolic process;  

I, A (↓) 

HAGH Hydroxyacylglutathione hydrolase, mitochondrial Mitochondrion; glutathione biosynthetic process; py-
ruvate metabolic process 

A (↓) 

HBD Hemoglobin subunit delta Cytosol and extracellular region; oxygen binding; oxy-
gen transporter activity 

A (↑) 

HHATL Protein-cysteine N-palmitoyltransferase HHAT-like 
protein 

Endoplasmic reticulum; negative regulation of N-
terminal protein palmitoylation 

I, A (↓) 
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HIST1H2BC Histone H2B type 1-C/E/F/G/I Core component of nucleosome; antibacterial humor-
al response; antimicrobial humoral immune response 
mediated by antimicrobial peptide  

A (↑) 

HPX Hemopexin Extracellular region or secreted; hemoglobin metabol-
ic process; cellular iron ion homeostasis 

A (↑) 

HSPA12A Heat shock 70 kDa protein 12A Extracellular region; ATP binding A (↑) 

IGHA Ig alpha-1 chain C region  Plasma membrane and extracellular region or secret-
ed; B cell receptor signaling pathway; glomerular fil-
tration; immune response;  

A (↑) 

IGHG1 Ig gamma-1 chain C region Plasma membrane or extracellular region or secreted; 
Activation of B cells via the B cell receptor signaling 
pathway; complement activation; innate immune re-
sponses; phagocytosis   

I, D, A (↑) (H+)25 

IGKC Ig kappa chain C region Plasma membrane or extracellular region or secreted; 
Activation of B cells via the B cell receptor signaling 
pathway; complement activation; innate immune re-
sponses; phagocytosis ; inflammation marker  

I, D, A (↑) (H+)26 

IGLL5 Immunoglobulin lambda-like polypeptide 5 Extracellular region or secreted; B cell receptor sig-
naling pathway; positive regulation of B cell activation 

A (↑) 

KRIT1 Krev interaction trapped protein 1 Cytoskeleton and plasma membrane; angiogenesis; 
cell redox homeostasis; negative regulation of angio-
genesis; negative regulation of angiogenesis 

D, A (↑) 

LDHB L-lactate dehydrogenase B chain Cytoplasm; Generation of pyruvate and NADH from 
lactate   

I, D, A(↓) (H+) 27,28 

LUM Lumican Extracellular region or secreted; Collagen organiza-
tion; extracellular matrix organization; upregulation of 
TGF-; response to growth factor 

I, D, A (↑) (H+) 29,30 
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MDH1 Malate dehydrogenase, cytoplasmic Cytoplasm; gluconeogenesis; malate metabolic pro-
cess; tricarboxylic acid cycle 

A (↓) 

MYL3 Myosin light chain 3 Cytoskeleton and cytosol; cardiac muscle contraction; 
muscle filament sliding; positive regulation of ATPase 
activity 

A (↓) 

MYL9 Myosin regulatory light polypeptide 9 Muscle contraction; platelet aggregation I, A (↑) (H+) 31 

MYL12A Myosin regulatory light chain 12A  Cytoskeleton, cytosol and extracellular region; plays 
an important role in regulation of both smooth muscle 
and non-muscle cell contractile activity via its phos-
phorylation; platelet aggregation 

D, A (↑) 

NAV3 Neuron navigator 3 Nucleus; may regulate IL2 production by T-cells. May 
be involved in neuron regeneration; Highly expressed 
in brain; expressed at low levels in heart 

A (↓) 

NDUFA6 NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 6  

Mitochondrion; Mitochondrial electron transport from 
NADH to the respiratory chain (ubiquinone); response 
to oxidative stress; apoptosis   

I, A (↓) 

NDUFA7 NADH dehydrogenase [ubiquinone] 1 alpha subcom-
plex subunit 7 

Mitochondrion; mitochondrial electron transport, 
NADH to ubiquinone; mitochondrial respiratory chain 
complex I assembly; mitochondrial translation 

I, A (↓) 

NDUFA12 NADH dehydrogenase [ubiquinone] 1 alpha subcom-
plex subunit 12 

Mitochondrion; mitochondrial ATP synthesis coupled 
electron transport; mitochondrial electron transport, 
NADH to ubiquinone; mitochondrial respiratory chain 
complex I assembly 

I, A (↓) 

NDUFS1 NADH-ubiquinone oxidoreductase 75 kDa subunit, 
mitochondrial 

Mitochondrion; apoptotic mitochondrial changes; ATP 
metabolic process; mitochondrial electron transport, 
NADH to ubiquinone; reactive oxygen species meta-
bolic process 

D, A (↓) 
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NDUFS8 NADH dehydrogenase [ubiquinone] iron-sulfur protein 
8, mitochondrial 

Mitochondrion; mitochondrial electron transport, 
NADH to ubiquinone; mitochondrial respiratory chain 
complex I assembly; response to oxidative stress 

D, A (↓) 

NES Nestin Cytoskeleton and extracellular matrix; negative regu-
lation of catalytic activity 

D, A (↑) (H+) 32 

NRAP Nebulin-related-anchoring protein Localized at the myotendinous junction in skeletal 
muscle and at the intercalated disk in cardiac muscle; 
involved in anchoring the terminal actin filaments in 
the myofibril to the membrane and in transmitting ten-
sion from the myofibrils to the extracellular matrix. 

A (↑) 

OGN Mimecan Extracellular region or secreted; Regulator of keratan 
sulfate synthesis and breakdown in various tissues 
(cornea, cartilage, bone, glial cells (axonogenesis); 
downregulation of smooth muscle cell proliferation  

I, D, A (↑) (H+)33 

OPN1SW Short-wave-sensitive opsin 1 Membrane; retinoid metabolic process; signal trans-
duction 

A (↓) 

PACRGL PACRG-like protein  Unknown function I, A (↓) 

PCM1 Pericentriolar material 1 protein Cytoskeleton; cytoplasmic microtubule organization; 
negative regulation of neurogenesis; negative regula-
tion of neurogenesis 

A (↓) 

POSTN Periostin Extracellular region or secreted; Induces cell attach-
ment and spreading; stimulates BMP1 in the fibron-
ectin matrix of connective tissue; activation of  lysyl 
oxidase; response to FGFs and TGF-; stimulation of 
migration of vascular smooth muscle cells; response 
to mechanical stimuli; associated with activated cardi-
ac fibroblasts; Vitamin K dependent   

I, D, A (↑) (H+) 34 
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PRDM15 PR domain zinc finger protein 15 Nucleus; regulation of transcription, DNA-templated; 
transcription, DNA-templated 

A (↑) 

PRELP Prolargin Extracellular region or secreted; Cell aging; keratan 
sulfate catabolism; binding of extracellular matrix pro-
teins  

I, D, A (↑) 

PSMA6 Proteasome subunit alpha type-6 Nucleus; involved in the proteolytic degradation of 
most intracellular proteins; regulation of inflammatory 
response; transmembrane transport; tumor necrosis 
factor-mediated signaling pathway 

A (↓) 

SDHA Succinate dehydrogenase [ubiquinone] flavoprotein 
subunit, mitochondrial 

Mitochondrion; anaerobic respiration; mitochondrial 
electron transport, succinate to ubiquinone; oxidation-
reduction process; respiratory electron transport chain 

A (↓) 

SEC22B Vesicle-trafficking protein SEC22b Golgi apparatus; ER to Golgi vesicle-mediated 
transport; negative regulation of autophagosome as-
sembly 

A (↑) 

SERPINC1 Antithrombin-III Extracellular region or secreted; most important ser-
ine protease inhibitor in plasma that regulates the 
blood coagulation cascade 

A (↑) 

SLC25A3 Phosphate carrier protein, mitochondrial Mitochondrion; mediates the transport of acyl-
carnitines of different length across the mitochondrial 
inner membrane from the cytosol to the mitochondrial 
matrix for their oxidation by the mitochondrial fatty 
acid-oxidation pathway 

I, A (↓) 

SLC25A20 Mitochondrial carnitine/acylcarnitine carrier protein Mitochondrion; Mediates the transport of acyl-
carnitines of different length across the mitochondrial 
inner membrane from the cytosol to the mitochondrial 
matrix for their oxidation by the mitochondrial fatty 
acid-oxidation pathway. 

I, D, A (↓) 
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SUCLG1 Succinyl-CoA ligase [ADP/GDP-forming] subunit al-
pha, mitochondrial 

Mitochondrion; tricarboxylic acid cycle I, A (↓) 

TDRD6 Tudor domain-containing protein 6 Cytoplasm; cell differentiation; multicellular organism 
development 

I, D, A (↓) 

TF Serotransferrin Cellular iron ion homeostasis; platelet degranulation; 
transferrin transport  

D, A (↑)  

TNFRSF11B Tumor necrosis factor receptor superfamily member 
11B 

Extracellular region or secreted; preventing arterial 
calcification; protect against apoptosis; protect against 
apoptosis; extracellular matrix organization 

A (↑) 

TPM1 Tropomyosin alpha-1 chain Cytoskeleton; plays a central role, in association with 
the troponin complex, in the calcium dependent regu-
lation of vertebrate striated muscle contraction; nega-
tive regulation of vascular smooth muscle cell prolif-
eration; regulation of heart contraction; ventricular 
cardiac muscle tissue morphogenesis 

A (↓) 

TRIM26 Tripartite motif-containing protein 26 Cytosol; innate immune response; negative regulation 
of viral entry into host cell 

A (↓) 

TUBB Tubulin beta chain Cytoskeleton; structural constituent of cytoskeleton; 
cell division;  

A (↑) 

UBA52 Ubiquitin-60S ribosomal protein L40 Nucleus; activation of MAPK activity; negative regula-
tion of apoptotic process; negative regulation of trans-
forming growth factor beta receptor signaling pathway 

I,A (↑) 

UQCR10 Cytochrome b-c1 complex subunit 9 Mitochondrion; a component of the ubiquinol-
cytochrome c reductase complex (complex III); aero-
bic respiration; mitochondrial electron transport, ubiq-
uinol to cytochrome c 

I,D,A (↓) (H+)35 
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VIM Vimentin Cytoplasm; muscle filament sliding; SMAD protein 
signal transduction 

D, A (↑) 

ZC3H6 Zinc finger CCCH domain-containing protein 6 Metal ion binding I, D, A (↑) 

ZMYM5 Zinc finger MYM-type protein 5  Nucleus; cytoskeleton organization; regulation of cell 
morphogenesis; transcription, DNA-templated 

A (↑) 

ZNF84 Zinc finger protein 84 Nucleus; skeletal system morphogenesis; smooth 
muscle cell migration; transcription, DNA-templated; 
vasculogenesis  

A (↑) 

ZNF266 Zinc finger protein 266 Nucleus; regulation of transcription, DNA-templated; 
transcription, DNA-templated 

I, A (↓) 

ZNF445 Zinc finger protein 445 Nucleus; transcription, DNA-templated A (↓) 

Biological function was retrieved from the UniProtKB database (www.uniprot.org).  Current refers to the present study.  I, D and A indicate ischemic, dilated and all 
heart failure cases combined.  The arrows (↓ or ↑) signify down- or upregulation in cases compared with controls.  Literature are references retrieved via PubMed, 
either specific (H+) or not (H-) for the heart.  An ellipsis indicates that the UniProtKB database was the only source of information.   

http://www.uniprot.org/


Figure S1   V-plots for all heart failure cases combined were generated by plotting the PLS-DA derived 

VIP scores against the centered and rescaled correlation coefficients.  The left top side of the V-plot 

identifies proteins associated with normal left ventricular function in controls (downregulated in cases), 

whereas the right top side of the V indicates upregulated proteins in cases.  Abbreviations: ACSL1, 

long-chain-fatty-acid-CoA ligase 1; CYB5R3, NADH-cytochrome b5 reductase 3; GSTO1, glutathione 

S-transferase omega-1; GYS1, Glycogen [starch] synthase, muscle; TDRD6, tudor domain-containing 

protein 6.  
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ABSTRACT 

Sequencing peptides included in the urinary proteome identifies the parent proteins and 

may reveal mechanisms underlying the pathophysiology of chronic kidney disease.  In 

805 randomly recruited Flemish (50.8% women; mean age, 51.1 years), we estimated 

glomerular filtration rate (eGFR) from serum creatinine using the CKD-EPI formula.  We 

categorised eGFR according to the KDOQI guideline.  We analysed 74 sequenced uri-

nary peptides with a detectable signal in over 95% of participants.  Follow-up measure-

ments of eGFR --were available in 597 participants.  In multivariable analyses, baseline 

eGFR decreased (P ≤ 0.022) with urinary fragments of mucin-1 (standardised association 

size expressed in ml/min/1.73 m2, -4.48), collagen III (-2.84) and fibrinogen (-1.70) and 

was bi-directionally associated (P ≤ 0.0006) with two urinary collagen I fragments (+2.28 

and -3.20).  eGFR changes over 5 years (follow-up minus baseline) resulted in consistent 

estimates (P ≤ 0.025) for mucin-1 (-1.85), collagen (-1.37 to 1.43) and fibrinogen (-1.45) 

fragments.  Relative risk of having or progressing to eGFR <60 ml/min/1.73 m2 was as-

sociated with mucin-1.  Partial least square analysis confirmed mucin-1 as the strongest 

urinary marker associated with decreased eGFR with a score of 2.47 compared with 1.80 

for a collagen I fragment as next contender.  Mucin-1 predicted eGFR decline to <60 

ml/min/1.73 m2 over and beyond microalbuminuria (P = 0.011) and retained borderline 

significance (P = 0.05) when baseline eGFR was accounted for.  In the general popula-

tion, mucin-1 subunit , an extracellular protein that is shed from renal tubular epithelium, 

is a novel biomarker associated with renal dysfunction.  
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INTRODUCTION 

Chronic kidney disease (CKD) is a major health problem affecting the quality of life of mil-

lions of people.  The Global Burden of Disease Study 2010 estimated that worldwide 0.40 

million of nearly 50 million deaths occurring annually, were attributable to CKD in 1990 

and 0.74 in 2010, representing an increase by 82.3%.1  In the US, the prevalence of CKD, 

defined as an estimated glomerular filtration rate (eGFR) below 60 ml/min/1.73 m2, rose 

from 10.0% in 1988–1994 to 13.1% in 1999–2004.2  The International Society of Neph-

rology appealed to address knowledge gaps related to kidney injury.3  

As recently reviewed,4 proteins mainly appear in urine when the glomerular barrier is 

failing.  In contrast, peptides are freely filtered into urine and if incompletely reabsorbed 

by the tubules, the urinary excretion of peptides captures the early stages of renal dys-

function.5  Capillary electrophoresis coupled with high-resolution mass spectrometry 

(CE-MS) enables detection of over 5000 peptide fragments in urine samples.6,7  We re-

cently identified a unique urinary proteomic signature, which in patient cohorts8-10 repro-

ducibly predicted progression of CKD, independent of other risk factors.  To deepen in-

sight in the pathophysiological pathways leading to renal injury and to extend previous 

findings in patients8-10 to the general population, we analysed the database of the Flem-

ish Study on Environment, Genes and Health Outcomes (FLEMENGHO11) and searched 

for association of eGFR with individual urinary peptide fragments, of which the amino-acid 

sequence revealed the parent protein.   

METHODS 

Recruitment of participants 

FLEMENGHO complies with the Helsinki declaration12 for research in human subjects. 

The  Ethics Committee of the University of Leuven approved the study.11  All participants 

gave informed written consent.  Recruitment started in 1985 and continued until 2004. 

The initial participation rate was 78.0%.  The participants were repeatedly followed up at 
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the field centre in the catchment area (North Limburg, Belgium).  From May 2005 until 

May 2010, we mailed an invitation letter to 1208 former participants for a follow-up exam-

ination.  However, 153 were unavailable, because they had died (n = 26), had been insti-

tutionalised or were too ill (n = 27), or had moved out of the area (n = 100).  Of the re-

maining 1055 former participants, 828 (78.5%) renewed informed consent.  We excluded 

23 participants from analysis, because urine samples were unavailable (n = 23).  Thus, 

the number of participants statistically analysed totalled 805.  

Assessment of renal function 

Venous blood samples were drawn after at least 8 hours of fasting.  We measured the 

concentration of creatinine in serum, using Jaffe’s method13 with modifications described 

elsewhere14,15 in a single certified laboratory that applied isotope-dilution mass spec-

trometry for calibration of the serum creatinine measurements.  We derived eGFR from 

serum creatinine by the Chronic Kidney Disease Epidemiology Collaboration (CKD-

EPI)16 equations.  CKD stages, defined according to the National Kidney Foundation 

Kidney Disease Outcomes Quality Initiative (KDOQI) guideline, were eGFR ≥90, 60–89, 

30–59, 15–29, and <15 ml/min/1.73m2 for stages 1, 2, 3, 4 and 5, respectively.  eGFR 

was assessed at baseline in all participants, of whom 597 had a follow-up assessment 

(Supplementary Figure S1).  Participants also collected a 24-h urine sample within one 

week of the baseline clinical examination at the field centre for measurement of microal-

buminuria and creatinine.  Microalbuminuria was defined as an albumin-to-creatinine ratio 

of at least 3.5 mg/mmol in women and 2.5 mg/mmol in men and macroalbuminuria as an 

albumin-to-creatinine ratio of 30 mg/mmol or more.17  Guideline-based18 staging of CKD 

requires repeat measurement of eGFR or albuminuria or additional evidence for renal 

disease.  However, as this is impracticable in the context of population studies, because 

multiple visits comprise the participation rate, staging of CKD at baseline and follow-up 

relied in our current study, as often done in landmark epidemiological research,19-22 on a 

single urine sample.  
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At baseline, we also measured plasma glucose, serum total and high-density (HDL) 

cholesterol, serum -glutamyltransferase as index of alcohol intake, and 24-h micro-

albuminuria.  Diabetes mellitus was a self-reported diagnosis, a fasting plasma glucose of 

126 mg/dl or higher, or use of antidiabetic agents.23   

Measurements of biomarkers 

Aliquots (0.7 ml) were stored at –80 °C and thawed immediately before analysis.  CE-MS 

analysis, sequencing of peptides, MS data evaluation and calibration were performed, as 

described in detail in Supplementary Material (pages 2-3) and in previous publications.6,7  

A total of 2129 urinary peptides were sequenced.  We selected 74 peptides (Supplemen-

tary Table S5), which had a detectable signal in over 95% of participants (Supplementary 

Figure S2).  For the current analysis, the values of peptides undetectable in less than 5% 

of randomly varying study participants were set to the minimum of the distribution of each 

sequenced peptide.  This strategy has been validated by other research groups.24,25 

Other measurements 

Blood pressure was the average of five consecutive auscultatory readings obtained ac-

cording to European guidelines26 with a standard mercury sphygmomanometer after par-

ticipant had rested in the sitting position for at least 10 minutes.  Hypertension was a 

blood pressure of at least 140 mm Hg systolic or 90 mm Hg diastolic or use of antihyper-

tensive drugs.  Body mass index was weight in kilograms divided by height in meters 

squared.  Study nurses administered a standardised questionnaire inquiring into each 

participant’s medical history, smoking and drinking habits, and intake of medications.  

Statistical analyses 

For database management and statistical analysis, we used the SAS system, version 9.4 

(SAS Institute Inc., Cary, NC).  Supplementary Table S1 summarises the work flow of the 

statistical analysis.  Means were compared using the large-sample z-test, proportions by 

Fisher’s exact test, and survival function estimates by the log-rank test.  We normalised 
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the distributions of -glutamyltransferase and 24-h albuminuria by a logarithmic transfor-

mation.  We rank normalised the distributions of the urinary peptides by sorting meas-

urements from the smallest to the highest and then applying the inverse cumulative nor-

mal function.27  

We identified covariables to be retained in the analyses by a best-subset approach 

with the number of covariables allowing to be retained in the model set at 11.  In continu-

ous analyses, we standardised eGFR to the average in the whole study population (mean 

or ratio) of the covariables identified by stepwise regression.  While accounting for covari-

ables, we regressed the indexes of renal function on the urinary peptide markers and 

constructed  

–log10 probability plots.  Based on the number of parent proteins, we used a Bonferroni-

corrected P-value threshold of 0.005 (0.05/10).  Renal function and changes in renal 

function were analysed as continuous or categorical variables, using multivariable-

adjusted linear regression, logistic regression and Cox modelling, as appropriate.  In Cox 

regression, start date to event and censoring date coincided with the baseline and follow-

up visit.   

In the next step of our analyses, we applied partial least squares (PLS) analysis, which 

is a statistical technique that constructs models for continuous outcomes in relation to 

correlated high-dimensional explanatory variables.28  In our study, PLS allowed to identify 

a set of independent latent factors that are linear combinations of the urinary peptides 

and that maximise the covariance between the urinary peptides and the variables de-

scribing renal function.  We studied the multivariable-adjusted eGFR in relation to the la-

tent factors.  We retained the smallest number of latent factors for which the predicted 

residual sums of squares (PRESS, calculated using leave-one-out cross-validation) did 

not differ significantly (P > 0.10) from the model with the minimum PRESS value as as-

sessed by the van der Voet T2 statistic.  The importance of each urinary peptide in the 

construction of the PLS factors was assessed from the Variable Importance in Projection 
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(VIP) scores of Wold with the threshold set at 1.5.  Finally, we evaluated the capability to 

discriminate between participants with or without renal impairment by constructing receiv-

er operating characteristic (ROC) curves and by calculating the area under the ROC 

curve (AUC).  The 95% confidence interval (CI) of the AUC was calculated by the DeLong 

method.   

RESULTS 

Baseline characteristics of participants 

Of 805 participants, 409 (50.8%) were female.  All were White Europeans.  Mean values 

(SD) in the 805 participants were 51.1 ± 15.7 years for age, 26.5 ± 4.3 kg/m2 for body 

mass index, 129.5 ± 17.7 mm Hg and 79.7 ± 9.6 mm Hg for systolic and diastolic blood 

pressure, and 203 ± 38 and 55 ± 14 mg/dl for total and HDL cholesterol.  Among all par-

ticipants, 344 (42.7%) had hypertension, of whom 212 (61.6%) were on antihypertensive 

drug treatment, and 20 (2.5%) had diabetes.  

At baseline, the prevalence of renal dysfunction defined as an eGFR of less than 60 

ml/min/1.73 m2, amounted to 74 (9.2%).  Table 1 shows that age, body mass index, cen-

tral obesity, systolic and mean arterial pressure, total cholesterol, plasma glucose, the 

urinary albumin-to-creatinine ratio, 24-h albuminuria, the proportion of women, the preva-

lence of hypertension and the probability of being treated for hypertension were all higher 

(P ≤ 0.028) in participants with renal dysfunction.  The opposite was the case for the 

prevalence of reported alcohol intake and serum HDL cholesterol levels (P ≤ 0.049).  Re-

duced eGFR was associated with a higher prevalence of microalbuminuria (18 [2.5%] vs. 

11 [14.9%] participants; P < 0.0001) with no difference in the prevalence of macroalbumi-

nuria (1 [0.1%] vs. 1 [1.4%]; P = 0.18).  Compared with participants with normal renal 

function, patients with renal dysfunction more frequently (P < 0.0001) used diuretics 

(8.3% vs. 33.8%), -blockers (13.1% vs. 40.5%), angiotensin-converting enzyme inhibi-

tors and angiotensin-I type-1 receptor blockers (7.4% vs. 21.6%), whereas this was not 
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Table 1   Baseline characteristics of participants by renal function

Characteristic All eGFR <60 eGFR ≥60 P value 

Number of participants (%) 

All participants in category  805 731 74 

Women  409 (50.8) 359 (49.1) 50 (67.6) 0.003 

Smokers  162 (20.1) 153 (20.9) 9 (12.2) 0.073 

Drinking ≥5 gram alcohol  per day 328 (40.7) 314 (43.0) 14 (9.2) <0.0001 

Hypertension  344 (42.7) 285 (39.0) 59 (79.7) <0.0001 

Antihypertensive treatment   212 (61.6) 165 (22.6) 47 (63.5) <0.0001 

Diabetes mellitus   20 (2.5) 16 (2.2) 4 (5.4) 0.090 

Mean (SD) of characteristic 

Age (years)  51.1 ± 15.7 49.1 ± 14.8 70.6 ± 10.4 <0.0001 

Body mass index (kg/m2)  26.5 ± 4.3 26.4 ± 4.4 27.8 ± 3.8 0.008 

Waist-to-hip ratio  0.87 ± 0.08 0.86 ± 0.08 0.89 ± 0.08 0.013 

Systolic pressure (mm Hg)  129.5 ± 17.7 127.8 ± 16.3 145.8 ± 21.9 <0.0001 

Diastolic pressure (mm Hg )  79.7 ± 9.6 79.6 ± 9.7 80.2 ± 8.1 0.55 

Mean arterial pressure (mm Hg ) 96.3 ± 10.7 95.7 ± 10.6 102.1 ± 10.0 <0.0001 

Heart rate (beats per minute)  63.5 ± 9.8 63.5 ± 9.7 63.7 ± 10.7 0.82 

Serum total cholesterol (mg/dl)  203 ± 38 202 ± 37 215 ± 39 0.006 

Serum HDL cholesterol (mg/dl)  55 ± 14 55 ± 14 52 ± 13 0.049 

Plasma glucose (mg/dl)  87 ± 14 88 ± 14 92 ± 13 0.028 

Serum creatinine (mg/dl) 0.95 ± 0.18 1.00 ± 0.14 1.19 ± 0.29 <0.0001 

eGFR (ml/min/1.73 m2) 81.8 ± 17.3 77.9 ± 14.0 51.3 ± 7.2 <0.0001 

Geometric mean (IQR) of characteristic 

UACR (mg/mmol)   0.52 (0.32–0.76) 0.49 (0.30–0.72)  1.06 (0.48–1.28) <0.0001 

24-h albuminuria (mg)  6.0 (4.1–7.4) 5.8 (4.1–7.1) 9.3 (4.6–9.5) <0.0001 

-glutamyltransferase (units/l) 23 (15–32) 23 (15–32) 25 (16–33) 0.42 

eGFR was derived from serum creatinine by the Chronic Kidney Disease Epidemiology Collaboration formu-
la.  Values are arithmetic mean (SD) or geometric mean (interquartile range).  UACR indicates urinary albu-
min-to-creatinine ratio.  Office blood pressure was the average of five consecutive readings.  Hypertension 
was an office blood pressure of ≥140 mm Hg systolic or ≥90 mm Hg diastolic, or use of antihypertensive 
drugs.  Diabetes mellitus was a self-reported diagnosis, a fasting glucose level of ≥126 mg/dl, or use of anti-
diabetic agents.  
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the case for vasodilators, including calcium-channel blockers and -blockers (4.7% vs. 

8.1%; P = 0.19).  The baseline characteristics of the 597 participants, who had a follow-

up measurement of eGFR, appear in Supplementary Table S2 and mirrored those pre-

sented in Table 1.   

Change in eGFR and eGFR category 

Median follow-up of eGFR in 597 participants was 4.7 years (5th to 95th percentile inter-

val, 3.7–5.4).  In these participants, eGFR decreased by 1.5 ml/min/1.73 m2/year.  Of 172 

participants with baseline eGFR ≥90 ml/min/1.73m2, 75 (43.6%) maintained this category 

and 97 (56.4%) progressed to eGFR 60–89 ml/min/1.73m2.  Of 386 participants with 

baseline eGFR 60–89 ml/min/1.73m2, 21 (5.4%) regressed to eGFR ≥90 ml/min/1.73m2, 

309 (80.1%) remained within this category, and 55 (14.2%) and 1 (0.3%) progressed to 

eGFR 30–59 or 15–29 ml/min/1.73 m2, respectively.  Of 39 participants with baseline 

eGFR 30–59 ml/min/1.73 m2, 9 (23.1%) regressed to eGFR 60–89 ml/min/1.73m2, 26 

(66.7%) remained at the same stage, and 4 (10.3%) progressed to eGFR 15–29 

ml/min/1.73m2.  No participant proceeded to eGFR category <15 ml/min/1.73m2 or renal 

replacement therapy.   

Analysis of eGFR as continuous variable 

Based on the best-subset regression procedure, we adjusted the cross-sectional associa-

tions between eGFR and the urinary peptides in 805 participants for mean arterial pres-

sure, waist-to-hip ratio, smoking, plasma glucose, -glutamyltransferase, total-to-HDL 

cholesterol ratio, 24-h albuminuria and use of diuretics, inhibitors of the renin-angiotensin 

system (-blockers, angiotensin-converting enzyme inhibitors, and angiotensin type-1 re-

ceptor blockers) and vasodilators (calcium-channel blockers and a-blockers).  These co-

variables explained 21.9% of the variance in eGFR.  Analyses with change in eGFR in 

597 participants were additionally adjusted for baseline eGFR and follow-up duration.  
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Supplementary Table S3 lists the multivariable-adjusted associations of eGFR and 

change in eGFR with the urinary peptides measured at baseline.  Figure 1 identifies the 

peptides that retained significance with Bonferroni correction applied.  Table 2 lists the 

urinary peptides that with adjustment for multiple testing were associated with both base-

line eGFR and change in eGFR over follow-up.  Per 1-SD increment in the urinary pep-

tides (Table 2), the association sizes expressed in ml/min/1.73 m2 amounted to -4.48 (P < 

0.0001) for p8342 (mucin-1), -3.20 (P < 0.0001) for p77763 (collagen I), -2.84 (P < 

0.0001) for p105352 (collagen III), -1.70 (P = 0.022) for p61573 (fibrinogen) and 2.28 (P = 

0.0006) for p57531 (collagen I).  Consistent with the cross-sectional analysis, over time 

(Table 2), eGFR increased with p57531 (+1.43 ml/min/1.73 m2/5 years; P = 0.005), but 

decreased with the other urinary peptides with effect sizes ranging from 1.23 to 1.85 

ml/min/1.73 m2/5 years; P ≤ 0.025), among which p8342 (mucin-1) was the strongest 

predictor.   

The PLS procedure yielded three latent factors that accounted for 20.1% of the overall 

variance in the urinary peptides and 28.9% of the variance in multivariable-adjusted 

eGFR. Figure 2 depicts the PLS derived VIP scores vs. the centred and rescaled correla-

tion coefficients.  The dependent variable in this analysis was baseline eGFR standard-

ised for the aforementioned covariables.  The urinary peptides associated with lower 

eGFR (left side of the V plot in Figure 2) included, amongst others, mucin-1 subunit  

(p8342) and collagen I (p77763).  The urinary peptide associated with higher eGFR (right 

side of the V plot in figure 2) was collagen I fragment (p35339).   
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Figure 1   –Log10(p) probability plot of the multivariable-adjusted associations of renal function 

phenotypes with the urinary peptides.  eGFR indicates estimated glomerular filtration rate.  All anal-

yses were adjusted for mean arterial pressure, waist-to-hip ratio, smoking, plasma glucose, 

-glutamyltransferase, total-to-HDL cholesterol ratio, 24-h albuminuria, and use of diuretics, inhibi-

tors of the renin-angiotensin system (-blockers, angiotensin-converting-enzyme inhibitors and an-

giotensin type-1 receptor blockers) and vasodilators (calcium-channel blockers and -blockers).  

The longitudinal analysis of change in eGFR as continuous variable was additionally adjusted for 

baseline eGFR and follow-up duration.  The horizontal line denotes the significance level with Bon-

ferroni correction applied.  Red dots represent mucin-1 and green dots the other peptides listed in 

Tables 2 or 3.   
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Table 2   Multivariable-adjusted associations of eGFR with urinary proteomic 

biomarkers

Biomarker 

(baseline) 

Parent 

protein 

eGFR baseline 

(n=805)  

eGFR change 

over 5 years  

(n=597)  

Estimate 

(95%CI) 

Estimate 

(95%CI) 

p8342 mucin-1 –4.48 (–6.00 to –2.96)§ –1.85 (–3.03 to –0.66)‡

p57531 collagen I 2.28 (0.69 to 3.87)‡ 1.43 (0.29 to 2.57)†

p77763 collagen I –3.20 (–4.73 to –1.68)§ –1.37 (–2.49 to –0.26)†

p105352 collagen III –2.84 (–4.40 to –1.27)§ –1.23 (–2.38 to –0.10)*

p61573 fibrinogen –1.70 (–3.26 to –0.15)* –1.45 (–2.56 to –0.33)†

eGFR indicates estimated glomerular filtration rate derived from serum creatinine by the Chronic Kid-
ney Disease Epidemiology Collaboration formula.  Change in eGFR was the follow-up minus the base-
line value.  Estimates given with 95% confidence interval, express the change in the dependent varia-
ble associated with a 1-SD increase in the normalised urinary peptides measured at baseline.  The 
cross-sectional analyses were adjusted for mean arterial pressure, waist-to-hip ratio, smoking, plasma 
glucose, -glutamyltransferase, total-to-HDL cholesterol ratio, 24-h albuminuria, and use of diuretics, 
inhibitors of the renin-angiotensin system (-blockers, angiotensin-converting-enzyme inhibitors and 
angiotensin type-1 receptor blockers) and vasodilators (calcium-channel blockers and -blockers).  
The longitudinal analyses were additionally adjusted for baseline eGFR and follow-up time.  Bonferroni 
corrected significance of the associations: * P ≤ 0.05; † P ≤ 0.01; ‡ P ≤ 0.001; § P ≤ 0.0001.  
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Figure 2   V-plots generated by partial least square analysis.  Variable Importance in Projec-

tion (VIP) scores indicate the importance of each urinary fragment in the construction of the 

partial least square factors and are plotted against the centred and rescaled correlation coeffi-

cients.  The correlation coefficients reflect the associations of the multivariable-adjusted eGFR 

with the urinary fragments.  Fragments associated with reduced eGFR (left side of the V-plot) 

include, among others, p8342 and p77763 (see Table 2).  p35339 was associated with higher 

eGFR (right side of the V-plot).  Colours identify fragments derived from collagen I (blue), II 

(grey), III (red), IV (brown), the mucin-1 subunit  (orange), fibrinogen (green), protocadher-

in-12 (purple), retinol-binding protein 4 (pink), stabilin-2 (yellow) and uromodulin (black).   
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Analysis of eGFR categories 

Supplementary Table S4 lists the multivariable-adjusted associations of eGFR categories 

(≥60 vs. <60 ml/min/1.73 m2) or longitudinal change in eGFR categories (from ≥60 to <60 

ml/min/1.73 m2) with the urinary peptides measured at baseline.  Figure 1 shows the pep-

tides that retained significance with Bonferroni correction applied.  In the cross-sectional 

analysis (Table 3), the odds ratios associated with a 1-SD increment in the urinary pep-

tides were 2.03 (P < 0.0001) for p8342 (mucin-1), 0.58 (P = 0.0002) for p57531 (collagen 

I), 1.45 (P = 0.043) for p77763 (collagen I), 2.18 (P < 0.0001) for p105352 (collagen III), 

and 1.18 (P > 0.99) for p61573 (fibrinogen).  The risk of eGFR decline from ≥60 to <60 

ml/min/1.73 m2 increased (P < 0.0001) across thirds of the mucin-1 distribution (Figure 

3).  With multivariable adjustments applied, the hazard ratios associated with a 1-SD in-

crease were 2.10 (P < 0.0001) for p8342, 0.78 (P = 0.76) for p57531, 1.78 (P = 0.0017) 

for p77763, 1.16 (P > 0.99) for p105352, and 1.66 (P = 0.007) for p61573 (Table 3).   

 Microalbuminuria is currently the standard in predicting progression to renal impair-

ment. Mucin-1 was the strongest peptidomic predictor in our analysis (Figure 1 and Table 

3).  Using urinary mucin-1 (p8342)  instead of 24-h microalbuminuria (Figure 4) to predict 

eGFR decline from ≥60 to <60 ml/min/1.73 m2 increased (P = 0.011) the AUC from 0.58 

(95% CI, 0.50 to 0.66) to 0.72 (95% CI, 0.64 to 0.79).  Replacing the urinary albumin-to-

creatinine ratio by p8342 likewise increased (P = 0.010) the AUC from 0.60 (95% CI, 0.53 

to 0.68) to 0.72 (95% CI, 0.64 to 0.79).  Adding urinary mucin-1 to 24-h microalbuminuria 

or the albumin-to-creatinine ratio increased (P ≤ 0.0034) the AUCs to 0.72 (95% CI, 0.64 

to 0.79) and 0.72 (95% CI, 0.65 to 0.80), respectively.  In a sensitivity analysis, we addi-

tionally considered baseline eGFR as predictor.  For baseline eGFR alone and eGFR 

combined with either urinary mucin-1 or 24-h microalbuminuria, the AUCs were 0.81 

(95% CI, 0.76 to 0.87), 0.84 (95% CI, 0.79 to 0.89) and 0.82 (95% CI, 0.77 to 0.87), re-

spectively.  Adding mucin-1 to eGFR slightly, but significantly (P = 0.05) increased the 

AUC, whereas this was not the case for 24-h microalbuminuria (P = 0.26).   
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Table 3   Multivariable-adjusted associations of eGFR category with urinary proteomic 

biomarkers  

Biomarker 

(baseline) 

Parent 

protein 

eGFR ≥60 vs. <60 

(731 vs. 74)  

eGFR ≥60 → <60 

(502 vs. 56)  

Odds ratio 

(95% CI) 

Hazard ratio 

(95% CI) 

p8342 mucin-1 2.03 (1.34 to 3.08)§ 2.10 (1.39–3.17)§ 

p57531 collagen I 0.58 (0.39 to 0.87)‡ 0.78 (0.52–1.16)  

p77763 collagen I 1.45 (1.01 to 2.10)* 1.78 (1.16–2.73)† 

p105352 collagen III 2.18 (1.42 to 3.34)§ 1.16 (0.74–1.80)  

p61573 fibrinogen 1.18 (0.80 to 1.72)  1.66 (1.09–2.52)† 

Hazard ratios were computed excluding 39 participants with eGFR <60 ml/min/1.73 m2 at baseline.  n 
indicates the number of participants with eGFR ≥60 and <60 ml/min/1.73 m2 in the cross-sectional 
(odds ratio) and longitudinal (hazard ratio) analyses.  The censoring date in Cox regression coincided 
with the follow-up visit.  All analyses were adjusted for baseline variables, including mean arterial 
pressure, waist-to-hip ratio, smoking, plasma glucose, -glutamyltransferase, total-to-HDL cholesterol 
ratio, 24-h albuminuria, and use of diuretics, inhibitors of the renin-angiotensin system (-blockers, 
angiotensin-converting-enzyme inhibitors and angiotensin type-1 receptor blockers) and vasodilators 
(calcium-channel blockers and -blockers).  Bonferroni corrected significance of the associations: * P 
< 0.05; † P ≤ 0.01; ‡ P ≤ 0.001; § P ≤ 0.0001.  
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Figure 3   Kaplan-Meier survival function estimates for eGFR decline from ≥60 to <60 ml/min/1.73 

m2 by thirds of the mucin-1 subunit  (p8342) distribution.  The P value for the between-group differ-

ences was derived by the log-rank test.   
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Figure 4   Receiver operating characteristic (ROC) curves for decline in eGFR from ≥60 to <60 

ml/min/1.73 m2.  Using urinary mucin-1 (p8342)  instead of 24-h microalbuminuria to predict de-

cline of eGFR increased (P = 0.011) the AUC from 0.58 (95% CI, 0.50–0.66) to 0.72 (95% CI, 

0.64–0.79).   

394

Chapter 3.3

394



DISCUSSION 

A comprehensive literature search (Supplementary Material, pages 5-6) did not reveal 

any population study, in which renal function was correlated with individual sequenced 

urinary peptides.  Our main findings can be summarised as follows: (i) eGFR and change 

in eGFR over time were inversely correlated with peptide fragments derived from the mu-

cin-1 subunit , collagen I and III, and the fibrinogen -chain (Figure 1, Table 2 and Sup-

plementary Table S3); (ii) the relative risk of having or progressing to eGFR <60 

ml/min/1.73 m2 was associated with fragments from mucin-1 subunit  and collagen I 

(Figure 1, Table 3 and Supplementary Table S4); (iii) and PLS confirmed the aforemen-

tioned findings and identified a mucin-1 subunit  fragment as the strongest peptidomic 

correlate of a reduced eGFR with a VIP score of 2.47, compared with a score of 1.80 for 

collagen I fragment p77763 as the next contender (Figure 2).  The most salient finding of 

our study was therefore the identification of the urinary mucin-1 subunit fragment as a 

correlate and predictor of renal dysfunction in the general population.  

Mucin-1, also known as Krebs von den Lungen-6 antigen (KL-6), is a high-molecular 

weight (400 kDa), heavily O-glycosylated, type-I membrane-tethered glycoprotein that in 

normal conditions is expressed at the apical surface of epithelial cells.29  The -subunit of 

the protein consists of the N-terminus (104 amino acids), a 20 amino-acid variable-

number-tandem-repeat segment, which is repeated 25–125 times depending on genetic 

variation and splicing, and a C-terminus of 170 amino acids.29  The -subunit is non-

covalently bound to the transmembrane -subunit, which consists of a small extracellular 

region of 58 amino acids, a transmembrane region of 28 amino acids, and a cytoplasmic 

tail of 72 amino acids. 29  Normal kidneys express mucin-1 in the thick segment of Hen-

le’s loop and in the distal tubules and collecting ducts.30-32  Diabetic kidneys also express 

mucin-1 in the thin segment of Henle’s loop and proximal tubules and in parietal cells lin-

ing Bowman’s space.30  The mucin-1 subunit  protrudes 200–500 nm above the plasma 
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membrane, far above all other membrane-associated proteins within the 10 nm protective 

glycocalyx.33   

The main function of mucin-1 is to shield cell surfaces by maintenance of a luminal 

epithelial mucobarrier.34  Mucin-1 is chemotactic for human fibroblasts,35 but inhibits cel-

lular binding to collagen I and IV.29  The secreted mucin-1 isoform is a ligand for the mu-

cin-1 receptor and upon binding initiates signal transduction.29  In mice, renal ischaemia-

perfusion injury induces mucin-1 expression in all tubular epithelia.36  The protein stimu-

lates expression of hypoxia-inducible transcription factors, which orchestrate a protective 

response against acute kidney injury.36  Our current observations are in line with these 

experimental findings,36 the expression of mucin-1 in renal endothelium and tubular epi-

thelium,29 and its upregulation in diabetic kidneys.30  Recently several investigators dis-

covered a frameshift mutation in the MUC1 gene, located on chromosome 1 (1q21).37  

The mutation creates an abnormal sequence, encoding a new peptide that accumulates 

inside the MUC1 expressing renal tubular cells.38,39  It causes autosomal dominant me-

dullary cystic kidney disease type 1.  The clinical characteristics include progression to 

CKD with a widely variable age of onset of end-stage renal disease, probably dependent 

on gene-gene and gene-environment interactions,39 a bland urinary sediment without 

blood and minimal protein, renal fibrosis and cysts, but with no other organs expressing 

mucin-1 being affected.  The observation that affected patients do not have proteinuria 

and the low prevalence of microalbuminuria in our study probably explain why p8432 was 

a better predictor of eGFR decline than the urinary albumin-to-creatinine ratio or 24-h mi-

croalbuminuria.  Mutations in the uromodulin gene (UMOD) cause medullary cystic kidney 

disease type 2,40,41 which is characterised by juvenile hyperuricaemia, frequent gout and 

progressive CKD.  However, in our current study, eGFR was only weakly associated with 

four uromodulin fragments with VIP scores ranging from 0.56 to 0.82.  

Decline of renal function and renal fibrosis are often accompanied by a decrease in the 

urinary excretion of collagen fragments.10,42  We observed that eGFR and change in 
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eGFR were bi-directionally associated with two collagen I fragments and in addition were 

inversely associated with a collagen III fragment (Table 2 and Figures 1 and 2).  Several 

mechanisms might explain these bidirectional associations.  Higher levels of tissue inhibi-

tor of matrix metalloproteinase type 1, as observed in patients with renal dysfunction,43 

might inhibit the breakdown of collagen.  If originating from extra-renal sites, collagen 

fragments depending on their size might either be insufficiently retained by the glomerular 

sieve or fail to be reabsorbed in the tubules. 5,10,42  Finally, reactive overexpression of 

mucin-1 in the tubular epithelium of patients with early renal impairment, might lead to 

less retention of collagen fragments.29  eGFR and change in eGFR were also inversely 

associated with the fibrinogen  chain (Table 2 and Figures 1 and 2).  Fibrinogen plays a 

role in the pathogenesis of fibrotic disorders by acting as a profibrotic ligand for a variety 

of cellular surface receptors.  In a mice model of renal interstitial fibrosis induced by ob-

struction of the ureter44,45, pharmacological or genetic depletion of fibrinogen protected 

the kidneys against fibrosis.  In selected patients with hypertensive nephropathy, the uri-

nary excretion of the fibrinogen  chain was 15-fold elevated compared with healthy con-

trols and associated with a rapid decline in renal function (6.7 ml/min/1.73 m2/year).46   

One potential limitation of current study is that urinary peptidomic biomarkers derived 

from collagen not only originate from the kidney but from other organs as well, including 

bone tissue and the heart.  However, urine is the matrix closest to the kidney.4  In anal-

yses adjusted for body height as an index of skeletal health47 or left ventricular dysfunc-

tion,48 our findings were confirmatory (data not shown).  In our view, the aforementioned 

limitation does not apply to p8342, because there is no association between mucin-1 lev-

els in serum and urine,30 because renal tubular cells express mucin-130-32 as a specific 

renoprotective agent,30,36 and because genetic mutation of MUC1 cause tubulointerstitial 

fibrosis.38,39  Furthermore, we only analysed the urinary peptides with a detectable signal 

in over 95% of the participants.  Ignoring biomarkers with missing values might waste po-

tentially important information, explaining why in previous studies of a more exploratory 
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nature, this threshold was relaxed to 70%48 or lower49.  However, as a major objective of 

the present study was to deepen insight in the pathophysiological pathways leading to 

renal injury in the general population, we chose to apply a more stringent criterion, there-

by avoiding the possibility of false positive findings.  Finally, the proportional hazard re-

gression only included a subset of 558 (69.3%) participants, who had both a baseline and 

follow-up measurement and did not have a baseline eGFR less than 60 ml/min/1.73 m2.   

In conclusion, shedding of the mucin-1 subunit , an extracellular protein expressed in 

renal tubular epithelium, is a predictor of renal impairment and in the general population 

outperforms other urinary biomarkers, including collagen fragments and microalbumin in 

the general population.  Elucidation of the underlying molecular pathways in experimental 

studies might establish mucin-1 as a novel urinary biomarker allowing the early detection 

of renal dysfunction at a stage when prevention of CKD remains an achievable option.   
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Data Supplement 

EXPANDED METHODS 

Urinary peptides 

Participants collected 24-h urine samples within one week of the clinical examination at 

the field centre.  Aliquots (0.7 ml) were stored at –80 °C and thawed immediately before 

analysis.  To remove higher molecular mass proteins, such as albumin and immuno-

globulin G, the samples were ultrafiltered using Centrisart ultracentrifugation devices (20 

kDa MWCO; Sartorius, Göttingen, Germany) at 2000 g relative centrifugal force until 1.1 

ml of filtrate was obtained.  This filtrate was then applied onto a PD-10 desalting column 

(GE Healthcare, Uppsala, Sweden) equilibrated in 0.01% NH4OH in HPLC-grade H2O 

(Roth, Germany) to decrease matrix effects by removing urea, electrolytes, and salts, and 

to enrich peptides.  Finally, all samples were lyophilised, stored at 4 ºC, and suspended in 

HPLC-grade H2O shortly before capillary electrophoresis coupled with mass spectrome-

try (CE-MS).  

As described in detail elsewhere1-3 CE-MS analyses were performed using a P/ACE 

MDQ capillary electrophoresis system (Beckman Coulter, Brea, California, US) on-line 

coupled to a micrOTOF MS (Bruker Daltonic, Bremen, Germany).  The ESI sprayer (Ag-

ilent Technologies, Palo Alto, CA) was grounded, and the ion spray interface potential 

was set between 4 and  4.5 kV.  Data acquisition and mass spectrometry acquisition 

methods were automatically controlled by the capillary electrophoresis via contact-close-

relays.  Spectra were accumulated every 3 seconds, over a range of charge states (m/z) 

350 to 3000. Previous publications described the accuracy, precision, selectivity, sensi-

tivity, reproducibility, and stability of the CE-MS measurements in detail.3,4  Mass spectra 

were processed using MosaiquesVisu software, including peak picking, deconvolution 

and de-isotoping.5  Migration time and peak intensity were normalised, using internal pol-

ypeptide standards.6  These fragments result from normal biological processes and ap-

pear to be unaffected by any disease state studied to date based on over 30,000 samples 
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in the Mosaiques database.7  The resulting peak list characterises each polypeptide by its 

molecular mass, normalised capillary electrophoresis migration time, and normalised sig-

nal intensity.  All detected polypeptides were deposited, matched, and annotated in a Mi-

crosoft SQL database, allowing further analysis and comparison of multiple patient 

groups.  

For targeted sequencing, urine samples were analysed on a Dionex Ultimate 3000 RSLS 

nano flow system (Dionex, Camberly, UK) or on a Beckman CE, interfaced with an Or-

bitrap Velos MS instrument (Thermo Scientific, Waltham, Massachusetts, US).3 The data 

files were analysed using Proteome Discoverer 1.2 (precursor mass tolerance, 5 ppm; 

fragment mass tolerance, 0.05 Da) and were searched against the UniProt human non-

redundant database without enzyme specificity.  No fixed modifications were selected. 

Oxidation of methionine and proline were considered as variable modifications.  The crite-

ria for accepting sequences were high confidence (Xcorr ≥1.9) and absence of unmodi-

fied cysteine.  A strict correlation between peptide charge at the working pH of 2 and ca-

pillary electrophoresis migration time was used to avoid falsely characterised peptides.8  

Among 5073 urinary peptides, 2229 had been sequenced, among which we selected 74 

(Table S4) with mean signal amplitude different from undetectable in over 95% of partici-

pants.  For statistical analysis, we set the undetectable values to the minimum of the dis-

tribution of each peptide.  
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LITERATURE SEARCH 

Evidence already available 

We searched PubMed for relevant publications without limitations of publication date or 

language using as terms (“chronic kidney disease” OR “glomerular filtration rate”) AND 

(“proteomics”).  We screened papers by title or abstract to identify full-text reports that 

might be relevant to our current results.  Our search identified 151 articles published from 

2001 until 2016. We additionally screened the references of 76 downloaded manuscripts. 

We read the full-text version of 102 papers. Animal experiments, case-control reports and 

studies of patients implicate collagen, fibrinogen and mucin-1 in pathways leading to kid-

ney injury.  Previous studies identified multidimensional urinary proteomic markers that 

predict the incidence of renal impairment in patients or populations.  However, our search 

did not reveal any population study, in which renal function and a profibrotic serum bi-

omarker were correlated with individual sequenced urinary peptides.  

What this study adds 

Urinary peptides associated with renal function, analysed as continuous or categorical 

variables, included fragments derived from collagen I and III, the mucin-1 subunit  and 

the fibrinogen -chain.  The most salient finding was that shedding of the mucin-1 subunit 

 (p8432), an extracellular protein expressed in renal tubular epithelium, was the strong-

est correlate and predictor of renal impairment in the general population.  MUC1 muta-

tions specifically result in progressive renal failure in patients with autosomal dominant 

tubulointerstitial kidney disease, also known as medullary cystic kidney disease type-1, 

with a bland urinary sediment with no albuminuria and no other organs being affected. 

Our current findings extend these genetic studies to people without major kidney disease 

representative for the general population.   
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Implications of the overall evidence 

In clinical practice, renal damage is generally detected by proteinuria or albuminuria on 

urinalysis or quantitative measurement, changes in the serum creatinine concentration for 

estimation of glomerular filtration rate, or both.  However, these methods have major limi-

tations as they are late manifestations of renal injury.  We propose that the urinary frag-

ment of the mucin-1 subunit  identified in the current study is an early and strong predic-

tor of imminent renal dysfunction and that pending further validation it should be ported to 

clinical practice.  Moreover, mucin-1 related pathways might represent a novel target for 

prevention or treatment of kidney injury.   
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Table S1   Work flow of the statistical analysis 

Analysis step Statistical method Caption Number of participants 

Preparing for analysis  Logarithmic transformation, rank normalisation 

Comparing characteristics  Large-sample z test, Fisher’s exact test  Tables 1 and S2 805 

Identification of covariables  Stepwise linear regression  805 

eGFR analysed as continuous outcome 

Single urinary peptides, one at a time 

Cross-sectional analyses Linear regression, Bonferroni correction Tables 2 and S3, Figure 1 805 

Longitudinal analyses Linear regression, Bonferroni correction Tables 2 and S3, Figure 1 597 

All urinary peptides  

Cross-sectional analyses  Partial least squares analysis Figure 2 805 

eGFR analysed as categorical outcome 

Cross-sectional analyses Logistic regression, Bonferroni correction Tables 3 and S4, Figure 1 805 

Longitudinal analyses  Cox regression, Bonferroni correction  Tables 3 and S4, Figure 1 558, excluding 39 partici-
pants having eGFR <60 
ml/min/1.73 m2 at baseline 

Prediction of eGFR decline Log-rank test, receiver operating characteristic 
curve  

Figures 3 and 4 558, excluding 39 partici-
pants having eGFR <60 
ml/min/1.73 m2 at baseline 

Abbreviations: eGFR, estimated glomerular filtration rate; eGFR was derived from serum creatinine by the Chronic Kidney Disease Epidemiology Collaboration 
formula.   



Table S2   Baseline characteristics of 597 participants who underwent a follow-up 

assessment of eGFR  

Characteristic eGFR <60 eGFR ≥60 P 

Number of participants (%) 

All participants in category  558 39 

Women  273 (48.9) 29 (74.4) 0.0021 

Smokers  111 (19.9) 4 (10.3) 0.21 

Drinking ≥5 gram alcohol  per day 242 (43.4) 8 (20.5) 0.0065 

Hypertension  222 (39.8) 59 (74.4) <0.0001 

Antihypertensive treatment   132 (23.7) 21 (53.9) <0.0001 

Diabetes mellitus   17 (3.1) 1 (2.6) >0.99 

Mean ( ± SD) of characteristic 

Age (years)  49.4 ± 14.3 66.6 ± 10.2 <0.0001 

Body mass index (kg/m2)  26.4 ± 4.3 27.4 ± 3.8 0.013 

Waist-to-hip ratio  0.87 ± 0.08 0.89 ± 0.08 0.13 

Systolic pressure (mm Hg)  127.6 ± 15.8 144.4 ± 23.2 <0.0001 

Diastolic pressure (mm Hg )  79.8 ± 9.6 80.7 ± 7.6 0.57 

Mean arterial pressure (mm Hg ) 95.7 ± 10.4 101.9 ± 10.2 0.0004 

Heart rate (beats per minute)  62.8 ± 9.4 62.7 ± 10.0 0.96 

Serum total cholesterol (mg/dl)  203 ± 37 215 ± 36 0.065 

Serum HDL cholesterol (mg/dl)  56 ± 14 54 ± 15 0.46 

Plasma glucose (mg/dl)  88 ± 13 96 ± 12 0.084 

Serum creatinine (mg/dl) 0.93 ± 0.14 1.19 ± 0.35 <0.0001 

eGFR (ml/min/1.73 m2) 84.2 ± 14.2 52.5 ± 8.1 <0.0001 

Geometric mean (IQR) of characteristic 

UACR (mg/mmol)   0.48 (0.30–0.72) 0.94 (0.48–1.02) 0.0025 

24-h albuminuria (mg)  5.7 (4.1–7.1) 8.8 (4.5–8.1) 0.033 

-glutamyltransferase (units/l) 23 (15–33)  27 (17–33) 0.18 

eGFR was derived from serum creatinine by the Chronic Kidney Disease Epidemiology Collabora-
tion formula.  Values are arithmetic mean (± SD) or geometric mean (interquartile range).  UACR 
indicates urinary albumin-to-creatinine ratio.  Office blood pressure was the average of five con-
secutive readings.  Hypertension was an office blood pressure of ≥140 mm Hg systolic or ≥90 mm 
Hg diastolic, or use of antihypertensive drugs.  Diabetes mellitus was a self-reported diagnosis, a 
fasting glucose level of ≥126 mg/dl, or use of antidiabetic agents.  
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Table S3   Multivariable-adjusted associations of eGFR with urinary proteomic biomarkers 

Biomarker 

(baseline) 
Protein 

eGFR baseline 

(n = 805)  

eGFR change 

over 5 years  

(n = 597)  

Estimate 

(95%CI) 

Estimate 

(95%CI) 

p4976 collagen I 1.92 (0.37 to 3.48)† –0.99 (–2.12 to 0.15)
p32171 collagen I 1.78 (0.19 to 3.38)* 0.56 (–0.59 to 1.72)
p35339 collagen I 3.46 (1.88 to 5.04)§ 0.62 (–0.55 to 1.80)
p38605 collagen I 2.25 (0.71 to 3.80)‡ 0.85 (–0.27 to 1.98)
p43442 collagen I 1.96 (0.42 to 3.50)† 0.65 (–0.47 to 1.78)
p48106 collagen I 0.28 (–1.27 to 1.84) 1.18 (0.07 to 2.29)*
p57531 collagen I 2.28 (0.69 to 3.87)‡ 1.43 (0.29 to 2.57)†
p71602 collagen I 1.55 (0.00 to 3.10) 0.22 (–0.89 to 1.35)
p73697 collagen I 0.22 (–1.32 to 1.77) –0.34 (–1.46 to 0.77)
p75846 collagen I –1.89 (–3.42 to –0.37)† –0.36 (–1.47 to 0.76)
p77763 collagen I –3.20 (–4.73 to –1.68)§ –1.37 (–2.49 to –0.26)†
p81758 collagen I –2.92 (–4.46 to –1.39)§ –1.12 (–2.23 to 0.00)
p89233 collagen I 0.63 (–0.91 to 2.17) –0.66 (–1.77 to 0.45)
p15776 collagen II –0.63 (–2.20 to 0.94) –0.98 (–2.10 to 0.13)
p38798 collagen III –2.14 (–3.71 to –0.56)† –0.09 (–1.22 to 1.05)
p61332 collagen III –1.72 (–3.34 to –0.10)* –0.74 (–1.90 to 0.41)
p70413 collagen III –0.40 (–1.95 to 1.14) –1.05 (–2.17 to 0.05)
p105352 collagen III –2.84 (–4.40 to –1.27)§ –1.23 (–2.38 to –0.10)*
p107460 collagen III 1.64 (0.05 to 3.22)* 0.28 (–0.87 to 1.43)
p99577 collagen IV –0.17 (–1.73 to 1.39) –1.2 (–2.31 to –0.09)*
p8342 mucin-1 –4.48 (–6.00 to –2.96)§ –1.85 (–3.03 to –0.66)‡
p54438 uromodulin 1.29 (–0.32 to 2.90) –0.61 (–1.78 to 0.56)
p60751 retinol-binding protein-4 –1.59 (–3.15 to –0.02)* –0.61 (–1.72 to 0.51)
p61221 stabilin-2 –2.25 (–3.78 to –0.71)‡ –0.53 (–1.66 to 0.59)
p61573 fibrinogen –1.70 (–3.26 to –0.15)* –1.45 (–2.56 to –0.33)†
p64256 fibrinogen –2.90 (–4.43 to –1.36)§ –1.06 (–2.19 to 0.06)
p71312 protocadherin-12 –3.06 (–4.61 to –1.51)§ –1.06 (–2.22 to 0.10)

eGFR indicates estimated glomerular filtration rate derived from serum creatinine by the Chronic Kidney 
Disease Epidemiology Collaboration formula.  Change in eGFR was the follow-up minus the baseline val-
ue.  Estimates given with 95% confidence interval, express the change in the dependent variable associ-
ated with a 1-SD increase in the normalised urinary peptides measured at baseline.  The cross-sectional 
analyses were adjusted for mean arterial pressure, waist-to-hip ratio, smoking, plasma glucose, 
-glutamyltransferase, total-to-HDL cholesterol ratio, 24-h albuminuria, and use of diuretics, inhibitors of 
the renin-angiotensin system (-blockers, angiotensin-converting-enzyme inhibitors and angiotensin 
type-1 receptor blockers) and vasodilators (calcium-channel blockers and -blockers).  The longitudinal 
analyses were additionally adjusted for baseline eGFR and follow-up time.  Bonferroni corrected signifi-
cance of the associations: * P ≤ 0.05; † P ≤ 0.01; ‡ P ≤ 0.001; § P ≤ 0.0001.   
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Table S4   Multivariable-adjusted associations of eGFR category with urinary proteomic 

biomarkers

Biomarker 

(baseline) 
Protein 

eGFR ≥60 vs. <60 

(n = 731/74) 

eGFR ≥60 → <60 

(n  = 502/56) 

Odds ratio 

(95% CI) 

Hazard ratio 

(95% CI) 

p4976 collagen I 0.85 (0.59–1.23) 1.19 (0.79–1.8) 
p32171 collagen I 0.86 (0.58–1.28) 0.89 (0.58–1.37) 
p35339 collagen I 0.78 (0.53–1.16) 0.73 (0.48–1.11) 
p38605 collagen I 0.70 (0.48–1.03) 1.00 (0.68–1.49) 
p43442 collagen I 0.84 (0.57–1.24) 1.07 (0.72–1.60) 
p48106 collagen I 0.85 (0.59–1.22) 0.93 (0.62–1.40) 
p57531 collagen I 0.58 (0.39–0.87)‡ 0.78 (0.52–1.16) 
p71602 collagen I 0.71 (0.49–1.04) 0.90 (0.59–1.36) 
p73697 collagen I 1.54 (1.05–2.24)* 1.24 (0.85–1.81) 
p75846 collagen I 1.26 (0.87–1.84) 1.27 (0.84–1.91) 
p77763 collagen I 1.45 (1.01–2.10)* 1.78 (1.16–2.73)† 
p81758 collagen I 1.77 (1.20–2.61)‡ 1.16 (0.77–1.75) 
p89233 collagen I 1.70 (1.16–2.49)† 0.97 (0.64–1.47) 
p15776 collagen II 1.27 (0.87–1.85) 1.08 (0.70–1.68) 
p38798 collagen III 1.02 (0.71–1.47) 0.81 (0.56–1.18) 
p61332 collagen III 1.11 (0.75–1.66) 1.06 (0.68–1.65) 
p70413 collagen III 0.94 (0.65–1.35) 1.16 (0.76–1.75) 
p105352 collagen III 2.18 (1.42–3.34)§ 1.16 (0.74–1.80) 
p107460 collagen III 0.64 (0.43–0.96)* 0.77 (0.51–1.17) 
p99577 collagen IV 1.54 (1.06–2.23)* 1.33 (0.89–1.99) 
p8342 mucin-1 2.03 (1.34–3.08)§ 2.10 (1.39–3.17)§ 
p54438 uromodulin 0.65 (0.44–0.96)* 0.84 (0.57–1.23) 
p60751 retinol-binding protein-4 1.09 (0.74–1.61) 1.25 (0.82–1.91) 
p61221 stabilin-2 1.40 (0.95–2.06) 1.63 (1.08–2.44)† 
p61573 fibrinogen 1.18 (0.80–1.72) 1.66 (1.09–2.52)† 
p64256 fibrinogen 1.17 (0.80–1.72) 1.57 (1.05–2.36) 
p71312 protocadherin-12 1.23 (0.85–1.78) 1.32 (0.85–2.04) 

Hazard ratios were computed excluding 39 participants with eGFR <60 ml/min/1.73 m2 at baseline.  n in-
dicates the number of participants with eGFR ≥60 and <60 ml/min/1.73 m2 in the cross-sectional (odds 
ratio) and longitudinal (hazard ratio) analyses.  The censoring date in Cox regression coincided with the 
follow-up visit.  All analyses were adjusted for baseline variables, including mean arterial pressure, waist-
to-hip ratio, smoking, plasma glucose, -glutamyltransferase, total-to-HDL cholesterol ratio, 24-h albuminu-
ria, and use of diuretics, inhibitors of the renin-angiotensin system (-blockers, angiotensin-converting-
enzyme inhibitors and angiotensin type-1 receptor blockers) and vasodilators (calcium-channel blockers 
and -blockers).  Bonferroni corrected significance of the associations: * P < 0.05; † P ≤ 0.01; ‡ P ≤ 0.001; 
§ P ≤ 0.0001.
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Table S5   Urinary fragments with known amino-acid sequence (starts)  

ID Sequence Protein 

4976 DpGKNGDKG Collagen alpha-2(I) chain 

8342 TTLASHSTK Mucin-1 subunit alpha  

13342 ApGDKGESGPS Collagen alpha-1(I) chain 

15776 GERGETGPpGP Collagen alpha-1(II) chain 

27350 DKGETGEQGDRG Collagen alpha-1(I) chain 

27517 ApGEDGRpGPpGP Collagen alpha-1(II) chain 

32171 ApGDRGEpGPpGPA Collagen alpha-1(I) chain 

35339 ApGDRGEpGPpGPAG Collagen alpha-1(I) chain 

37662 KGTDGpMGPHGpAGp Collagen alpha-1(XXV) chain 

38605 SpGSPGPDGKTGPpGP Collagen alpha-1(I) chain 

38798 GLpGTGGPpGENGKpG Collagen alpha-1(III) chain 

40243 SpGSpGPDGKTGPPGp Collagen alpha-1(I) chain 

41431 GPpGKpGDDGEAGKPG Collagen alpha-1(II) chain 

41601 DGQPGAKGEpGDAGAK Collagen alpha-1(I) chain 

42304 DGQpGAKGEpGDAGAK Collagen alpha-1(I) chain 

43442 VGPpGPpGPpGPPGPPS Collagen alpha-1(I) chain 

43543 GSpGSpGPDGKTGPPGp Collagen alpha-1(I) chain 

44618 VGPpGPpGPpGpPGPPS Collagen alpha-1(I) chain 

48106 SpGSpGPDGKTGPPGpAG Collagen alpha-1(I) chain 

50840 DGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 

53035 VGPpGPpGPpGPpGPPSAG Collagen alpha-1(I) chain 

53181 SGSVIDQSRVLNLGPI Uromodulin 

54438 VIDQSRVLNLGPITR Uromodulin 

54525 GLpGTGGPpGENGKpGEp Collagen alpha-1(III) chain 



Table S5   Urinary fragments with known amino-acid sequence (continued) 

ID Sequence Protein 

55582 NGApGNDGAKGDAGApGApG Collagen alpha-1(I) chain 

57265 SGPGPGLGSGSTSGPADSVm Microtubule-associated protein 6 

57531 TGSpGSpGPDGKTGPPGpAG Collagen alpha-1(I) chain 

57537 NDGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 

59022 SVIDQSRVLNLGPITR Uromodulin 

60149 GNDGApGKNGERGGpGGpGP Collagen alpha-1(III) chain 

60751 SVDETGQmSATAKGRVR Retinol-binding protein-4 

61221 MNIEYmNNTDmFYT Stabilin-2 

61332 ApGAPGGKGDAGApGERGPpG Collagen alpha-1(III) chain 

61573 DEAGSEADHEGTHSTKR Fibrinogen alpha chain 

63910 DDGEAGKPGRPGERGpPGp Collagen alpha-1(I) chain 

64256 DEAGSEADHEGTHSTKRG Fibrinogen alpha chain  

65746 SGSVIDQSRVLNLGPITR Uromodulin 

69769 DGESGRPGRpGERGLpGPpG Collagen alpha-1(III) chain 

70413 DGESGRpGRpGERGLpGPpG Collagen alpha-1(III) chain 

70635 NSGEpGApGSKGDTGAKGEpGP Collagen alpha-1(I) chain 

70674 EGSpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 

71312 FAERNPVEELTVDSPPVQ Protocadherin-12 

71602 PpGEAGKpGEQGVpGDLGAPGP Collagen alpha-1(I) chain 

72596 NGDDGEAGKPGRPGERGPpGp Collagen alpha-1(I) chain 

72896 SGEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 

73246 NGDDGEAGKpGRpGERGPpGP Collagen alpha-1(I) chain 

73697 GNSGEpGApGSKGDTGAKGEPGp Collagen alpha-1(I) chain 

74065 DAGApGApGGKGDAGApGERGPpG Collagen alpha-1(III) chain 



Table S5   Urinary fragments with known amino-acid sequence (continued) 

ID Sequence Protein 

75846 GPpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) chain 
77018 DGQPGAKGEpGDAGAKGDAGPPGp Collagen alpha-1(I) chain 
77763 DGQpGAKGEpGDAGAKGDAGPPGp Collagen alpha-1(I) chain 
77952 VGEpGPAGSKGESGNKGEpGSAGP Collagen alpha-2(I) chain 
78332 AGPpGEAGkPGEQGVPGDLGAPGp Collagen alpha-1(I) chain 
78843 NSGEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 
79136 AGPpGEAGKpGEQGVpGDLGApGP Collagen alpha-1(I) chain 
79626 NSGEpGApGSKGDTGAkGEpGPVG Collagen alpha-1(I) chain 
80891 ADGQPGAKGEpGDAGAKGDAGPPGp Collagen alpha-1(I) chain 
81196 NGApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) chain 
81758 ADGQpGAKGEpGDAGAKGDAGPpGP Collagen alpha-1(I) chain 
84542 QNGEpGGKGERGAPGEKGEGGppG Collagen alpha-1(III) chain 
85315 ANGApGNDGAKGDAGApGApGSQGApG Collagen alpha-1(I) chain 
85761 ADGQpGAKGEpGDAGAKGDAGPpGPA Collagen alpha-1(I) chain 
89233 KGNSGEpGApGSKGDTGAKGEpGPVG Collagen alpha-1(I) chain 
90344 GKNGDDGEAGKpGRpGERGPpGPQ Collagen alpha-1(I) chain 
98660 GApGQNGEpGGKGERGApGEKGEGGPpG Collagen alpha-1(III) chain 
99577 PGRpGLDGERGRPGPAGPpGPpGPSSN Collagen alpha-6(IV) chain 
105352 SGHPGSPGSPGYQGPpGEPGQAGPSGPpGP Collagen alpha-1(III) chain 
107460 KNGETGPQGPPGPTGPGGDKGDTGPpGpQG Collagen alpha-1(III) chain 
111001 ERGEAGIpGVpGAKGEDGKDGSpGEpGANG Collagen alpha-1(III) chain 
112106 PQGPpGPTGpGGDKGDTGPpGPQGLQGLpGT Collagen alpha-1(III) chain 
115491 ESGREGApGAEGSpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 
118163 LTGSpGSpGpDGKTGPPGPAGQDGRPGPpGppG Collagen alpha-1(I) chain 
125402 PpGESGREGApGAEGSpGRDGSpGAKGDRGETGP Collagen alpha-1(I) chain 

133849 TGPPGpAGFAGpPGADGQpGAKGEQGEAGQKGDAGAPGP Collagen alpha-1(II) chain 



Figure S1   Flow chart of participants 
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Figure S2   Percentage of participants according to the number of 2129 sequenced peptides with 

a detectable signal.  The horizontal line denotes 805 participants with 74 peptides detected.  
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Abstract 

The metabolic signature associated with subclinical diastolic left ventricular (LV) dysfunction 

in the population remains ill defined.  In 711 randomly recruited Flemish (50.8% women; 

mean age, 50.8 years), we assessed echocardiographic Doppler indexes of diastolic LV 

function in relation to 44 circulating metabolites determined by nuclear magnetic resonance 

spectroscopy.  In multivariable-adjusted regression analysis with Bonferroni correction of 

significance levels applied, peak a’ decreased (P≤0.048) and e’/a’ increased (P≤0.044) with 

circulating tyrosine, HDL apolipoproteins, glucose + glutamine, and an unidentified molecule. 

Effect sizes expressed per 1-SD increment in the metabolite ranged from -0.277 to -0.203 

cm/s for peak a’ and from +0.047 to +0.054 for e’/a’.  In addition, peak a’ decreased 

(P≤0.031) with glucose + 2-aminobutyrate (-0.261 cm/s) and glucose + 2-phosphoglycerate 

(-0.209 cm/s).  In partial least square discriminant analysis (PLS-DA), metabolites associat-

ed with normal diastolic LV function (n=538) included glucose + glutamine, glucose + 

2-aminobutyrate, and glucose + 2-phosphoglycerate, whereas those siding with abnormal 

function encompassed 4-aminobutyrate, 4-hydroxybutyrate, creatinine and phosphocholine.  

In receiver operating characteristics plots, adding three latent factors identified by PLS-DA 

to prohormone brain natriuretic peptide increased (P<0.0001) the area under curve from 

0.64 (95% confidence interval, 0.58–0.68) to 0.73 (0.68– 0.78).  In a general population, cir-

culating metabolites indicative of energy substrate utilization and protection against oxida-

tive stress differentiated normal from abnormal diastolic LV function.  These findings im-

prove our understanding of the pathophysiology underlying deterioration of diastolic LV 

function and potentially point to new targets for prevention and treatment of this condition.   
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Introduction 

The prevalence of heart failure (HF) among adults living in Europe amounts to 15 million1 

and 5 million in the United States,2 of whom about half have diastolic HF with a 5-year 

mortality rate in excess of 50%.1,3  In population studies,4-6 the frequency of asymptomat-

ic diastolic left ventricular (LV) dysfunction, as diagnosed by echocardiography, is as high 

as 27%.  Availability of biomarkers helping to understand the underlying pathophysiology 

and to identify the large pool of individuals with subclinical diastolic LV dysfunction at high 

risk of HF is key to prevention and timely treatment.1   

Metabolomics is the systematic study of small-molecule metabolite profiles in biologi-

cal fluids.7,8  Studies of HF patients matched with healthy controls showed a different 

metabolic signature in serum9 and urine.9,10  Recently, Cheng and coworkers demon-

strated that over and beyond classical risk factors and B-type natriuretic peptide, circulat-

ing plasma metabolites had diagnostic value in assessing HF-related metabolic disturb-

ances and predicting hospitalizations and mortality.8  However, the utility of metabolite 

profiling in HF remains uncertain.11  Findings in symptomatic patients cannot be extrapo-

lated to subclinical disease, in which biomarkers would have the greatest diagnostic or 

prognostic meaning.12  In keeping with these considerations,11,12 we examined the met-

abolic signature of diastolic LV dysfunction in a random population sample enrolled in the 

Flemish Study on Environment, Genes and Health Outcomes (FLEMENGHO).13  

Methods 

Study Participants 

The Ethics Committee of the University of Leuven approved FLEMENGHO protocol.13  

Recruitment started in 1985 and continued until 2004.  The initial participation rate was 

78.0%.  The participants were repeatedly followed up.13  From May 2005 until May 2010, 

we mailed an invitation letter to 1208 former participants for a follow-up examination. 

However, 153 were unavailable, because they had died (n=26), had been institutionalized 
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or were too ill (n=27), or had moved out of the area (n=100).  Of the remaining 1055 for-

mer participants, 828 renewed informed consent.  At the stage of re-examination, the par-

ticipation rate was therefore 78.5%.  We excluded 117 participants from analysis, be-

cause serum samples were unavailable (n=96), because metabolites had extreme values 

dissociated from the distribution (n=3), because atrial fibrillation or paced heart rhythm 

made assessment of diastolic LV function impossible (n=7), or because of poor echocar-

diographic image quality (n=11).  Thus, the number of participants statistically analyzed 

totaled 711.  

Echocardiography 

Data acquisition—One observer (T.K.) did the ultrasound examination,4 using a Vivid7 

Pro (GE Vingmed, Horten, Norway) device interfaced with a 2.5- to 3.5-MHz  phased-

array probe.  For off-line analysis, she recorded at least five heart cycles according to the 

recommendations of the American Society of Echocardiography.14  M-mode echocardio-

grams of the left ventricle (LV) were recorded from the parasternal long-axis view under 

control of the two-dimensional image.  The ultrasound beam was positioned just below 

the mitral valve at the level of the posterior tendinous chords.  To record mitral and pul-

monary vein (PV) flow velocities from the apical window, the observer positioned the 

Doppler sample volume at the mitral valve tips, in the right superior PV, and between the 

LV outflow and mitral inflow, respectively.  From the apical window, the observer posi-

tioned a 5-mm Doppler sample at the septal, lateral, inferior and posterior sites of the mi-

tral annulus to record low-velocity, high-intensity myocardial signals at a high frame rate 

(>190 frames per second), while ensuring parallel alignment of the ultrasound beam with 

the myocardial segment of interest.   

Off-line analysis—One reader (T.K.) analyzed the digitally stored images, averaging 

three heart cycles, using a workstation running EchoPac software, version 4.0.4 (GE 

Vingmed, Horten, Norway).  LV internal diameter and interventricular septal and posterior 

wall thickness were measured at end-diastole from the 2-dimensionally guided M-mode 
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tracing.  When optimal orientation of M-mode ultrasound beam could not be obtained, the 

reader performed linear measurements on correctly oriented 2-dimensional images.  End-

diastolic LV dimensions were used to calculate LV mass by an anatomically validated 

formula.14  Left atrial (LA) volume was calculated using the prolate-elipsoid method from 

the LA dimensions in three orthogonal planes and indexed to body surface area.14  From 

the transmitral flow signal, the reader determined peak early diastolic velocity (E), peak 

late diastolic velocity (A), the E/A ratio, and transmitral A flow duration.  From the PV flow 

signal, she measured the duration of PV reversal flow during atrial systole (AR).  From 

the TDI recordings, the reader measured peak early (e') and peak late (a') diastolic mitral 

annular velocities, and the e'/a' ratio at the four acquisition sites (septal, lateral, inferior, 

and posterior).   

Intra-observer reproducibility was the 2-SD interval about the mean of the relative dif-

ferences across pairwise readings.  The intra-observer reproducibility for the tissue Dop-

pler peak velocities across the four sampling sites ranged from 4.5% to 5.3% for e’ and 

from 4.0% to 4.5% for a’.4  Reproducibility was 2.2% for internal end-diastolic LV diame-

ter, 4.6% for LV wall thickness, and  4.3% for LV mass.15   

We dichotomized diastolic LV function into normal and abnormal as described in pre-

vious publications.4,5  Diastolic dysfunction included: (i) patients with an abnormally low 

age-specific transmitral E/A ratio indicative of impaired relaxation, but without evidence of 

increased LV filling pressures (E/e'≤8.5); (ii) patients with mildly-to-moderately elevated 

LV filling pressure (E/e'>8.5) and an E/A ratio within the normal age-specific range; (iii) 

and patients with an elevated E/e' ratio and an abnormally low age-specific E/A ratio 

(combined dysfunction).  To confirm elevation of LV filling pressure, the reader of the of-

fline echocardiographic images checked the differences in the duration between the 

transmitral A flow (Ad) and the reverse flow in the pulmonary veins (ARd) during atrial 

systole (Ad<ARd+10) and the left atrial volume index (≥28 ml/m2).   
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Nuclear Magnetic Resonance Spectroscopy 

For NMR spectroscopy,7,16,17 500 µl of plasma were mixed with 50 µl of D2O (as a field 

lock).  A total of 500 µl of the mixture of each sample was then individually transferred 

into a 5 mm high resolution NMR tube. All 1H NMR spectra were acquired using a stand-

ard one-dimensional pulse sequence with water suppression (Bruker Avance 600 spec-

trometer operating at 600.13 MHz with a 5 mm 1H/13C/15N TXI probe).  A total of 256 

FIDs (free induction decay) were collected into 64 k data points with a spectral width of 14 

ppm and a recycle delay (RD) of 1 s.  The water signal was saturated with weak irradia-

tion during the recycle delay. Before Fourier transformation, the free induction decay was 

multiplied by a 0.3 Hz exponential line broadening.  

Spectral chemical shift referencing on the alanine CH3 doublet signal at 1.475 ppm 

was performed in all spectra. Resonances in these spectral regions were assigned using 

the literature18 and selected two-dimensional (2D NMR, especially for long chain metabo-

lites) spectra.  We normalized all the spectra to the total spectral area.  Thus, the individ-

ual peak intensities were normalized to total metabolite content for better a comparison 

between samples.  Spectral regions belonging to the EDTA resonances (2.52 to 2.57 

ppm and 3.06 to3.17 ppm) were removed from the spectra for subsequent analysis.  We 

used available spectral databases and 2D NMR experiments to aid structural identifica-

tion of relevant metabolites.  All spectra were processed using Topspin 1.3 (Bruker Bio-

spin GmbH, Germany) and transferred to MATLAB® (MathWorks Inc., 2006) using in-

house scripts for data analysis.  Signals belonging to selected metabolites were integrat-

ed and quantified, using semi-automated in-house MATLAB peak-fitting routines.  These 

fitting routines were based on Levenburg-Marquard optimization procedures.  The target 

function for the optimization included experimental spectra measured for standard solu-

tions of selected metabolites with complex multiplet patterns and theoretically generated 

Lorentzian-shape signals for those metabolites with simpler spectral patterns.   
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Other Measurements

Blood pressure was the average of five consecutive auscultatory readings obtained ac-

cording to European guidelines with a standard mercury sphygmomanometer with the 

participant resting in the seated position for at least 5 minutes.19  Hypertension was a 

blood pressure of at least 140 mm Hg systolic or 90 mm Hg diastolic or use of antihyper-

tensive drugs.  Body mass index (BMI) was weight in kilograms divided by height in me-

ters squared.  Venous blood samples were drawn after at least 8 hours of fasting for 

measurement of plasma glucose and serum total and high-density lipoprotein (HDL) cho-

lesterol, creatinine, -glutamyltransferase (biomarker of alcohol intake) and insulin.  The 

homeostatic model assessment (HOMA) index was computed from glucose and insulin.20  

Glomerular filtration rate was derived by the Chronic Kidney Disease Epidemiology Col-

laboration equation.21  Diabetes mellitus was a self-reported diagnosis, a fasting glucose 

level of at least 7mmol/L, or use of antidiabetic agents.22  In 649 participants, the N-

terminal of the prohormone brain natriuretic peptide (NT-proBNP), was measured in 

plasma by a competitive enzyme immunoassay (EIA) for research use (Biomedica 

Gruppe, Vienna, Austria).   

Statistical Analysis

For database management and statistical analysis, we used the SAS system, version 9.3 

(SAS Institute Inc., Cary, NC).  Means were compared using the large-sample z-test or 

ANOVA and proportions by Fisher’s exact test.  We normalized the distributions of 

-glutamyltransferase, insulin and NT-proBNP by a logarithmic transformation.  Our statis-

tical methods also included multivariable linear regression with as dependent variables 

the echocardiographic indexes of diastolic LV function.  We identified variables to be re-

tained in the analyses by a stepwise regression procedure with P-value for variables to 

enter and stay in the models set at 0.15.  Statistical significance was a 2-sided P-level of 

0.05.  Where appropriate, we applied Bonferroni correction for multiple testing by multiply-
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ing P-values by 44 (the number of metabolites tested).  The annotation P and PB refer to 

significance levels unadjusted and adjusted for multiple testing.   

We constructed a  –log10 probability plot for the multivariable-adjusted associations of 

the diastolic LV function indexes with the metabolites.  In the next step of our analyses, 

we dichotomized the study population in 538 participants with normal LV function and in 

173 with subclinical diastolic LV dysfunction4,5  and used a binary dummy variable indicating mem-

bership to these two groups as dependent variable in a partial least squares discriminant analysis 

(PLS-DA) to identify a set of independent latent factors (LF) that were linear combinations 

of the metabolites and that maximized the covariance between the metabolites and left 

ventricular diastolic dysfunction.  We retained the smallest number of latent factors for 

which the predicted residual sums of squares (PRESS, calculated using leave-one-out 

cross-validation) did not differ significantly (P>0.10) from the model with the minimum 

PRESS value as assessed by the van der Voet T2 statistic.  The importance of each me-

tabolite in the construction of the PLS factors was assessed from the Variable Importance 

in Projection (VIP) scores of Wold.  

Finally, we evaluated the capability of the LFs to discriminate between participants 

with and without diastolic LV dysfunction by constructing the Receiver Operating Charac-

teristic (ROC) curve and by calculating the area under the ROC curve (AUC).  The  95% 

confidence interval of the AUC was calculated by the DeLong method.23  The discrimina-

tive capability of the latent factors on top of NT-proBNP was assessed by comparing the 

AUCs from a basic model including NT-proBNP and an extended model including 

NT-proBNP plus the LFs.  We tested the statistical significance of the change in AUC at-

tributable to adding the LFs to NT-proBNP by the Delong test for paired ROC curves.23   
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Results  

Characteristics of Participants 

Of 711 participants, 361 (50.8%) were women.  All subjects were White Europeans. 

Mean values (SD) in all participants combined were 50.8 (15.4) years for age, 129.0 

(17.0) and 79.7 (9.3) mm Hg for systolic and diastolic blood pressure, 26.5 (4.3) kg/m2 for 

BMI, and 5.24 (0.95) mmol/L for total cholesterol.  Of all participants, 287 (40.4%) had 

hypertension, of whom 177 (61.7%) were on antihypertensive drug treatment, and 9 

(1.3%) had diabetes.  The prevalence of diastolic LV dysfunction amounted to 173 

(24.3%), because of impaired relaxation in 70 (40.5%) or an elevated filling pressure in 

the presence of a normal (79 [45.7 %]) or low (24 [13.9%]) age-specific E/A ratio.   

Associations of Diastolic LV Function with Metabolites 

Unadjusted Analyses 

Comparing with participants with normal function (Table 1), age, BMI, central obesity, 

blood pressure, heart rate, serum creatinine, −glutamyltransferase and insulin, plasma 

glucose, the total-to-HDL cholesterol ratio and NT-proBNP all increased (P≤0.005), 

whereas eGFR decreased (P<0.0001) in participants with diastolic LV dysfunction.  Table 

2 shows that left atrial (LA) volume, LA volume index, LV mass, LV  mass index (LVMI), 

deceleration time, isovolumetric relaxation time, A and a’ peak velocities, and the E/e’ ra-

tio increased (P<0.0001) in participants with diastolic LV dysfunction, whereas the oppo-

site was the case (P<0.0001) for the E and e’ peak velocities and the E/A and e’/a’ ratios. 

Table 3 lists the circulating metabolites subdivided into amino acids, lipids, carbohy-

drates, organic acids and other molecules.  Table 4 shows that of 44 non-overlapping me-

tabolites, 24 showed significant differences between two groups.  Generally, amino acids 

were lower in diastolic LV dysfunction group (8 of 8 significant associations), whereas fat-

ty acids were higher (4 of 6 significant associations).  
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Table 1   Characteristics of 711 Participants by Diastolic LV Function Class 

Characteristic Normal Abnormal P Value 

Number in class  538 173 
Number of subjects (%) 

Women  262 (48.7) 99 (57.2) 0.051 
Smokers  115 (21.4) 29 (16.8) 0.19 
Drinking alcohol 391 (72.7) 96 (55.5) < 0.0001 
Hypertension  158 (29.4) 129 (74.6) < 0.0001 

Antihypertensive treatment 88 (16.4) 89 (51.5) < 0.0001 
Diabetes mellitus  5 (1.0) 4 (2.3) 0.16 

Mean (SD) of characteristic 
Age (y)  46.7 ± 13.8 63.4 ± 13.2  < 0.0001 
Body mass index (kg/m2)  25.8 ± 4.0 28.6 ± 4.5 < 0.0001 
Waist-to-hip ratio  0.86 ± 0.08 0.90 ± 0.08 < 0.0001 
Office blood pressure (mmHg)  

Systolic pressure   125.3 ± 14.9 140.5 ± 17.8 < 0.0001 
Diastolic pressure   79.1 ± 9.0  81.6 ± 10.0  0.002 
Mean arterial pressure 94.5 ± 9.9  101.2 ± 10.2 < 0.0001 

Heart rate (beats per minute) 60.5 ± 9.0  63.0 ± 10.9  0.005 
Biochemical data  

Serum creatinine (mol/L)  82.2 ± 13.3  87.5 ± 21.2  0.002 
eGFR (mL/min/1.73 m2)  83.4 ± 16.2  71.8 ± 14.6  < 0.0001 
Total cholesterol (mmol/L)   5.16 ± 0.92  5.48 ± 0.94  0.0001 
HDL cholesterol (mmol/L)   1.44 ± 0.36  1.38 ± 0.35  0.054 
Total-to-HDL cholesterol ratio  3.77 ± 1.02  4.18 ± 1.06  < 0.0001 
Plasma glucose (mmol/L)   4.86 ± 0.63  5.20 ± 1.05  < 0.0001 
-Glutamyltransferase (units/l)  22 (12–48)  26 (13–53)  0.005 
Insulin (pmol/L) 33.0 (14.4–71.8) 43.1 (21.5–93.3) < 0.0001 
NT-proBNP (pmol/L) 192 (91–395)  242 (117–493)  < 0.0001 

Diastolic dysfunction includes an abnormally low age-specific transmitral E/A ratio without increased LV 
filling pressures (E/e'≤8.5) or an elevated LV filling pressure (E/e'>8.5) with normal or low age-specific 
E/A (see references 4,5).  eGFR indicates estimated glomerular filtration rate derived by the Chronic 
Kidney Disease Epidemiology Collaboration equation formula.  Office blood pressure was the average 
of five consecutive readings.  Hypertension was an office blood pressure of ≥140 mmHg systolic, or ≥90 
mm Hg diastolic, or use of antihypertensive drugs.  For -glutamyltransferase, insulin and NT-proBNP 
values are geometric mean (interquartile range).  NT-proBNP (N-terminal of the prohormone brain na-
triuretic peptide) was measured in 488 and 161 participants in the normal and abnormal LV function 
group, respectively. Diabetes mellitus was a self-reported diagnosis, a fasting glucose level of at least 7 
mmol/L, or use of antidiabetic agents.   
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Table 2   Echocardiographic Measurements by Diastolic LV Functio Class 

Characteristic Normal Abnormal 

Number in class  538 173 

Conventional echocardiography 

Left atrial volume, mL  41.2 ± 12.4  48.1 ± 15.5  

Left atrial volume index, mL/m2   21.9 ± 5.40  26.0 ± 7.54  

Left ventricular mass, g  166.8 ± 44.9 194.6 ± 56.8 

Left ventricular mass index, g/m2  88.8 ± 19.1  104.5 ± 25.5 

Doppler data 

Deceleration time, ms  160.2 ± 31.0 190.2 ± 44.0 

Isovolumetric relaxation time, ms 94.4 ± 14.0  107.2 ± 18.6 

E peak, cm/s   77.3 ± 14.9  68.2 ± 17.2  

A peak, cm/s  59.1 ± 13.9  82.3 ± 15.7  

E/A ratio  1.39 ± 0.46  0.85 ± 0.24  

e’ peak, cm/s  12.6 ± 3.26  7.80 ± 1.95  

a’ peak, cm/s  9.78 ± 2.11  11.1 ± 1.92  

e’/a’ ratio  1.42 ± 0.66  0.73 ± 0.26  

E/e’ ratio  6.38 ± 1.35  9.13 ± 2.74  

Diastolic dysfunction includes an abnormally low age-specific transmitral E/A ratio without 
increased LV filling pressures (E/e'≤8.5) or an elevated LV filling pressure (E/e'>8.5) with 
normal or low age-specific E/A (see references 4,5). By definition, all P-values for the be-
tween-group differences were significant.   
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Table 3   List of Plasma Metabolic Biomarkers 

Amino Acids 1H shift Carbohydrates 1H shift 

2-Aminobutyrate (C4H9NO2) 1.86 -Glucose (C6H12O6)  5.23 

4-Aminobutyrate (C4H9NO2) 3.00 Glucose + taurine (C6H12O6 + C2H7NO3S) 3.24 

Alanine (C3H7NO2) 1.46 Glucose (C6H12O6)  3.47 

Aspartate (C4H7NO4) 2.81 Glycoprotein  2.04 

Glutamate (C5H9NO4)  2.36 Organic Acids 1H shift 

Glycine (C2H5NO2)  3.55 Acetate (C2H4O2) 1.91 

Glutamine (C5H10N2O3)  2.42 4-Hydroxybutyrate (C4H8O3) 1.78 

Isoleucine (C6H13NO2)  1.00 Lactate (C3H6O3)  1.33 

Leucine (C6H13NO2)  1.71 2-Oxobutyrate (C4H6O3)  2.75 

Phenylalanine (C9H11NO2)  3.26 Other Metabolites 1H shift 

Threonine (C4H9NO3)  3.58 Creatinine (C4H7N3O)  4.05 

Tyrosine (C9H11NO3)  6.88 Choline (C5H14NO)  3.21 

Valine (C5H11NO2)  0.97 Ethanolamine (C2H7NO)  3.41 

Lipids 1H shift Trimethylamine (C3H9N)  3.37 

Fatty acids with α-CH2  2.23 Glycerol (C3H8O3)  3.61 

Fatty acids with (-CH2-)n  1.25 Ethanol (C2H6O)  3.64 

Fatty acids with =CH-CH2-CH2= + citrate 2.69 Creatine + creatine-phosphate (C4H9N3O2 + C4H10N3O5P) 3.92 

Fatty acids with –CH3  0.84 Phosphocholine (C5H15NO4P)  3.22 

Fatty acids with =CH-CH2-CH2-  2.00 Glucose + 2-aminobutyrate (C6H12O6 + C4H9NO2)  3.72 

Fatty acids with –CH=CH  5.31 Glucose + glutamine (C6H12O6 + C5H10N2O3)  3.78 

HDL apolipoproteins3  6.50 Glucose + 2-phosphoglycerate (C6H12O6 +C3H7O7P )  3.80 

Cholesterol (C27H46O)  0.66 Unknown molecule  3.87 

Valerate (C5H10O2)  1.28 

Fatty acids with β-CH2  1.57 

3-Hydroxybutyrate (C4H8O3)  1.20 



Table 4   Levels of Metabolic Biomarkers by Diastolic LV Function Class (Starts) 

Metabolic biomarker 
Normal 
(n=538) 

Abnormal 
(n=173) 

P Value 

Amino Acids

2-Aminobutyrate 17.7 ± 1.09 17.4 ± 0.82 0.0003 
4-Aminobutyrate 6.97 ± 0.50 6.80 ± 0.50 0.0001 
Alanine  12.3 ± 0.63 12.2 ± 0.51 0.0058 
Aspartate  5.46 ± 0.73 5.46 ± 0.58 0.95 
Glutamate  9.26 ± 1.12 9.06 ± 0.77 0.0088 
Glycine  1.28 ± 0.16 1.29 ± 0.16 0.62 
Glutamine  10.4 ± 1.48 10.2 ± 1.18 0.018 
Isoleucine  12.6 ± 0.59 12.5 ± 0.57 0.075 
Leucine  33.4 ± 2.51 32.7 ± 1.86 0.0002 
Phenylalanine  2.92 ± 0.62 2.91 ± 0.58 0.83 
Threonine  2.31 ± 0.27 2.35 ± 0.24 0.098 
Tyrosine  2.36 ± 0.35 2.29 ± 0.25 0.0045 
Valine  9.65 ± 0.46 9.51 ± 0.46 0.0009 

Lipids

Fatty acids with α-CH2  10.6 ± 0.89 10.8 ± 0.78 0.0057 
Fatty acids with (-CH2-)n  51.2 ± 6.59 51.3 ± 5.51 0.81 
Fatty acids with =CH-CH2-CH2= + 
citrate  

16.7 ± 1.89 17.0 ± 1.34 0.019 

Fatty acids with –CH3  64.8 ± 6.83 64.2 ± 4.52 0.20 
Fatty acids with =CH-CH2-CH2-  36.1 ± 1.23 36.0 ± 1.09 0.52 
Fatty acids with –CH=CH  11.1 ± 2.62 11.8 ± 2.42 0.0016 
HDL apolipoproteins3  46.0 ± 6.96 44.6 ± 5.65 0.0099 
Cholesterol  22.6 ± 4.88 21.9 ± 2.73 0.012 
Valerate  35.7 ± 7.91 38.5 ± 8.03 <0.0001 
Fatty acids with β-CH2  39.7 ± 2.00 39.7 ± 1.22 0.75 
3-Hydroxybutyrate  18.4 ± 2.30 18.5 ± 3.59 0.82 

Carbohydrates

-Glucose  2.27 ± 0.42 2.39 ± 0.56 0.010 
Glucose + taurine 9.31 ± 1.21 9.26 ± 1.19 0.61 
Glucose  20.2 ± 2.18 20.6 ± 2.67 0.048 
Glycoprotein  15.5 ± 0.79 15.9 ± 1.09 0.0003 
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Table 4   Levels of Metabolic Biomarkers by Diastolic LV Function Class (Continued) 

Metabolic biomarker 
Normal 
(n=538) 

Abnormal 
(n=173) 

P Value 

Organic Acids

Acetate 5.36 ± 0.31 5.29 ± 0.42 0.037 
4-Hydroxybutyrate 16.0 ± 1.29 15.6 ± 0.91 <0.0001 
Lactate  13.7 ± 2.49 14.7 ± 2.47 <0.0001 
2-Oxobutyrate  4.67 ± 0.62 4.83 ± 0.49 0.0006 

Other Metabolites

Creatinine  2.84 ± 0.21 2.83 ± 0.16 0.26 
Choline  3.31 ± 1.09 3.21 ± 0.38 0.055 
Ethanolamine  0.81 ± 0.15 0.83 ± 0.13 0.89 
Trimethylamine  0.55 ± 0.13 0.54 ± 0.12 0.45 
Glycerol  1.91 ± 0.38 1.91 ± 0.16 0.72 
Ethanol  4.55 ± 0.52 4.52 ± 0.38 0.50 
Creatine + creatine-phosphate  1.49 ± 0.14 1.47 ± 0.12 0.027 
Phosphocholine  6.50 ± 1.09 6.17 ± 1.05 0.0006 
Glucose + 2-aminobutyrate  6.16 ± 0.57 6.29 ± 0.73 0.044 
Glucose + glutamine  6.08 ± 0.56 6.16 ± 0.53 0.11 
Glucose + 2-phosphoglycerate 1.42 ± 0.13 1.43 ± 0.13 0.31 
Unknown molecule  3.56 ± 0.31 3.55 ± 0.29 0.55 

Diastolic dysfunction includes an abnormally low age-specific transmitral E/A ratio without increased LV 
filling pressures (E/e'≤8.5) or an elevated LV filling pressure (E/e'>8.5) with normal or low age-specific 
E/A (see references 4,5).  P-values denote the significance of the differences between groups.   
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Multivariable-Adjusted Regression 

The variables considered for entry and retained for multivariable adjustment of the indexes of 

diastolic LV function are listed in Table 5.  We adjusted the associations of the indexes of dias-

tolic LV function for sex, age, BMI, mean arterial pressure, heart rate, total cholesterol, 

−glutamyltransferase, plasma glucose, LVMI and treatment with diuretics, −blockers and inhib-

itors of the renin-angiotensin system and applied Bonferroni correction of the significance levels. 

Under these conditions, the transmitral blood flow Doppler indexes were not correlated with any 

circulating metabolite.  There was a positive correlation of e’ peak velocity with glucose + taurine 

and phosphocholine (Figure 1; PB=0.044 for both).  Significance was also preserved (Figure 1) 

for the negative correlations of a’ peak velocity with tyrosine, HDL apolipoproteins, glucose + 

2-aminobutyrate, glucose + glutamine, glucose + 2-phosphoglycerate, and an unknown mole-

cule (PB≤0.048) and the positive correlations of e’/a’ with tyrosine, HDL apolipoproteins, glucose 

+ glutamine, and an unknown molecule (PB≤0.044).  Table 6 lists quantitative estimates for the 

association sizes expressing the differences in the diastolic LV function indexes per 1–SD in-

crement in the circulating metabolites with 95% confidence intervals rescaled to the Bonferroni 

significance level.  The results reported in Figure 1 and Table 6 remained consistent, if models 

were additionally adjusted for insulin or if glucose was replaced by the HOMA index.20  Howev-

er, additional adjustment for HDL cholesterol or replacing total cholesterol by the total-to-HDL 

cholesterol ratio removed the significance of the associations of e’ peak velocity with glucose + 

taurine and phosphocholine.   
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Table 5   Covariates Selected by Stepwise Regression 

Variables E peak A peak E/A e’ a’ e’/a’ E/e’ 

R2  0.27 0.68 0.66 0.75 0.50 0.72 0.46 

Female sex (0,1)  9.284§ 5.944§ … –0.354† –0.950§ 0.078‡ 1.109§ 

Age (+15.4 y)  –6.478§ 9.972§ –0.316§ –2.380§ 1.248§ –0.453§ 0.811§ 

Body mass index (+4.3 kg/m2)  … 3.188§ –0.077§ –0.630§ 0.385§ –0.138§ 0.291§ 

Mean arterial pressure (+10.4 mm Hg )  … 1.943§ –0.024† –0.308§ … –0.035† 0.320§ 

Heart rate (+9.6 bpm)  –3.085§ 3.554§ –0.131§ –0.252§ 0.689§ –0.117§ –0.122*

Total cholesterol (+0.95 mmol/L)  –1.127† … –0.029‡ –0.200‡ 0.173‡ –0.063§ … 

Log −glutamyltransferase ( 2)  … –5.843* … –2.571§ 0.938* –0.290† … 

Fasting plasma glucose (+0.77 mmol/L) 0.835* … … 0.115* … … 0.109* 

LVMI (+21.9 g/m2)  … … … –0.332§ –0.237‡ … 0.360§ 

On treatment with diuretics (0,1)  … … … –0.452* –0.420* … 0.932§ 

On treatment with -blockers  (0,1)  … 2.302* –0.068† –0.457† –0.698§ … … 

On treatment with RAAS inhibitors (0,1) –4.858† … … … … … –0.495† 

The variables considered for entry into the models included sex, age, body mass index, mean arterial pressure, heart rate, total cholesterol, 
-glutamyltransferase (as index of alcohol intake), fasting plasma glucose, LVMI, and treatment with diuretics (thiazides, loop diuretics and aldoste-
rone antagonists), - blockers, inhibitors of the renin-angiotensin system (angiotensin-converting enzyme inhibitors or angiotensin type-1 receptor 
blockers), and vasodilators (calcium channel blockers and -blockers).  P-values for variables to enter and stay in the regression models were set 
at 0.15.  Significance of the association: * 0.05<P≤0.15; † P≤0.05; ‡ P≤0.01; § P≤0.001.  



Figure 1   –Log10(P) probability plot of the multivariable-adjusted associations of various indexes of dias-

tolic left ventricular function (see Table 6) with the metabolic biomarkers.  TYR, HDL_A, GLC_TAU, PHC, 

GLC_AB, GLC_GLN, GLC_PG and UN respectively indicate tyrosine, HDL apolipoproteins, glucose + 

taurine, phosphocholine, glucose + 2-aminobutyrate, glucose + glutamine, glucose + 2-phosphoglycerate, 

and unknown molecule.  The adjustment accounted for sex, age, body mass index, mean arterial pres-

sure, heart rate, total cholesterol, −glutamyltransferase, fasting plasma glucose, treatment with diuretics,  

−blockers and inhibitors of the renin-angiotensin system.  The horizontal line denotes the significance 

level with Bonferroni correction applied.   
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Table 6   Multivariable-Adjusted Associations of Tissue Doppler Indexes with 

Metabolites  

Metabolic markers (SD) Estimate  
(95% confidence interval) 

PB Value

Tyrosine (0.327) 

a’ peak –0.225 (–0.419, –0.030) 0.009 

e’/a’  0.054 (0.010, 0.099) 0.004 

HDL apolipoproteins (6.689) 

a’ peak –0.229 (–0.425, –0.034) 0.004 

e’/a’  0.050 (0.005, 0.095) 0.013 

Glucose + taurine (1.209) 

e’ peak  0.250 (0.005, 0.496) 0.044 

Phosphocholine (1.091) 

e’ peak  0.255 (0.003, 0.507) 0.044 

Glucose + 2-aminobutyrate (0.616) 

a’ peak  –0.261 (–0.509, –0.014) 0.026 

Glucose + glutamine (0.552) 

a’ peak –0.277 (–0.483, –0.070) 0.0007 

e’/a’  0.049 (0.001, 0.097) 0.035 

Glucose + 2-phosphoglycerate (0.131) 

a’ peak –0.209 (–0.407, –0.010) 0.031 

Unknown molecule (0.307) 

a’ peak –0.203 (–0.404, –0.002) 0.048 

e’/a’  0.047 (0.001, 0.093) 0.044 

All estimates were adjusted for sex, age, body mass index, mean arterial pressure, heart rate, 
total cholesterol, −glutamyltransferase, plasma glucose, LV mass index and treatment with diu-
retics, −blockers and inhibitors of the renin-angiotensin system.  Estimates express the change 
in the dependent variable for 1-SD increase in the circulating metabolites.  P-values and 95% 
confidence intervals account for testing 44 metabolites according to the Bonferroni approach.   
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Partial Least Squares Discriminant Analyses   

We dichotomized the study population in 538 participants with normal LV function and in 

173 with subclinical diastolic LV dysfunction.4,5  The PLS-DA procedure identified three 

latent factors accounting for 19.5%, 21.3% and 13.6% of the variance in the metabolites 

and 54.4% in total.  Table 7 presents the factor loadings of the circulating metabolites on 

LF1, LF2 and LF3.  As listed in Table 8, metabolites with a VIP score greater than 1 in-

cluded phosphocholine (1.142), glucose + 2-aminobutyrate (1.185), glucose + glutamine 

(1.201) and glucose +2-phosphoglycerate (1.172), but not tyrosine (0.808), HDL apolipo-

proteins (0.806), glucose + taurine (0.265) and unknown molecule (0.733).  Figure 2 

shows the V-plot for the PLS-DA derived VIP scores versus the centered and rescaled 

correlation coefficients.  The dependent variable in this analysis was diastolic LV dysfunc-

tion.  The metabolites associated with normal diastolic LV function (left side of the V-plot 

in Figure 2) included amongst others glucose + glutamine, glucose + 2-aminobutyrate, 

and glucose + 2-phosphoglycerate.  Metabolites siding with abnormal diastolic LV func-

tion (right side of the V-plot in Figure 2) encompassed 4-aminobutyrate, 

4-hydroxybutyrate, creatinine and phosphocholine.   

Receiver Operating Curves  

Measurement of NT-proBNP in plasma is currently the standard in diagnosing LV dys-

function and monitoring its treatment.  Figure 3 shows that combining the three latent fac-

tors identified by PLS-DA to NT-proBNP increased (P<0.0001) the AUC from 0.64 (95% 

confidence interval, 0.58–0.68) to 0.73 (0.68– 0.78).   
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Table 7   Factor Loadings of the Metabolic Biomarkers in Analyses Contrasting 

Normal with Impaired Diastolic LV Dysfunction (Starts) 

Metabolic biomarker LF1 LF2 LF3 

Amino Acids

2-Aminobutyrate –0.25 0.13 –0.10

4-Aminobutyrate –0.23 0.16 –0.14

Alanine  –0.26 0.04 –0.03

Aspartate  –0.02 0.15 –0.27

Glutamate  –0.13 0.15 –0.26

Glycine  –0.07 0.23 –0.01

Glutamine  –0.13 0.16 –0.27

Isoleucine  –0.11 –0.11 0.12 

Leucine  –0.24 0.13 –0.12

Phenylalanine  –0.01 0.16 –0.26

Threonine  –0.08 0.26 0.02 

Tyrosine  –0.15 0.06 –0.05

Valine  –0.18 –0.13 0.13 

Lipids

Fatty acid with α-CH2  0.21 0.01 –0.21

fatty acid with (-CH2-)n 0.12 –0.21 0.14 

Fatty acid with =CH-CH2-CH2= + cit-
rate  0.01 0.14 –0.23

Fatty acid with –CH3  –0.03 –0.19 0.24 

Fatty acid with =CH-CH2-CH2-  0.05 –0.18 0.10 

Fatty acid with –CH=CH  0.24 –0.07 –0.07

HDL apolipoproteins  –0.15 0.08 –0.08

Cholesterol  –0.08 –0.12 0.27 

Valerate  0.31 –0.10 –0.05

Fatty acid with β-CH2  0.05 –0.02 –0.22

3-Hydroxybutyrate  –0.01 –0.13 0.25 

Carbohydrates

-Glucose  0.11 0.07 0.05 

Glucose + taurine –0.06 0.05 –0.07

Glucose  –0.04 0.26 –0.02

Glycoprotein  0.19 0.09 –0.04
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Table 7   Factor Loadings of the Metabolic Biomarkers in Analyses Contrasting 

Normal with Impaired Diastolic LV Dysfunction (Continued) 

Metabolic biomarker LF1 LF2 LF3 

Organic Acids

Acetate  –0.25 0.08 0.06 

4-Hydroxybutyrate –0.25 0.10 –0.13

Lactate  0.28 –0.03 –0.12

2-Oxobutyrate  0.13 0.08 –0.23

Other Metabolites

Creatinine  0.01 0.15 –0.24

Choline  –0.06 0.03 0.04 

Ethanolamine  –0.10 0.16 –0.08

Trimethylamine  –0.01 0.14 –0.18

Glycerol  –0.09 0.16 –0.04

Ethanol  –0.14 0.14 0.12 

Creatine + creatine-phosphate  –0.15 0.21 –0.14

Phosphocholine  –0.14 –0.08 –0.01

Glucose + 2-aminobutyrate  –0.03 0.23 0.12 

Glucose + glutamine  –0.10 0.28 0.02 

Glucose + 2-phosphoglycerate –0.13 0.24 0.09 

Unknown molecule  –0.14 0.22 0.06 

The study population was dichotomized in 538 participants with normal LV function and 173 
with subclinical diastolic LV dysfunction 4,5.  LF1, LF2 and LF3 refer to the first, second and 
third latent factors derived by partial least square discriminant analysis of 44 metabolites.   
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Table 8   Variable Importance in Projection (VIP) Scores in Analyses 

Contrasting Normal with Impaired Diastolic LV Dysfunction 

Metabolomic biomarker VIP score 

Lactate  1.433 

4-Aminobutyrate  1.411 

Glycoprotein  1.403 

Valerate  1.398 

Creatinine  1.271 

4-Hydroxybutyrate  1.269 

Alanine  1.267 

Valine  1.247 

Glucose + glutamine  1.201 

Glucose  1.187 

Glucose + 2-aminobutyrate  1.185 

Glucose + 2-phosphoglycerate 1.172 

Acetate  1.143 

Phosphocholine  1.142 

Threonine  1.126 

2-Aminobutyrate  1.112 

Leucine  1.112 

Fatty acid with –CH=CH  1.106 

2-Oxobutyrate  1.027 

Fatty acid with –CH2  1.024 

Creatine + creatine-phosphate  1.024 

-Glucose  1.007 

Variable Importance in Projection (VIP) scores estimate the importance of each variable 
in the projection used in a partial least square (PLS) model and is often used for variable 
selection.  A variable with a VIP score greater than 1 (one) can be considered important 
in given model.   
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Figure 2   After dichotomizing the study population in 538 participants with normal LV function 

and 173 with subclinical diastolic LV dysfunction, V-plots were generated for the PLS-DA derived 

VIP scores versus the centered and rescaled correlation coefficients.  Spots indicating metabo-

lites with a VIP score higher than 1.1 were labeled.  Spots associated with normal diastolic LV 

function (left), ordered by descending VIP score include lactate (LAC), glycoprotein (GLP), val-

erate (VAC), alanine (ALA), glucose + glutamine (GLC-GLN), glucose (GLC), glucose + 

2-aminobutyrate (GLC-AB), glucose + 2-phosphoglycerate (GLC-PG), acetate (ACT), threonine 

(THR), and fatty acid with –CH=CH (FAU2).  Spots associated with diastolic LV dysfunction 

(right), ordered by ascending VIP score, include leucine (LEU), 2-aminobutyrate (AB2), phospho-

choline (PHC), valine (VAL), 4-hydroxybutyrate (GHB), creatinine (CRT), and 4-aminobutyrate 

(AB4).  
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Figure 3   Receiver operating characteristic (ROC) curves for discriminating between normal and 

abnormal diastolic LV function using NT-proBNP (red line) or NT-proBNP plus three latent factors 

identified by PLS-DA (green  line).  Combining the three latent factors with NT-proBNP increased 

(P<0.0001) the AUC from 0.64 to 0.73.  
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Discussion 

In the current study, we applied two different methods to investigate association of dias-

tolic LV function with circulating metabolites.  In multivariable-adjusted regression models 

with Bonferroni correction of significance levels applied, a’ was inversely and e’/a’ was 

positively correlated with circulating tyrosine, HDL apolipoproteins, glucose + glutamine, 

and an unknown molecule, whilst a’ was also inversely associated with glucose + 

2-aminobutyrate and glucose + 2-phosphoglycerate (Table 6).  In partial least square dis-

criminant analysis (PLS-DA), metabolites associated with normal diastolic LV function 

included glucose + glutamine, glucose + 2-aminobutyrate, and glucose + 

2-phosphoglycerate, whereas those siding with abnormal function encompassed 

4-aminobutyrate, 4-hydroxybutyrate, creatinine and phosphocholine (Figure 2).   

In multivariable-adjusted regression analyses (Table 6), the early diastolic e’ peak was 

positively associated with glucose + taurine and with phosphocholine.  The late diastolic 

a’ peak velocity, either as single measurement or as denominator in the e’/a’ ratio, was 

the other trait associated with the circulating metabolites.  Impaired relaxation, as reflect-

ed by the early diastolic e’ peak velocity, is usually the first step in the progression to-

wards diastolic LV dysfunction, but it is also part of the normal aging process.4,5  Stiffen-

ing of the LV occurs later and requires a greater contribution of the atrial contraction to 

late diastolic LV filling.  This might explain why in multiple linear regression fewer metabo-

lites were associated with e’ than a’.  This interpretation is also in keeping with the obser-

vation that in our study population, in contrast to hospitalized patients with end-stage HF, 

only 11 participants, all with high LV filling pressure, had an e’/a’ ratio higher than unity.    

Extruding calcium from cardiomyocytes during early diastole to facilitate cardiac relax-

ation and diastolic filling requires high amounts of energy.24  Higher availability of energy 

substrate might improve LV relaxation and reduce the atrial contribution to LV filling.  Glu-

cose + 2-phosphoglycerate and glucose + glutamine, two metabolic markers involved in 
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the generation of energy, were associated with lower a’ peak velocity (Figure 1 and Table 

6) and better diastolic LV function (Figure 2).  As shown in Figure 4, 2-phosphoglycerate

is an intermediate metabolite in the cytosolic anaerobic glycolysis pathway, which con-

verts one glucose molecule into two pyruvate moieties, with a net production of ATP.25  

This pathway also generates reduced nicotinamide adenine dinucleotide (NADH).  Trans-

ferred to mitochondria, NADH links the citric acid cycle to oxidative phosphorylation, the 

major source of ATP.25  Oxygen being available, pyruvate produced by glycolysis is con-

verted to acetyl-CoA and runs through the citric acid cycle, in which acetyl-CoA is com-

pletely oxidized generating ATP through oxidative phosphorylation.  Glutamine is an al-

ternative substrate (Figure 4) that in the presence of glucose can enter the citric acid cy-

cle and generates energy via aerobic oxidation.26   

The anti-oxidant glutathione (GSH) is the main hepatic protection system against sys-

temic oxidative stress.27  When hepatic availability of cysteine is limited and GSH is de-

pleted, 2-aminobutyrate enters an alternative pathway driven by the same enzymes lead-

ing to the synthesis of ophthalmate.27,28  In our current study, a performant diastolic func-

tion, as exemplified by lower a’ peak in the multivariable-adjusted regression analysis 

(Table 6) or a VIP-to-correlation-coefficient spot associated with normal diastolic LV func-

tion (left side of the V-plot in Figure 2) was associated with a higher glucose + 

2-aminobutyrate signal.  In multivariable-adjusted regression analyses (Table 6), the early 

diastolic e’ peak correlated positively with glucose + taurine and the e’/a’ ratio with HDL 

apolipoproteins, whereas the late diastolic a’ peak was inversely related to tyrosine and 

HDL apolipoproteins.  Protection against oxidative stress might underlie better diastolic 

LV function associated with these two markers reflecting amino-acid (tyrosine) and lipid 

(HDL apolipoproteins) metabolism (Figure 4).  Major sources of the amino-acid taurine 

are hepatic biosynthesis from cysteine and dietary intake.29  Although the underlying 

mechanisms require further elucidation, several studies suggest that taurine inhibits the 

generation of reactive oxygen species.29  Japanese studies,30 confirmed by other inves-
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tigators,31,32 demonstrated that daily taurine administration to HF patients improved end-

diastolic LV volume,31 key symptoms30 and exercise capacity.32  Tyrosine, a product of 

phenylalanine degradation, is a precursor of dopamine and melanin.33  At the start of the 

pathway, phenylalanine upregulates the expression and activity of guanosine-5'-

triphosphate cyclohydrolase I, which is the first and rate-controlling enzyme for the syn-

thesis of tetrahydrobiopterin, an essential cofactor for nitric oxide synthase and NO syn-

thesis.34  Near the end of the tyrosine chain, dopamine and melanin reduce the synthesis 

of pro-inflammatory cytokines, including tumor necrosis factor alpha and the interleukins 

1b, 6 and 10, and induce production of anti-inflammatory mediators by leucocytes.34  

ApoA1 and apoA2 are the major protein component of HDL lipoproteins and account for 

over two-thirds of the protein content of HDL.  Both HDL lipoproteins and HDL cholesterol 

possess anti-inflammatory and anti-adhesive properties.35  Adjustment for HDL choles-

terol or the total-to-HDL cholesterol ratio in the multivariable-adjusted regression analysis 

did not remove the associations of a’ and e’/a’ with HDL apolipoproteins.   

Phospholipid bilayers, in which phosphatidylcholine is the main constituent, maintain 

the structure and functionality of cellular membranes.  Phosphocholine is an intermediate 

metabolite in the cytidine diphosphocholine pathway (CTD) that synthesizes phosphati-

dylcholine from choline (Figure 4), an essential nutrient primarily provided by the diet. 

Carnitine is a chemical analog of choline and mediates the transport of long-chain fatty 

acids into the mitochondrial matrix for beta-oxidation and has proven anti-oxidant and an-

ti-inflammatory activity.  In contrast, choline deficiency is associated with increased oxida-

tive stress.36  Compared with controls, patients with diastolic HF have lower serum con-

centrations of phosphatidylcholines.37  L-carnitine is a nutritional supplement approved by 

regulatory agencies for use in cardiovascular and cardiac disease, including HF.38  In 

multiple linear regression, e’ increased with higher circulating phosphocholine, but in the 

PLS-DA, that relied on various Doppler velocities other than e’, the VIP-to-correlation-

coefficient spot (right side of the V-plot in Figure 2) was associated with diastolic LV dys-
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function.  Adjustment for HDL-cholesterol or the total-to-HDL cholesterol ratio weakened 

the positive association of e’ with phosphocholine in the multivariable-adjusted regression 

analysis, perhaps because HDL-lipoproteins are acceptors in the efflux of phospholipids 

and free cholesterol from peripheral cells.35   

Strong points of our study are the availability of Doppler indexes of early subclinical di-

astolic LV dysfunction, the application of two different approaches in the statistical analy-

sis, and the population-based character of our research.  The epidemiologic angle en-

hances the relevance of our findings over and beyond that of case-control studies involv-

ing selected HF patients who represent the end stage of a long pathogenetic process 

confounded by multiple comorbidities and polymedication.11  However, our present study 

must also be interpreted within the context of its limitations.  First, our findings originate 

from a cross-sectional analysis and therefore reflect a snapshot of a long lasting process 

in each individual participant.  Moreover, the pathogenetic drivers leading to diastolic LV 

dysfunction are multifaceted each with different contributions among people at risk. 

Whether or not, the metabolic markers can predict the course over time of diastolic LV 

dysfunction and associated cardiovascular complications remains to be proven in longitu-

dinal studies.  Second, keeping in mind the redundancy and bidirectionality in many met-

abolic pathways,25 studies like ours cannot determine whether levels of circulating me-

tabolites vary because of changes in production or degradation or release into or clear-

ance from the circulation, or because of a combination of these mechanisms.  Third, epi-

demiologic studies only demonstrate association.  Our proposal of molecular pathways 

(Figure 4) linking diastolic LV dysfunction to the metabolic markers rests on our interpre-

tation of the available literature.  Fourth, our findings need replication in other cohorts and 

validation in molecular studies.  Finally, NMR spectroscopy is fast and keeps samples 

separated from the instrument, but produces crowded spectra that cannot always be reli-

ably deconvoluted to single metabolites.  

449

Diastolic LV function and metabolic biomarkers

449



Figure 4  Simplified representation of metabolic pathways potentially involved in diastolic LV 

dysfunction.  The metabolites significantly associated with diastolic LV function are in red color.  

Depicted cycles are (A) glycolysis; (B) citric acid (Krebs) cycle; (C) biopterin cycle; (D) 

5-methylthioadenosine/methionine cycle; (E) transsulfuration (taurine); and (F) methylation 

(phosphatdylcholine).  BH2 and BH4 indicate dihydrobiopterin and tetrahydrobiopterin, respec-

tively.   
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Conclusions  

In this first population study of its kind, we identified a profile of circulating metabolites, 

indicative of energy substrate utilization and protection against oxidative stress, associat-

ed with diastolic LV function.  In ROC curve analyses, adding the LFs to NT-proBNP in-

creased the AUC.  Given the current state of this newly emerging field of research, we 

believe that in the near future the principal application of metabolic markers might lie in 

the characterization of biochemical pathways leading to diastolic LV dysfunction rather 

than in diagnosing this condition.  One line of research that we are currently pursuing in 

this respect, is linking the metabolic profiles to markers of mitochondrial function.39  

Deeper insights in the pathogenetic mechanisms causing diastolic HF will potentially 

identify new targets for prevention and treatment at a subclinical and still reversible stage.  
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ABSTRACT 

Heart failure (HF) qualifies as a research field to be prioritized in the application of 

metabolomic methodologies.  This study addressed the consistency over time in the as-

sociations of early-stage diastolic left ventricular (LV) dysfunction with circulating metabol-

ic markers.  In 570 randomly recruited Flemish (50.1% women; mean age, 50.6 years), 

we assessed at a 5-year interval the multivariable-adjusted correlations of e’ and E/e’ 

measured by tissue Doppler echocardiography with 43 circulating metabolites quantified 

by nuclear magnetic resonance spectroscopy.  At follow-up, peak e’ increased (Bonferro-

ni corrected p ≤ 0.043) with valine, phosphocholine and glucose + taurine, while E/e’ de-

creased (p ≤ 0.017) with valine and 2-oxybutyrate.  Predicting from baseline marker levels, 

the risk of developing diastolic LV dysfunction (9.4%) or progressing from impaired relax-

ation to increased filling pressure (20.0%) was inversely correlated with glucose + taurine 

(p ≤ 0.0059).  In analyses of the cross-sectional data at baseline and follow-up and the 

longitudinal data, markers consistently associated with better diastolic LV function includ-

ed 2-aminobutyrate, leucine and 4-hydroxybutyrate, whereas those associated with worse 

function included glucose + glutamine.  In pathway analysis, valine, leucine and isoleu-

cine metabolism (-log10p = 12.8) and aminoacyl-tRNA biosynthesis (10.2) appeared as 

top paths associated with diastolic LV dysfunction.  Among people covering the range 

from normal to asymptomatic diastolic LV dysfunction, associations of this trait with circu-

lating metabolic markers were consistent over time.  Our findings support a recent para-

digm shift from glucose and fatty acids utilization to branched amino-acids metabolism in 

the pathogenesis of LV dysfunction.   
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INTRODUCTION 

Over the past decade, metabolomics developed into a state-of-the-art technology provid-

ing metabolic fingerprints of individual patients as a gateway to risk stratification, identifi-

cation of molecular mechanisms and possibly personalized medicine (1).  The 2015 

Global Burden of Disease report (2) stated that heart failure (HF) affects 40 million of the 

world’s population.  According to the American Heart Association, HF qualifies as a re-

search field to be prioritized in the application of metabolomic methodologies (3).  Several 

case-control studies compared circulating metabolomic signatures between patients with 

advanced HF and normal controls (4, 5) or between HF patients with preserved and re-

duced ejection fraction (6, 7).  Landmark population studies, such as the Framingham 

Heart Study (8, 9) and the Atherosclerosis Risk in Communities study (10) also intro-

duced metabolomics as a novel tool in population research.  However, population-based 

studies did not yet relate early-stage diastolic left ventricular (LV) dysfunction with circu-

lating metabolic profiles.  Asymptomatic diastolic LV dysfunction affects nearly 25% of the 

population (11-13) and carries a 10% risk for further deterioration over 5 years (14).  In a 

cross-sectional analysis of the Flemish Study on Environment, Genes and Health Out-

comes (FLEMENGHO) (15),  we previously demonstrated that circulating metabolites in-

dicative of energy substrate utilization or involved in the protection against oxidative 

stress differentiated normal from abnormal diastolic LV function.  In the present study, we 

investigated the consistency of these associations 5 years after the initial observations 

and we explored to what extent baseline levels of circulating metabolites predicted the 

incidence of LV dysfunction.   

METHODS 

STUDY PARTICIPANTS

FLEMENGHO is a family-based population study representative for a defined geographic 

area in northern Belgium, for which recruitment started in 1985 and continued until 2004 
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(15, 16).  The initial participation rate was 78.0%.  The study complies with the Helsinki 

declaration.  The Ethics Committee of the University Hospitals Leuven approved the pro-

tocol.  Participants were repeatedly followed up.  Of 711 individuals (15), who from 2005 

until 2010 underwent a first echocardiographic examination along with an assessment of 

their circulating metabolites, 667 survivors still living in the catchment area were eligible 

for a second assessment, of whom 575 renewed written informed consent (86.2%).  Of 

those, we excluded 5 from analysis, because of atrial fibrillation (n = 2) or a paced heart 

rhythm (n = 3).  Thus the number of participants with a full set of baseline (2005-2010) 

and follow-up (2009-2013) data totaled 570.  

ECHOCARDIOGRAPHY 

As described elsewhere (12), a single observer (T.K.) acquired the echocardiographic 

images and did the off-line analysis according to current guidelines (17).  In short, digitally 

stored echocardiographic images, obtained with a Vivid7 Pro device (GE Vingmed, Hor-

ten, Norway) interfaced with a 2.5- to 3.5-MHz phased-array probe were post-processed 

using EchoPac software, version 4.0.4 (GE Vingmed, Horten, Norway).  Measurements 

were averaged over three heart cycles.  LV mass was assessed by an anatomically vali-

dated formula (17).  Left atrial (LA) volume was determined by the prolate-elipsoid meth-

od from the LA dimensions in three orthogonal planes (17).  Early (E) and late (A) peak 

velocities of the transmitral blood flow were measured by pulsed Doppler.  Peak velocities 

of the mitral annular movement in early (e’) and late (a’) diastole were obtained by tissue 

Doppler imaging (TDI) with velocities averaged over four acquisition sites (septal, lateral, 

inferior and posterior).  Reproducibility across the four TDI sampling sides ranged from 

4.5% to 5.3% for e’ and from 4.0% to 4.5% for a’ (18).  Patients with diastolic LV dysfunc-

tion had an abnormally low age-specific transmitral E/A ratio indicative of impaired relaxa-

tion or a mildly-to-moderately elevated LV filling pressure (E/e' >8.5) with normal or de-

creased age-specific E/A ratio.  These age-specific criteria were first established in a 
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healthy reference sample drawn from FLEMENGHO (12) and subsequently replicated in 

an independent European population study (13).  

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

At baseline and follow-up, we measured 43 metabolites in plasma using NMR spectros-

copy and methods described in detail in previous publications (15, 19) and in the online-

only Data Supplement.  

STATISTICAL ANALYSIS

For database management and statistical analysis, we used SAS, version 9.4 (SAS Insti-

tute Inc., Cary, NC).  Means were compared using the large-sample z-test or ANOVA and 

proportions by Fisher’s exact test.  For pairwise comparison of proportions, we used the 

McNemar test.  We normalized the distribution of -glutamyltransferase by a logarithmic 

transformation.  We rank normalized the distributions of the metabolites by sorting meas-

urements from the smallest to the highest and then applying the inverse cumulative nor-

mal function (20).  We computed 95% confidence interval (CI) of rates as 

  , where R and T are the rate and the denominator used to calculate the 

rate. 

We standardized LV structure and function to the average in the whole study popula-

tion (mean or ratio) of covariables of physiological relevance identified in previous publi-

cations (15), including sex, age, body mass index, mean arterial pressure, heart rate, total 

serum  cholesterol, serum −glutamyltransferase (as index of alcohol intake), fasting 

plasma glucose, LV mass index, treatment with diuretics, −blockers and inhibitors of the 

renin-angiotensin system (angiotensin-converting enzyme inhibitors and angiotensin II 

type-1 receptor blockers).  While accounting for covariables, we regressed the indexes of 

diastolic LV function on the metabolic markers.  We used cluster analysis as implemented 

in the PROC VARCLUS procedure to classify correlated circulating metabolites into 
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groups with the eigenvalue set at 1.  Based on the number of groups so determined, we 

adjusted significance levels and CIs for multiple testing by the Bonferroni approach.  

In the next step of our analyses, we applied partial least squares analysis (PLS) to 

identify a set of independent latent factors that were linear combinations of the metabo-

lites and maximized the covariance between the variables describing diastolic LV function 

and the markers.  We retained the smallest number of latent factors for which the predict-

ed residual sums of squares (PRESS, calculated using leave-one-out cross-validation) 

did not differ significantly (p > 0.10) from the model with the minimum PRESS value as 

assessed by the van der Voet T2 statistic.  The importance of each metabolite in the con-

struction of the PLS factors in relation to diastolic LV function was assessed from the var-

iable importance in projection (VIP) scores of Wold with the threshold set at 1.1 (15).  Fi-

nally, we used metabolic pathway analysis to estimate the relative importance of metabo-

lites associated with diastolic LV function and the pathways that they represent (MetPA, 

version 3.0, Edmonton, Canada) (21).   

RESULTS  

BASELINE AND FOLLOW-UP CHARACTERISTICS OF PARTICIPANTS 

All 570 participants were White Europeans (50.1% women).  Age at baseline averaged 

50.6 years, ranging from 18.2 to 84.9 years.  Median follow-up was 4.7 years (5th to 95th 

percentile interval, 3.7–5.4 years).  From baseline (2005–2010) to follow-up (2009–2013), 

blood pressure increased by 3.7 mm Hg systolic and 2.7 mm Hg diastolic, body mass in-

dex by 0.7 kg/m2 and serum creatinine by 5.7 mol/L, whereas eGFR decreased by 7.5 

mL/min/1.73 m2 (p < 0.0001; Table 1).  The prevalence of hypertension, treated hyper-

tension, use of lipid- lowering drugs and diabetes mellitus all increased, whereas the 

number of people reporting smoking decreased (Table 1).  Over follow-up, all echocardi-

ographic measurements changed significantly (p < 0.0001; Table 2).  LA volume index 

increased by 2.8 mL/m2 and LV mass index by 3.3 g/m2.  Transmitral E, A and E/A and 
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mitral annular e’, a’, e’/a’ decreased by 8.5 cm/s, 3.4 cm/s and 0.08 and by 1.7 cm/s, 0.6 

cm/s and 0.11, respectively.  The opposite was the case for E/e’, which increased by 0.39 

during follow-up (Table 2).  At baseline LV ejection fraction was greater than 50% in all 

but three participants and from baseline to follow-up decreased slightly but significantly (p 

= 0.0058) from 68.4±6.8% to 67.5±6.8%.   

CROSS-SECTIONAL ANALYSES OF THE BASELINE AND FOLLOW-UP DATA 

In cross-sectional analyses of the follow-up and baseline data, we addressed the con-

sistency of the associations of LV traits with the metabolic markers.  Table 3 lists the me-

tabolites, which in multivariable cross-sectional analyses of the follow-up data retained 

significance with adjustment for multiple testing applied.  A 1-SD increment in serum va-

line (branched amino-acid [BCAA]) was associated (p ≤ 0.017) with higher e’ (+0.269 

cm/s) and lower E/e’ (-0.264).  Isoleucine (BCAA) correlated (p ≤ 0.043) inversely with a’ 

(-0.256 cm/s) and positively with e’/a’ (+0.041).  Furthermore, 2-oxybutyrate (a tricarbox-

ylic acid cycle [TCA] intermediate) was associated with lower E/e’ (-0.335; p = 0.0012). 

Cross-sectional analyses of the follow-up data also revealed positive relations of e’ (p ≤ 

0.043) with phosphocholine (+0.206 cm/s) and glucose + taurine (+0.262 cm/s) and of 

e’/a’ with fatty acids with (-CH2-)n (+0.050; p = 0.022) and inverse associations of a’ (p ≤ 

0.023) with glutamate (-0.227 cm/s), glycerol (-0.212 cm/s) and 3-hydroxybutyrate (-0.222 

cm/s).  Table 3 also lists the corresponding estimates derived from cross-sectional anal-

yses of the baseline data.  The estimates at baseline were consistent with the follow-up 

data in terms of the sign and order of magnitude of the standardized partial regression 

coefficients.  After accounting for multiple testing, the multivariable associations of the 

transmitral Doppler measurements, LV mass index and LA volume index with the me-

tabolites at baseline or follow-up did not retain significance.  
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Table 1   Baseline and follow-up characteristics of 570 participants 

Characteristic 
Baseline 

2005–2010 

Follow-up 

2009–2013 

Change 

95% CI 

Number in category 570 570 

Number of subjects (%) 

Women  287 (50.1) 287 (50.1) … 

Smokers  107 (18.7) 84 (14.7) –4.0 (–5.9 to –2.2)†

Drinking alcohol 240 (41.9) 221 (38.6) –3.3 (–6.9 to 0.2)

Hypertension  231 (40.3) 294 (51.3) 11.1 (7.6 to 14.5)† 

Antihypertensive treatment 137 (23.9) 182 (31.8) 7.9 (5.4 to 10.4)†  

Lipid-lowering treatment  83 (14.6) 144 (25.3) 10.7 (7.8 to 13.6)† 

Diabetes mellitus  18 (3.1) 34 (5.9) 2.8 (1.4 to 4.3)*  

Mean of characteristic 

Age (years)  50.6±14.6 55.3±14.5 4.7 (4.6 to 4.7)† 

Body mass index (kg/m2)  26.6±4.3 27.3±4.3 0.7 (0.6 to 0.9)† 

Office blood pressure (mmHg)  

Systolic pressure   128.6±16.3 132.3±16.5 3.7 (2.6 to 4.8)† 

Diastolic pressure   79.9±9.3 82.5±9.8 2.7 (1.9 to 3.4)† 

Mean arterial pressure 96.1±10.2 99.1±10.0 3.0 (2.3 to 3.8)† 

Heart rate (beats per minute) 60.8±9.4 60.6±9.7 –0.3 (-0.9 to 0.4)

Biochemical data  

Serum creatinine (mol/L)  84.3±16.4 90.0±23.5 5.7 (4.5 to 7.0)† 

eGFR (mL/min/1.73 m2)  81.9±16.2 74.4±15.5 –7.5 (–8.3 to -6.7)†

Total cholesterol (mmol/L)   5.24±0.94 5.00±0.93 –0.24 (–0.31 to -0.16)†

Plasma glucose (mmol/L)   4.93±0.76 4.92±0.72 –0.01 (–0.08 to 0.06)

-Glutamyltransferase (units/L) 23 (16–33) 24 (16–33) 1.7 (0.7 to 2.8)* 

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate derived from serum creatinine 
by the Chronic Kidney Disease Epidemiology Collaboration equation.  Baseline and follow-up values are number 
of participants (%), arithmetic means (±SD) or geometric means (interquartile range).  Changes are given with 
95% confidence interval (in percent for categorical variables and logarithmically transformed 
-glutamyltransferase).  Office blood pressure was the average of five consecutive readings.  Hypertension was 
an office blood pressure of ≥140 mmHg systolic or ≥90 mm Hg diastolic or use of antihypertensive drugs.  Diabe-
tes mellitus was a self-reported diagnosis, a fasting glucose level of ≥7 mmol/L, or use of antidiabetic agents. 
Significance of the change: * p ≤ 0.001; † p ≤ 0.0001.  
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Table 2   Echocardiographic measurements at baseline and follow-up

Characteristic
Baseline  

(2005–2010)

Follow-up  

(2009–2013)

Change 

(95% CI) 

Conventional echocardiography 

Left atrial volume, mL  43.0±12.8 48.7±13.9 5.7 (5.0 to 6.4)  

Left atrial volume index, mL/m2  22.9±5.9 25.7±6.5 2.8 (2.4 to 3.1)  

Left ventricular mass, g  173.4±47.5 181.6±48.6 8.1 (5.9 to 10.3) 

Left ventricular mass index, g/m2  92.2±20.6 95.6±21.1 3.3 (2.2 to 4.5)  

Doppler data 

E peak, cm/s  75.3±16.0 66.8±15.8 –8.5 (-9.4 to -7.5)

A peak, cm/s  64.7±17.1 61.3±15.2 –3.4 (–4.2 to -2.7)

E/A ratio  1.25±0.46 1.17±0.46 –0.08 (-0.10 to -0.06)

e’ peak, cm/s 11.4±3.6 9.8±3.4 –1.7 (-1.8 to -1.5)

a’ peak, cm/s 10.2±2.1 9.6±2.1 –0.6 (-0.7 to -0.4)

e’/a’ ratio  1.24±0.64 1.12±0.61 –0.11 (-0.14 to -0.09)

E/e’ ratio  7.04±2.13 7.43±2.54 0.39 (0.27 to 0.52)

Abbreviations: CI, 95% confidence interval.  Values are means ± SD.  All p-values for the changes 
over time were significant (p < 0.0001).  
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Table 3   Multivariable-adjusted cross-sectional associations of tissue doppler indexes with metabolites at baseline and follow-up 

Tissue Doppler Index 

   Metabolite

Baseline Follow-Up

Estimate (95% CI) p pB Estimate (95% CI) p pB 

e’ peak 
Valine  0.131 (-0.089, 0.350)  0.12 0.72 0.269 (0.055, 0.484) 0.0010 0.0060 
Phosphocholine  0.282 (0.045, 0.518)  0.0017 0.010 0.206 (0.005, 0.408) 0.0072 0.043 
Glucose + taurine 0.242 (0.013, 0.470)  0.0055 0.033 0.262 (0.055, 0.469) 0.0009 0.0054 
Valerate  -0.193 (-0.440, -0.054) 0.039 0.23 -0.258 (-0.489, -0.026)  0.0034 0.020 

a’ peak 
Isoleucine  -0.146 (-0.343, 0.051) 0.050 0.30 -0.256 (-0.448, -0.064)  0.0005 0.0030 
Glutamate  -0.064 (-0.247, 0.119) 0.36 … -0.227 (-0.419, -0.034)  0.0020 0.012 
Glycerol  -0.263 (-0.441, -0.084)  0.0001 0.0006 -0.212 (-0.405, -0.019)  0.0039 0.023 
3-Hydroxybutyrate 0.007 (-0.174, 0.188) 0.92 … -0.222 (-0.414, -0.030)  0.0024 0.014 

e’/a’ ratio 
Isoleucine  0.063 (0.018, 0.108)  0.0002 0.0012 0.041 (0.001, 0.081) 0.0072 0.043 
Fatty acid with (-CH2-)n -0.006 (-0.047, 0.034) 0.68 … 0.050 (0.005, 0.094) 0.0037 0.022 

E/e’ ratio 
Valine  -0.154 (-0.339, 0.031) 0.029 0.17 -0.264 (-0.496, -0.031)  0.0029 0.017 
2-Oxybuturate -0.108 (-0.291, 0.076) 0.12 0.72 -0.335 (-0.572, -0.098)  0.0002 0.0012 

All estimates were adjusted for sex, age, body mass index, mean arterial pressure, heart rate, total cholesterol, −glutamyltransferase, plasma glucose, LV 
mass index and treatment with diuretics, −blockers and inhibitors of the renin-angiotensin system.  Estimates express the change in the dependent vari-
able for 1-SD increase in the circulating metabolites.  p and pB respectively refer to significance without and with correction applied for multiple testing.  An 
ellipsis indicates not computed.  Confidence intervals (95% CI) account for multiple testing.   



Figure 1 shows the PLS derived VIP scores vs. the centered and rescaled correlation 

coefficients.  In panels A and B, V-plots depict the cross-sectional associations of the 

echocardiographic indexes with the markers at baseline (blue) and follow-up (red). 

Markers in the top left quadrant (lower e’ and higher E/e’) and top right quadrant (higher 

e’ and lower E/e’) of the V-plots are respectively associated with worse and better dias-

tolic LV function.  The markers consistently associated with better diastolic LV perfor-

mance included 2-aminobutyrate (ab2), leucine (leu) and 4-hydroxybutyrate (ghb). 

Markers consistently associated with worse LV function were lactate (lac), glucose + glu-

tamine (glc_gln), glucose + 2-phosphoglycerate (glc_pg) and valerate (vac).   
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Figure 1   V-plots for e’ (A,C) and E/e’ (B,D) generated by partial least square analysis.  The variable 
importance in projection (VIP) score indicates the importance of each metabolite in the construction of 
the partial least square factors and is plotted against the centered and rescaled correlation coefficients.  
These coefficients reflect the associations of the echocardiographic measurements with the metabolites.  
For E/e’ the x-axis was inverted to be directionally similarly associated with worse diastolic LV function 
as for e’.  In panels A and B, V-plots depict the cross-sectional associations of the echocardiographic 
indexes with the markers at baseline (blue) and follow-up (red).  Panels C and D show the longitudinal 
associations of the echocardiographic indexes at follow-up with the baseline markers (blue).  Markers in 
the top left quadrant (lower e’ and higher E/e’) and top right quadrant (higher e’ and lower E/e’) of the 
V-plots are respectively associated with worse or better diastolic LV function.   Annotated metabolites in 
panels A and B highlight markers consistent in the cross-sectional analyses of the baseline and follow-
up data and in panels C and D those consistent in the cross-sectional analysis of the baseline data and 
in the longitudinal analysis predicting e’ and E/e’ at follow-up from the baseline markers.  See results for 
identification of the markers.     
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LONGITUDINAL ANALYSIS 

In the longitudinal analysis, we first correlated continuously distributed TDI traits meas-

ured at follow-up with their baseline value and baseline covariables.  Per 1-SD increment 

in the baseline biomarkers, with adjustment for multiple testing applied, e’ at follow-up 

was 0.185 cm/s (CI, 0.011 to 0.358; p = 0.031) lower in relation to baseline valerate.  E/e’ 

at follow-up was 0.186 (CI, 0.006 to 0.365; p = 0.040) lower and 0.178 (CI, 0.001 to 

0.354; p = 0.048) higher in relation to glucose + taurine and glycoprotein, respectively.  Of 

borderline significance were the associations of E/e’ with glucose + 2-phosphoglycerate 

(+0.176; CI, -0.004 to +0.357; p = 0.060 ) and glucose + glutamine (+0.182; CI, -0.006 to 

+0.370; p = 0.061).  None of the other TDI indexes as measured at follow-up was signifi-

cantly related to any of the baseline markers, if adjusted for the baseline value of the 

echocardiographic index and other baseline covariables.  Panels C and D of Figure 1 

show the V-plots for e’ and E/e’ at follow-up in relation to the baseline markers.  The 

markers consistently associated with better diastolic LV function in the cross-sectional 

analysis at baseline and in the longitudinal analysis included 2-aminobutyrate (ab2), 

4-aminobutyrate (ab4), leucine (leu), acetate (act) and 4-hydroxybutyrate (ghb).  Markers 

consistently associated with worse diastolic LV function in the cross-sectional analysis of 

the baseline data and in the longitudinal analysis were threonine (thr), glycoprotein (glp), 

glucose (glc), glucose + 2-aminobutyrate (glc_ab), glucose + glutamine (glc_gln), glucose 

+ 2-phosphoglycerate (glc_pg), choline (chl_phc), fatty acid with -CH=CH (fau), glycerol 

(glyc) and valerate (vac).   

At baseline, 135 participants (23.2%) had diastolic LV dysfunction characterized by 

impaired relaxation in 58 patients or an elevated filling pressure in the presence of a nor-

mal (n = 62) or low (n = 15) age-specific E/A ratio (Table 4).  At follow-up, 159 partici-

pants (27.9%) had diastolic LV dysfunction characterized by impaired relaxation in 66 pa-

tients or an elevated filling pressure in the presence of a normal (n = 61) or low (n = 32) 

age-specific E/A ratio.  Of 435 people with normal diastolic LV function at baseline, 41 
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progressed to diastolic LV dysfunction (number with impaired relaxation or with high filling 

pressure without or with low E/A ratio, 32, 6 and 3, respectively).  The incidence of dias-

tolic LV dysfunction was therefore 9.4% (CI, 9.1 to 9.7%).  Of 135 participants with dias-

tolic LV dysfunction at baseline, 27 moved up the classification and 108 maintained their 

status or regressed.  The progression rate was therefore 20.0% (CI, 19.2 to 20.8%).  With 

adjustment for the baseline covariables and for multiple testing, the risk of developing di-

astolic LV dysfunction was positively related with baseline fatty acid with =CH-CH2-CH2- 

(odds ratio, 1.63; CI, 1.04 to 2.53; p = 0.023) and inversely with glucose + taurine (0.57; 

CI, 0.36 to 0.89; p = 0.0059).  The risk of progression was inversely associated with base-

line glucose + taurine (0.60; CI, 0.41 to 0.89; p = 0.0031).   

PATHWAY ANALYSIS 

In the pathway analysis, we included 25 markers that had a VIP score higher than 1.1 in 

any of the V-plots (Figure 1).  On the basis of human data available in the Kyoto Encyclo-

pedia of Genes and Genomes (KEGG), the most important pathways (-log10 p-value >5, 

Figure 2) included (i) BCAA metabolism (12.8; Figure 3), aminoacyl-tRNA biosynthesis 

(10.2), alanine, aspartate and glutamate metabolism (6.7), glycolysis and gluconeogene-

sis (6.0), propanoate metabolism (5.6) and glycerophospholipid metabolism (5.3).   
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Table 4   Change in Diastolic Function Grades from Baseline to Follow-Up in All Participants 

Diastolic function  
grades at baseline

Diastolic function grades at follow-up

Normal Impaired 
relaxation 

Elevated LV  
filling Pressure 

Combined 
dysfunction 

Total 
at baseline

Normal 394 32 6 3 435 

Impaired 
relaxation 

16 27 8 7 58 

Elevated LV  
filling pressure 

1 6 43 12 62 

Combined 
dysfunction 

0 1 4 10 15 

Total followed up 411 66 61 32 570 

LV indicates left ventricle.  Patients with diastolic LV dysfunction had an abnormally low age-specific transmitral E/A ratio indicative of impaired 
relaxation or a mildly-to-moderately elevated LV filling pressure (E/e' >8.5) with normal or decreased age-specific E/A ratio (see references 12 
and 13).  



Figure 2   Metabolic pathway analysis based on human data available in the Kyoto Encyclopedia of 
Genes and Genomes.  The analysis included 25 metabolites with a VIP score higher than 1.1 in any 
of the V-plots (Figure 1).  The size of the plotted points is proportional to the impact of the pathway.  
Metabolic pathways of potential relevance (-log10p-value >5) for the association with diastolic LV 
function are annotated: (1) branched amino-acid metabolism; (2) aminoacyl-tRNA biosynthesis; (3) 
alanine, aspartate and glutamate metabolism; (4) glycolysis or gluconeogenesis; (5) propanoate me-
tabolism; (6) glycerophospholipid metabolism.  

475

LV function and metabolic biomarkers

475



DISCUSSION 

In keeping with a position paper published by the American Heart Association (3), we in-

vestigated the consistency over time in the associations of early-onset diastolic LV dys-

function with circulating metabolic markers clustered in six groups using methods de-

scribed by the Framingham investigators (9).  Metabolic markers consistently associated 

with more performant diastolic LV function were isoleucine, valine, 2-aminobutyrate, 

4-hydroxybutyrate, 2-oxybutyrate, phosphocholine and glucose + taurine (Table 3 and 

Figure 1), while those consistently associated with worse diastolic LV function included 

glucose + 2-phosphoglycerate and glucose + glutamine (Table 3 and Figure 1).  BCAA 

metabolism and aminoacyl-tRNA biosynthesis appeared as top pathways associated with 

diastolic LV dysfunction.   

One of the most studied metabolic signatures of HF is the shift from a dominant fatty 

acid bioenergetic state into a more glycolytic state, viewed as a compensatory response 

with the purpose of enhancing the utilization of energy substrate and oxygen (22).  Dias-

tolic relaxation requires high amounts of energy (22).  In our current analysis, glucose + 

2-phosphoglycerate and glucose + glutamine were associated with worse diastolic LV 

function, which may reflect the balance between anaerobic and aerobic energy genera-

tion (Figure S1).  Indeed, 2-phosphoglycerate is an intermediate metabolite in the cyto-

solic anaerobic glycolysis pathway, which converts one glucose molecule into two py-

ruvate moieties, with a net production of ATP (23).  Oxygen being available, pyruvate 

produced by glycolysis is then converted to acetyl-CoA and runs through the TCA cycle, 

in which acetyl-CoA is completely oxidized generating ATP through oxidative phosphory-

lation.  Glutamine is an alternative anaplerotic substrate that can replenish the TCA cycle 

intermediates and thereby generate energy via aerobic oxidation (24).  However, gluta-

mine is also a precursor of proline and hydroxyproline, which are building blocks of colla-
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gen (25).  Thus higher glutamine levels may also reflect LV fibrosis and stiffening of the 

heart, which can explain the association with lower e’ (Figure 1, Panels A and C).   

A recent paradigm shifted emphasis from glucose and fatty acids utilization to the 

BCAA metabolism (26).  In line with these novel insights (26), we noticed that valine (Ta-

ble 3) and leucine (Figure 1, Panels B, C and D) were associated with better diastolic LV 

function, while in pathway analysis BCAA metabolism appeared as a top molecular 

mechanism associated with diastolic LV dysfunction.  The BCAAs valine, leucine and iso-

leucine share structural features in the side-chain and have a common catabolic pathway. 

They are indispensable building blocks in protein synthesis, are involved in the amino-

acyl-tRNA biosynthesis (Figure S2).  BCAAs are catabolized to branched-chain keto ac-

ids (BCKAs) by a branched-chain aminotransferase (Figure 3).  BCKAs complexed with 

the BCKA dehydrogenase require a mitochondrial protein phosphatase (PP2Cm) for fur-

ther catabolism to acetyl-CoA, which can enter the TCA cycle (26).  BCAAs are essential 

nutrients, which implies that their homeostasis can only be regulated via their catabolic 

turnover (Figure 3).  Unlike other amino-acids, the first step of BCAA catabolism takes 

place in non-hepatic tissues, particularly in cardiomyocytes (27).  Due to their poor hepat-

ic catabolism, circulating BCAAs act as signaling molecules of the nutritional state (Figure 

S1) and in this role interact with mammalian target of rapamycin (mTOR), thereby uncou-

pling insulin signaling (28).  Both clinical (29) and experimental (30-32) studies support 

the implication of BCAAs in LV dysfunction.  In HF patients treated with cardiac resyn-

chronization therapy, responders had higher pretreatment circulating BCAA levels than 

non-responders (29).  In a salt-loaded rat model of HF (30) and in middle-aged mice (31), 

BCAA dietary supplements promoted cardiomyocyte survival (30), preserved cardiac 

function (31) and prolonged lifespan (30, 31).  In the failing heart of PP2Cm knock-out 

mice, accumulation of BCKAs in the heart is a prominent feature, which was subsequent-

ly confirmed in a human case-control study of dilated cardiomyopathy (32).  Expression of 

PP2Cm in the heart is dynamically regulated by stress, as measured at both mRNA and 
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protein level, with significantly reduced expression in hypertrophic and failing hearts (33). 

The Figure 3 highlights that elevated circulating BCAA levels may therefore reflect a 

healthy nutritional state and be beneficial in normal or slightly dysfunctional hearts, but 

might become harmful when BCAA catabolism is defective and cardiotoxic BCKAs accu-

mulate in the failing heart HF (26).  

Metabolic markers associated with more performant diastolic LV function also included 

phosphocholine, glucose + taurine and 2-aminobutyrate (Figure S1).  Phosphocholine is 

an intermediate metabolite in the cytidine diphosphocholine pathway that synthesizes 

phosphatidylcholine from choline, an essential nutrient primarily provided by the diet. 

Phosphatidylcholine is the main constituent required to maintain the structural and func-

tional integrity of cellular and mitochondrial membranes.  Compared with controls, pa-

tients with diastolic HF have lower serum concentrations of phosphatidylcholine (34).  The 

amino-acid taurine inhibits the generation of reactive oxygen species (35).  Several stud-

ies demonstrated that taurine administration to HF patients improved end-diastolic LV 

volume (36), symptoms (37) and exercise capacity (38).  2-Aminobutyrate reflects hepatic 

glutathione (GSH) consumption (39).  The anti-oxidant GSH provides systemic protection 

against oxidative stress.  In the presence of low hepatic availability of cysteine, the rate-

limiting precursor in GSH biosynthesis, 2-aminobutyrate enters an alternative pathway 

(Figure S1) driven by the same enzymes leading to the synthesis of ophthalmate (39). 

Higher circulating levels of 2-aminobutyrate might therefore reflect less hepatic uptake 

and lower systemic oxidative stress.  This might explain the association of a more per-

formant diastolic LV function with higher 2-aminobutyrate levels.  In keeping with this hy-

pothesis, oral administration of 2-aminobutyrate in a mouse model of cardiomyopathy in-

duced by oxidative stress efficiently raised both circulating and myocardial GSH levels 

(40).   

Strong points of our current study are the consistency in the identification of the meta-

bolic markers over time in a sample of people representative of the general population 
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and the very first stages in the transition from normal LV function to symptomatic diastolic 

HF.  Moreover, our current findings (Figure 3) are in line with recent research develop-

ments focusing on the role of a defective BCAA catabolism in the pathogenesis of LV 

dysfunction (29-33).  Nevertheless, our study must also be interpreted within the context 

of its potential limitations.  First, the attrition rate between baseline and follow-up was 

19.8%.  However, participants dropping out had similar characteristics as those remaining 

in follow-up, including the main correlates of diastolic LV dysfunction, such as female sex 

(53.5 vs. 50.2%), age (51.4 vs. 50.6 years), body mass index (26.3 vs. 26.6 kg/m2) and 

mean arterial pressure (96.2 vs. 96.1 mm Hg).  Second, our findings are representative 

for people with normal or slightly impaired LV function with normal LV ejection fraction 

and can therefore not extrapolated to systolic LV dysfunction or advanced heart failure. 

Third, metabolic profiling of a blood sample does not clarify whether the concentration of 

a metabolite is due to a defective metabolic pathway or changes in substrate supply.  In 

this regard, experimental studies did not yet clarify whether the loss of PP2Cm expres-

sion and the resulting BCAA catabolic defect in the failing heart are merely epiphenome-

na associated with the global molecular and metabolic remodeling in the stressed myo-

cardium or if they play an active role in overall pathology in the heart (26).  Finally, NMR 

spectroscopy is fast and keeps samples separated from the instrument, but produces 

crowded spectra that cannot always be reliably deconvoluted to single metabolites (41).   
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Figure 3  Differential role of the branched-chain amino acid catabolic pathway in normal and failing 
hearts—A hypothesis supported by the current data and the literature (e.g. references 29-32). 
Branched amino-acids (BCAAs) are essential nutrients.  The first step of BCAA catabolism takes 
place in non-hepatic tissues, including cardiomyocytes.  BCAAs are catabolized to branched-chain 
keto acids (BCKAs) by a branched-chain aminotransferase (BCAT).  BCKAs complexed with the 
BCKA dehydrogenase require a mitochondrial protein phosphatase (PP2Cm) for further catabolism 
to acetyl-CoA, which can enter the tricarboxylic acid cycle (TCA) and contribute to energy generation.  
Expression of PP2Cm is reduced in failing hearts.  Elevated circulating BCAA levels may therefore 
reflect a healthy nutritional state and be beneficial in normal or slightly dysfunctional hearts, but might 
become harmful in advanced heart failure when BCAA catabolism is defective and cardiotoxic BCK-
As accumulate in the myocardium.   
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CONCLUSIONS

In general, genetics and epigenetics are far from the phenotype, whereas metabolomics 

are close and proteomics occupy a middle position.  Circulating metabolic markers are 

typically considered to be volatile at best and to represent only a snapshot of an underly-

ing pathological process.  We showed that among people covering the range from normal 

to asymptomatic diastolic LV dysfunction, there was consistency over time in the associa-

tions of diastolic LV function with metabolic markers.  In addition to disturbances in the 

balance between aerobic and anaerobic energy generation, our observations suggested 

a key role of BCAA metabolism and aminoacyl-tRNA biosynthesis in maintaining diastolic 

LV performance.  Demonstrating consistency over time in the associations between a 

phenotype and a biomarker is key for the clinical application of biomarkers (3).  Further 

studies should focus on the cardiac BCAA turnover in early as compared with advanced 

LV dysfunction.   
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PERSPECTIVES  

COMPETENCY IN MEDICAL KNOWLEDGE:  Our study showed consistency in the 

cross-sectional and longitudinal associations of diastolic LV function with circulating met-

abolic markers and suggested that branched amino-acid metabolism is a key pathway in 

early-stage LV dysfunction along with disturbances in the balance between aerobic and 

anaerobic energy generation.   

COMPETENCY IN PATIENT CARE:  Demonstrating consistency over time in the associ-

ations between a trait and biomarkers is essential for the development of clinically appli-

cable diagnostic or prognostic tools.   

TRANSLATIONAL OUTLOOK:  Branched amino-acid metabolism is a multifaceted novel 

pathogenetic mechanism in LV dysfunction with different roles in early compared with 

terminal disease.   
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EXPANDED METHODS  

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

For NMR spectroscopy (1, 2), 500 µL of plasma was mixed with 50 µL of D2O (as a field 

lock).  A total of 500 µL of the mixture of each sample was then transferred into a 5-mm 

high resolution NMR tube.  All 1H NMR spectra were acquired using a standard one-

dimensional pulse sequence with water suppression (Bruker Avance 600 spectrometer op-

erating at 600.13 MHz with a 5-mm 1H/13C/15N TXI probe).  A total of 256 FIDs (free in-

duction decay) were collected into 64 k data points with a spectral width of 14 ppm and a 

recycle delay (RD) of 1 second.  The water signal was saturated with weak irradiation dur-

ing the recycle delay.  Before Fourier transformation, the free induction decay was multi-

plied by a 0.3 Hz exponential line broadening.  

Spectral chemical shift referencing on the alanine CH3 doublet signal at 1.475 ppm was 

performed in all spectra.  Resonances in these spectral regions were assigned using the 

literature (3) and selected two-dimensional (2D NMR, especially for long chain metabolites) 

spectra.  We normalized all the spectra to the total spectral area.  Thus, the individual peak 

intensities were normalized to total metabolite content for a better comparison between 

samples.  We used available spectral databases and 2D NMR experiments to aid structural 

identification of relevant metabolites.  All spectra were processed using Topspin 1.3 (Bruker 

Biospin GmbH, Karlsruhe, Germany) and transferred to MATLAB® (MathWorks Inc., ver-

sion 2013a) using in-house scripts for data analysis.  Signals belonging to selected metabo-

lites were integrated and quantified, using semi-automated in-house MATLAB peak-fitting 

routines.  These fitting routines were based on Levenburg-Marquard optimization proce-

dures.  

CLUSTERING OF THE METABOLOMIC MARKERS 

Using the baseline values of 43 known circulating metabolites in 570 study participants, we 

clustered the markers using principal component analysis, as implemented in PROC VAR-

CLUS.  This procedure generated six clusters (Table S1).  R-squared with own cluster is the 
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squared correlation of the metabolite with its own cluster.  Next closest refers to the next-

highest squared correlation of the metabolite with the cluster.  Lower next-cluster squared 

correlations indicate better separation of clusters.  The number of clusters so identified were 

used to adjust, where appropriate, p-values for multiple testing (0.05/6 = 0.0083).  Table S1 

also provides information on the correlation between baseline and follow-up levels of the 

metabolic markers.  The median value was 0.21 (interquartile range, –0.15 to 0.31).   
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Table S1   Metabolite Clusters Derived by Principal Component Analysis (Starts)

Clusters 

   Metabolites

Cluster analysis Correlations

Own Next r p 

Cluster 1

Valine  0.8812 0.0023 0.39 <0.0001 

Isoleucine 0.8595 0.0310 0.20 <0.0001 

Creatine  0.6801 0.3270 0.14 0.0008 

Cluster 2

Tyrosine  0.8960 0.1649 0.12 0.0061 

Glutamine  0.8707 0.1498 0.11 0.011 

Glutamate  0.8285 0.1583 0.12 0.0053 

Creatine + creatine-phosphate 0.8167 0.1291 0.14 0.0009 

Leucine  0.7771 0.0003 0.43 <0.0001 

4-Aminobutyrate  0.7709 0.0217 0.19 <0.0001 

2-Aminobutyrate  0.7626 0.0008 0.45 <0.0001 

Aspartate  0.5080 0.3101 -0.07 0.10 

Phenylalanine  0.4477 0.0980 0.04 0.30 

Threonine  0.4376 0.0952 0.25 <0.0001 

Alanine  0.4088 0.0422 0.45 <0.0001 

Glycine  0.3694 0.0008 0.22 <0.0001 

Cluster 3

Glucose  0.8693 0.0630 0.19 <0.0001 

Glucose + 2-aminobutyrate  0.8220 0.0738 0.19 <0.0001 

Glucose + 2-phosphoglycerate 0.7613 0.1518 0.28 <0.0001 

Glucose + glutamine  0.6585 0.1571 0.24 <0.0001 

Ethanol  0.3577 0.0019 0.05 0.22 

Glucose + taurine  0.2517 0.0510 0.29 <0.0001 

-Glucose  0.1755 0.0782 0.06 0.15 

Cluster 4

Lactate  0.7929 0.0554 0.42 <0.0001 

Acetate  0.7256 0.0669 0.15 0.0003 

4-Hydroxybutyrate 0.6187 0.1507 0.44 <0.0001 
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Table S1   Metabolite Clusters Derived by Principal Component Analysis (Continued) 

Clusters 

   Metabolites

Cluster analysis Correlations

Own Next r p 

Ethanolamine  0.4916 0.1374 0.29 <0.0001 

Glycoprotein  0.3740 0.0010 0.26 <0.0001 

Phosphocholine 0.3126 0.0031 0. 29 <0.0001 

2-Oxybutyrate  0.1452 0.0016 0.27 <0.0001 

Cluster 5

Valerate  0.7875 0.0346 0.52 <0.0001 

FA with –CH=CH  0.5982 0.0038 0.19 <0.0001 

FA with -CH2  0.5372 0.1058 0.31 <0.0001 

Glycerol  0.5296 0.2641 0.19 <0.0001 

FA with -CH2  0.4708 0.0509 0.27 <0.0001 

HDL apolipoprotein 0.4546 0.1042 0.11 0.012 

Choline  0.4410 0.0368 0.18 <0.0001 

Cluster 6 

FA with –CH3  0.7941 0.0051 0.32 <0.0001 

3-Hydroxybutyrate  0.7950 0.0190 0.20 <0.0001 

Trimethylamine  0.5927 0.2442 0.07 0.082 

Cholesterol  0.5793 0.1547 0.08 0.063 

FA with (-CH2-)n  0.5624 0.1597 0.36 <0.0001 

FA with =CH-CH2-CH2 + citrate 0.4433 0.0102 0.18 <0.0001 

FA with =CH-CH2-CH2-  0.4410 0.0783 0.11 0.012 

Abbreviations: FA, fatty acids; HDL, high-density lipoprotein.  R-squared with own cluster is the squared 
correlation of the metabolite with its own cluster.  Next closest refers to the next-highest squared corre-
lation of the metabolite with the cluster and is low if the clusters are well separated.  Correlation refers 
to the correlations coefficients (r) and associated p-values between baseline and follow-up levels of the 
metabolites.  
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Table S2   Metabolite Shared in the Partial Least Square Analysis

Metabolites Symbol 
CS 

 Baseline 

CS 

Follow-Up 
Longitudinal 

Amino Acids

2-aminobutyrate ↑ ↑ ↑ 

4-aminobutyrate ↑ ↑ 

Alanine ↑ ↑ 

Leucine ↑ ↑ ↑ 

Threonine ↓ ↓ 

Valine ↑ ↑ ↑ 

Organic Acids

Acetate ↑ ↑

4-hydroxybutyrate ↑ ↑ ↑

Lactate ↓ ↓

Lipids

Fatty acid with –CH=CH ↓ ↓

Valerate ↓ ↓ ↓

Carbohydrates

Glucose ↓ ↓

Glycoprotein ↓ ↓

Glycerol ↓ ↓

Other

Choline ↓ ↓

Glucose + 2-aminobutyrate ↓ ↓

Glucose +glutamine ↓ ↓ ↓

Glucose +2-phosphoglycerate ↓ ↓ ↓

we included 18 markers that had a VIP score higher than 1.1 in any of the V plots and shared in any catego-
ries (Figure 1).  
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Figure S1 Simplified overview of metabolic pathways possibly involved in diastolic LV dysfunction.  
Metabolites associated with diastolic LV function are in red color.  Depicted cycles are (A) glycolysis; 
(B) tricarboxylic acid (Krebs) cycle; (C) biopterin cycle; (D) 5-methylthioadenosine/methionine cycle; (E)
transsulfuration (taurine); (F) methylation (phosphatdylcholine); and (G) BCAA catabolism.  Abbrevia-
tions: BH2/BH4, dihydrobiopterin/tetrahydrobiopterin; BCAAs, branched amino-acids; BCKAs, 
branched-chain keto acids; CoA, coenzyme A, IR, insulin receptor signaling; mTOR, mammalian tar-
get of rapamycin; PP2Cm, mitochondrial protein phosphatase; tRNA, aminoacyl-tRNA biosynthesis.  
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Figure S2 

Link of branched amino-acid metabolism with the aminoacyl-tRNA biosynthesis (downloaded from 
http://www.genome.jp).  
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Chapter 5  

General discussion 





This doctoral dissertation accounts for the staggering observation that in the current era 

of demographic transition, chronic age-related diseases, in particular left ventricular (LV) 

and renal dysfunction, are increasingly becoming a seemingly unstoppable public health 

problem that threatens the sustainability of health care.  This concern clarifies the title of 

this dissertation: ”-Omics as tool to address the burden of non-communicable age-related 

disease in populations in epidemiological transition”.  We realise that advances in high-

throughput technologies in the first place should serve patients rather than illustrate the 

technological prowess of investigators.  However, when we started our research in 2014, 

bringing “-omics” to clinical application was still a far-fetched dream.  Our primary goal 

was to develop and validate novel “-omics” biomarkers to uncover latent health risks and 

to diagnose asymptomatic disease at a time point long before irreversible organ damage 

sets in.  Having such biomarkers introduced into clinical practice would cause a paradigm 

shift from “repairing disease” to “preventing disease”.  Moreover, performant diagnostic 

biomarkers gain in relevance, if they also help clinicians in choosing appropriate treat-

ment options.  This explains why we also tried exploring the molecular processes leading 

to disease by using sequenced urinary peptides that identify parent proteins or circulating 

metabolic markers that are close to the molecular signature of a disease process.  We 

focused on asymptomatic LV dysfunction and early-stage renal impairment, because of 

their high prevalence in the general population and because of their dismal prognosis if 

left unattended.  In line with these two objectives, we will first discuss multidimensional 

urinary proteomic biomarkers and next single urinary peptides or circulating metabolic 

markers either as diagnostic tools or as indicators of the pathophysiology of LV or renal 

dysfunction.  Urinary peptides (Chapters 2.1, 2.2, 2.3 and 3.1) and circulating metabo-

lites (Chapters 4.1 and 4.2), as measured in our population research, are far from the 

cardiac phenotypes and intentionally captured the early stages of LV dysfunction.  This 

dissertation would therefore not have been complete without the results generated by tis-

sue proteomic approaches contrasting diseased hearts of patients with end-stage LV fail-
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ure and normal human donor hearts.  For the reader not to be carried away by our enthu-

siasm, we will also highlight potential limitations of our study and end with a perspective 

on where our research should lead to after the completion of this thesis.  

5.1 Multidimensional urinary proteomic markers 

5.1.1 Diastolic left ventricular dysfunction 

Echocardiographically diagnosed asymptomatic diastolic LV dysfunction is a forerunner 

of heart failure with preserved ejection fraction (HFpEF) and over a 5-year interval pre-

dicts adverse cardiovascular outcomes.  Its prevalence among randomly recruited Euro-

peans is 27% [2,3].  Echocardiography requires highly skilled operators and costly 

equipment.  This highlights the need of biomarker-based screening tools that could re-

producibly identify people with asymptomatic diastolic LV dysfunction.  The starting point 

of our research in this field was a small case-control study nested within FLEMENGHO 

[1] that led to the discovery of HF1, a multidimensional urinary proteomic biomarker con-

sisting of 85 peptides.  HF2, described in Chapter 2.1, was developed by extending the 

cases by 98 patients with heart failure and encompasses 671 peptides.  The sequenced 

peptides making up HF1 and HF2 are mainly dysregulated collagen fragments, which in 

our view reflect the modification of collagen turnover in the cardiac extracellular matrix.  

Indeed, this matrix predominantly consist of fibrillar collagen type I (85%) and type III 

(11%).  In patients with heart failure, the balance between collagen synthesis and degra-

dation is disturbed [2].  Asymptomatic diastolic LV dysfunction associated with hyperten-

sion and clinically overt HFpEF are characterised by increased interstitial deposition and 

cross-linking of type I collagen, a process that leads to LV stiffening [2].  However, our 

urinary proteomic studies, including Chapter 2.1, cannot prove the cardiac origin of the 

urinary collagen fragments that contribute to HF1 and HF2.   

In Chapter 2.1, we validated HF1 and HF2 as markers of asymptomatic diastolic LV 

dysfunction in a proof-of-concept study in the general population.  Moving from a cross-
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sectional to a longitudinal approach, in Chapter 2.2, we assessed whether the multidi-

mensional urinary biomarker HF1 determined at baseline (2005–2010) could discriminate 

5 years later (2009–2013) between normal and a mildly impaired diastolic LV function as 

assessed by echocardiography.  In continuous analyses, higher baseline HF1 was a fore-

runner of lower e’ and higher E/e’ at follow-up.  In categorical analyses, baseline HF1 

predicted asymptomatic diastolic LV dysfunction at follow-up.  Over a 5-year horizon, HF1 

improved discrimination between people with normal versus mildly impaired diastolic LV 

function.  Thus, the HF1 classifier performed well for the indication for which it was devel-

oped, i.e. the diagnosis of asymptomatic diastolic LV dysfunction [9,10].  An additional 

advantage of HF1 is that the classifier predicts worsening of renal function [3] and the 

5-year incidence of cardiovascular and cardiac events (Chapter 2.3).   

NT-proBNP is the biomarker most frequently used in clinical practice.  However, its 

distribution shows large overlap between individuals with normal or slightly impaired dias-

tolic LV function or even between normal controls and patients with HFpEF [4,5].  In line 

with previous publications [6–8], NT-proBNP did not add to the prediction of diastolic LV 

dysfunction over and beyond classical risk factors.  Moreover, in the presence of 

NT-proBNP, HF1 fully retained its prognostic value (Chapter 2.2).  A limitation of Chapter

2.2 is that an observational longitudinal study cannot fully ascertain the clinical utility of a 

biomarker, so that further validation of HF1 in the setting of a randomised clinical trial re-

mains necessary.  Such approach is presently being implemented to validate CKD273 

(Chapter 2.5) in the multicentre double-blind placebo-controlled PRIORITY trial (proteo-

mic prediction and renin angiotensin aldosterone system inhibition prevention of early di-

abetic nephropathy in type-2 diabetic patients with normal albumin excretion) [9].  A simi-

lar design might be applied to patients at risk of asymptomatic diastolic LV dysfunction.  

At enrolment such patients could be stratified by their HF1 status (e.g. by the -0.350 

threshold [Chapter 2.2]) as being at low versus high risk of developing diastolic LV dys-

function over 5 years.  Participants with a high HF1 level might be randomised to treat-
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ment with spironolactone 25 mg once daily [10] or placebo, whereas those with low HF1 

levels might be observed without intervention other than the standard of care, i.e. the 

management of their risk factors [11].  Among the non-pharmacological measures, exer-

cise might be particularly beneficial [12].  As in PRIORITY [9], the treatment or observa-

tional period could run over 3 years.   

5.1.2 Cardiovascular outcomes 

In Chapter 2.3, we demonstrated that HF1 over a median follow-up of 6.1 years predict-

ed the incidence of fatal plus non-fatal cardiovascular (n=63) and cardiac (n=45) events. 

In the same cohort, lower early diastolic peak velocity of the mitral annular movement (e’) 

also predicted the incidence of cardiovascular and cardiac complications [5].  The multi-

variable-adjusted hazard ratios (per 1-SD decrease in e’) amounted to 2.50 (95% confi-

dence interval [CI], 1.33–4.82; p=0.004) and 3.66 (CI, 1.68–7.76; p=0.001), respectively 

[5].  Among 2042 participants enrolled in the Olmsted County study [13] and followed up 

for 3.5 years, mild (20.8%) and moderate-to-severe (7.3%) diastolic LV dysfunction at 

baseline predicted all-cause mortality (48 deaths) with hazard ratios amounting to 8.3 (CI, 

3.0–23.1; p<0.001) and 10.2 (CI, 3.3–31.0; p<0.001), respectively.  In our view, these ob-

servations [13] combined with ours ([5] and Chapter 2.3) not only support the idea that 

asymptomatic diastolic LV dysfunction is a harbinger of adverse health outcomes, but al-

so the concept that HF1 truly reflects asymptomatic diastolic LV dysfunction.  Sample 

size (n=791) and low event rates probably explain why in Chapter 2.3 we could not 

demonstrate significant associations of all-cause mortality (n=35) or coronary events 

(n=22) with HF1.   

An unexpected finding in Chapter 2.3 was that over 6.1 years of follow-up, HF1 was 

more predictive than systolic blood pressure.  This observation might just reflect the time 

course of events, systolic blood pressure being a major driver of diastolic LV dysfunction 

and thereby losing its predictive value over a short time span.  In population studies with 
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long-term follow-up, blood pressure strongly determines cardiovascular risk [14,15].  In 

the Framingham Heart Study, remote blood pressure (average of all reading 11 to 20 

years before current) and recent blood pressure (average of all reading 1 to 10 years be-

fore current) predicted the risk of cardiovascular disease incrementally over current blood 

pressure.  This observation was consistent irrespective of sex and age  [16].  Explana-

tions offered by the Framingham investigators were that antecedent blood pressure is a 

forerunner of cardiovascular target organ damage, which is on the path to hard cardio-

vascular complications, and that the relation between cardiovascular risk and blood pres-

sure weakens over time by the initiation of antihypertensive drug treatment [16].   

5.1.3 Heart failure 

In Chapter 2.4, we left the treaded path of research into HF1 and HF2 in the Flemish 

population and we tried to develop and validate a novel multidimensional urinary proteo-

mic biomarker for heart failure.  Comparison of heart failure patients and controls select-

ed from the Generation Scotland: Scottish Family Health Study [17] identified 96 urinary 

peptides, which we combined in a multidimensional classifier and named Heart Failure 

Predictor (HFP).  The majority of the sequenced peptides making up HFP originated from 

the extracellular matrix and were fragments of collagen I, III as well as collagen IV, VII 

and IX.  HFP had 11 (11.5%) and 42 (71.2%) peptide fragments in common with the ear-

lier published HF1 and HF2 classifiers (Chapter 2.1).  Moreover, of the sequenced pep-

tides making up HF1, HF2 and HFP, the majority were dysregulated collagen fragments 

(45/75 [64.3%] for HF1; 242/351 [68.9%] for HF2 and 46/59 [78.0%] for HFP) indicative of 

a common underlying pathophysiological mechanism captured by the three biomarkers.   

Subsequently, we validated HFP in patients with asymptomatic diastolic LV dysfunc-

tion taken from the FLEMENGHO study.  In this independent cohort, HFP predicted pro-

gression from asymptomatic diastolic LV dysfunction to overt heart failure and was more 

accurate than NT-proBNP.  Mechanistically, the urinary peptides making up HFP might 
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reflect the altered synthesis [18], cross-linking [19] or turnover of collagen [18,20] as pro-

cesses leading to the progression to heart failure [21].  In establishing HFP, we excluded 

patients with a glomerular filtration rate of less than 45 ml/min/1.73 m2, but we cannot ex-

clude that renal dysfunction secondary to HF [22] might also have contributed to the uri-

nary peptidomic signature captured by HFP.  

5.1.4 Renal dysfunction 

CKD273 is a multidimensional urinary biomarker consisting of 273 peptide fragments, 

which in patients with advanced CKD predicts further deterioration of renal function 

[23,24].  The American Food and Drug Administration (FDA) recently encouraged more 

studies of CKD273 as a tool for the diagnosis and risk prediction in CKD [24].  In 2016, 

the European Medicines Agency (EMA) [25] proposed that primary efficacy endpoints in 

studies with renal outcomes can be the prevention or delay of renal function decline de-

fined as time to or the incidence rate of stage-3 CKD (staged according to the National 

Kidney Foundation Kidney Disease Outcomes Quality Initiative guideline [26] with or 

without albuminuria or proteinuria).  A recent meta-analysis of 1.7 million individuals 

demonstrated that a 30% eGFR decline over 2 years predicted end-stage renal disease 

and death [27] and thereby supported the use of milder shorter-term endpoints in CKD 

studies, as proposed by EMA.   

In keeping with the EMA recommendation [25] and the FDA statement [24], we inves-

tigated in Chapter 2.5 whether CKD273 predicted the occurrence of eGFR to less than 

60 ml/min/1.73 m2.  We analysed 2087 individuals from six cohorts, including 1534 dia-

betic patients (73.5%) and 127 patients (6.2%) with an albumin excretion rate (UAE) of 20 

g/min or more.  eGFR at baseline was 60 ml/min/1.73 m2 or higher in all 2087 partici-

pants.  Over a median of five follow-up visits, eGFR decreased more with higher baseline 

CKD273 than UAE (1.64 vs. 0.82 ml/min/1.73 m2; p<0.0001).  Over 4.6 years, 390 partic-

ipants experienced a first renal endpoint (eGFR decrease by at least 10 ml/min/1.73 m2 
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to less than 60 ml/min/1.73 m2) and 172 had a renal endpoint sustained over follow-up. 

The risk of a first and sustained renal endpoint increased with both UAE and CKD273. 

The findings were therefore consistent among participants with only one (n=564) and two 

or more (n=1523) follow-up measurements of eGFR.  By applying optimised thresholds, 

the misclassification rate was higher for UAE than for CKD273.  As continuous markers, 

CKD273, but not UAE, increased the integrated discrimination improvement.  We con-

cluded that while accounting for baseline eGFR, albuminuria and other covariables, 

CKD273 added to the prediction of stage-3 CKD, at which point intervention is still an op-

tion before structural alterations associated with higher stages of CKD render stopping or 

reversing the disease processes difficult, if not impossible.   

Renal interstitial fibrosis is a universal predictor of the decline in renal function [28] and 

is characterised by exaggerated deposition of extracellular matrix by an expanding popu-

lation of fibroblasts and myofibroblasts [29].  Consistent with the pathophysiology of CKD 

[28,29], the majority of peptide fragments included in CKD273 are dysregulated collagen 

fragments.  Examining the top 20 sequenced peptide fragments with a differential signal 

amplitude between progressors with declining renal function and non-progressors, re-

vealed that 15 were fragments of collagen I or III, which were all downregulated in cases 

(Chapter 2.5).  Higher levels of tissue inhibitor of matrix metalloproteinase type-1, as ob-

served in patients with renal dysfunction [30], might inhibit the breakdown of collagen. 

This process might be further enhanced by increased crosslinking of collagen and inhibi-

tion of the collagen degradation by matrix metalloproteases [31].  In addition, four fibrino-

gen fragments were upregulated.  In Chapter 3.3, we explored in detail the association of 

renal function with sequenced peptides that identified the parent proteins.  
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5.2 Mechanistic studies of proteomic biomarkers 

5.2.1 Diastolic left ventricular dysfunction  

In Chapter 3.1, we searched for association of diastolic LV function with individual urinary 

peptides with known amino-acid sequence, thereby identifying collagen subtypes as par-

ent proteins.  Next, we correlated single urinary peptides significantly associated with di-

astolic LV function with circulating markers of cardiac collagen turnover, which in previous 

studies [32,33] predicted mortality and cardiovascular events.   In analyses with a contin-

uous outcome, we considered that lower e’ and higher E/e’ (Table 1.1) indicated worse 

diastolic LV function.  In addition, we ran analyses, in which diastolic LV function was 

categorised as described in Section 1.1.3.2.   

In continuous and categorical analyses, asymptomatic diastolic LV dysfunction was 

associated with higher urinary levels of collagen I fragments and lower levels of urinary 

collagen III degradation products.  Serum carboxyterminal propeptide of procollagen I 

(PICP) is a marker of collagen I synthesis.  Carboxyterminal telopeptide of collagen I 

(CITP) and tissue inhibitor of the matrix metalloproteinase type 1 (TIMP-1) are markers of 

collagen 1 degradation (Chapter 3.1, Figure S2).  The correlations of these serum mark-

ers with urinary collagen I fragments were positive, whereas the associations of the se-

rum markers with urinary collagen III fragments were negative.  Keeping consistency with 

the urinary data, diastolic LV performance decreased with higher serum levels of TIMP-1 

and CITP.   

Collagen I is a stiff fibrillar protein providing tensile strength, whereas collagen III forms 

an elastic network storing kinetic energy that is released during elastic recoil [34].  Histo-

pathological [35–37] and expression [36] studies of human endomyocardial biopsies sug-

gested that HFpEF is characterised by myocardial fibrosis with a predominant increase in 

collagen I.  Among patients with dilated cardiomyopathy [38], tissue samples of patients 

with heart failure, compared with those from controls with only mild LV dysfunction, had a 

2- to 6-fold increase in collagen I mRNA, a 2-fold increase in collagen III mRNA, resulting 
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in a higher collagen I/III expression ratio (8.6 vs. 6.4).  Zile and colleagues measured my-

ocardial stiffness directly in myocardial biopsies of 70 patients undergoing coronary artery 

bypass surgery [39].  In comparison with controls, patients with hypertension and HFpEF 

had an increased end-diastolic LV pressure and left atrial volume and a greater collagen-

dependent passive myocardial stiffness [39].   

Circulating TIMP-1 inhibits the metalloproteinases and is a pro-fibrotic stimulus.  In pa-

tients with hypertensive heart disease, but not in normotensive controls, there is a gradi-

ent and a direct correlation between the TIMP-1 concentrations in coronary sinus and an-

tecubital vein blood [35].  In HFpEF patients with hypertension, TIMP-1 levels increase in 

parallel with the pulmonary capillary wedge pressure, suggesting that the LV filling pres-

sure rises as collagen I breakdown decreases [40].  The role of CITP as a reliable bi-

omarker of collagen breakdown is not firmly established, because its association with 

myocardial fibrosis is inconsistent across studies [41,42].   

The novel findings in Chapter 3.1 relate to the demonstration that in a general popula-

tion echocardiographic indexes of diastolic LV function were associated with sequenced 

urinary collagen I and III fragments.  In addition, the I-to-III ratio of urinary collagen frag-

ments was higher in patients with asymptomatic diastolic LV dysfunction compared to 

participants with normal LV function.  Thus, sequencing of the urinary peptide fragments 

allowed us to translate previous observations in endomyocardial biopsies of HFpEF pa-

tients [35–37] to people randomly recruited from the general population, in whom diastolic 

LV function ranged from normal to mildly impaired, but did not encompass overt HFpEF.   

5.2.2 Proteomics of cardiac tissue  

Within the framework of a proof-of-concept project sponsored by the European Research 

Council, we moved from urinary to tissue proteomics on myocardial biopsies taken from 

explanted hearts from healthy donors and terminally ill heart failure patients selected for 

allogeneic heart transplantation (Chapter 3.2).  Our objective was to identify differential 
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tissue proteomic signatures indicative of the pathophysiological molecular processes un-

derlying heart failure.   

In ischaemic and dilated cardiomyopathy, compared with normal donor hearts, the tis-

sue proteomic signature consistently showed higher abundance of proteins involved in 

the organization of the extracellular matrix or derived from the circulating blood and lower 

levels of mitochondrial proteins.  Proteins involved in cell cycle regulation, DNA repair, 

transcription, calcium fluxes, contractility, signal transduction, the cytoskeleton, protein 

scaffolding, trafficking and folding and cell migration were either down- or upregulated. 

The two top canonical pathways in ischaemic and dilated cardiomyopathy were oxidative 

phosphorylation and mitochondrial dysfunction.  The other pathways among the top five, 

were: (i) in ischaemic cardiomyopathy, clathrin-mediated endocytosis signalling, 

-linolenate biosynthesis, and activation of the liver X receptors/retinoid X receptor 

(LXR/RXR); (ii) in dilated cardiomyopathy, -linolenate biosynthesis, conversion of ace-

tate to acetyl-CoA, and pyruvate fermentation to lactate; (iii) and in the two cardiomyopa-

thies combined, acute phase response signalling, and activation of LXR/RXR and the liv-

er farnesoid X receptor/retinoid X receptor (FXR/RXR).  Upstream inhibitors of the path-

ways associated with ischaemic cardiomyopathy included bone morphogenetic protein 

(BMP1), zinc finger homeobox 3 (ZFHX3) and 20-hydroxyeicosatetraenoic acid and the 

insulin receptor (INSR).  RICTOR, the rapamycin-insensitive companion of mTOR 

(mammalian target of rapamycin) was an upstream activator in dilated cardiomyopathy.   

5.2.3 Chronic kidney disease 

A comprehensive literature search did not reveal any population study, in which renal 

function was correlated with individual sequenced urinary peptides. The most salient find-

ing of Chapter 3.3 was the identification of the urinary mucin-1 subunit fragment as a 

correlate and predictor of renal dysfunction in the general population.  Mucin-1 is a high-

molecular weight (400 kDa), heavily O-glycosylated, type-I membrane-tethered glycopro-
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tein.  The -subunit of the protein consists of a 20 amino-acid variable-number tandem-

repeat segment, which is reiterated 25–125 times depending on genetic variation and 

splicing [43].  Normal kidneys express mucin-1 in the thick segment of Henle’s loop and 

in the distal tubules and collecting ducts [44–46].  Diabetic kidneys also express mucin-1 

in the thin segment of Henle’s loop and proximal tubules and in parietal cells lining Bow-

man’s space [45].  The mucin-1 subunit  protrudes 200–500 nm above the plasma 

membrane, far above all other membrane-associated proteins within the 10 nm protective 

glycocalyx [47].   

The main function of mucin-1 is to shield cell surfaces by maintenance of a luminal 

epithelial mucobarrier [48].  Mucin-1 is chemotactic for human fibroblasts [49].  The se-

creted mucin-1 isoform is a ligand for the mucin-1 receptor and upon binding initiates sig-

nal transduction [43].  In mice, renal ischaemia-perfusion injury induces mucin-1 expres-

sion in all renal tubular epithelia [50].  The protein stimulates expression of hypoxia-

inducible transcription factors, which orchestrate a protective response against acute kid-

ney injury [50].  Our observations in Chapter 3.3 were in line with these experimental 

findings [50], with the expression of mucin-1 in renal endothelium and tubular epithelium 

[43], and with its upregulation in diabetic kidneys [45].   

Recently several investigators discovered a frameshift mutation in the MUC1 gene, lo-

cated on chromosome 1 (1q21) [51].  The mutation creates an abnormal sequence, en-

coding a new peptide that accumulates inside the MUC1 expressing renal tubular cells 

[52,53].  It causes autosomal dominant medullary cystic kidney disease type 1. The clini-

cal characteristics include progression to end-stage CKD with a widely variable age of 

onset, probably dependent on gene-gene and gene-environment interactions [54], a 

bland urinary sediment without blood and minimal protein, renal fibrosis and cysts, but 

with no other organs expressing mucin-1 being involved.  Affected patients do not have 

proteinuria.  This observation [54] and the low prevalence of microalbuminuria in our 
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study (Chapter 3.3) probably explain why the mucin-1 fragment was a better predictor of 

eGFR decline than the urinary albumin-to-creatinine ratio or 24-h microalbuminuria.   

5.3 Metabolomic studies 

Metabolomics is the systematic study of small-molecule metabolites in biological fluids 

[55,56].  The metabolic signature is different in serum [57] and urine [57,58] of heart fail-

ure patients and matched healthy controls.  Recent studies demonstrated that over and 

beyond classical risk factors and B-type natriuretic peptide, circulating plasma metabo-

lites had diagnostic value in assessing heart failure related metabolic disturbances and 

predicting hospitalisations and mortality [56].  However, findings in symptomatic patients 

cannot be extrapolated to subclinical disease, in which biomarkers would have the great-

est diagnostic or prognostic relevance [4].  We assessed the association of diastolic LV 

function with metabolites first cross-sectionally (Chapter 4.1) and next longitudinally 

(Chapter 4.2).  

In 711 randomly recruited FLEMENGHO participants, we measured in collaboration 

with the Metabolomic and Molecular Image Laboratory, Fundación Investigatión Clínico 

de Valencia (INCLIVA), Valencia, Spain, 44 circulating metabolites by nuclear magnetic 

resonance (NMR).  In multivariable-adjusted regression analysis with Bonferroni correc-

tion of the significance levels, peak a’ decreased (p≤0.048) and e’/a’ increased (p≤0.044) 

with circulating tyrosine, HDL- apolipoproteins, glucose + glutamine.  In addition, peak a’ 

decreased (p≤0.031) with glucose + 2-aminobutyrate, and glucose + 2-phosphoglycerate. 

In partial least square discriminant analysis (PLS-DA), we identified three latent factors 

associated with diastolic LV function.  In receiver operating characteristics plots, adding 

the three latent factors (Section 1.4) identified by PLS-DA to NT-proBNP increased the 

area under curve from 0.64 to 0.73 (p<0.0001).  In short, in Chapter 4.1, we applied a 

non-targeted NMR approach to search for a metabolic signature in the circulating blood 

differentiating in a cross-sectional fashion asymptomatic diastolic LV dysfunction from 
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normal LV performance.  Diastolic LV function was associated with metabolites indicative 

of energy substrate utilisation and protection against oxidative stress.  These observa-

tions are in keeping with current insights in the pathophysiology of diastolic LV dysfunc-

tion [59] and were carried through in a longitudinal approach presented in Chapter 4.2.   

In 570 participants with echocardiographic data and circulating metabolic biomarkers 

available for analysis at baseline and follow-up, we assessed at a 5-year interval the mul-

tivariable-adjusted correlations of e’ and E/e’ with circulating metabolites.  Using methods 

described by the Framingham investigators [60], we clustered the metabolites into six 

groups, thereby setting the Bonferroni corrected significance level at 0.0083 (0.05/6).  In 

analyses with a continuous outcome, we considered that higher e’ and lower E/e’ (Table

1.1) indicated more performant diastolic LV function.  In addition, we ran analyses in 

which diastolic LV function was categorised as described in Section 1.1.3.2.   

In the cross-sectional analysis of the follow-up data, metabolites indicative of a more 

performant diastolic LV function included valine, phosphocholine, glucose + taurine, and 

2-oxybutyrate.  The risk of progressing towards (12.2%) or developing (9.4%) diastolic LV 

dysfunction at follow-up decreased with higher levels of glucose + taurine at baseline.  In 

partial least square analyses combining the cross-sectional data at baseline and follow-

up or considering the longitudinal results, markers consistently associated with better di-

astolic LV function included 2-aminobutyrate, leucine and 4-hydroxybutyrate and those 

consistently associated with worse function were glucose + glutamine and valerate.  In 

Metabolomic Pathway Analysis (MetPA, version 3.0, Edmonton, Canada [61]), valine, 

leucine and isoleucine metabolism and aminoacyl tRNA biosynthesis appeared as top 

canonical pathways associated with asymptomatic diastolic LV dysfunction.  A potential 

limitation of the longitudinal study was the 19.8% attrition rate between baseline (Chapter

4.1) and follow-up (Chapter 4.2).  However, participants dropping out had similar charac-

teristics as those remaining in follow-up, including key determinants of diastolic LV func-

tion, such as female sex, age, body mass index and blood pressure.   
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Genetics and epigenetics are far from the phenotype, whereas metabolomics are 

close and proteomics occupy a middle position.  The currently prevailing viewpoint is that 

circulating metabolic markers are volatile at best and represent only a snapshot of an un-

derlying pathological process.  In Chapter 4.2, we demonstrated that among people cov-

ering the range from normal to mildly impaired diastolic LV function there was consisten-

cy over time in the associations of diastolic LV function with the circulating metabolic 

markers.  Replication over a relatively short time interval of the association between a 

phenotype of interest and biomarkers, as we did over 5 years in Chapter 4.2, is a “condi-

tio sine qua non” for the clinical application of metabolomic approaches.   

The other noticeable finding in Chapter 4.2 was the potential role of branched amino-

acid metabolism and aminoacyl-tRNA biosynthesis in early-stage LV dysfunction.   One 

of the well-studied metabolic signatures of incipient heart failure, supported by our find-

ings, is the shift from a fatty acid dominant bioenergetic state into a more glycolytic state, 

viewed as a compensatory response with the purpose of enhancing the utilisation of en-

ergy substrate and oxygen [62].  However, a recent paradigm shift focused emphasis on 

the metabolism of amino-acids instead of glucose and fatty acids [63].  Leucine, isoleu-

cine and valine are branched-chain amino acids (BCAAs) that share structural features in 

the side-chain and have a common catabolic pathway.  They are indispensable building 

blocks in protein synthesis and are involved in the aminoacyl-tRNA biosynthesis (Chap-

ter 4.2, Figure S1) [64].  BCAAs are catabolised to branched-chain keto acids (BCKAs) 

by a branched-chain aminotransferase (Chapter 4.2, Figure 3).  BCKAs complexed with 

the BCKA dehydrogenase require a mitochondrial protein phosphatase (PP2Cm) for fur-

ther catabolism to acetyl-CoA, which can enter the tricarboxylic acid (Krebs) cycle [63].   

BCAAs are essential nutrients, so that their homeostasis can only be regulated via 

their catabolic turnover.  Unlike other amino-acids, the first step of BCAA catabolism 

takes place in non-hepatic tissues, particularly in cardiomyocytes [65].  Due to their poor 

hepatic catabolism, circulating BCAA act as molecules reflecting the nutritional state.  In 
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this role, they interact with the cell survival signalling pathway, i.e. mammalian target of 

rapamycin (mTOR) and the insulin receptor signalling cascade [66].  Both clinical [67] and 

experimental [68] studies support the implication of BCAAs in heart failure.  For instance, 

in patients with LV dysfunction treated with cardiac resynchronisation therapy, respond-

ers had higher pre-treatment circulating BCAA levels compared with non-responders [67].  

In the failing heart of PP2Cm knock-out mice, accumulation of BCKAs in the heart is a 

prominent feature, which was subsequently confirmed in a human case-control study of 

dilated cardiomyopathy [68].  Expression of PP2Cm in the heart is dynamically regulated 

by stress, as measured at both the mRNA and protein level, with significantly reduced 

expression in hypertrophic and failing hearts [69].  Figure 3 in Chapter 4.2 highlights that 

elevated circulating BCAA levels may therefore reflect a healthy nutritional state and be 

beneficial in normal or slightly dysfunctional hearts, but might become harmful when 

BCAA catabolism is defective and cardiotoxic BCKAs accumulate in the failing heart HF 

[63].   

5.4 Strengths and limitations 

Clinical proteomics and metabolomics aim at the development and the implementation of 

novel biomarkers that demonstrate undisputable benefit in the diagnosis, risk stratifica-

tion, and management of disease, at a point in time when reversal of the underlying path-

ophysiological process remains an achievable option.  This doctoral dissertation shows 

progress in this field (Table 5.1) by linking diastolic LV dysfunction and adverse cardio-

vascular and cardiac outcomes with easily quantifiable multidimensional urinary bi-

omarkers, such as HF1, HF2 and HFP (Chapters 2.1, 2.2, 2.3 and 2.4).  Along similar 

lines, our research (Chapters 2.5 and 3.3) supports the use of CKD273 and particularly 

of the mucin-1 -subunit as novel biomarkers, which predict decline in renal function sub-

stantially earlier than microalbuminuria the current state-of-the-art biomarker.  Our meta-

bolic studies demonstrated consistency of LV traits with circulating metabolites over a 
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5-year span and moved the field forward by highlighting the potential role of BCAAs over 

and beyond current insights into the bioenergetic imbalance between glucose and fatty 

acid utilisation as sources of energy.  Our analyses of the associations between pheno-

types of interest and single urinary or circulating biomarkers aimed to identify peptide 

fragments (Chapters 3.1 and 3.3) or metabolites (Chapters 4.1 and 4.2) with potential 

clinical relevance.  A strong point of our work is that in these analyses (Chapters 3.1, 3.3,

4.1 and 4.2), we adjusted significance levels by Bonferroni correction.  This way of ac-

counting for multiple testing is more stringent than the Bonferroni step-down method, the 

Westfall and Young permutation or the Benjamini and Hochberg false discovery rate [70]. 

However, in our tissue proteomic study (Chapter 3.2), we applied the more relaxed Ben-

jamini and Hochberg false discovery rate [71], because in these exploratory analyses we 

were concerned not to overlook potentially important differentially expressed proteins.   

The limited timeframe of this doctoral dissertation did not allow us to introduce the 

markers we showed the potential of in our studies into clinical practice.  Several factors 

explain this limitation.   First, academic researchers are still insufficiently trained in filing 

patents or once an invention has been protected by intellectual rights in writing a busi-

ness plan or attracting venture capital.  Second, we extensively used the epidemiological 

resources available at the Studies Coordinating Centre.  However, using these resources 

for commercial purposes was not explicitly covered by the informed consent of the partic-

ipants or ethical approval.  Third, FDA supports further development of CKD273 in the 

timely diagnosis of renal dysfunction.  However, even for an experienced enterprise, the 

efforts required to develop CKD273 into a clinically applicable biomarker proved to be ex-

tremely challenging [24].  CKD273 is now available to patients in Germany 

(http://mosaiques-diagnostics.de/mosaiques-diagnostics/applications).  For the urinary 

biomarkers of diastolic LV dysfunction, the long and winding path from discovery to clini-

cal application only recently opened.  Finally, urinary proteomic analysis is complex, re-

quires expertise only available at few centres [46,47] and for now remains substantially 
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more costly than other diagnostic tests employed in the management of patients at risk of 

or already having CKD.  However, a cost-effectiveness analysis within the setting of the 

German health insurance system suggested that CKD273 might perform better than UAE 

[72].  Markov models were constructed for diabetic patients free of CKD or other diabetic 

complication and assumed follow-up from 45 until 85 years or death.  By using CKD273 

instead of UAE, the overall cost per patient was € 17,567.00 lower and the number of pa-

tients progression to dialysis decreased by 30% [72].  Whether or not the Markov models 

would materialise in clinical care is currently being tested in the PRIORITY trial [9].   

5.5 Individual development plan 

“-Omics” strategies are fashionable, but remain an empty box if not put at the service of 

people and patients.  In this doctoral dissertation, being embedded in a large network in-

cluding world-leading experts in “-omics” and population science, we learned how difficult 

it is to move from observation to clinical application.  Intellectual protection rights are a 

core issue in this field of science to enhance sustainability of ongoing research and to be-

come independent of academic structures and funding sources.  Proteins and molecular 

pathways are difficult, if not impossible, to be “inventions” and to be protected by patents. 

However, identification of novel drug targets allows claiming “discovery” as well.  Porting 

pharmacological intervention with underlying pathophysiological mechanisms to clinical 

practice requires animal models for preclinical testing of efficacy and toxicology and col-

laborating with the pharmaceutical industry or searching for venture capital.  These goals 

were not within the scope of this doctoral dissertation, but will be pursued or at least be 

attempted after completion of this thesis.   
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Study What is known What this study adds Perspectives

Chapter 2.1  Echocardiographically diagnosed
asymptomatic diastolic left ventricu-
lar (LV) dysfunction (LVDD) has a
prevalence of 25% in the general
population, but no easily applicable
screening tools are available.

 HF1 is a multidimensional urinary
peptidomic classifier specifically
developed for asymptomatic dias-
tolic LV dysfunction in a small case-
control study.

 LVDD is associated with HF1 in the
general population, thereby proving
its diagnostic utility.

 HF1 could serve as a screening
tool for asymptomatic LVDD, facili-
tating prevention and timely inter-
vention.

Chapter 2.2  LVDD is associated with HF1 in the
general population.  Whether HF1
can differentiate normal from mildly
impaired diastolic LV function as
assessed by echocardiography 5
years later is unknown.

 HF1 allows screening for LVDD
over a 5-year horizon in asympto-
matic people.

 Our current observations support
the concept of porting easily ob-
tainable multidimensional urinary
biomarkers to clinical practice to
enable a personalised approach to
the diagnosis, prevention and
treatment of LVDD.

Table 5.1 Summary of this doctoral dissertation (starts) 



Study What is known What this study adds Perspective

Chapter 2.3  HF1 was associated with LVDD
cross-sectionally and after 5 years
of follow-up.  Whether HF1 predicts
cardiovascular (CV) endpoints over
and beyond traditional risk factors
was not known.

 HF1, but not systolic pressure, pre-
dicted incident CV and cardiac
complications over a 5-year horizon
thereby confirmed the diagnostic
utility of the urinary proteomic sig-
nature.

 Recognizing the timeframe within
which risk factors and biomarkers
predict adverse health outcomes
will enhance research on risk strati-
fication.

Chapter 2.4  Biomarkers heralding new-onset
HF would allow timely and targeted
intervention.

 The newly developed urinary pep-
tidomic classifier Heart Failure Pre-
dictor (HFP) consisted of 96 pep-
tides with significantly different lev-
els between HF cases and controls.

 Validation of HFP in an independ-
ent asymptomatic cohort proved its
prognostic value of incident HF
over and beyond NT-proBNP.

 HFP might serve as a sensitive tool
to improve risk stratification, patient
management and understanding of
the pathophysiology of HF.

Chapter 2.5  CKD273 is a urinary peptidomic bi-
omarker, which in advanced chron-
ic kidney disease (CKD) predicts
further deterioration.  Whether
CKD273 can also predict mild CKD
was unknown.

 In a subject-level meta-analysis of
six cohorts, while accounting for
baseline eGFR, albuminuria and
covariables, CKD273 continuous
and per threshold (0.154) added to
the prediction of stage-3 CKD.

 CKD273 is being ported to clinical
practice to predict decline of renal
function before micro-albuminuria,
the current standard, does.

 FDA supports the development of
CKD273 in this indication.

Table 5.1 Summary of this doctoral dissertation (continued) 



Study What is known What this study adds Perspective

Chapter 3.1  In patients with diastolic heart fail-
ure (HF), the LV wall undergoes fi-
brosis characterised by increased
interstitial deposition and cross-
linking of collagen I at the detriment
of collagen III.  The pathophysiolo-
gy underling asymptomatic LVDD
remains poorly understood.

 In a general population, the non-
invasively assessed diastolic LV
function correlated inversely with
urinary collagen I fragments and
serum markers of collagen I deposi-
tion, but positively with urinary col-
lagen III fragments.

 These observations generalise pre-
vious studies in patients to random-
ly recruited people, in whom dias-
tolic LV function ranged from nor-
mal to subclinical impairment, but
did not encompass overt diastolic
heart failure.

Chapter 3.2  Studies comparing the proteomic
profiles in ischaemic and dilated
cardiomyopathy with normal hearts
as reference are scarce.

 Oxidative phosphorylation and mi-
tochondrial dysfunction were the
two top canonical pathways in both
cardiomyopathies.

 In both cardiomyopathies, there
was greater abundance of proteins
involved in the organization of the
extracellular matrix or derived from
the circulating blood and lower
abundance of mitochondrial pro-
teins.

 Proteins involved in cell cycle regu-
lation, DNA repair, transcription,
calcium fluxes, contractility, signal
transduction, the cytoskeleton, pro-
tein scaffolding, trafficking and fold-
ing and cell migration were either
down- or upregulated.

 Both cardiomyopathies seem to
share similar mechanisms underly-
ing left ventricular dysfunction and
cardiac remodelling, suggesting the
common pathways at the end-stage
HF.

 Proteomic technologies hold great
promise for biomarker and pathway
discovery and identification of novel
drug targets in left ventricular dys-
function.

Table 5.1 Summary of this doctoral dissertation (continued)



Study What is known What this study adds Perspective

Chapter 3.3  The Global Burden of Disease
Study 2010 estimated that world-
wide 0.40 million of deaths occur-
ring annually, were attributable to
CKD in 1990 and 0.74 in 2010, rep-
resenting an increase by 82.3%.

 The International Society of Neph-
rology appealed to address
knowledge gaps related to kidney
injury.

 Shedding of the mucin 1 subunit ,
an extracellular protein expressed
in renal tubular epithelium, is a pre-
dictor of renal impairment and out-
performed urinary microalbumin in
the general population.

 Pending elucidation of the underly-
ing molecular pathways in experi-
mental studies, mucin 1 is a prom-
ising novel urinary biomarker allow-
ing the early detection of renal dys-
function at a stage when prevention
of CKD remains an achievable op-
tion.

Chapter 4.1  The metabolic signature associated
with subclinical LVDD remains ill
defined.

 In a cross-sectional analysis of a
population sample, circulating me-
tabolites indicative of energy sub-
strate utilisation and protection
against oxidative stress differentiat-
ed normal from abnormal diastolic
LV function.

 The findings improve our under-
standing of the pathophysiology
underlying deterioration of diastolic
LV function and potentially point to
new targets for its prevention and
treatment.

Chapter 4.2  Circulating metabolic markers are
typically considered to be volatile at
best and to represent only a snap-
shot of the pathological processes
underlying a particular phenotype.

 No previous study addressed the
temporal consistency in the associ-
ations of early-stage LVDD with cir-
culating metabolic markers.

 Our study showed consistency in
the cross-sectional and longitudinal
associations of diastolic LV function
with circulating metabolic markers
and identified, additionally to dis-
turbances in the balance between
aerobic and anaerobic energy gen-
eration, branched amino-acid me-
tabolism and aminoacyl tRNA bio-
synthesis as top metabolic path-
ways in early-stage LVDD.

 Branched amino-acid metabolism
and aminoacyl tRNA biosynthesis
are novel targets for the prevention
and timely treatment of LVDD.

Table 5.1 Summary of this doctoral dissertation (continued)
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Summary 

Background and objectives

The objective of this doctoral thesis was to explore “-omics” technologies as a tool to 

address the burden of non-communicable age-related disease in populations in 

epidemiological transition.  We choose diastolic left ventricular (LV) dysfunction, heart 

failure (HF) and chronic kidney disease (CKD) as disease models, because of their high 

prevalence in the general population, the global rise in their incidence as highlighted by 

the 2013 and 2015 Global Burden of Disease reports, and the unmet needs of millions of 

people with asymptomatic illness for whom non-invasive biomarker-based screening 

could make the difference between healthy ageing versus reduced longevity with low 

quality of life.   

Methods

Unless specified otherwise, we ran our research in the Flemish Study on Environment, 

Genes and Health Outcomes (FLEMENGHO), a randomly recruited family-based 

population cohort, in which data collection for this thesis took place at two time points: 

baseline (2005–2010) and follow-up (2009–2013).  We assessed diastolic LV function 

echocardiographically.  In analyses of diastolic LV function as continuous outcome, we 

considered that in early diastole a higher peak velocity of the mitral annulus (e’) and a 

lower ratio of the transmitral blood velocity to mitral annular velocity (E/e’) reflect a more 

performant diastolic LV function.  In categorical analyses, we defined diastolic LV 

dysfunction based on age-specific criteria capturing impaired relaxation, increased filling 

pressure (E/e’), or both.  We estimated the glomerular filtration rate from serum 

creatinine, using the Chronic Kidney Disease Epidemiology Collaboration equation.  

Urinary proteomics were done by capillary electrophoresis coupled to mass spectrometry 

and tissue proteomics by liquid chromatography-tandem mass spectrometry.  Circulating 

metabolites were measured by nuclear magnetic resonance spectroscopy.  In 
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multivariable-adjusted statistical analyses, we expressed effect sizes per 1-SD in the 

explanatory variables, biomarkers in most instances.  In mechanistic studies, we 

accounted for multiple testing, where appropriate, and we applied partial least square 

analysis.   

Multidimensional urinary classifiers

In Chapter 2, we investigated the diagnostic performance of multidimensional urinary 

proteomic classifiers.  Chapter 2.1 was a proof-of-concept study, in which we extended 

the findings of a small case-control study to the population at large by demonstrating 

cross-sectional association of diastolic LV function with the urinary classifiers HF1 and 

HF2, respectively consisting of 85 and 671 peptide fragments.  With full adjustment, HF1 

was associated with a 0.204 cm/s lower e’ peak velocity (p=0.007) and a 0.145 higher 

E/e’ ratio (p=0.020), while HF2 was associated with a 0.174 higher E/e’ ratio (p=0.008).  

Of 745 participants, 9% had impaired LV relaxation and 13% had elevated E/e’.  The 

odds ratio of impaired relaxation associated with HF1 was 1.38 (p=0.043) and that of 

increased E/e’ in relation to HF2 was 1.38 (p=0.052).  Moving from a cross-sectional 

(Chapter 2.1) to a longitudinal (Chapter 2.2) approach, we assessed whether baseline 

HF1 could discriminate between normal and mildly impaired diastolic LV dysfunction 5 

years later.  In continuous analyses, higher baseline HF1 was a forerunner of lower e’ 

and higher E/e’ at follow-up (p≤0.043).  In categorical analyses, higher HF1 at baseline 

predicted subclinical diastolic LV dysfunction at follow-up (p=0.013).  Over a 5-year 

horizon, HF1 improved discrimination between people with normal versus mildly impaired 

diastolic LV function over and beyond other risk factors (p≤0.024).  In Chapter 2.3, we 

demonstrated in 791 FLEMENGHO participants followed up for 6.1 years that HF1 

predicted 63 fatal plus non-fatal cardiovascular endpoints (hazard ratio [HR], 1.30; 

p=0.029) and 45 cardiac events (HR, 1.39; p=0.018).  For systolic pressure, the 

corresponding HRs were 0.97 (p=0.85) and 0.93 (p=0.66).  Prognostic accuracy 
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improved (p≤0.006) by adding HF1 to models including other baseline predictors.  In 

Chapter 2.4, we left the treaded path of research into HF1 and HF2 in the Flemish 

population.  Following a case-control design, we developed and next validated a novel 

multidimensional urinary proteomic biomarker for HF, consisting of 96 urinary peptides, 

which we named Heart Failure Predictor (HFP).  The area under the receiver-operating 

characteristic curve was 0.70 (p=0.0047) for HFP and 0.57 (p=0.62) for NT-proBNP.  In 

Chapter 2.5, we moved to renal dysfunction.  CKD273 consists of 273 urinary peptides 

and, in advanced CKD, predicts further decline of renal function.  In line with the 

recommendation of the European Medicines Agency to use earlier and milder endpoints 

in CKD studies, in Chapter 2.5, we ran a subject-level meta-analysis of 2087 individuals 

from six cohorts, of whom 100% had a baseline eGFR ≥60 ml/min/1.73 m2, 73.5% had 

diabetes mellitus and 6.2% had microalbuminuria.  Over five follow-up visits, eGFR 

decreased more with higher baseline CKD273 than urinary albumin excretion rate (1.64 

vs. 0.82 ml/min/m2; p<0.0001).  Over 4.6 years, 390 participants experienced a first renal 

endpoint (eGFR decrease by ≥10 to <60 ml/min/1.73 m2) and 172 a renal endpoint 

sustained over follow-up.  The risk of a first and sustained renal endpoint increased with 

the albumin excretion rate (p≤0.043) and CKD273 (p≤0.031), but only CKD273 (p=0.039) 

improved discrimination between progressors and non-progressors.   

Mechanistic studies 

In Chapter 3, we investigated the underling pathophysiology of diastolic LV dysfunction, 

HF and CKD through identification of proteins based on proteomic approaches.  In the 

continuous and categorical cross-sectional analyses reported in Chapter 3.1, diastolic LV 

dysfunction was associated with higher urinary levels of collagen I fragments and lower 

levels of urinary collagen III degradation products.  Serum carboxyterminal propeptide of 

procollagen I (PICP) is a marker of collagen I synthesis.  Carboxyterminal telopeptide of 

collagen I (CITP) and tissue inhibitor of the matrix metalloproteinase type 1 (TIMP-1) are 
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markers of collagen 1 degradation.  The serum markers of collagen 1 synthesis and 

degradation were positively correlated with urinary collagen 1 fragments and negatively 

with urinary collagen III fragments.  Keeping consistence with the urinary data, diastolic 

LV performance decreased with higher serum levels of CITP and TIMP-1.   

In Chapter 3.2, we moved from urinary to tissue proteomics on myocardial biopsies 

taken from explanted hearts from healthy donors and terminally ill HF patients selected 

for heart transplantation.  Oxidative phosphorylation and mitochondrial dysfunction were 

the two top canonical pathways in ischaemic and dilated cardiomyopathy.  In both 

disease entities, there was greater abundance of proteins involved in the organization of 

the extracellular matrix or derived from the circulating blood and lower abundance of 

mitochondrial proteins.  Proteins involved in cell cycle regulation, DNA repair, 

transcription, calcium fluxes, contractility, signal transduction, the cytoskeleton, protein 

scaffolding, trafficking and folding and cell migration were either down- or upregulated.   

In Chapter 3.3, we analysed 74 sequenced urinary peptides with a detectable signal in 

over 95% of participants, whose eGFR was measured at baseline (n=805) or at baseline 

and follow-up (n=597).  In cross-sectional analyses of the baseline data, eGFR 

decreased (p≤0.022) with urinary fragments of mucin-1 (-4.48 ml/min/1.73 m2), collagen 

III (-2.84) and fibrinogen (-1.70) and was bi-directionally associated (p≤0.0006) with two 

urinary collagen I fragments (+2.28 and -3.20).  eGFR changes over 5 years (follow-up 

minus baseline) resulted in consistent estimates (p≤0.025) for mucin-1 (-1.85), collagen 

(-1.37 to 1.43) and fibrinogen (-1.45) fragments.  Relative risk of having or progressing to 

CKD stage 3 was positively associated with mucin-1.  This urinary biomarker predicted 

eGFR decline to less than 60 ml/min/1.73 m2 over and beyond microalbuminuria 

(p=0.011).  Overall, our Chapter 3 findings highlight that disturbance of collagen turnover 

leading to fibrosis and remodelling of the extracellular matrix are common mechanisms 

associated with LV and renal dysfunction, while a urinary fragment of the mucin-1 subunit 

 is a forerunner of renal impairment.   
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Metabolomic studies 

In Chapter 4, we addressed the metabolic signature in the circulating blood of diastolic 

LV dysfunction.  We first ran a cross-sectional analysis of the baseline data obtained in 

711 FLEMENGHO participants (Chapter 4.1) and next cross-sectional analyses of both 

the baseline and follow-up data and a longitudinal analysis predicting diastolic LV function 

at follow-up from metabolic data obtained at baseline in 570 people (Chapter 4.2).  In 

partial least square analyses combining the cross-sectional data at baseline and follow-

up or considering the longitudinal results, serum markers consistently associated with 

better diastolic LV function included 2-aminobutyrate, leucine and 4-hydroxybutyrate and 

those consistently associated with worse function were glucose + glutamine and valerate.  

Branched-chain amino-acid (BCAA) metabolism and aminoacyl tRNA biosynthesis were 

the top pathways associated with diastolic LV dysfunction.   

Conclusions and perspectives  

This dissertation makes a strong argument for continuing research allowing the 

introduction of multidimensional urinary classifiers into clinical practice.  HF1 correlated 

with diastolic LV dysfunction concurrently and over a 5-year span and predicted the 

incidence of cardiovascular and cardiac complications.  HF1, HF2 and HFP are urinary 

biomarkers mainly consisting of dysregulated collagen fragments probably reflecting 

remodelling of the cardiac extracellular matrix.  CKD273 already being supported by FDA 

as a tool in CKD research is a diagnostic test foreshadowing progression to CKD stage 3 

and is approved for clinical use in Germany.  From a mechanistic point of view, single  

urinary peptides provided insight in the pathophysiological processes reflecting cardiac 

and renal fibrosis.  Shedding of the mucin-1 subunit , an extracellular protein expressed 

at the luminal membrane of renal tubular cells, was a predictor of renal impairment and in 

this role outperformed urinary microalbumin in the FLEMENGHO population sample 

(Chapter 3.3) with replication in a predominantly diabetic cohort (Chapter 2.5, Table S1). 
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We showed consistency in the cross-sectional and longitudinal associations of diastolic 

LV function with circulating metabolic markers.  Additionally to disturbances in the 

balance between aerobic and anaerobic energy generation, we identified BCAA 

metabolism and aminoacyl tRNA biosynthesis as top metabolic pathways in early-stage 

diastolic LV dysfunction.  ”-Omics” approaches for identification of novel drug targets and 

for the individualisation of lifestyle measures, notably the only guideline-endorsed 

intervention for the prevention of diastolic LV dysfunction, are rising on the horizon.  

Reaching these goals would definitely pave the way for the clinical application of the 

biomarkers reported on in this dissertation.  
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Samenvatting 

Achtergrond en doelstellingen

De doelstelling van deze doctoraatsverhandeling was te onderzoeken of toepassing van 

“-omics” technologieën kan bijdragen tot het bestrijden van leeftijdsafhankelijke niet-

overdraagbare aandoeningen in bevolkingen in epidemiologische transitie. We kozen 

diastolische linkerkamerdisfunctie, hartfalen en chronisch nierlijden als ziektemodellen, 

omwille van hun hoge prevalentie in de bevolking, de wereldwijde toename in hun 

incidentie, zoals onder meer geraamd in de “Global Burden of Disease” rapporten van de 

Wereldgezondheidsorganisatie, en omwille van de niet beantwoorde behoeften van 

miljoenen mensen in een asymptomatisch ziektestadium voor wie betrouwbare niet-

invasieve biomerkers een verschil kunnen uitmaken tussen gezond ouder worden en een 

verkorte levensverwachting met een lage levenskwaliteit.  

Methoden

Tenzij anders gespecifieerd, deden we ons onderzoek in de “Flemish Study on

Environment, Genes and Health Outcomes” (FLEMENGHO). Deze cohorte 

vertegenwoordigt een aselecte steekproef van families die wonen in een geografisch 

afgelijnd gebied in Noord Limburg, België. Gegevens verwerkt in deze 

doctoraatsverhandeling werden verzameld in 2005–2010 (basislijn) en in 2009–2013 

(opvolging). We maten diastolisch linkerkamerfunctie echocardiografisch. We 

beschouwden een hogere topsnelheid van de mitralisklepring (e’) en een lagere 

verhouding van de topsnelheden van de bloedstroom doorheen de mitralisklep tot de 

beweging van de mitralisklepring (E/e’) in de vroege diastole als tekens voor een meer 

performante diastolische linkerkamerfunctie. In categorische analysen definieerden we 

diastolisch linkerkamerdisfunctie gebaseerd op leeftijdsspecifieke criteria voor vertraagde 

linkerkamerrelaxatie, verhoogde linkerkamervullingsdruk of beiden. Glomerulaire filtratie 

schatten we op basis van de serumcreatinineconcentratie door middel van de “Chronic
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Kidney Disease Epidemiology Collaboration” formule. Voor analyse van het urinaire 

proteoom gebruikten we capillaire elektroforese gekoppeld met massaspectrometrie en 

voor analyse van het hartweefsel proteoom vloeistofchromatografie en tandem 

massaspectrometrie. Om metabolieten in het circulerend bloed te meten, pasten we 

nucleaire magnetische resonantiespectrometrie toe. In statistische regressieanalysen 

drukten we de effectgrootte uit per standaarddeviatie van de verklarende variabelen, in 

de meeste gevallen een biomerker.  

Multidimensionele classificatiemerkers  

In Hoofdstuk 2 onderzochten we de diagnostische nauwkeurigheid van 

multidimensionele urinaire classificatievariabelen. Hoofdstuk 2.1 was een bewijs-van-

concept studie, waarbij we de resultaten van een patiënt-controle studie uitbreidden door 

in een dwarsdoorsnede (cross-sectionele) analyse van een bevolkingsstaal een verband 

te leggen tussen diastolisch linkerkamerfunctie en de urinaire multidimensionele 

classificatiemerkers HF1 en HF2, onderscheidenlijk bestaande uit 85 en 671 peptiden. In 

meervoudige regressie was HF1 geassocieerd met een 0.204 cm/s lagere e’ pieksnelheid 

(p=0,007) en een 0,145 hogere E/e’ ratio (p=0,020), terwijl HF2 geassocieerd was met 

een 0,174 hogere E/e’ ratio (p=0,008). Van de 745 deelnemers hadden 9% een 

verminderde linkerkamerrelaxatie en 13% een verhoogde E/e’ verhouding. In evenredig-

risico (logistische) regressieanalyse was het meervoudig aangepaste relatief risico van 

een vertraagde relaxatie gerelateerd met HF1 1,38 (p=0,043) en dat van een 

toegenomen E/e’ ratio geassocieerd met HF2 1,38 (p=0,052). In Hoofdstuk 2.1 gingen 

we van een dwarsdoorsnede onderzoek over naar een longitudinale benadering door na 

te gaan of HF1 gemeten aan de basislijn correleerde met diastolische linkerkamerfunctie 

vijf jaar later. In continue analysen was een hogere basislijn HF1 een voorloper van een 

lagere e’ en een hogere E/e’ verhouding bij de opvolging (p≤0,043). In categorische 

analysen voorspelde een hogere basislijn HF1 subklinische diastolische 
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linkerkamerdisfunctie (p=0,013). Bovendien verbeterde HF1 het discriminerend vermogen 

van de klassieke risicofactoren om personen met toekomstige linkerkamerdisfunctie te 

identificeren (p≤0,024). Zoals aangetoond in Hoofdstuk 2.3, voorspelde HF1 bij 791 

FLEMENGHO deelnemers, die gedurende 6.1 jaar opgevolgd werden, 63 fatale plus niet-

fatale cardiovasculaire verwikkelingen (uitvalrisico [hazard ratio, HR], 1,30; p=0,029) en 

45 cardiale eindpunten (HR, 1,39; p=0,018). De overeenkomstige risicoverhoudingen 

voor systolisch bloeddruk waren 0,97 (p=0,85) en 0,93 (p=0,66). HF1 verbeterde de 

prognostische nauwkeurigheid van de klassieke risicomodellen (p≤0,006). In Hoofdstuk

2.4 verlieten we het begane pad van onze eerdere studies over HF1 en HF2 in de 

Vlaamse bevolking. In een patiënt-controle studie ontwikkelden en valideerden we een 

nieuwe multidimensionele urinaire classificatiemerker voor hartfalen, die we de naam 

“Heart Failure Predictor” (HFP) gaven. HFP bestaat uit 96 peptidefragmenten. In de 

testgegevens was de oppervlakte onder de diagnostische curve (ROC) 0,70 (p=0,0047) 

voor HFP en 0,57 (p=0,62) voor NT-proBNP.  

In Hoofdstuk 2.5 focusten we op renale disfunctie. CKD273 bestaat uit 273 urinaire 

peptiden die gecombineerd bij patiënten met gevorderd nierfalen verdere achteruitgang 

van de nierfunctie voorspellen. Het Europees Geneesmiddelenagentschap (EMA) stelde 

recent voor om vroegere en zachtere eindpunten te gebruiken in longitudinale studies 

over chronisch nierlijden. Deze aanbeveling volgend deden we in Hoofdstuk 2.5 een 

meta-analyse op het niveau van het individu bij 2087 personen die deel uitmaakten van 

zes cohorten. Bij aanvang hadden alle deelnemers een geschatte glomerulaire filtratie 

van minstens 60 ml/min/1,73 m2, 74% hadden diabetes mellitus, en 6% hadden micro-

albuminurie. Over een gemiddelde van vijf evaluatiepunten in de vervolgstudie daalde de 

glomerulaire filtratie meer met hogere basislijnwaarden van CKD273 dan met een hogere 

urinaire albumine excretie (-1,64 vs. -0,82 ml/min/m2; p<0,0001). Een renaal eindpunt 

was een daling van de glomerulaire filtratie met minstens 10 ml/min/1,73 m2 tot minder 

dan 60 ml/min/1,73 m2. Over een periode van 4,6 jaar trad een eerste renaal eindpunt op 
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bij 390 deelnemers, dat bij 172 resulteerde in een blijvende vermindering van de 

glomerulaire functie. Het risico van een eerste en blijvend renaal eindpunt verhoogde van 

het laagste naar het hoogste kwartiel voor zowel urinaire albumine excretie (p≤0,043) als 

CKD273 (p≤0,031) op de basislijn, maar in continue analysen verbeterde enkel CKD273 

(p=0,039) het onderscheid tussen patiënten met een dalende versus bewaarde 

nierfunctie.  

Mechanistische studies  

In Hoofdstuk 3 onderzochten we de pathofysiologie van diastolische 

linkerkamerdisfunctie, hartfalen en chronisch nierlijden door identificatie van proteïnen 

gebaseerd op het urinair of cardiaal proteoom. In continue en categorische 

dwarsdoorsnede analysen (Hoofdstuk 3.1) was diastolische linkerkamerdisfunctie 

geassocieerd met hogere urinespiegels van collageen I fragmenten en lagere urinaire 

niveaus van collageen III afbraakproducten. De serumconcentratie van het carboxy-

terminaal propeptide van pro-collageen I (PICP) is een merker van de synthese van 

collageen I. Carboxy-terminaal telopeptide collageen I (CITP) en de weefselinhibitor van 

matrix-metalloproteinases type 1 (TIMP-1) zijn merkers van de afbraak van collageen I. 

Deze serummerkers van collageen I synthese en afbraak waren positief gecorreleerd met 

de urinaire collageen I fragmenten en negatief met de urinaire collageen III fragmenten. 

In overeenstemming met de urinaire resultaten, verminderde de diastolische 

linkerkamerfunctie met hogere serumconcentraties van CITP en TIMP-1 (Hoofdstuk 3.1). 

In Hoofdstuk 3.2 verlegden we de focus van het urinair naar het cardiaal proteoom. 

We bestudeerden myocardbiopsies van gezonde humane donorharten en van terminaal 

gedecompenseerde harten van patiënten met ischemische of gedilateerde 

cardiomyopathie. In beide ziekte entiteiten waren oxidatieve fosforylering en 

mitochondriale disfunctie de twee top canonieke metabole paden. De in de twee 

hartaandoeningen naar beneden afgestelde proteïnen waren betrokken in mitochondriale 
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functies, terwijl de naar boven geregelde proteïnen afkomstig waren van de 

extracellulaire matrix of het circulerend bloed. Proteïnen betrokken in de balans tussen 

cellulaire dood en overleving, het behoud van genomische stabiliteit, transcriptie, 

calciumionfluxen, contractiliteit, signaaltransductie, het cellulaire skelet, cellulaire migratie, 

of de conformatie en het transport van proteïnen waren hetzij naar boven hetzij naar 

onder afgesteld.  

In Hoofdstuk 3.3 bestudeerden we 74 urinaire peptiden met gekende 

aminozuursequentie die een meetbaar signaal hadden bij 95% van de studiedeelnemers 

van wie de glomerulaire nierfunctie was gemeten op de basislijn (n=805) of op de 

basislijn én tijdens opvolging (n=597). In dwarsdoorsnede analysen van de 

basislijngegevens daalde de glomerulaire filtratie met hogere urinaire spiegels van 

peptidefragmenten afkomstig van mucine-1 (-4,48 ml/min/1,73 m2), colageen III (-2,84) 

en fibrinogeen (-1,70). De glomerulaire filtratie was ook in twee richtingen geassocieerd 

met urinaire collageen I fragmenten (+2,28 en -3,20). Consistent hiermee waren de 

veranderingen in glomerulaire filtratie over 5 jaar (opvolging min basislijn) geassocieerd 

(p≤0,025) met de basislijnwaarden van de urinaire fragmenten van mucine-1 (-1,85), 

collageen (-1,37 tot +1,43) en fibrinogeen (-1,45). Het relatief risico om chronisch 

nierlijden stadium 3 te hebben in het dwarsdoorsnede onderzoek of chronisch nierlijden 

stadium 3 te ontwikkelen in de vervolgstudie, was sterk geassocieerd met mucine-1. In 

vergelijking met micro-albuminurie was mucine-1 een meer performante voorspeller. Kort 

samengevat onderstreepten onze bevindingen in Hoofdstuk 3 dat een gestoord 

profibrotisch collageenmetabolisme geassocieerd is zowel met linkerkamerdisfunctie als 

met nierlijden en dat een urinair fragment van de keten van mucine-1 een vroegtijdige 

voorloper is van nierlijden.  
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Metabole studies  

In Hoofdstuk 4 onderzochten we het metaboloom in het circulerende bloed eerst in een 

dwarsdoorsnede onderzoek van de basislijngegevens van 711 FLEMENGHO 

deelnemers (Hoofdstuk 4.1) en vervolgens in dwarsdoorsnede analysen van zowel de 

gegevens aan de basislijn als de vervolggegevens én in een longitudinale analyse, 

waarbij we bij 570 deelnemers de diastolische linkerkamerfunctie relateerden met 

circulerende metabolieten die 5 jaar eerder gemeten werden. In partieel kleinste-

kwadraatregressie (PLS), waarbij de dwarsdoorsnede gegevens op de basislijn en bij 

opvolging betrokken werden, stelden we vast dat de volgende circulerende metabolieten 

consistent geassocieerd waren met een betere diastolische linkerkamerfunctie: 

2-aminobutyraat, leucine en 4-hydroxybutyraat. De metabolieten glucose + glutamine en 

valeraat waren stelselmatig geassocieerd met een verminderde diastolische 

linkerkamerfunctie. Het metabolisme van vertakte aminozuren en de amino-acyl tRNA 

biosynthese waren de top metabole trajecten geassocieerd met diastolische 

linkerkamerdisfunctie.  

Besluit en toekomstperspectief  

Deze doctoraatsverhandeling levert een sterk betoog ten voordele van verder onderzoek 

dat moet toelaten multidimensionele urinaire classificatiemerkers te introduceren in de 

klinische praktijk. In dwarsdoorsnede onderzoek en over een termijn van 5 jaar was 

diastolische linkerkamerdisfunctie geassocieerd met HF1. Deze urinaire biomerker 

voorspelde bovendien nieuwe cardiovasculaire en cardiale verwikkelingen. HF1, HF2 en 

HFP zijn urinaire biomerkers die hoofdzakelijk bestaan uit ontregelde 

collageenfragmenten en reflecteren waarschijnlijk de herschikking van de cardiale 

extracellulaire matrix. Het Amerikaanse Geneesmiddelenagentschap (FDA) moedigt 

verder onderzoek aan naar CKD273 als biomerker van nierlijden. CKD273 voorspelt 

vroegtijdig de achteruitgang van de nierfunctie en is al goedgekeurd voor klinisch gebruik 
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in Duitsland. Vanuit een mechanistisch oogpunt verdiepten urinaire peptiden met 

gekende aminozuursequentie ons inzicht in de pathofysiologie van cardiale en renale 

disfunctie. In het Vlaams bevolkingsonderzoek (Hoofdstuk 3.3) met replicatie in een 

cohorte overwegend bestaande uit diabetespatiënten (Hoofdstuk 2.5, Tabel S1) 

voorspelde urinair verlies van de keten van mucine-1, een proteïne aangemaakt door 

het renale tubulaire epithelium achteruitgang van de nierfunctie en in deze rol overtrof 

urinair microalbumine. In dwarsdoorsnede en longitudinale studies vonden we 

consistentie in de samenhang van diastolische linkerkamerdisfunctie met circulerende 

metabole biomerkers. Bovenop afwijkingen in de balans tussen aëroob en anaëroob 

energiegebruik, identificeerden we het metabolisme van vertakte aminozuren en de 

amino-acyl tRNA biosynthese als top canonieke moleculaire paden betrokken in 

diastolische linkerkamerdisfunctie. Het toekomstperspectief gesteund op de bevindingen 

van deze doctoraatsverhandeling is de ontwikkeling van nieuwe geneesmiddelen en de 

individualisering van levensstijlinterventies, de enige richtlijn-ondersteunde maatregel 

voor het voorkomen van diastolisch linkerkamerdisfunctie. Dit succesverhaal lijkt nu 

binnen handbereik te komen.  
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总结

研究背景与目的 

本博士论文的研究目的意在通过“生物组学”技术来无创早期筛查非传染性、老龄化

相关疾病，主要包括舒张性左室功能不全、慢性心力衰竭及慢性肾脏病（Chronic Kidney 

Disease，CKD）。2013 及 2015 年全球疾病负担报告指出，这些慢性疾病在普通人群中

发病率不仅居高不下，且其全球发病率还在逐年攀升。针对为数众多的普通无症状患者使

用无创生物标志物进行早期疾病筛查，从而提高老龄化人群的生活质量并延长寿命，意义

不言而喻。

研究方法 

本论文的大部分研究都基于 FLEMENGHO（Flemish Study on Environment, Genes 

and Health Outcomes）这一以家庭为单位随机入组的普通人群。本博士论文把 2005 至

2010 年的受试设为基线数据，把相应受试者 2009 到 2013 年的检验检查作为随访数据。

在基线及随访阶段我们均测量了左室舒张功能的各种相关参数，最主要的参数有二尖瓣环

舒张早期峰值速度（e’峰）及其与舒张早期二尖瓣血流峰值速度（E 峰）的比值（E/e’比

值）。我们在左心室舒张功能相关研究中对这些参数进行了连续及分类变量分析。众所周

知，e’峰降低及/或 E/e’比值升高均提示左室舒张功能异常；对这些参数作为分类变量分析

时，我们根据不同年龄采用不同的参考值对舒张功能进行分级，可具体分为左室舒张功能

受损、左室充盈压升高及舒张功能受损且充盈压升高。进行肾脏功能分析时，我们采用

CKD 流行病学协作组（CKD EPIdemiology collaboration，CKD-EPI）方程，通过血清肌

酐估算肾小球滤过率（Estimated Glomerular Filtration Rate，eGFR）。此外，我们分别

采用毛细管电泳-质谱联用与液相色谱-串联质谱法测定尿与组织蛋白质组参数；我们采用核

磁共振（光谱）分析法对血浆代谢组学进行测定。本论文中的研究主要采用多元回归分析

及偏最小二乘回归法，以上述测定的生物组学指标作为自变量，心功能和肾功能参数作为
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因变量；而我们报道的偏回归系数（β 值）经数学转换后特指一个标准差的生物标志物升

高所对应因变量的变化大小。对某些分析，我们根据统计学原则进行了多重检验矫正。

多维尿多肽簇 

在第二章中，我们探讨了多维尿蛋白簇的诊断价值。首先，我们采用横断面研究的方

法验证了前期病例对照研究的结果，阐明了两个多维尿多肽簇（HF1 和 HF2）与左室舒张

功能全相关。HF1 与 HF2 尿多肽簇分别由 85 个与 671 个尿多肽片段组成。在矫正其他相

关因素的影响后，HF1 与低 e’峰值（β=–0.204 cm/s，P=0.007）及高 E/e’比值

（β=0.145，P=0.020）相关。而 HF2 亦与高 E/e’相关（β=0.174，P=0.043）。在 745 个

受试者中，9%存在左室舒张功能受损，13%存在左室充盈压升高。HF1 与左室舒张功能受

损的风险相关【比值比（Odd ratio，OR）=1.38，P=0.043】，而 HF2 与左室充盈压升高

相关（OR=1.38，P=0.052）。随后第二节中，我们采用纵向研究的方法探求基线的 HF1

值是否可以预测 5 年后发生轻度左室舒张功能不全的风险。把心功能因变量作为连续性变

量进行多因素分析时，较高的基线 HF1 水平和随访 5 年后的 e’峰值降低及 E/e’比值升高相

关（P≤0.043）。进行多因素矫正的分类变量分析时，基线 HF1 水平升高可以预测 5 年后

亚临床左室舒张功能不全的发生风险（P=0.013）。综上所述，HF1 在识别 5 年后发生的

左室舒张功能不全事件方面优于其他经矫正的传统危险因素（P≤0.024）。在第二章第三

节中，我们的研究发现，在对 791 个 FLEMENGHO 参与者随访 6.1 年后，HF1 可以预测

63 个致死及非致死性的心血管事件【风险比（Hazard Ratio，HR）=1.30，P=0.029）及

45 个心脏事件（HR=1.39，p=0.018）。然而，舒张压则不能预测心血管事件

（HR=0.97，P=0.85）或心脏事件（HR=0.93，P=0.66）。在包括传统因素的回归模型基

础上加入 HF1 可以增加预测的准确性（P≤0.006）。在第二章第四节中，我们通过病例对

照研究确定了一个包含 96 个尿多肽的新多维尿多肽簇，并命名为心力衰竭预测因子

（Heart Failure Predictor，HFP）。在预测心力衰竭事件方面，HFP 的曲线下面积为 0.70
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（P=0.0047）而氨基末端 B 型利尿多肽前体 （NT-proBNP）仅为 0.57（P=0.62）。在第

二章第五节中，我们将研究重点聚焦在肾功能不全上。前期研究发现由 273 个尿多肽片段

组成的生物标志物，CKD273，对 CKD 患者的肾功能进一步恶化具有预测价值。在第二章

第五节中，我们对 6 个人群共 2087 个受试者进行了个体数据的荟萃分析（Meta-

analysis）。入组时所有受试者的 eGFR 都高于 60ml/min/1.73 m2，73.5%患有糖尿病，

6.2%存在微量白蛋白尿。经过 5 次随访，与基线尿白蛋白分泌率较高的个体相比，基线

CKD273 水平较高的个体 eGFR 下降水平较多（0.82 vs. 1.64 ml/min/m2; P<0.0001）。经

过 4.6 年（中位数）后，390 个受试者经历了首次肾脏终点（eGFR 小于 60 ml/min/1.73 

m2且下降大于 10 ml/min/1.73 m2），在有 2 次以上随访数据的受试者中， 172 个受试者

始终符合该终点事件的诊断标准。首次及持续肾脏终点事件的发生风险和高的尿白蛋白分

泌率（P≤0.043）及高的 CKD273 水平（P≤0.031）显著相关。但是在连续变量分析中，

仅 CKD273 可增加对肾功能恶化的预测价值。 

机制研究 

在第三章中，我们试图通过蛋白质组学探究左心室舒张功能不全、心力衰竭及 CKD

的发病机制。在第三章第一个研究中，我们发现无论是连续变量分析还是分类变量分析都

表明左室舒张功能不全与尿Ⅰ型胶原水平升高及尿Ⅲ型胶原水平降低相关。Ⅰ型前胶原羧

基端肽（Propeptide of Type I procollagen，PICP）是Ⅰ型胶原合成的标志物。Ⅰ型胶原

羧基端交联肽（C-telopeptide for type I Collagen，CITP）和组织金属蛋白酶抑制剂-1 

(Tissue inhibitor of metalloproteinase-1，TIMP-1) 是Ⅰ型胶原降解的标志物。血清Ⅰ型胶

原合成和降解的生物标志物与尿Ⅰ型胶原片段正相关而与尿Ⅲ型胶原片段负相关。左室舒

张功能障碍与血清 CITP 和 TIMP-1 水平升高相关。在第三章第二节中，我们从尿蛋白质组

学进一步深入到组织蛋白质组学。我们将心脏移植过程中取出的终末期心力衰竭患者的心

脏标本与健康捐献者的心脏标本进行了比较。在缺血性心肌病及扩张性心肌病中，我们发
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现氧化磷酸化及线粒体功能障碍是最主要的两个经典途径。在这两种心肌病中，与细胞外

基质组成相关的蛋白及血浆蛋白的含量增加，而线粒体相关蛋白减少。参与了细胞周期调

控、DNA 修复、DNA 转录、细胞内钙流、心肌收缩、信号传导、细胞骨架构成、蛋白支

架、折叠及细胞迁移等蛋白均出现上调或下调。在第三章第三节中，我们分析了在 95%以

上的人群中均可探及的 74 个已知序列的尿多肽与基线 eGFR（n=805）或随访 eGFR 

(n=597)之间的关系。在横断面研究中，基线尿蛋白多肽水平与基线 eGFR 呈负相关，包括

粘蛋白 1（β=–4.48ml/min/1.73 m2），Ⅲ型胶原（β=–2.84）及纤维蛋白原（β=–1.70）。

尿Ⅰ型胶原蛋白也与基线 eGFR 水平显著相关（P≤0.0006）。其中一个尿Ⅰ型胶原与

eGFR 呈正相关（β=+2.28）而另一个则与 eGFR 呈负相关（β=–3.20）。5 年间 eGFR 的

变化（随访值与基线值的差值）仍与以上三种基线蛋白片段相关（P≤0.025）且偏相关系

数值相似。粘蛋白 1 与 CKD 3 期及肾功能进展为 CKD 3 期的风险相关。在预测 CKD 3 期

事件方面优于微量白蛋白尿（P=0.011）。第三章的研究结果提示胶原代谢紊乱导致纤维

化及细胞外基质的重构是左室舒张功能不全及肾功能异常的共同发病机制，且粘蛋白 1 的

亚单位是肾功能受损的特异性标志物。 

代谢组学研究 

在第四章中，我们首先在 711 位 FLEMENGHO 受试者中采用横断面研究并确认了一个与

左室舒张功能不全相关的代谢特征（第四章第一节）。而后，我们对基线数据及随访数据分

别进行横断面分析。进而，我们对 570 位被随访的受试者进行纵向分析，以探求基线代谢

物是否可以预测随访阶段左室舒张功能障碍事件的发生（第四章第二节）。偏最小二乘分析

法提示，在横断面及纵向分析中，β-氨基丁酸、亮氨酸及 4-羟基丁酸均与较好的左室舒张

功能相关，而葡萄糖+谷氨酰胺及戊酸与左室舒张功能受损相关。支链氨基酸的代谢及氨酰

tRNA 的生物合成是参与左室舒张功能不全的两个最重要的机制。 

550



结论与展望 

本博士论文的研究结果支持将多维尿蛋白多肽簇应用于临床。HF1 与基线及 5 年以后的左

室舒张功能不全相关，并可以预测 5 年心血管及心脏事件的发生。HF1、HF2 及 HFP 主要

是由尿胶原多肽片段组成，这反映了心脏细胞外基质的重构。CKD273 已得到美国 FDA 的

支持，建议用于早期预测 CKD 3 期肾功能不全的发生；且目前已在德国应用于临床。从疾

病的机制角度来说，单个的尿多肽片段研究为心脏及肾脏的纤维化提供病理生理学上的证

据。粘蛋白 1 的亚单位，表达于肾小管上皮细胞管腔侧，是肾功能异常的预测因子，且

预测价值高于尿微量白蛋白。横断面及纵向研究的结果均显示血清代谢物与左室舒张功能

相关。我们的研究发现，除了有氧及无氧能量代谢的失衡之外，支链氨基酸的代谢及氨酰

tRNA 的生物合成是早期舒张功能不全的最重要的两个代谢通路。在不久的将来，我们期

望利用“生物组学”技术来探寻新的药物治疗靶点并将本研究所发现的生物标志物应用于

临床，进行早期心脏及肾脏功能不全的筛查。

551



552



Short Curriculum Vitae 

Zhen-Yu Zhang, MD 

SEX Female

DATE OF BIRTH 20/11/1981 

EDUCATION AND PROFESSIONAL TRAINING 

- Mar. 2014-Now: PhD Student of KU Leuven 

- Jul. 2007-Mar. 2014: Cardiologist, Cardiology Department of Shanghai General Hospital 

Affiliated to Shanghai Jiao Tong University 

- Sep. 2004-Jul. 2007: Shanghai Jiao Tong University School of Medicine (Internal Medicine), 

Master 

- Sep. 1999-Jul. 2004: Nei Meng Gu Medical University (Medicine), Bachelor 

AWARDS 

- The Young and Middle-Aged Teachers of Shanghai Jiao Tong University Foreign Visiting 

Program, 2013  

- Visiting Scholarship of KU Leuven, 2013

- Full Scholarship as a PhD student in KU Leuven as of March, 2014

- European Society of Hypertension Summer School, 2014

- Accommodation Grant awarded by European Society of Hypertension, 2016

- Chinese Government Outstanding PhD Student Prize, 2016

- Swiss Government Excellence Scholarship, 2017  

- League of European Research Universities (LERU) Doctoral Summer School, 2017

- Citizen Science Award by League of European Research Universities, 2017

- Accommodation Grant awarded by European Society of Hypertension, 2017 

553



- Travel and Accommodation Grant for a lab visit awarded by KU Leuven, 2017 

- Bursary by Artery Meeting 2017 

- 4th place of poster competition in 75 Jaar Diabetes Liga, 2017 

- “Meet the Jury” Grant awarded by KU Leuven, 2017 

MEMBERSHIPS 

- Member of the Belgian Hypertension Committee

- Member of the European Society of Hypertension 

- Member of the Belgian Society of Cardiology 

- Professional Member of the European Society of Cardiology 

- Work Group on Myocardial Function of European Society of Cardiology 

- Member of the Heart Failure Association (HFA) of the ESC  

- Member of the Artery Research Society 

- Associate Editor of BMC Medical Genetics 

OTHER TRAINING 

- Oct.2013-Dec.2013: Echocardiography training in University Hospital of KU Leuven 

- Sep.2013-Dec.2013: Artery phenotyping and statistical analysis training in KU Leuven 

- Mar.2014-Oct. 2017: Artery phenotyping and statistical analysis training in KU Leuven 

- May.2017: Visited Prof. Antonia Vlahou (Biotechnology Division, Biomedical Research 

Foundation, Academy of Athens, Athens, Greece) to  acquire deeper insight in tissue 

proteomic technologies 

- Aug.2017: Visited the laboratories of Prof. Harald Mischak  (Mosaiques-Diagnostics AG, 

Hannover Germany) to  acquire deeper insight in urinary proteomic technologies, learn 

methods for producing classifiers by support vector machine modelling 

554



PUBLICATIONS 

1. Zhang ZY, Xie YC, Wu LQ. Research progress of Metabolic syndrome related gene

polymorphisms. International Journal of Cardiovascular Disease 2006; 33: 410-414.

2. Zhang ZY. Pulmonary embolism (Chapter 17). In: Department of Cardiology-The doctor

on duty manual, third edition (Translation version). Peking University Medical Press 2007

(ISBN: 9787810719957).

3. Zhang ZY, Wang Y, Xie YC, Huang W, Wu LQ. Relationship between the polymorphisms

in the cholesterol ester transfer protein gene and the effect of fluvastatin. Journal of

Clinical Cardiology 2008; 8: 590-593.

4. Wang Y, Wang X, Sun MH, Zhang ZY, Cao H, Chen X. NF-kB activity-dependent P-

selectin involved in ox-LDL-induced foam cell formation in U937 cell. Biochem Biophys

Res Commun 2011; 411: 543-548.

5. Chen XQ, Wang Y, Zhang ZY, Wang X, Cao H, Liu SW. Clinical analysis of risk factors

for coronary heart disease in one single centre. International Journal of Cardiovascular

Disease 2012; 39: 236-238.

6. Chen XQ, Zhang ZY, Wang X, Cao H, Liu SW, Wang Y. Relationship between fasting

plasma glucose and coronary artery lesions in patients with different ages. International

Journal of Cardiovascular Disease 2013; 40: 116-118.

7. Wang Y, Zhang ZY, Chen XQ, Wang X, Cao H, Liu SW. Advanced glycation end

products promote human aortic smooth muscle cell calcification in vitro via activating NF-

κB and down-regulating IGF1R expression. Acta Pharmacol Sin 2013; 34: 480-6.

8. Zhang ZY, Staessen JA, Thijs L, Gu YM, Liu YP, Jacobs L, Koeck T, Zürbig P, Mischak H,

Kuznetsova T. Left ventricular diastolic function in relation to the urinary proteome: a

proof-of-concept study in a general population. International Journal of Cardiology 2014;

176: 158-165.

555

http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20Y%5bAuthor%5d&cauthor=true&cauthor_uid=21763287
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20X%5bAuthor%5d&cauthor=true&cauthor_uid=21763287
http://www.ncbi.nlm.nih.gov/pubmed?term=Sun%20M%5bAuthor%5d&cauthor=true&cauthor_uid=21763287
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20Z%5bAuthor%5d&cauthor=true&cauthor_uid=21763287
http://www.ncbi.nlm.nih.gov/pubmed?term=Cao%20H%5bAuthor%5d&cauthor=true&cauthor_uid=21763287
http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20X%5bAuthor%5d&cauthor=true&cauthor_uid=21763287
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang+yi+Zhang+zhenyu
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang+yi+Zhang+zhenyu


9. Zhang ZY, Thijs L, Staessen JA. Left ventricular mass in relation to midlife blood pressure.

European Heart Journal 2014; 35: 3242-3244.

10. Kuznetsova T, Thijs L, Knez J, Herbots L, Zhang ZY, Staessen JA. Prognostic value of

left ventricular diastolic dysfunction in a general population. Journal of the American Heart

Association 2014; 3: e000789.

11. Gu YM, Thijs L, Liu YP, Zhang ZY, Jacobs L, Köeck T, Zürbig P, Lichtinghagen R, Brand

K, Kuznetsova T, Olivi L, Verhamme P, Delles C, Mischak H, Staessen JA. The urinary

proteome as correlate and predictor of renal function in a population study. Nephrol Dial

Transplant 2014; 29: 2260-2268.

12. Asayama K, Thijs L, Li Y, Gu YM, Hara A, Liu YP, Zhang ZY, Wei FF, Lujambio I, Mena

LJ, Boggia J, Hansen TW, Björklund-Bodegård K, Nomura K, Ohkubo T, Jeppesen J,

Torp-Pedersen C, Dolan E, Stolarz-Skrzypek K, Malyutina S, Casiglia E, Nikitin Y, Lind L,

Luzardo L, Kawecka-Jaszcz K, Sandoya E, Filipovský J, Maestre GE, Wang JG, Imai Y,

Franklin SS, O’Brien E, Staessen JA, on behalf of the International Database on

Ambulatory blood pressure in relation to Cardiovascular Outcomes (IDACO) Investigators.

Setting thresholds to varying blood pressure monitoring intervals differentially affects risk

estimates associated with white-coat and masked hypertension in the

population.  Hypertension 2014; 64: 935-942.

13. Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, Liu YP, Koeck T, Zürbig P, Jin Y,

Verhamme P, Voigt JU, Kuznetsova T, Mischak H, Staessen JA. The urinary proteome

and systolic blood pressure as predictors of 5-year cardiovascular and cardiac outcomes

in a general population. Hypertension 2015; 66: 52-60.

14. Raaijmakers A, Petit T, Gu Y, Zhang Z, Wei F, Cools B, Jacobs L, Thijs L, Thewissen L,

Levtchenko E, Staessen JA, Allegaert K. Design and feasibility of "PREMATurity as

predictor of children's Cardiovascular-renal Health" (PREMATCH): A pilot study. Blood

Press 2015; 24: 275-283.

556

http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20ZY%5BAuthor%5D&cauthor=true&cauthor_uid=25246482
http://www.ncbi.nlm.nih.gov/pubmed?term=Thijs%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25246482
http://www.ncbi.nlm.nih.gov/pubmed?term=Staessen%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=25246482


15. Yang WY, Petit T, Thijs L, Zhang ZY, Jacobs L, Hara A, Wei FF, Salvi E, Citterio L, Delli 

Carpini S, Gu YM, Knez J, Cauwenberghs N, Barcella M, Barlassina C, Manunta P, 

Coppiello G, Aranguren XL, Kuznetsova T, Cusi D, Verhamme P, Luttun A, Staessen JA. 

Coronary risk in relation to genetic variation in MEOX2 and TCF15 in a Flemish 

population. BMC Genet 2015; 16: 116. 

16. Hara A, Thijs L, Asayama K, Gu YM, Jacobs L, Zhang ZY, Liu YP, Nawrot T, Staessen 

JA. Blood pressure in relation to environmental lead exposure in the National Health and 

Nutrition Examination Survey 2003–2010. Hypertension 2015; 65: 62-69. 

17. Liu YP, Gu YM, Thijs L, Knapen MH, Salvi E, Citterio L, Petit T, Carpini SD, Zhang ZY, 

Jacobs L, Jin Y, Barlassina C, Manunta P, Kuznetsova T, Verhamme P, Struijker-Boudier 

HA, Cusi D, Vermeer C, Staessen JA. Inactive matrix Gla protein is causally related to 

adverse health outcomes: a Mendelian randomization study in a Flemish population. 

Hypertension 2015; 65: 463-470. 

18. Gu YM, Wang S, Zhang L, Liu YP, Thijs L, Petit T, Zhang ZY, Wei FF, Kang YY, Huang 

QF, Sheng CS, Struijker-Boudier HA, Kuznetsova T, Verhamme P, Li Y, Staessen JA. 

Characteristics and determinants of the sublingual microcirculation in populations of 

different ethnicity. Hypertension 2015; 65: 993-1001. 

19. Hara A, Gu YM, Petit T, Liu YP, Jacobs L, Zhang ZY, Yang WY, Jin Y, Thijs L, Wei FF, 

Nawrot T, Staessen JA. Study for promotion of health in recycling lead - Rationale and 

design. Blood Pressure 2015; 3: 147-157. 

20. Hara A, Yang WY, Petit T, Zhang ZY, Gu YM, Wei FF, Jacobs L, Odili AN, Thijs L, 

Nawrot TS, Staessen JA. Incidence of nephrolithiasis in relation to environmental 

exposure to lead and cadmium in a population study. Environ Res 2015; 145: 1-8. 

21. Kuznetsova T, Thijs L, Knez J, Cauwenberghs N, Petit T, Gu YM, Zhang Z, Staessen JA. 

Longitudinal changes in left ventricular diastolic function in a general population. Circ 

Cardiovasc Imaging 2015; 8: pii: e002882. 

557



22. Zhang ZY*, Marrachelli VG*, Thijs L, Yang WY, Wei FF, Monleon D, Jacobs L, Nawrot T, 

Verhamme P, Voigt JU, Kuznetsova T, Redón J, Staessen JA. Diastolic left ventricular 

function in relation to circulating metabolic biomarkers in a general population. Journal of 

the American Heart Association 2016; 5: e002681.   

23. Zhang ZY. Diagnosis and management of acute heart failure syndromes (Chapter 27).  

Braunwald' s Heart Disease: A Textbook of Cardiovascular Medicine, 9th edition 

(Translation version). People's Medical Publishing House 2016 (ISBN：9787117200738). 

24. Zhang ZY, Ravassa S, Yang WY, Petit T, Pejchonovski M, Zürbig P, López B, Wei FF, 

Pontillo C, Thijs L, Jacobs L, González A, Koeck T, Delles C, Voigt JU, Verhamme P, 

Kuznetsova T, Díez J, Mischak H, Staessen JA. Diastolic left ventricular function in 

relation to urinary and serum collagen biomarkers in a general population. PLoS One 

2016; 11: e0167582.  

25. Gu YM, Petit T, Wei FF, Thijs L, Jacobs L, Zhang ZY, Yang WY, Cauwenberghs N, Knez 

J, Struijker-Boudier HA, Kuznetsova T, Verhamme P, Staessen JA. Renal glomerular 

dysfunction in relation to retinal arteriolar narrowing and high pulse pressure in seniors. 

Hypertens Res 2016; 39: 138-43. 

26. Wei FF, Drummen NE, Schutte AE, Thijs L, Jacobs L, Herfs M, Petit T, van `t Hoofd C, 

Yang WY, Smith W, Zhang ZY, Gu YM, Kuznetsova T, Verhamme P, Allegaert K, Schutte 

R, Lerut E, Evenepoel P, Vermeer C, Staessen JA. Vitamin K dependent protection of 

renal function in multi-ethnic population studies. EBioMedicine 2016; 4: 162-9.  

27. Wei FF, Zhang ZY, Thijs L, Yang WY, Jacobs L, Cauwenberghs N, Gu YM, Kuznetsova 

T, Allegaert K, Verhamme P, Li Y, Struijker-Boudier HA, Staessen JA. Conventional and 

ambulatory blood pressure as predictors of retinal arteriolar narrowing. Hypertension 

2016; 68: 512-520.  

28. Wei FF, Zhang ZY, Petit T, Cauwenberghs N, Gu YM, Thijs L, Raaijmakers A, Jacobs L, 

Yang WY, Allegaert K, Kuznetsova T, Verhamme P, Struijker-Boudier HA, Li Y, Asayama 

558

http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang+yi+Zhang+zhenyu


K, Staessen JA. Retinal microvascular diameter, a hypertension-related trait, in ECG-

gated vs. non-gated images analyzed by IVAN and SIVA. Hypertension Research 2016; 

39: 886-892.   

29. Rossing K, Bosselmann HS, Gustafsson F, Zhang ZY, Gu YM, Kuznetsova T, Nkuipou-

Kenfack E, Mischak H, Staessen JA, Koeck T, Schou M. Urinary proteomics pilot study 

for biomarker discovery and diagnosis in heart failure with reduced ejection fraction. PLoS 

One 2016; 11: e0157167. 

30. Franklin SS, Thijs L, Asayama K, Li Y, Hansen TW, Boggia J, Jacobs L, Zhang Z, Kikuya 

M, Björklund-Bodegård K, Ohkubo T, Yang WY, Jeppesen J, Dolan E, Kuznetsova T, 

Stolarz-Skrzypek K, Tikhonoff V, Malyutina S, Casiglia E, Nikitin Y, Lind L, Sandoya E, 

Kawecka-Jaszcz K, Filipovský J, Imai Y, Wang JG, O'Brien E, Staessen JA; IDACO 

Investigators. The cardiovascular risk of white-coat hypertension. J Am Coll Cardiol 2016; 

68: 2033-2043.  

31. Gu YM, Petit T, Wei FF, Thijs L, Jacobs L, Zhang ZY, Yang WY, Cauwenberghs N, Knez 

J, Struijker-Boudier HA, Kuznetsova T, Verhamme P, Staessen JA. Renal glomerular 

dysfunction in relation to retinal arteriolar narrowing and high pulse pressure in seniors. 

Hypertens Res. 2016; 39: 138-143. 

32. Yang WY, Zhang ZY, Thijs L, Cauwenberghs N, Wei FF, Jacobs L, Luttun A, Verhamme 

P, Kuznetsova T, Nawrot TS, Staessen JA. Left ventricular structure and function in 

relation to environmental exposure to lead and cadmium. Journal of the American Heart 

Association 2017; 6: e004692. 

33. Raaijmakers A, Zhang ZY, Claessens J, Cauwenberghs N, van Tienoven TP, Wei FF, 

Jacobs L, Levtchenko E, Pauwels S, Kuznetsova T, Allegaert K*, Staessen JA*. Does 

extremely low birth weight predispose to low-renin hypertension? Hypertension 2017; 3: 

443-449.  

559

http://www.ncbi.nlm.nih.gov/pubmed/?term=Wang+yi+Zhang+zhenyu


34. Htun NM, Magliano DJ, Zhang ZY, Lyons J, Petit T, Nkuipou-Kenfack E, Ramirez-Torres 

A, von Zur Muhlen C, Maahs D, Schanstra JP, Pontillo C, Pejchinovski M, Snell-Bergeon 

JK, Delles C, Mischak H, Staessen JA, Shaw JE, Koeck T, Peter K. Prediction of acute 

coronary syndromes by urinary proteome analysis. PLoS One 2017; 12: e0172036. 

35. Cauwenberghs N, Knez J, D'hooge J, Thijs L, Yang WY, Wei FF, Zhang ZY, Staessen JA, 

Kuznetsova T. Longitudinal changes in LV structure and diastolic function in relation to 

arterial properties in general population. JACC Cardiovasc Imaging 2017; pii: S1936-

878X(17)30135-3.  

36. Wei FF, Thijs L, Zhang ZY, Jacobs L, Yang WY, Salvi E, Citterio L, Cauwenberghs N, 

Kuznetsova T, E A Drummen N, Hara A, Manunta P, Li Y, Verhamme P, Allegaert K, Cusi 

D, Vermeer C, Staessen JA. The risk of nephrolithiasis is causally related to inactive 

matrix Gla protein, a marker of vitamin K status: a Mendelian randomization study in a 

Flemish population. Nephrol Dial Transplant 2017; doi: 10.1093/ndt/gfx014.  

37. Zhang ZY, Ravassa S, Pejchinovski M, Yang WY, Zürbig P, López B, Wei FF, Thijs L, 

Jacobs L, González A, Voigt JU, Verhamme P, Kuznetsova T, Díez J, Mischak H, 

Staessen JA.  A urinary fragment of mucin 1 subunit  is a novel biomarker predicting 

renal dysfunction in the general population. Kidney International Reports 2017; 

http://dx.doi.org/10.1016/j.ekir.2017.03.012 

38. Yang WY, Petit T, Cauwenberghs N, Zhang ZY, Thijs L, Salvi E, Izzi B, Vandenbriele C, 

Wei FF, Gu YM, Jacobs L, Citterio L, Delli Carpini S, Barlassina C, Cusi D, Hoylaerts MF, 

Verhamme P, Kuznetsova T, Staessen JA. PEAR1 is not a susceptibility gene for 

cardiovascular disease in the general population. BMC Med Genet 2017; 18: 45.   

39. Jacobs L, Efremov L, Ferreira JP, Thijs L, Yang WY, Zhang ZY, Latini R, Masson S,  

Agabiti N, Sever P, Delles C, Sattar N, Butler J, Cleland J, Kuznetsova T, Staessen JA, 

Zannad F. On behalf of the Heart 'omics’ in AGEing (HOMAGE) investigators. Risk score 

560



for incident heart failure: a subject-level meta-analysis from the Heart 'omics' in AGEing 

(HOMAGE) study. Journal of the American Heart Association 2017; 6: pii: e005231.   

40. Jacobs L, Persu A, Huang QF, Lengelé JP, Thijs L, Hammer F, Yang WY, Zhang ZY, 

Renkin J, Sinnaeve P, Wei FF, Pasquet A, Fadl Elmula FEM, Carlier M, Elvan A, Wunder 

C, Kjeldsen SE, Toennes SW, Janssens S, Verhamme P, Staessen JA, The European 

Network Coordinating Research on Renal Denervation. Results of a randomized 

controlled pilot trial of intravascular renal denervation for management of treatment-

resistant hypertension. Blood Pressure 2017; doi:10.1080/08037051.2017.1320939 

41. Raaijmakers A, Zhang ZY, Levtchenko E, Simons SHP, van den Heuvel B, Jacobs L, 

Staessen JA, Allegaert K. Ibuprofen exposure in early neonatal life does not affect renal 

function in young adolescence. Arch Dis Child Fetal Neonatal Ed 2017; doi: 

10.1136/archdischild-2017-312922.  

42. Zhang ZY, Ravassa S, Nkuipou-Kenfack E, Yang WY, Kerr SM, Koeck T, Campbell A, 

Kuznetsova T, Mischak H, Padmanabhan S, Dominiczak AF, Delles C, Staessen JA. A 

novel urinary peptidomic classifier predicts incident heart failure. Journal of the American 

Heart Association 2017; 6: pii: e005432. 

43. Pontillo C*, Zhang ZY*, Schanstra JP, Jacobs L, Zürbig P, Thijs L, Ramírez-Torres A, 

Heerspink HJ, Lindhardt M, Klein R, Orchard T, Porta M, Bilous RW, Charturvedi N, 

Rossing P, Vlahou A, Schepers E, Glorieux G, Mullen W, Delles C, Verhamme P, 

Vanholder R, Staessen JA, Mischak H, Jankowski J. Prediction of chronic kidney disease 

stage 3 by CKD273, a urinary proteomic biomarker. Kidney International Reports 2017; 

http://dx.doi.org/10.1016/j.ekir.2017.06.004 

44. Yang WY, Zhang ZY, Thijs L, Bijnens EM, Janssen BG, Vanpoucke C, Lefebvre W, 

Cauwenberghs N, Wei FF, Luttun A, Verhamme P, Van Hecke E, Kuznetsova T, D'hooge 

J, Nawrot TS, Staessen JA. Left ventricular function in relation to chronic residential air 

561

http://dx.doi.org/10.1016/j.ekir.2017.06.004


pollution in a general population. Eur J Prev Cardiol 2017; doi: 

10.1177/2047487317715109. 

45. Knez J, Marrachelli VG, Cauwenberghs N, Winckelmans E, Zhang ZY, Thijs L, Brguljan-

Hitij J, Plusquin M, Delles C, Monleon D, Redón J, Staessen JA, Nawrot TS, Kuznetsova 

T. Peripheral blood mitochondrial DNA content in relation to circulating metabolites and 

inflammatory markers: A population study. PLoS One 2017; 12: e0181036. 

46. Odili AN, Thijs L, Yang WY, Ogedengbe JO, Nwegbu MM, Jacobs L, Wei FF, Feng YM, 

Zhang ZY, Kuznetsova T, Nawrot TS, Staessen JA. Office and home blood pressures as 

determinants of electrocardiographic left ventricular hypertrophy among black Nigerians 

compared with white Flemish.  American Journal of Hypertension 2017; 

doi:10.1093/ajh/hpx114. 

47. Wei FF, Trenson S, Thijs L, Huang QF, Zhang ZY, Yang WY, Moliterno P, Allegaert K, 

Boggia J, Janssens S, Verhamme P, Vermeer C, Staessen JA. Desphospho-

uncarboxylated matrix Gla protein is a novel circulating biomarker predicting deterioration 

of renal function in the general population. Nephrol Dial Transplant 2017; doi: 

10.1093/ndt/gfx258 

48. Huang QF, Trenson S, Zhang ZY, Yang WY, Van Aelst L, Nkuipou-Kenfack E, Wei FF, 

Mujaj B, Thijs L, Ciarka A, Zoidakis I, Droogné W, Vlahoud A, Janssens S, Vanhaecke J, 

Mischak H, Van Cleemput J, Staessen JA. Urinary Proteomics in Predicting Heart 

Transplantation Outcomes (uPROPHET) — Rationale and Database Description. PLoS 

ONE 2017; 12: e0184443.  

49. Yang WY, Mujaj B, Efremov L, Zhang ZY, Thijs L, Wei FF, Huang QF, Luttun A, 

Verhamme P, Nawrot TS, Boggia J, Staessen JA. ECG voltage in relation to peripheral 

and central ambulatory blood pressure. Am J Hypertens 2017; doi: 10.1093/ajh/hpx157. 

50. Feng YM, Thijs L, Zhang ZY, Yang WY, Huang QF, Wei FF, Kuznetsova T, Jennings AM, 

Delles C, Lennox R, Verhamme P, Dominiczak A, Staessen JA.  Glomerular function in 

562



relation to circulating adhesion molecules and inflammation markers in a general 

population.  Nephrol Dial Transplant. 2017; doi: 10.1093/ndt/gfx256.  

51. Yang WY, Efremov L, Mujaj B, Zhang ZY, Wei FF, Huang QF, Thijs L, Vanassche T, 

Nawrot TS, Staessen JA.  Association of Office and Ambulatory Blood Pressure with 

Blood Lead in Workers Prior to Occupational Exposure. Journal of the American Society 

of Hypertension 2017 (In press) 

52. Wei FF, Zhang ZY, Huang QF, Staessen JA.  A 2017 update on resistant hypertension. 

Nature Reviews Nephrology 2017 (Accepted) 

53. Wei FF, Yang WY, Thijs L, Zhang ZY, Cauwenberghs N, Van Keer J, Huang QF, Mujaj B, 

Kuznetsova T, Allegaert K, Verhamme P, Staessen JA. Conventional and Ambulatory 

Blood Pressure as Predictors of Diastolic Left Ventricular Function in a Flemish 

Population.  JAHA 2017 (Accepted) 

54. Zhang ZY, Nkuipou-Kenfack E, Yang WY, Thijs L, Wei FF, Huang QF, Cauwenberghs N, 

Schanstra JP, Vlahou A, Jacobs L, Voigt JU, Kuznetsova T, Verhamme P, Mischak H, 

Staessen JA. Epidemiologic observations guiding clinical application of the HF1 urinary 

peptidomic marker of diastolic left ventricular dysfunction. Am J Hypertens 2017 (Pending 

revision)  

55. Wei FF, Trenson S, Monney P, Yang WY, Pruijm M, Zhang ZY, Bouatou Y, Huang 

QF,Ponte B, Martin PY, Thijs L, Kuznetsova T, Allegaert K, Janssens S, Vermeer C, 

Verhamme P, Burnier M, Bochud M, Ehret G, Staessen JA. Epidemiological and 

histological research reveals involvement of matrix Gla protein in diastolic left ventricular 

dysfunction. PLoS One 2017 (Pending revision)  

56. Wei FF, Raaijmakers A, Zhang ZY, van Tienoven TP, Huang QF, Yang WY, Thijs L, 

Harry Struijker-Boudier AJ, Verhamme P, Allegaert K, Staessen JA. Cognition in relation 

to the retinal microcirculation in children born preterm or at term. Early Human 

Development2017 (Pending revision) 

563



57. Huang QF, Wei FF, Zhang ZY, Raaijmakers A, Asayama K, Thijs L, Yang WY, Mujaj B, 

Allegaert K, Verhamme P, Struijker-Boudier HAJ, Li Y, Staessen JA.  Reproducibility of 

Retinal Microvascular Traits Decoded by the Singapore I Vessel Assessment Software 

Across the Human Age Range. American Journal of Hypertension 2017 (Pending revision) 

58. Zhang ZY, Marrachelli VG, Thijs L, Yang WY, Wei FF, Monleon D, Mujaj B, Nawrot T, 

PhD; Verhamme P, Voigt JU, Kuznetsova T, Redón J, Staessen JA. Left ventricular 

function in relation to circulating metabolic biomarkers: cross-sectional and longitudinal 

observations in a general population. JACC 2017 (Submitted) 

59. Huang QF, Trenson S, Zhang ZY, Van Keer J, Van Aelst L, Yang WY, Nkuipou-Kenfack 

E, Thijs L, Wei FF, Mujaj B, Ciarka A, Droogné W, Vanhaecke J, Janssens S, Van 

Cleemput J, Mischak H, Staessen JA. Biomarkers to monitor right heart pressures in 

recipients of an allograft heart transplant—A proof of concept study.  JAHA 2017 

(Submitted) 

CONFERENCE CONTRIBUTIONS 

1. Zhang ZY, Staessen JA, Thijs L, Gu YM, Liu YP, Jacobs L, Koeck T, Zürbig P, Mischak 

H, Kuznetsova T. Left ventricular diastolic function in relation to the urinary proteome: a 

proof-of-concept study in a general population. EU-MASCARA. Leuven, Belgium (4 

October 2013). [Oral presentation] 

2. Zhang ZY, Staessen JA, Thijs L, Gu YM, Liu YP, Jacobs L, Koeck T, Zürbig P, Mischak 

H, Kuznetsova T. Left ventricular diastolic function in relation to the urinary proteome: a 

proof-of-concept study in a general population. ASH Twenty-Ninth Annual Scientific 

Meeting and Exposition. New York, New York (16-20 May 2014). [Poster presentation]  

3. Zhang ZY, Staessen JA, Thijs L, Gu YM, Liu YP, Jacobs L, Koeck T, Zürbig P, Mischak 

H, Kuznetsova T. Left ventricular diastolic function in relation to the urinary proteome: a 

564



proof-of-concept study in a general population. ESH Summer School 2014. Varna, 

Bulgaria (20-26 September 2014). [Poster presentation] 

4. Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, Liu YP, Koeck T, Zürbig P, Jin Y, 

Verhamme P, Voigt JU, Kuznetsova T, Mischak H, Staessen JA. The urinary proteome 

and systolic blood pressure as predictors of 5-Year cardiovascular and cardiac outcome 

in a general population. Scientific Meeting BHC, 2014. Brussels, Belgium (4 October 

2014). [Oral presentation]  

5. Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, Liu YP, Koeck T, Zürbig P, Jin Y, 

Verhamme P, Voigt JU, Kuznetsova T, Mischak H, Staessen JA. The urinary proteome 

and systolic blood pressure as predictors of 5-Year cardiovascular and cardiac outcome 

in a general population. EU-MASCARA. Milan, Italy (17 November 2014). [Oral 

presentation]  

6. Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, Liu YP, Koeck T, Zürbig P, Jin Y, 

Verhamme P, Voigt JU, Kuznetsova T, Mischak H, Staessen JA. The urinary proteome 

and systolic blood pressure as predictors of 5-Year cardiovascular and cardiac outcome 

in a general population. HOMAGE. Paris, France (3 December 2014). [Oral presentation]  

7. Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, Liu YP, Koeck T, Zürbig P, Jin Y, 

Verhamme P, Voigt JU, Kuznetsova T, Mischak H, Staessen JA. The urinary proteome 

predicts cardiovascular outcome in a general population. 8th
 International Meeting of the 

French Society of Hypertension. Paris, France (18-19 December 2014). [Poster 

presentation] 

8. Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, Liu YP, Koeck T, Zürbig P, Jin Y, 

Verhamme P, Voigt JU, Kuznetsova T, Mischak H, Staessen JA. Urinary proteomics for 

risk stratification. SKIPOGH. Lausanne, Switzerland (22 April 2015). [Oral presentation] 

9. Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, Liu YP, Koeck T, Zürbig P, Jin Y, 

Verhamme P, Voigt JU, Kuznetsova T, Mischak H, Staessen JA. The urinary proteome 

565



and systolic blood pressure as predictors of 5-Year cardiovascular and cardiac outcome 

in a general population. Joint Meeting of the Belgian, Dutch and Swiss Societies of 

Hypertension. Antwerp, Belgium (9 May 2015). [Oral presentation]  

10. Zhang ZY, Marrachelli V, Thijs L, Yang WY, Wei FF, Monleon D, Jacobs L, Nawrot T, 

Verhamme P, Voigt JU, Kuznetsova T, Redón J, Staessen JA. Diastolic left ventricular 

function in relation to circulating metabolic biomarkers in a general population. Artery  

Meeting 2015. Krakow, Poland (15 October 2015). [Oral presentation] 

11. Zhang ZY, Marrachelli V, Thijs L, Yang WY, Wei FF, Monleon D, Jacobs L, Nawrot T, 

Verhamme P, Voigt JU, Kuznetsova T, Redón J, Staessen JA. Diastolic left ventricular 

function in relation to circulating metabolic biomarkers in a general population. BHC 

Scientific Meeting 2015. Brussels, Belgium (24 October 2015). [Oral presentation] 

12. Zhang ZY, Thijs L, Petit T, Gu YM, Jacobs L, Yang WY, Liu YP, Koeck T, Zürbig P, Jin Y, 

Verhamme P, Voigt JU, Kuznetsova T, Mischak H, Staessen JA. Left ventricular function 

and adverse health outcomes in relation to the urinary proteomic signature. EU-

MASCARA. Glasgow, UK (26 April 2016). [Oral presentation]  

13. Zhang ZY, Marrachelli V, Thijs L, Yang WY, Wei FF, Monleon D, Jacobs L, Nawrot T, 

Verhamme P, Voigt JU, Kuznetsova T, Redón J, Staessen JA. Left ventricular diastolic 

function in relation to circulating metabolic markers. EU-MASCARA. Glasgow, UK (26 

April 2016). [Oral presentation]  

14. Zhang ZY, Ravassa S, Yang WY, Petit T, Pejchonovski M, Zürbig P, López B, Wei FF, 

Pontillo C, Thijs L, Jacobs L, González A, Koeck T, Delles C, Voigt JU, Verhamme P, 

Kuznetsova T, Díez J, Mischak H, Staessen JA. What can sequenced urinary peptides 

learn us about the pathophysiology of left ventricular dysfunction? HOMAGE. Cortona, 

Italy (3-4th May 2016). [Oral presentation]  

15. Zhang ZY, Ravassa S, Yang WY, Petit T, Pejchonovski M, Zürbig P, López B, Wei FF, 

Pontillo C, Thijs L, Jacobs L, González A, Koeck T, Delles C, Voigt JU, Verhamme P, 

566



Kuznetsova T, Díez J, Mischak H, Staessen JA. Diastolic left ventricular function in 

relation to collagen-specific urinary and serum collagen biomarkers in a general 

population. 26th European Meeting on Hypertension and Cardiovascular Protection. 

Paris, France (10-13June 2016).  [Oral presentation]  

16. Zhang ZY, Ravassa S, Yang WY, Petit T, Pejchonovski M, Zürbig P, López B, Wei FF, 

Pontillo C, Thijs L, Jacobs L, González A, Koeck T, Delles C, Voigt JU, Verhamme P, 

Kuznetsova T, Díez J, Mischak H, Staessen JA. Diastolic left ventricular function in 

relation to collagen-specific urinary and serum collagen biomarkers in a general 

population. BHC Scientific Meeting 2016. Brussels, Belgium (29 October 2016). [Oral 

presentation] 

17. Zhang ZY, Nkuipou-Kenfack E, Yang WY, Thijs L, Wei FF, Huang QF, Cauwenberghs N, 

Schanstra JP, Vlahou A, Jacobs L, Voigt JU, Kuznetsova T, Verhamme P, Mischak H, 

Staessen JA. Epidemiologic observations guiding clinical application of the HF1 urinary 

peptidomic marker of diastolic left ventricular dysfunction. HOMAGE. Nice, France (13-

15th June 2017). [Oral presentation] 

18. Zhang ZY, Ravassa S, Pejchinovski M, Yang WY, Zürbig P, López B, Wei FF, Thijs L, 

Jacobs L, González A, Voigt JU, Verhamme P, Kuznetsova T, Díez J, Mischak H, 

Staessen JA.  A urinary fragment of mucin 1 subunit  is a novel biomarker predicting 

renal dysfunction in the general population. 27th European Meeting on Hypertension 

and Cardiovascular Protection. Milan, Italy (16-19 June 2017).  [Oral presentation]  

19. Zhang ZY, Mischak H, Staessen JA. CKD273 voorspelt de eerste fase in de 

achteruitgang van nierfunctie bij patiënten met diabetes mellitus. 75 Jaar Diabetes Liga. 

Antwerp, Belgium (07 October). [Poster presentation] 

20. Zhang ZY, Izoidakis M, Yang WY, Thijs L, Wei FF, Huang QF, Schanstra JP,  Voigt JU, 

Kuznetsova T, Verhamme P, Vlahou A, Mischak H, Staessen JA. The urinary peptidomic 

567



signature of aortic stiffness reveals molecular pathways and drug targets. Artery  

Meeting 2017. Pisa, Italy (12-14 October 2017). [Poster presentation] 

21. Zhang ZY, Nkuipou-Kenfack E, Yang WY, Wei FF, Cauwenberghs N, Thijs L, Huang QF, 

Feng YM, Schanstra JP, Kuznetsova T, Voigt JU, Verhamme P, Mischak H, Staessen JA. 

Cues from a population study for clinical application of a urinary peptidomic marker of 

diastolic left ventricular dysfunction. European Little Countries Global Cardiovascular 

Protection Meeting. Lisbon, Portugal (18th November 2017). [Oral presentation] 

568


	First page of thesis_092013
	Thesis-P
	Thesis-P1
	Table of Contents
	Thesis-ZZY-Acknowledgements
	Thesis-ZZY-Intro-21
	Chapters
	Thesis-ZZY-Sum-15
	Thesis-ZZY-Sam-15
	Thesis-ZZY-摘要
	CV-Zhenyu Zhang
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page

	Thesis-ZZY-Disc-15
	Blank Page




