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ACS, acute coronary syndrome
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c-MyC, cardiac myosin binding protein-C 

CRP, C-reactive protein

cTnI, cardiac troponin I 

cTnT, cardiac troponin T 

GDF-15, growth differentiation factor 15 

HDL, high-density lipoprotein 

HF, heart failure

hFABP, heart-type fatty acid-binding protein

IDI, integrated discrimination improvement

IL-6, interleukin 6

LDL, low-density lipoprotein

Lp-PLA2, lipoprotein-associated phospholipase A2
MMP-9, matrix metalloproteinase-9

MR-proADM, mid-regional pro-adrenomedullin

MR-proANP, mid-regional proANP

NRI, net reclassification improvement 

ROC AUC, receiver operating characteristic area under the curve

sCD40L, soluble CD40 ligand

SgII, secretogranin II 

ST2, suppressor of tumorigenicity 2
Abstract

Measurement of biomarkers has revolutionized the work-up of patients with suspected cardiovascular disease. The most widely used contemporary cardiovascular biomarkers are the natriuretic peptides in the diagnosis and prognosis of heart failure, and cardiac troponins in the diagnosis of acute myocardial infarction. Numerous other biomarkers pertaining to diagnosis, prognosis and risk prediction have been identified, but few have made their way to clinical practice. 
In this review, we will initially describe the fundamental approach to evaluate a novel biomarker. Before implementation of a biomarker into clinical practice, several stringent criteria related to its clinical usability are required. Essential statistical metrics such as discrimination, calibration, and reclassification are required to properly evaluate prediction models. We will then discuss the biomarkers according to main groups of cardiovascular pathology: 

(1) myocardial injury (cardiac troponins, heart-type fatty acid-binding protein, cardiac myosin binding protein-C) 
(2) myocardial stress (A-type and B-type natriuretic peptides, mid-regional pro-adrenomedullin, copeptin)
(3) inflammation (C-reactive protein, interleukin 6, growth differentiation factor 15, soluble suppressor of tumorigenicity 2, galectin-3)
(4) platelet activation (soluble CD40 ligand, P-selectin)
(5) plaque instability (lipoprotein-associated phospholipase A2, matrix metalloproteinase-9)

(6) systemic stress (catecholamines, granin proteins)
(7) calcium homeostasis (secretoneurin)

Finally, we will discuss novel applications of cardiovascular biomarkers, more specifically prediction of ventricular arrhythmias, and the use of biomarkers in composite risk prediction models. 

Introduction
Cardiovascular disease is the primary cause of death worldwide, in both industrial and developing countries, and includes atherosclerotic (e.g. coronary artery disease [CAD], cerebrovascular disease, peripheral artery disease) and non-atherosclerotic disease (e.g. valvular disease, rheumatic heart disease, congenital heart disease and venous thromboembolism) [1]. The prevalence of cardiovascular disease increases with age, and several modifiable risk factors, such as tobacco use, obesity, physical inactivity and alcohol abuse, are associated with development and progression of cardiovascular disease 
 ADDIN EN.CITE 
[2]
.
In primary prevention, several standardized and validated cardiovascular risk scores are currently available. These typically include traditional cardiovascular risk factors such as age, sex, prevalent hypertension and diabetes mellitus, together with measurement of total and/or high-density lipoprotein (HDL) cholesterol 
 ADDIN EN.CITE 
[3, 4, 5, 6, 7, 8, 9]
. Numerous cardiovascular biomarkers have been proven to be strongly associated with the risk of incident cardiovascular disease and death, and often provide incremental information to such established cardiovascular risk scores.
This review aims to characterize both established and novel biomarkers in cardiovascular risk assessment. Biomarkers will be presented according to the pathophysiological processes that they represent and positioned in the context of unmet challenges in the field of cardiovascular prevention and risk estimation.
Definition and criteria for biomarkers
A biomarker is defined as “a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention” [10]. According to this definition, a wide range of indices can be referred to as a biomarker, including imaging methods such as chest x-rays or echocardiographic measurements. Still, in most situations biomarkers are generally thought of as measurements of substances present in peripheral blood (e.g. proteins/peptides and hormones). 

Research and clinical application of biomarkers have shown an exponential growth since the 1950s, and the number of PubMed entries with the keyword “biomarker” has increased from approximately 17,000 in 2000 to over 60,000 in 2015. Considering the overwhelming amount of novel biomarkers, both researchers and clinicians need to apply scrutiny before implementing additional biomarkers in clinical practice. To better evaluate novel biomarkers, several benchmarking criteria have been proposed. In 2007, Morrow and de Lemos [11] put forward three distinct questions that need to be answered when evaluating a novel biomarker: (1) Can the biomarker reliably be measured? An accurate biomarker result must be obtainable within a reasonable time frame and at a reasonable cost. (2) Does the biomarker add information to existing biomarkers or other risk indices? A novel biomarker needs to demonstrate strong and consistent association with disease and provide incremental and clinically relevant diagnostic or prognostic information to established risk prediction tools. (3) Will the biomarker help clinicians to better manage patients? A novel biomarker must be helpful to the clinician in one or more clinical settings, such as screening, diagnosis, prognosis or monitoring of therapy and recurrence (Figure 1). 
Traditionally, the use of biomarkers has focused on diagnosis and identification of disease. However, increasing attention has been on the use of biomarkers in guiding personalized treatment, risk prediction and preventive medicine. In this regard, measurement of the biomarker must aid in the decision‑making process resulting in specific treatment or further investigation and ultimately reducing risk of disease or death. Serial measurement of the biomarker should also reflect response to treatment and, ideally, changes in biomarker concentrations should parallel changes in individual risk. 
Statistical approach
Rigorous statistical analyses are the foundation of all research pertaining to the development and implementation of novel biomarkers, cardiovascular and other. Established statistical models aim to assess the impact of biomarker concentrations on relative or absolute risk of a binary outcome of interest, commonly disease or death. However, to properly evaluate novel biomarkers and associated risk prediction algorithms, three specific statistical modalities also needs evaluation; discrimination, calibration, and reclassification 
 ADDIN EN.CITE 
[12, 13, 14]
.
Discrimination is the ability of risk prediction algorithms to distinguish between a binary outcome (e.g. disease vs. non-disease). For biomarker benchmarking, receiver operating characteristic (ROC) analysis, with its accompanying ROC area under the curve (AUC), or C-statistic, is commonly used to estimate such prognostic or diagnostic accuracy. The ROC curve plots the true positive rate (correct positive results among subjects with disease) against the false positive rate (incorrect positive results among healthy subjects) of the test at various thresholds. If the test performs at random (coin toss; non-discrimination), the ROC-AUC will equal 0.5. Conversely, a ROC-AUC of 1.0 is considered a perfect test that always assigns a higher value to the case compared to the control subject (non-case) [15]. ROC-AUC is commonly calculated for a single covariate (e.g. assessing the prognostic accuracy of a biomarker). However, the ROC-AUC can also be calculated for logistic regression models with more than one predictor variable, thereby calculating the prognostic accuracy of a compound model. A similar approach can also be applied for Cox regression survival models with time-to-event, yielding the related concordance index (Harrell's C) [16].
Calibration quantifies the relationship between predicted risks and outcomes. Accordingly, if we predict a 15% risk of a specified outcome, the observed proportion of patients exhibiting this outcome should be close to this number in a sufficiently calibrated model. Calibration and discrimination are two separate qualities of a statistical model, and a model with excellent discrimination may indeed be poorly calibrated and vice versa. Risk prediction derived from logistic regression models commonly utilizes the Hosmer-Lemeshow test for goodness of fit to estimate degree of calibration. However, as this test is largely dependent on study sample size, the Hosmer-Lemeshow test for goodness of fit may yield inappropriately significant p-values in large studies despite acceptable calibration [17]. A graphical representation of the relationship between predicted and observed risk can often be just as helpful to assess calibration [18].
Reclassification aims to measure to what degree an extended model correctly reclassifies subjects compared to a baseline model, e.g. adding a novel biomarker to an existing risk prediction model 
 ADDIN EN.CITE 
[19]
. The overall net reclassification improvement (NRI) is calculated as the sum of the net percentage of subjects with and without the event of interest (e.g. unfavorable outcome, morbidity, death) correctly being assigned to a different predicted risk (i.e. increased risk in subjects with events and lower risk in subjects without events). Accordingly, potential values for overall NRI range from ‑200% to 200% or -2 to 2. NRI can additionally be calculated using a category-based approach with predetermined thresholds of absolute risk, evaluating reclassification between risk groups, or a continuous approach (category-free), evaluating increased or decreased continuous risk. The absolute difference in average risk prediction to an extended model can also be calculated by the integrated discrimination improvement (IDI). In calculating IDI, the absolute difference in discrimination slopes (average difference in probabilities of event and non-event) between models is assessed, largely reflecting improvements in model sensitivity and specificity [14].
Traditionally, the calculation of differences in ROC-AUC or c-index has been the principal approach to evaluate incremental value of different prediction models. However, there are several limitations to this approach, especially when there are only minute absolute differences in the models compared, as well analyses with strong and established baseline models 
 ADDIN EN.CITE 
[20]
. Comparison of ROC-AUC is inherently a conservative metric and is often considered insensitive to improvement in prediction models that may be clinically but not statistically significant [21]. In contrast, the category-free NRI may be too liberal in its assessment of incremental value in prediction models and over-inflate results [22]. This increasingly necessitates the use of multiple novel metrics of discrimination, calibration, and reclassification in contemporary biomarker evaluation.
Specific biomarkers according to pathophysiological processes 
Cardiovascular biomarkers are commonly classified according to the pathological processes they are assumed to represent. As most biomarkers often reflect several pathophysiological processes, including extra-cardiac pathology (e.g. renal dysfunction), this approach may lead to over-simplification. Still, to be consistent with existing literature, the cardiovascular biomarkers in this review are classified according to these main groups of cardiovascular pathology: (1) myocardial injury, (2) myocardial stress, (3) inflammation, (4) platelet activation, (5) plaque instability, (6) systemic stress and (7) calcium homeostasis. The biomarkers will be discussed in the context of diagnosis, incidence and prognosis in cardiovascular disease, and Table 1 summarizes these associations.
Myocardial injury
Cardiac troponins

Troponin is a muscle protein complex found in striated muscle, consisting of three separate subunits; troponin C, troponin T and troponin I. All isoforms of troponin are found in both cardiac muscle and skeletal muscle, but the cardiac troponin T (cTnT) and cardiac troponin I (cTnI) isoforms are specific for the myocardium [23]. Research assays for cTnT and cTnI were first described in 1989 [24] and 1992 
 ADDIN EN.CITE 
[25]
, respectively, whereas commercial assay were launched in the mid-1990s. However, the use of cardiac troponins as indicators of myocardial injury were first included in the definition of acute myocardial infarction (AMI) in 2000 [26], remaining a cornerstone in the diagnostic work-up of patients with suspected acute coronary syndromes (ACS) to this day. To diagnose AMI, a cardiac troponin measurement over the 99th percentile of the given assay with a significant change in cardiac troponin concentrations between two measurements are mandatory (except in patients with high clinical suspicion of AMI dying before blood sampling, where the diagnosis is made without cardiac biomarker measurements) [27]. In addition to high cardiac troponin concentrations and a significant change, the patients must have one or more of these additional characteristics: clinical symptoms consistent with acute myocardial ischemia, pathological changes in the electrocardiogram (ECG), echocardiographic indices of acute myocardial necrosis, and/or angiographic/post-mortem evidence of acute coronary occlusion. 
With the increasing sensitivity of the diagnostic troponin assays, several algorithms for early diagnosis of ACS have been proposed [28]. Chest pain is one of the most common symptoms in patients presenting to the emergency room, and rapid diagnostic strategies have the potential to reduce time to diagnosis and appropriate treatment, shorten the stay in the emergency department and consequently reduce overall costs. The main advantage of increased sensitivity is faster rule-out, as the time where we are not able to detect cardiac troponins following AMI is progressively getting shorter (decreasing the “troponin blind” interval) [29]. In 2009, two seminal papers were published in the New England Journal of Medicine 
 ADDIN EN.CITE 
[30, 31]
 investigating the diagnostic properties of conventional cardiac troponin assays compared to the novel and more sensitive assays. The sensitive assays provided increased diagnostic performance, especially in early presenters, enabling a more rapid rule-in of AMI. In 2015, by using the high-sensitivity cTnI assay, a single measurement below 5ng/L was identified as a cutoff enabling ruling out of patients with very low risk of AMI in the emergency department (negative predictive value 99.6%). These results were consistent across age- and sex-specific subgroups, and the results were also validated in two separate cohorts. The diagnostic performance was less convincing in patients presenting early after onset of symptoms (less than 2 hours) 
 ADDIN EN.CITE 
[32]
. Similar algorithms for cTnT have been proposed and a meta-analysis from 2015 including 23 studies using the high-sensitivity cTnT assay concluded that a single cutoff of 5ng/L could be both safe and efficient in ruling out AMI 
 ADDIN EN.CITE 
[33]
. This result was also validated in the TRAPID-AMI study, where a single measurement at 5ng/L allowed safe exclusion of AMI 
 ADDIN EN.CITE 
[34]
. A larger meta-analysis including 10,000 participants focusing entirely on the use of a single measurement of cTnT below 5ng/L has confirmed the diagnostic performance of this strategy 
 ADDIN EN.CITE 
[35]
. Most recently, Shah et al. performed the first randomized controlled trial assessing the impact of a high-sensitivity cTnI assay on subsequent cardiovascular events in patients presenting with suspected ACS. The use of the high-sensitivity assay was not associated with a significant change in rate of events, but reduced the duration of hospital stay in patients where AMI was ruled out 


[36] ADDIN EN.CITE . In light of the increasingly substantial evidence for rapid rule-in and rule-out strategies using high-sensitivity cardiac troponin assays, the European Society of Cardiology have adapted and implemented parts of these strategies in their latest guidelines for non-ST-segment elevation myocardial infarction 
 ADDIN EN.CITE 
[37]
. Despite strong evidence amassing for the use of single measurements of cardiac troponin in ruling out AMI, a certain degree of caution is merited given the analytical performance of the clinical assays in the very low concentration range. Analytical bias and imprecision will remain a concern whenever a biological measure is made, and especially so when performing analyses on the lower end of the concentrations ranges. There is significant between-laboratory variability in cardiac troponin measurements [38], and large simulation models have demonstrated a concerning misclassification of patients when utilizing a single measurement of very low concentrations of cardiac troponin for ruling out ACS 
 ADDIN EN.CITE 
[39]
. When evaluating very low concentrations of cardiac troponin, both assay lot‑to‑lot variability 
 ADDIN EN.CITE 
[40, 41]
 and analytical performance may limit the utility of a “one and done” troponin test. To avoid misclassification of patients, clinical centers endorsing rapid rule-out strategies using cardiac troponin concentrations close to the limit of detection should strive for high precision in the laboratory, preferably with an error goal of <1 ng/L 
 ADDIN EN.CITE 
[42]
. Clearly, all clinical information must additionally be utilized (physical examination, ECG, imaging, validated risk scores) in the evaluation of suspected ACS, rather than solely relying on biomarkers for excluding or confirming diagnoses.
In addition to ACS, a variety of acute and chronic conditions may cause increases in cardiac troponin concentrations over the 99th percentile, including left ventricular hypertrophy, heart failure (HF), renal failure, critical illness, pulmonary and inflammatory disorders, cerebral catastrophes, cardiac trauma and extreme exhaustion [43].
High-sensitivity cardiac troponin assays have made it possible to measure concentrations of cTnT and cTnI far below the diagnostic cut offs for AMI. Most of the assays from the newest generation (5th generation) detect circulating cardiac troponin in a large proportion of the presumed healthy general population. These low-level circulating amounts of cardiac troponin have been shown to be associated with indices of left ventricular structure and function 
 ADDIN EN.CITE 
[44]
, as well as with a number of traditional cardiovascular risk factors, including age and sex 
 ADDIN EN.CITE 
[45]
, blood pressure 
 ADDIN EN.CITE 
[46]
, diabetes mellitus 
 ADDIN EN.CITE 
[47]
, and renal failure 
 ADDIN EN.CITE 
[48]
. cTnI and cTnT have both been shown to be strongly associated with the risk of HF development and cardiovascular death in patients with stable CAD, whereas the association with atherosclerotic events appears to be weaker 
 ADDIN EN.CITE 
[49, 50, 51]
. In patients with suspected stable CAD, concentrations of cTnT possibly reflect reversible myocardial ischemia, as well as left ventricular mass 
 ADDIN EN.CITE 
[52]
. Also in the general population, concentrations of cardiac troponin are strongly and independently associated with unfavorable outcomes 
 ADDIN EN.CITE 
[53]
.
For implementation into primary prevention, an ideal biomarker should not only reflect the risk of disease development, but also the response to an intervention aimed at reducing risk. A biomarker with such characteristics will allow assessment of risk progression by serial biomarker measurements. In current clinical practice, we can observe this relationship amongst others in patients with diabetes mellitus where repeated measurements of glycated hemoglobin (HbA1c) provide valuable information on treatment effect and future risk of events [54]. Although currently not ready for clinical practice, recent data have suggested that cardiac troponin measurements with high-sensitivity assays could be used to follow the effect of statin therapy. In 2016, using data from the West of Scotland Coronary Prevention Study, Ford et al. demonstrated the effects of statin therapy in cardiovascular risk and the corresponding cardiac troponin concentrations 
 ADDIN EN.CITE 
[55]
. In this report, men with increased concentrations of low-density lipoprotein (LDL) cholesterol were randomized to statin therapy or placebo for 5 years. Baseline cTnI concentrations predicted risk of adverse cardiovascular events and were reduced by statin therapy with a parallel reduction in cardiovascular risk independently of cholesterol changes. This finding strongly supports that repeated cardiac troponin measurements could reflect the effect of intervention in primary cardiovascular risk control.
Heart-type fatty acid-binding protein
Fatty acid-binding proteins are a family of proteins responsible for the transportation of fatty acids through membranes. There are several tissue isoforms; liver, intestinal, adipocyte, peripheral nervous, brain, and heart. Heart-type fatty acid-binding protein (hFABP) is the isoform most commonly found in heart and skeletal muscle and is released into the circulation following acute myocardial ischemia. hFABP is highly specific for the myocardium and may provide incremental diagnostic information to cTnT measured with conventional assays in early diagnosis of AMI 
 ADDIN EN.CITE 
[56]
. Recent data also holds some promise in ruling out AMI in combination with cTnI and cTnT measured with high-sensitivity assays 
 ADDIN EN.CITE 
[57]
. The clinical importance seems to be greatest in early presenters (chest pain <6 hours) as hFABP is rapidly cleared from the peripheral circulation and cardiac troponins need some time to increase after myocardial necrosis (less of a problem with high-sensitivity cardiac troponin assays). More recently, an intriguing application of hFABP in conjunction with cardiac troponins has been suggested 
 ADDIN EN.CITE 
[58]
. Chronically elevated concentrations of cardiac troponins especially due to renal and chronic HF may pose a clinical challenge in the diagnosis of ACS 
 ADDIN EN.CITE 
[59, 60]
. Measurement of hFABP may help in distinguishing chronically elevated cardiac troponin concentrations from AMI. Together with a high pretest probability of cardiac etiology, a low concentration of hFABP in this setting may indicate chronic cardiac injury causing elevated concentrations of cardiac troponin. Conversely, in a patient with low pretest probability, low concentrations of hFABP may indicate falsely elevated cardiac troponin concentrations due to macrocomplex formation 
 ADDIN EN.CITE 
[61]
. The diagnostic properties of hFABP are however unquestionably inferior to those of cardiac troponins, and current guidelines do not endorse measurement of hFABP in the diagnostic work-up of AMI 
 ADDIN EN.CITE 
[37]
.

With regard to prognosis, concentrations of hFABP are predictive of adverse events in patients with ACS 
 ADDIN EN.CITE 
[62, 63]
, as well as in patients admitted with suspected ACS and cardiac troponin concentrations within the normal range 
 ADDIN EN.CITE 
[64]
. The prognostic properties of hFABP have also been investigated in patients with HF, demonstrating a strong association between high concentrations and poor prognosis 
 ADDIN EN.CITE 
[65, 66, 67]
. hFABP concentrations are complementary to those provided by natriuretic peptides 
 ADDIN EN.CITE 
[68]
, and may potentially be utilized to evaluate response to treatment in patients with HF 
 ADDIN EN.CITE 
[69]
. 

Even though compelling evidence is amassing for the use of hFABP for both diagnosis and prognosis, the lack of assay standardization limits general use, despite the presence of recombinant hFABP for laboratory use [70]. Several vendors provide analytic assays, and whether future results are generalizable remains unknown. As of now, the between-assay differences largely preclude clinical implementation of hFABP 
 ADDIN EN.CITE 
[71]
.
Cardiac myosin binding protein-C
Myosin binding protein-C is a family of sarcomere proteins first discovered in 1973 [72] and comprises three isoforms; fast skeletal, slow skeletal and cardiac (c-MyC). Functional c-MyC is required for normal cardiac contractile function and mutations in the MYBPC3 gene have been associated with familial cardiomyopathies. Several groups have identified c-MyC as a sensitive marker of myocardial necrosis, possibly rising more rapidly than cardiac troponin after injury 
 ADDIN EN.CITE 
[73]
. Similar to cardiac troponins, assays qualifying as high-sensitivity have been developed for c‑MyC, allowing quantification above the limit of detection in >95% of patients without known cardiovascular disease 
 ADDIN EN.CITE 
[74]
. Due to the rapid increases in plasma concentrations of c-MyC after AMI [75], recent reports have focused on c-MyC for rapid rule-out of AMI. In 2017, Kaier et al. 
 ADDIN EN.CITE 
[76]
 performed comparative analyses between c-MyC and cardiac troponin measured with a high sensitivity assay in early diagnosis of AMI. Similar diagnostic properties were found for c-MyC and cardiac troponin, but with superior diagnostic properties of c-MyC in patients presenting early after debut of chest pain (<3 hours), which relates to the delay for increments in cardiac troponin early after myocardial necrosis with earlier generation cardiac troponin assays. c-MyC was also superior to cardiac troponin in early rule-out of suspected AMI. 
A more novel approach to the evaluation of patients with suspected ACS is the use of biomarkers in emergency prehospital care. In patients presenting with symptoms suggestive of AMI, the diagnostic properties of c-MyC may outperform those of cardiac troponin when measured already in the ambulance [77]. This may facilitate even faster rule-out of patients with suspected AMI, relieving taxed prehospital and emergency room services. With regard to risk prediction, in patients with left ventricular hypertrophy due to aortic stenosis, concentrations of c-MyC are associated with inferior prognosis, even after adjustment for concentrations of cardiac troponin [78]. The prognostic capabilities of c-MyC appear similar in subjects recruited from the general population 
 ADDIN EN.CITE 
[79]
. However, no large-scale commercial c-MyC assay yet exists, largely precluding implementation into contemporary clinical practice.
 Myocardial stress

A-type natriuretic peptides

The natriuretic peptides include atrial or A-type natriuretic peptide (ANP), brain or B-type natriuretic peptide (BNP) and C-type natriuretic peptide. ANP was first described by de Bold et al. in 1981, who observed a natriuretic and diuretic effect by infusion of atrial extracts in rats [80]. Natriuretic peptides are predominantly made in the atria (ANP) and ventricles (BNP), and promote renal sodium excretion (natriuresis) in response to myocardial wall stretch, a pathological feature commonly associated with both acute and chronic congestive HF. ANP is synthesized from the prepro-ANP, which is subsequently cleaved into pro-ANP stored in intracellular granules. Upon atrial stretching, pro-ANP is released and converted to the biologically active α-ANP and an inactive N-terminal fragment (NT-proANP) by the serine protease corin 
 ADDIN EN.CITE 
[81]
. Due to the short half-life and in vitro instability of ANP [82], measurement of mid-regional part of proANP (MR-proANP) serves as a strong surrogate for ANP activity 
 ADDIN EN.CITE 
[83, 84]
. 
ANP concentrations are strongly associated with diagnosis of acute HF in patients presenting with dyspnea, with diagnostic properties comparable to those of BNP 
 ADDIN EN.CITE 
[85]
. For patients with chronic HF, ANP concentrations may also provide incremental prognostic information to concentrations of NT-proBNP 
 ADDIN EN.CITE 
[84, 86]
. In patients with chest pain 
 ADDIN EN.CITE 
[87]
, AMI 
 ADDIN EN.CITE 
[88, 89]
 and stable CAD 
 ADDIN EN.CITE 
[90]
, ANP concentrations are robust predictors of mortality and adverse events.
B-type natriuretic peptides

Pertaining to both clinical cardiology and cardiovascular research, BNP and NT-proBNP are the most frequently used natriuretic peptides. In response to hemodynamic stress (myocardial ischemia and/or mechanical stress), a 134-amino acid precursor protein to BNP is synthesized intracellularly in ventricular cardiomyocytes and subsequently cleaved into the 108-amino acid proBNP and a 26-amino acid signal peptide. proBNP is subsequently cleaved to the biologically active 32-amino acid C-terminal BNP and an inactive 76-amino acid N-terminal fragment (NT-proBNP) [91]. More recently, it has been recognized that proBNP1-108 is glycosylated, which affects both processing to shorter peptide fragments and NT-proBNP concentrations as measured by the currently available commercial NT-proBNP assay 
 ADDIN EN.CITE 
[92]
. 
BNP opposes the activity of the renin-angiotensin-aldosterone system and the adrenergic system, as well as promotes natriuresis/diuresis and arterial vasodilatation [93]. Following the Breathing Not Properly Study in 2002 
 ADDIN EN.CITE 
[94]
, natriuretic peptides have been in clinical use for both diagnosis and prognosis of patients with HF 
 ADDIN EN.CITE 
[95]
. Natriuretic peptides are also strongly associated with the risk of incident HF in subjects from the general population without known ventricular dysfunction 
 ADDIN EN.CITE 
[96, 97, 98]
. NT-proBNP may be superior to BNP concerning risk prediction of clinical outcomes 
 ADDIN EN.CITE 
[99]
, potentially because of its longer in vivo and in vitro half-life 
 ADDIN EN.CITE 
[100]
. Several studies have assessed the use of natriuretic peptides in guiding medical therapy of HF, with mixed results 
 ADDIN EN.CITE 
[101, 102]
. To overcome the limitations of previous studies and increase generalizability, the recent and sizeable GUIDE-IT study aimed to evaluate the efficacy of NT-proBNP guided treatment of HF with reduced ejection fraction, utilizing a large patient cohort with a randomized controlled design 
 ADDIN EN.CITE 
[103]
. The study was, however, terminated prematurely due to futility, i.e. the lack of differences on outcomes for biomarker-guided therapy versus standard clinical care in predetermined interim analysis 
 ADDIN EN.CITE 
[104]
. Although there has been criticism relating to the low event rate in the control arm because of close monitoring, NT-proBNP-guided therapy for patients with chronic HF cannot be recommended based on the current literature.
Apart from the established role to diagnose acute and chronic HF, NT-proBNP concentrations are strongly associated with risk of cardiovascular disease and death, both in the general population 
 ADDIN EN.CITE 
[97]
, in patients with AMI 
 ADDIN EN.CITE 
[105, 106, 107, 108]
, and in patients with stable CAD 
 ADDIN EN.CITE 
[99]
. Measurement of NT-proBNP also seems valuable in the assessment of risk of and prognosis in atrial fibrillation 
 ADDIN EN.CITE 
[109, 110]
. Several modifiable and non-modifiable risk factors have been shown to be associated with the concentrations of natriuretic peptides. In healthy subjects, women generally exhibit higher concentrations of natriuretic peptides, possibly due to hormonal differences between sexes 
 ADDIN EN.CITE 
[111]
, and black race is associated with lower concentrations 
 ADDIN EN.CITE 
[112]
. Concentrations of natriuretic peptides increase with age, declining renal function, and the presence of atrial fibrillation. In contrast, obesity is associated with lower concentrations of natriuretic peptides [113], which is different than for cardiac troponin concentrations where concentrations are higher in obese subjects 


[114] ADDIN EN.CITE .
Mid-regional pro-adrenomedullin
Adrenomedullin was first described in 1993 
 ADDIN EN.CITE 
[115]
 and is a 52-amino acid natriuretic and vasodilatory peptide that is synthesized in most tissues. The peptide is released in response to a variety of disease states, such as sepsis 
 ADDIN EN.CITE 
[116]
, renal failure 
 ADDIN EN.CITE 
[117]
, and lower respiratory tract infections 
 ADDIN EN.CITE 
[118]
. With regard to cardiovascular disease, ADM is particularly upregulated in patients with HF. However, rapid plasma clearance with a short half-life and in vitro instability make direct measurement of ADM unfeasible for clinical practice. The 47-amino acid peptide mid-regional pro-adrenomedullin (MR-proADM) is a stable precursor to ADM, reflecting the release of the biologically active peptide 
 ADDIN EN.CITE 
[119]
. In presumably healthy individuals recruited from the general population, concentrations of MR-proADM are associated with age, body mass index, current smoking and renal function, as well as concentrations of HbA1c, C-reactive protein (CRP) and NT-proBNP 
 ADDIN EN.CITE 
[120, 121, 122]
. In 2010, with data from the Biomarkers in Acute Heart Failure trial, Maisel et al. demonstrated the strong prognostic properties of MR-proADM concentrations in patients with acute HF. MR-proADM concentrations also provided incremental prognostic information to BNP measurements 
 ADDIN EN.CITE 
[85]
. MR-proADM concentrations also predict mortality and incident HF following initial admission for AMI 
 ADDIN EN.CITE 
[123, 124]
. Similar results have been observed in later reports for patients with chest pain 
 ADDIN EN.CITE 
[87]
, dyspnea 
 ADDIN EN.CITE 
[125]
, and patients with critical disease 
 ADDIN EN.CITE 
[126]
. The vast array of conditions associated with increased concentrations of MR-proADM 
 ADDIN EN.CITE 
[127, 128]
 does however limit its specificity and generalizability, making it less attractive as a biomarker for targeted cardiovascular risk estimation.
Copeptin

Copeptin is a prohormone to vasopressin (antidiuretic hormone) and is a nonspecific marker of endogenous stress 
 ADDIN EN.CITE 
[129]
. Similar to hFABP, it rises quickly after myocardial injury, with a following swift decline. For clinical practice, copeptin is the sole biomarker in addition to cardiac troponins currently recommended for routine use in the diagnosis of non-ST-segment elevation myocardial infarction 
 ADDIN EN.CITE 
[37]
. Copeptin can provide increased diagnostic performance for AMI when used in addition to cTnT and cTnI measured with conventional assays, but the additional diagnostic value seems to be less pronounced when combined with high-sensitivity cardiac troponin assays 
 ADDIN EN.CITE 
[130]
. The clinical appliance is also most useful in early presenters (chest pain <6 hours), due to rapid decline in concentrations after symptom debut. With regard to prognosis, copeptin concentrations have been associated with unfavorable outcomes in patients with HF 
 ADDIN EN.CITE 
[131, 132, 133]
, AMI 
 ADDIN EN.CITE 
[134]
, and sepsis [135]. Copeptin concentrations are also strongly associated with mortality in patients with less serious infectious diseases 
 ADDIN EN.CITE 
[136]
.
Inflammation

C‐reactive protein

CRP is synthesized in the liver and concentrations increase in response to inflammation, activating the complement system and subsequently promoting macrophage-mediated phagocytosis of cellular debris and bacteria. With regard to cardiovascular disease, CRP concentrations are associated with risk of AMI, peripheral artery disease and ischemic stroke, as well as cardiovascular mortality. The strength of association is however inferior to that of the cardiac specific biomarkers, NT-proBNP and cardiac troponin 
 ADDIN EN.CITE 
[137, 138]
. In the seminal JUPITER trial, Ridker et al. demonstrated that healthy community-dwellers with low concentrations of LDL cholesterol but increased concentrations of CRP (>2mg/L) strongly benefited from statin therapy, with a reduced incidence of cardiovascular events 
 ADDIN EN.CITE 
[139]
. Accordingly, CRP measurement is included in the US 


[7] ADDIN EN.CITE  and Canadian 


[9] ADDIN EN.CITE  guidelines for primary prevention of cardiovascular disease. However, current European guidelines 
 ADDIN EN.CITE 
[140]
 do not endorse measurement of any circulating biomarkers for refinement of cardiovascular risk prediction, as the contribution to existing European risk prediction algorithms appears limited. 
Much like cardiac troponins, the advent of high-sensitivity assays for CRP have enabled increasingly sensitive statistical analyses on associations with cardiovascular disease. Since 1997, several papers have been published on the subject, largely originating from the group of Ridker et al, initially demonstrating the association of risk of AMI, ischemic stroke and peripheral artery disease with concentrations of CRP 
 ADDIN EN.CITE 
[141, 142, 143]
. These results were also confirmed in a large meta-analysis aggregating data from 54 long-term prospective studies 
 ADDIN EN.CITE 
[144]
. Immunomodulatory therapy 
 ADDIN EN.CITE 
[145]
 has also shown clinically significant reductions in cardiovascular morbidity and death paralleled by decreases in concentrations of CRP. In patients with ACS, inflammation is also an important determinant of adverse prognosis 
 ADDIN EN.CITE 
[146]
. Significant associations have been demonstrated between CRP (and interleukin 6 (IL-6)) and mortality and HF, however the associations with recurrent AMI are weaker 
 ADDIN EN.CITE 
[147, 148, 149, 150, 151]
.
Due to the increasing data supporting associations between concentrations of CRP and cardiovascular risk, the C Reactive Protein Coronary Heart Disease Genetics Collaboration sought to establish the causal role of CRP in CAD. In 2011, the group published a Mendelian randomization meta-analysis from 47 epidemiological studies on incident or prevalent CAD and CRP. This work demonstrated no significant association between genetic variants of CRP and clinical outcomes, while the meta-analysis validated previous data of a significant association between circulating protein concentrations and cardiovascular risk. Accordingly, the study concluded that CRP in itself is likely not a causal factor in cardiovascular disease, although CRP is a prognostic biomarker for incident cardiovascular events in the general population 
 ADDIN EN.CITE 
[152]
. 
Interleukin 6

IL-6 is encoded by the IL6 gene and is secreted by macrophages and T-cells in response to infections and trauma, with subsequent hepatic CRP release. Similar to CRP, several analyses have demonstrated associations between cardiovascular risk and IL-6 
 ADDIN EN.CITE 
[143, 153, 154]
, as well as adverse prognosis in patients with ACS 
 ADDIN EN.CITE 
[148, 151, 155, 156]
. In contrast to CRP, evidence suggests a causal association between IL-6 and CAD 
 ADDIN EN.CITE 
[157]
. Supporting this model, immunomodulatory therapy inhibiting interleukin 1β, an IL-6 inductor, significantly reduced the risk of recurrent AMI in patients with history of AMI and evidence of increased on-going inflammation (CRP concentration >2mg/L) 
 ADDIN EN.CITE 
[158]
.
Growth differentiation factor 15
Growth differentiation factor 15 (GDF-15) is part of the transforming growth factor-β cytokine superfamily and is considered an indicator of oxidative stress and inflammation 
 ADDIN EN.CITE 
[159]
. This cytokine is expressed in various tissues such as macrophages, endothelium, smooth muscle, adipocytes, and the myocardium. Concentrations of GDF-15 increase with age, obesity, diabetes mellitus, and declining renal function 
 ADDIN EN.CITE 
[160, 161]
, as well as in conditions with increased cardiomyocyte stress 
 ADDIN EN.CITE 
[162]
, such as AMI 
 ADDIN EN.CITE 
[163]
 and acute HF 
 ADDIN EN.CITE 
[164]
. Current evidence suggests that upregulation of GDF-15 expression is a defense mechanism in both acute 
 ADDIN EN.CITE 
[162]
 and chronic 
 ADDIN EN.CITE 
[165]
 cardiac injury. The acute inflammatory response following myocardial injury may be alleviated by GDF-15 upregulation 
 ADDIN EN.CITE 
[166]
.
In patients presenting with symptoms such as breathlessness 
 ADDIN EN.CITE 
[167]
 and chest pain 
 ADDIN EN.CITE 
[168]
, the diagnostic properties of GDF-15 are inferior to those of natriuretic peptides and cardiac troponins. For prognosis, however, GDF-15 has shown to be a strong predictor of adverse events in subjects from the general population 
 ADDIN EN.CITE 
[169, 170, 171, 172]
, as well as in ACS 
 ADDIN EN.CITE 
[173]
 and HF 
 ADDIN EN.CITE 
[164, 174]
 populations. Serial measurements of GDF-15 also seem to improve risk prediction models in patients with HF 
 ADDIN EN.CITE 
[175]
. More recently, GDF-15 has been investigated in the setting of atrial fibrillation, and is associated with major bleeding, mortality, and stroke in this patient group 
 ADDIN EN.CITE 
[176, 177, 178, 179]
. Thus, it is possible that GDF-15 measurements could add information relating to risk for major bleeding in patients receiving oral anticoagulant therapy 
 ADDIN EN.CITE 
[180]
. GDF-15 might also play a valuable role in composite biomarker risk scores (see section “Biomarker based risk scores”).
Soluble suppressor of tumorigenicity 2
Suppressor of tumorigenicity 2 (ST2) was first described in 1989 
 ADDIN EN.CITE 
[181, 182, 183]
 and is found as two isoforms; soluble ST2 (sST2) and transmembrane receptor form ST2 (ST2L). With myocardial distension characteristically present in both acute and chronic HF, concentrations of sST2 increase drastically, similarly to the natriuretic peptides. ST2L functions as a receptor to interleukin-33 (IL-33), and binding to this cytokine results in cardioprotective effects counteracting the development of fibrosis and hypertrophy. Binding of sST2 to IL-33 efficiently limits ST2L activation, thus increasing cardiac stress by inhibition of a positive pathway 
 ADDIN EN.CITE 
[184]
. 
As for most cardiovascular biomarkers, the diagnostic properties of sST2 in HF are inferior to those of NT-proBNP 
 ADDIN EN.CITE 
[185]
. With regard to adverse outcomes, however, concentrations of sST2 are increased and provide prognostic information in HF 
 ADDIN EN.CITE 
[185, 186]
, AMI 
 ADDIN EN.CITE 
[187, 188]
 and stable CAD 
 ADDIN EN.CITE 
[189]
, as well as in unselected patients presenting with dyspnea 
 ADDIN EN.CITE 
[185]
. The prognostic information provided by sST2 is incremental to concentrations of established biomarkers such as NT-proBNP in patients with HF 
 ADDIN EN.CITE 
[190]
 and AMI 
 ADDIN EN.CITE 
[191]
. Serial measurements may further improve the prognostic properties of sST2 in acute decompensated 
 ADDIN EN.CITE 
[192]
 and chronic 
 ADDIN EN.CITE 
[193]
 HF. Measurement of sST2 may also guide treatment in HF 
 ADDIN EN.CITE 
[194]
 and post-AMI 
 ADDIN EN.CITE 
[195]
. Consequently, the use of sST2, as well as galectin-3, is endorsed in the 2013 American College of Cardiology Foundation/American Heart Association (ACCF/AHA) Guideline for the Management of Heart Failure 
 ADDIN EN.CITE 
[196]
. The prognostic properties of sST2 do however appear superior to those of galectin-3 in patients with HF 
 ADDIN EN.CITE 
[197]
. European HF guidelines remain reserved in their recommendation on circulating biomarkers such sST2 and galectin-3, as the evidence so far appears insufficient to recommend clinical usage 
 ADDIN EN.CITE 
[194, 195, 198]
. 
Galectin-3

Galectin-3 is a member of the β-galactoside-binding animal lectin family 
 ADDIN EN.CITE 
[199]
 and plays a role in macrophage phagocytosis, 
 ADDIN EN.CITE 
[200]
 cell-to-cell interaction, angiogenesis 
 ADDIN EN.CITE 
[201]
 and apoptosis 
 ADDIN EN.CITE 
[202]
. Encoded by the LGALS3 gene, galectin-3 is found in most tissues, primarily in the cytosol, but can also translocate into the nucleus, mitochondria or be secreted to the cell surface or extracellular matrix [203]. Pertaining to cardiovascular disease, galectin-3 is associated with the early fibrotic and inflammatory changes seen in the failing heart 
 ADDIN EN.CITE 
[204]
 and is upregulated in both chronic 
 ADDIN EN.CITE 
[205]
 and acute decompensated HF 
 ADDIN EN.CITE 
[196, 206, 207, 208]
. The prognostic properties of galectin-3 are especially convincing in patients with HF with preserved ejection fraction 
 ADDIN EN.CITE 
[208]
. As there is a relative lack of strong clinical biomarkers in this patient group, more research on galectin-3 is certainly merited. 
Similar to sST2, concentrations of galectin-3 provide prognostic information complementary to NT-proBNP. Moreover, also analogous to sST2, galectin-3 is recommended in the 2013 ACCF/AHA Guideline for the Management of Heart Failure 
 ADDIN EN.CITE 
[196]
, but not in the European guidelines 
 ADDIN EN.CITE 
[198]
. Even though both galectin‑3 and sST2 provide valuable information in patients with HF, galectin-3 may be superior for establishing the presence of left ventricular remodeling. sST2, on the other hand, may be more useful in monitoring HF progression 
 ADDIN EN.CITE 
[198, 209]
. The natriuretic peptides are upregulated in the presence of hemodynamic stress, such as the ventricular overload seen in HF. Galectin-3 however, is secreted by activated macrophages, and is hypothesized to be associated with ventricular remodeling and inflammation 
 ADDIN EN.CITE 
[208, 210]
. Of note, contrary to the model of galectin-3 as a biomarker closely reflective of left ventricular remodeling, galactin-3 concentrations do not decrease after mechanical unloading by ventricular assist devices or total artificial hearts in patients with end-stage HF 
 ADDIN EN.CITE 
[211]
. In contrast, NT-proBNP concentrations rapidly decreased in the same subjects, which indicates distinctly different pathophysiology pathways of these two biomarkers and underscores the fact that galactin-3 is not a cardiac-specific biomarker. 
Platelet activation

Soluble CD40 ligand

CD40 is found on antigen-presenting cells and is activated by T-cell CD40 ligand (CD40L). This interaction promotes subsequent activation of endothelial cells, production of tissue factor and release of several inflammatory cytokines 
 ADDIN EN.CITE 
[212]
. In addition, a soluble form of CD40L (sCD40L) is found in activated T-cells and platelets and is involved in B-cell activation pathways. With regard to cardiovascular disease, evidence suggests associations between the CD40/CD40L signaling pathway and the development and progression of atherosclerosis. Further supporting this theory, both CD40L antibodies and CD40L deficiency has been associated with reduced atherosclerosis and inflammatory burden [213]. sCD40L concentrations are associated with prognosis in ACS 
 ADDIN EN.CITE 
[214]
 and the beneficial effects of glycoprotein IIb/IIIa antagonist and aspirin therapy in atherothrombosis may partially be explained by inhibition of sCD40L [215].
P-selectin

P-selectin is the largest cell adhesion molecule in the selectin family, and is expressed on platelets and endothelial cells in response to various inflammatory mediators [216]. Interaction between P-selectin and P-selectin glycoprotein ligand-1 initiates leukocyte recruitment, attachment, rolling, and extravasation at sites of inflammation. P-selectin expression is increased in atherosclerotic endothelial cells [217] and P-selectin knock-out mice exhibit evidence of lower atherosclerotic burden [218], both supporting the role of P-selectin in the development of atherosclerosis. In both patients with peripheral artery disease [219] and after AMI [220], elevated concentrations of P-selectin have been associated with poor outcome. Furthermore, concentrations of P-selectin are associated with risk of AMI, stroke, and cardiovascular death in healthy women [221]. However, none of the aforementioned studies made adjustment for other biomarkers later proven to be strongly associated with both incidence and prognosis of atherosclerotic disease (i.e. cardiac troponins, natriuretic peptides, or CRP), and the contemporary clinical significance is most likely limited.
Plaque instability

Lipoprotein-associated phospholipase A2
Lipoprotein-associated phospholipase A2 (Lp-PLA2) is a hormone produced by inflammatory cells involved in metabolism of arterial wall phospholipids. Lp-PLA2 activity generates proatherogenic metabolites, and is closely involved in the inflammatory processes of vulnerable plaques associated with progression of atherosclerotic disease [222]. Concentrations of Lp-PLA2 are associated with risk of coronary events 
 ADDIN EN.CITE 
[223]
, independent of LDL cholesterol concentrations 
 ADDIN EN.CITE 
[224]
. In patients with established CAD, concentrations of Lp-PLA2 also predict unfavorable outcomes on follow-up 
 ADDIN EN.CITE 
[225]
. Pertaining to atherosclerotic disease, Lp-PLA2 concentrations are associated with incident ischemic stroke [226]. Despite convincing associations with both stable and unstable atherosclerotic disease, results from trials with Lp-PLA2 inhibitors have been disappointing. In both patients with stable CAD 
 ADDIN EN.CITE 
[227]
 and ACS 
 ADDIN EN.CITE 
[228]
, treatment with direct Lp-PLA2 inhibitors did not have an effect on risk of subsequent fatal and non-fatal cardiovascular events.
Matrix metalloproteinase-9
Matrix metalloproteinase-9 (MMP-9) is part of the zinc-dependent endopeptidase family, which are all responsible for extracellular matrix degradation, such as interstitial and basement membrane collagen. With regard to cardiovascular disease, increased concentrations of MMP-9 have been observed in vulnerable atherosclerotic plaques 
 ADDIN EN.CITE 
[229]
. Considering its enzymatic actions, especially on basement membrane collagen, MMP-9 activity is associated with increased risk of plaque rupture and subsequent ischemia 
 ADDIN EN.CITE 
[230]
. Supporting this observation, concentrations of MMP-9 have been linked to incident CAD and ischemic stroke 
 ADDIN EN.CITE 
[231, 232]
. However, the most clinically relevant aspect of measuring MMP-9 in cardiovascular disease seems to be related to prognosis following incident CAD 
 ADDIN EN.CITE 
[233, 234]
. More specifically, concentrations of MMP-9 seem to be involved in the development of post-AMI ventricular remodeling [235] and progression of HF [236]. Experimental studies on MMP-9-deficient mice 
 ADDIN EN.CITE 
[237]
 and MMP inhibition in rabbits 
 ADDIN EN.CITE 
[238]
 further supports this hypothesis, with reduced ventricular dilatation following myocardial ischemia. Statin therapy may similarly also attenuate MMP activity and subsequent left ventricular remodeling 
 ADDIN EN.CITE 
[239]
.
Systemic stress

Catecholamines

Norepinephrine has been widely investigated as a prognostic biomarker in patients with HF. In 1984, Cohn et al. was the first to show that increased levels of plasma and urinary norepinephrine are independent predictors of mortality in patients with chronic HF [240]. Later, the prognostic utility of norepinephrine was tested in a large population of patients with HF from the Valsartan Heart Failure Trial. Concentrations of norepinephrine were significantly associated with morbidity and mortality, although weaker than the associations observed for BNP 
 ADDIN EN.CITE 
[241]
. Additionally, temporal changes in norepinephrine corresponded to changes in risk 
 ADDIN EN.CITE 
[242]
. The clinical use of catecholamines has its largest limitation in the analytical process relating to the instability of the substance demanding rapid and complicated analysis [243].
Granin proteins

The chromogranin-secretogranin (granin) proteins are a family of proteins that serve essential roles related to secretion of peptides, hormones, neurotransmitters and growth factors 
 ADDIN EN.CITE 
[244]
. The granin proteins are characterized by large size (≥50kDa) and high proportion of acidic amino acids 
 ADDIN EN.CITE 
[245, 246]
. Chromogranin (Cg) A is the index member of the protein family and is, together with CgB and secretogranin II (SgII), considered the classic members of the granin proteins (from a total of eight) 
 ADDIN EN.CITE 
[244, 246]
. The granin proteins have a widespread location throughout the body, including the myocardium, and seems to have both paracrine and endocrine effects 
 ADDIN EN.CITE 
[244]
. CgA is the only granin protein in clinical use today as a recommended diagnostic marker for neuroendocrine tumors, in particular pheocromocytomas and multiple endocrine neoplasia 
 ADDIN EN.CITE 
[247, 248]
. CgA is also believed to reflect neuroendocrine activity during stress, as CgA is co-stored and co-released with catecholamines during exocytosis from the sympathetic nerve terminals and correlates significantly with the release rate of norepinephrine in healthy subjects [249]. Furthermore, studies have documented that blood samples of catecholamines, as well as CgA, reflect sympathetic nerve activity and that catecholamine and CgA levels are upregulated in HF and ACS 
 ADDIN EN.CITE 
[243, 250, 251]
. An inverse correlation between CgA levels and heart rate variability in patients with chronic HF has also been reported, supporting CgA as an index of neuroendocrine activity [251]. After adjustment for risk factors, CgA concentrations are associated with worse outcome in ACS [250] and acute HF 
 ADDIN EN.CITE 
[252]
, but not chronic HF [251]. In contrast to catecholamines, CgA is more stable for both repeated freezing and thawing and for prolonged incubation in room temperature, and thus CgA has been found to have a high signal-to-noise ratio 
 ADDIN EN.CITE 
[253, 254]
.
Calcium homeostasis 

Secretoneurin
Secretoneurin is a small peptide derived from SgII, which is highly conserved through evolution and is considered the functional peptide of this granin protein 
 ADDIN EN.CITE 
[255, 256]
. The granin proteins, and secretoneurin in particular, seem to be associated with cardiomyocyte Ca2+ handling. In vitro experiments have demonstrated secretoneurin to be an important endogenous regulator of Ca2+/calmodulin-dependent protein kinase II δ (CaMKII), a multifunctional enzyme that is central in the regulation of cell death, pathological excitation-contraction coupling, myocardial hypertrophy, and inflammation 
 ADDIN EN.CITE 
[257, 258, 259]
. Secretoneurin directly inhibits CaMKII with subsequent attenuation CaMKII-dependent phosphorylation of the Ca2+ release channel in cardiomyocytes, ryanodine receptor 2. Through these mechanisms secretoneurin reduces Ca2+ leak from the sarcoplasmatic reticulum, augments sarcoplasmatic reticulum Ca2+ content, increases the magnitude and kinetics of cardiomyocyte Ca2+ transients and contractions, and attenuates Ca2+ sparks and waves in cardiomyocytes 
 ADDIN EN.CITE 
[259]
. Secretoneurin gene expression is upregulated 10-fold in the myocardium of animals with HF 
 ADDIN EN.CITE 
[260]
. In patients with acute myocardial dysfunction such as acute HF, sepsis, cardiovascular related acute respiratory failure and after cardiac arrest, circulating secretoneurin concentrations are elevated and robustly and independently associated with the risk of mortality 
 ADDIN EN.CITE 
[259, 261, 262, 263]
. The beneficial effects of secretoneurin seen on myocardial Ca2+-handling suggests that the upregulation and association to poor outcome in patients with myocardial dysfunction is due to a compensatory mechanism. This resembles what is known from natriuretic peptides and natriuresis and diuresis in patients with HF. However, the stimulus that causes the upregulation of secretoneurin in vivo, and whether it is related to cardiac Ca2+-handling and the risk of ventricular arrhythmias, remains unclear.
Future aspects and unmet needs

Utility of established and novel biomarkers

Biomarkers have become an increasingly integral part of clinical medicine, as well as bench and bedside research. With regard to clinical practice, the utility of biomarkers most commonly encompasses diagnosis, prognosis and risk prediction, and of these three, the former has achieved the most central role. In cardiovascular disease, measurement of cardiac troponins is a sine qua none in the diagnosis of AMI, and measurement of natriuretic peptides, commonly BNP or NT-proBNP, is an integral part in the diagnostic work-up of acute and chronic HF. As of now, no biomarkers have challenged the two in the diagnosis of AMI and HF respectively. 

The largest proportion of research comprises prognosis and risk of disease, and prognostic biomarkers have been confirmed for virtually every aspect of cardiovascular disease (Table 1). The evidence is however largely based on observational or retrospective cohorts, and not validated prospectively. Evidence is also lacking in studies examining the effect of medical interventions on biomarker concentrations, prognosis and/or disease risk. Honorable exceptions include statin therapy in previously healthy patients with increased concentrations of CRP 
 ADDIN EN.CITE 
[139]
 and cTnI 
 ADDIN EN.CITE 
[55]
 and early invasive therapy in chest pain patients with increased cardiac troponin concentrations 
 ADDIN EN.CITE 
[264, 265, 266]
. In contrast, although initially supported [267], serial NT-proBNP monitoring did not improve outcome for patients with chronic HF in a recent multicenter randomized control trial 
 ADDIN EN.CITE 
[104]
.
Prediction of ventricular arrhythmias

Sudden cardiac death is often caused by ventricular arrhythmias, and patients with CAD and HF are at particularly high risk. Approximately 15-20% of all deaths worldwide are caused by sudden cardiac death, and preventive measures such implantable cardioverter defibrillators, as well as general primary and secondary preventive measures for CAD, have not had an impressive impact on the overall reduction in sudden cardiac death incidence [268]. For the established cardiac biomarkers used in routine clinical practice, both natriuretic peptides 
 ADDIN EN.CITE 
[109, 269]
 and cardiac troponins 
 ADDIN EN.CITE 
[270]
, have shown modest merit in predicting sudden cardiac death. NT-proBNP may also provide information on prognosis following cardiac arrest 
 ADDIN EN.CITE 
[271]
. These two biomarkers, reflecting cardiac stress and injury, are however associated with several unfavorable outcomes, both in the general population and in patients with established CAD, and accordingly lack specificity for sudden cardiac death. More novel cardiovascular biomarkers such as ST2 and galectin-3 have failed to robustly predict the risk of ventricular arrhythmias 
 ADDIN EN.CITE 
[272]
. Considering the unmet need of reliable tools in assessing the risk of ventricular arrhythmias and the selection of patients who should be treated with implantable cardioverter defibrillator, novel cardiac biomarkers in this area are merited.
Disturbances in intracellular Ca2+ handling may cause after-depolarizations of the cardiomyocyte and trigger ventricular arrhythmias [273]. Biomarkers reflecting calcium handling and homeostasis could therefore hold promise in predicting sudden cardiac death. Novel biomarkers, such as secretoneurin and its related peptides, may indeed fulfill all the essential criteria for such a biomarker. In contrast to the other two large fields in cardiac biomarkers (i.e. cardiomyocyte injury and stress), the field of arrhythmia remains neglected and poorly explored.
Biomarker based risk scores

Cardiovascular risk prediction is predominantly based on validated risk scoring systems, such as Framingham Risk Scores 
 ADDIN EN.CITE 
[4, 6]
 and Systematic COronary Risk Evaluation 
 ADDIN EN.CITE 
[8]
, and more recently the Pooled Cohort Equation 
 ADDIN EN.CITE 
[7]
. However, as age strongly influences predicted cardiovascular risk in all models, predicted risk may be underestimated in young adults, meriting alternative approaches to risk assessment in this patient group 
 ADDIN EN.CITE 
[274, 275]
. Apart from serum cholesterol, measurements of biomarkers are currently not incorporated in the evaluation of overall cardiovascular risk. A notable exception is the Reynolds Risk Score, which combines clinical variables with concentrations of CRP measured with a high-sensitivity assay 
 ADDIN EN.CITE 
[276, 277]
. 

Several other novel and established biomarkers have been associated with risk of cardiovascular disease and death, providing prognostic information beyond established risk indices such as systolic blood pressure and history of CAD. Table 2 details studies documenting incremental prognostic information provided by cardiovascular biomarkers recognized in current guidelines (i.e. cardiac troponins, B-type natriuretic peptides, C-reactive protein, sST2 and galectin-3) to routinely used clinical risk scores.
However, the incremental value of a single biomarker on risk prediction may be insufficient in a clinical setting, despite significant associations in statistical models. Accordingly, incorporating multiple biomarkers to risk prediction models could potentially yield clinically meaningful improvement in risk assessment. Still, earlier studies that have explored this approach have found mixed results. In both the Framingham Heart Study 
 ADDIN EN.CITE 
[96]
 and the Cardiovascular Health Study [278], biomarkers did not outperform traditional cardiovascular risk factors in risk prediction models. In contrast, a multimarker approach in the Uppsala Longitudinal Study of Adult Men 
 ADDIN EN.CITE 
[279]
, notably limited to a population of elderly men, provided significant incremental information to established risk factors. Several distinctions exist between this study and the former, but notably investigators utilized novel statistical modeling such as discrimination and reclassification, allowing more diverse assessment of differences between risk prediction models. Of major importance is also the choice of biomarkers that are included into the multimarker panel and earlier studies may have failed by including biomarkers without the required strength and accuracy for risk prediction. Multimarker studies have been performed for HF 
 ADDIN EN.CITE 
[190, 280]
 and ischemic cerebrovascular disease 
 ADDIN EN.CITE 
[281]
 and have demonstrated improvement in risk prediction. 
More recently, Lindholm et al. elegantly described an ABC (age, biomarkers, clinical variables) risk model in predicting outcomes in patients with stable CAD 
 ADDIN EN.CITE 
[282]
. Using the established risk prediction biomarker LDL cholesterol in conjunction with measurements of NT-proBNP and cTnT, the authors generated a highly accurate risk prediction model for cardiovascular mortality, and successfully validated this model in an external cohort. The clinical variables included in the model were smoking, diabetes mellitus, and peripheral arterial disease, making it readily available for use in a standard contemporary clinical setting. The strength of this approach compared to previous studies of multimarker biomarker panels is the combination of important clinical variables and strong biomarkers, which together seems to encapsulate more of disease progression compared to either clinical variables or biomarkers alone. 
Pertaining to the ABC approach outlined above, several intriguing reports have been published detailing a multibiomarker assessment of unfavorable outcomes in patients with atrial fibrillation. Using data from the Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation (ARISTOTLE) trial 
 ADDIN EN.CITE 
[283]
, the STabilization of Atherosclerotic plaque By Initiation of darapLadIb TherapY (STABILITY) trial 
 ADDIN EN.CITE 
[227]
 and the Randomized Evaluation of Long-Term Anticoagulation Therapy (RE-LY) 
 ADDIN EN.CITE 
[284]
 trial, Hijazi et al. proposed a novel biomarker-based risk score in atrial fibrillation; the ABC (age, biomarkers, clinical history) risk score. In three separate reports, investigators explore different aspects of risk associated with anticoagulation therapy in atrial fibrillation; risk of major bleeding 
 ADDIN EN.CITE 
[178]
, death 
 ADDIN EN.CITE 
[179]
 and ischemic stroke 
 ADDIN EN.CITE 
[177]
. Risk models including age and previous history of major bleeding or ischemic stroke in conjunction with measurement of hemoglobin, cTnT, NT-proBNP, and GDF-15, outperformed established risk scores of both incident ischemic stroke (CHA2DS2-VASc) and major bleeding (HAS-BLED and ORBIT) in patients with atrial fibrillation on anticoagulation therapy. Despite the risk of ischemic stroke and major bleeding, the major cause of death in patients with atrial fibrillation remains HF and sudden cardiac death. Pertinent to this point, preventive measures beyond anticoagulation therapy, such as statins and angiotensin converting enzyme inhibitors/angiotensin II receptor blockers, may accordingly be merited in atrial fibrillation patients with increased mortality risk, which may also be estimated using the same algorithm. Taken together, comprehensive risk scores using an ABC algorithm may indeed provide prognostic abilities superior to established risk prediction models, especially in situations where assessment of multiple unfavorable outcomes is merited.
Summary and conclusion
Measurement of biomarkers has become an integral part of the clinical assessment of the entire spectrum of cardiovascular disease. From the vast array of cardiovascular biomarkers currently available, only a handful have however made it to routine clinical usage. Most of the biomarkers outlined in this review are not specific to the myocardium and concentrations are influenced by other conditions. It is essential that clinicians are educated on the limitations of the biomarkers in clinical use, and that interpretation is done in the context of all clinical information available. A multiple biomarker approach could possibly improve this lack of specificity.
Traditionally focusing on diagnosis of disease, evidence is currently growing for biomarker based risk assessment and prognostication. The application of biomarkers for risk prediction and prognosis is more complex than for diagnosis, especially with regard to interventions that should be triggered in response to aberrant test results. We do, however, believe that implementation of biomarker measurement in risk prediction scores and prognostication algorithms will play an increasingly important role and be decisive for the progression of personalized cardiovascular medicine.
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	Lipoprotein-associated phospholipase A2
	Diagnosis
	
	
	
	
	
	

	
	Incidence
	Packard et al. 
 ADDIN EN.CITE 
[223]

Oei et al. 
 ADDIN EN.CITE 
[224]

	
	
	
	Oei et al. 
 ADDIN EN.CITE 
[224]

The Lp-PLA2 Studies Collaboration [226]
	

	
	Prognosis
	Gerber et al. 
 ADDIN EN.CITE 
[225]

	
	
	
	
	

	Matrix metalloproteinase-9
	Diagnosis
	
	
	
	
	
	

	
	Incidence
	Jefferis et al. 
 ADDIN EN.CITE 
[231]

	Welsh et al. [232]
	
	
	Jefferis et al. 
 ADDIN EN.CITE 
[231]

	

	
	Prognosis
	Wagner et al. [235]
	Blankenberg et al. 
 ADDIN EN.CITE 
[233]

	Morishita et al. [236]
	
	
	

	Systemic stress
	
	
	
	
	
	
	

	Catecholamines
	Diagnosis
	
	
	
	
	
	

	
	Incidence
	
	
	
	
	
	

	
	Prognosis
	
	
	Cohn et al. [240]
	
	
	

	Granin proteins
	Diagnosis
	
	
	
	
	
	

	
	Incidence
	
	
	
	
	
	

	
	Prognosis
	Jansson et al. [250]
	
	Ottesen et al. 
 ADDIN EN.CITE 
[252]

	
	
	

	Calcium homeostasis
	
	
	
	
	
	
	

	Secretoneurin
	Diagnosis
	
	
	
	
	
	

	
	Incidence
	
	
	
	
	
	

	
	Prognosis
	
	
	Ottesen et al. 
 ADDIN EN.CITE 
[259]

	
	
	Myhre et al. 
 ADDIN EN.CITE 
[261]

Rosjo et al. 
 ADDIN EN.CITE 
[263]

Rosjo et al. 
 ADDIN EN.CITE 
[262]


	* Shock, sepsis, acute respiratory failure, admission to intensive care unit.


	Table 2. Studies documenting incremental prognostic information of cardiovascular disease biomarkers to established risk scores

	
	SCORE
	FRS
	PCE
	CHADS2/CHA₂DS₂-VASc
	HEART
	TIMI
	GRACE

	Cardiac troponin
	Blankenberg et al. 
 ADDIN EN.CITE 
[337]

	Lyngbakken et al. 
 ADDIN EN.CITE 
[338]

Lewis et al. 
 ADDIN EN.CITE 
[339]

	Akintoye et al. 
 ADDIN EN.CITE 
[340]

	Hijazi et al. 
 ADDIN EN.CITE 
[295]

	Not relevant
	Hochholzer et al. 
 ADDIN EN.CITE 
[341]

	Widera et al. 
 ADDIN EN.CITE 
[342]

Klingenberg et al. 
 ADDIN EN.CITE 
[343]


	B-type natriuretic peptides
	
	Mishra et al. 
 ADDIN EN.CITE 
[344]

Daniels et al. 
 ADDIN EN.CITE 
[345]

	Daniels et al. 
 ADDIN EN.CITE 
[345]

Akintoye et al. 
 ADDIN EN.CITE 
[340]

	Hijazi et al. 
 ADDIN EN.CITE 
[346]

Nakamura et al. 
 ADDIN EN.CITE 
[347]

	
	Khan et al. 
 ADDIN EN.CITE 
[348]

Garcia-Alvarez et al. 
 ADDIN EN.CITE 
[349]

Sabatine et al. 
 ADDIN EN.CITE 
[191]

	Widera et al. 
 ADDIN EN.CITE 
[342]

Klingenberg et al. 
 ADDIN EN.CITE 
[343]

Garcia-Alvarez et al. 
 ADDIN EN.CITE 
[349]


	C-reactive protein
	
	Wilson et al. 
 ADDIN EN.CITE 
[350]

Yeboah et al. 
 ADDIN EN.CITE 
[351]

Lyngbæk et al. 
 ADDIN EN.CITE 
[352]

Möhlenkamp et al. 
 ADDIN EN.CITE 
[353]

	Akintoye et al. 
 ADDIN EN.CITE 
[340]

	
	
	
	Widera et al. 
 ADDIN EN.CITE 
[342]

Klingenberg et al. 
 ADDIN EN.CITE 
[343]


	Soluble suppressor of tumorigenicity 2
	
	
	
	
	
	Gerber et al. 
 ADDIN EN.CITE 
[354]

Sabatine et al. 
 ADDIN EN.CITE 
[191]

	Widera et al. 
 ADDIN EN.CITE 
[342]

Gerber et al. 
 ADDIN EN.CITE 
[354]


	Galectin-3
	
	
	
	
	
	
	Widera et al. 
 ADDIN EN.CITE 
[342]


	CHADS2, Congestive heart failure, Hypertension, Age ≥75 years, Diabetes mellitus, Stroke. CHA₂DS₂-VASc, Congestive heart failure, Hypertension, Age ≥75 years, type 2 Diabetes, Stroke/TIA/thromboembolism, Vascular disease, Age 65–75 years, Sex category. FRS, Framingham Risk Score. GRACE, Global Registry of Acute Coronary Events. HEART, History, Electrocardiogram, Age, Risk factors and Troponin. PCE, Pooled Cohort Equation. SCORE, Systematic COronary Risk Evaluation. TIMI, Thrombolysis In Myocardial Infarction.


