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Abstract
Background: Heart failure (HF) remains a major cause of morbidity and mortality 
worldwide. Therefore, there is a need to identify robust biomarkers to improve 
early diagnosis, stratify disease severity and predict outcomes. Biomarkers such 
as galectin-3 (Gal-3), TIMP-1, BNP, NT-proBNP, CysC, CA125, ST2 and MMP9 
have shown the potential to reflect the pathophysiology of HF. Despite their 
clinical potential, their integration into routine practice is still limited. The use of 
bioinformatics may help uncover critical associations between these biomarkers 
and the progression of HF, providing opportunities for personalized disease 
management.
Methods: Following PRISMA guidelines, a systematic review of clinical studies 
was performed using databases with time constraints. The major proteins 
associated with HF were identified and their diagnostic and prognostic roles were 
analysed.
Results: The study emphasizes that galectin-3 (Gal-3) and TIMP-1 serve as key 
indicators of fibrosis and inflammation, while BNP and NT-proBNP are reliable 
markers of cardiac stress. Cystatin C (CysC) reflects renal dysfunction, and CA125 
correlates strongly with venous congestion. In addition, ST2 and MMP9 provide 
valuable insights into inflammation and tissue remodelling processes. These 
biomarkers are consistently elevated in patients with HF, emphasizing their 
critical role in detecting the systemic and cardiac manifestations of the disease.
Conclusion: Our results emphasize the importance of including biomarkers 
such as Gal-3, TIMP-1, BNP, NT-proBNP, CysC, CA125, ST2 and MMP9 in 
the diagnosis and treatment of HF. Their upregulation reflects the complex 
pathophysiological processes of HF and supports their use in the clinical setting to 
improve diagnostic accuracy, prognostic precision and personalized therapeutic 
strategies.
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1   |   INTRODUCTION

Heart failure (HF) is a complex clinical syndrome arising 
from the heart's inability to pump sufficient blood to meet 
the metabolic demands of the body. It is a leading global 
cause of morbidity, mortality, and healthcare burden, af-
fecting an estimated 64 million people worldwide.1 The 
condition can stem from a variety of underlying causes, 
including coronary artery disease, hypertension, valvular 
abnormalities, and cardiomyopathies, and is often exac-
erbated by comorbidities such as diabetes, obesity, and 
chronic kidney disease (CKD). The growing prevalence 
of HF, particularly among aging populations, underscores 
the urgent need for improved diagnostic, prognostic, and 
therapeutic strategies.2

HF is broadly categorized into heart failure with re-
duced ejection fraction (HFrEF) and heart failure with 
preserved ejection fraction (HFpEF), based on the mea-
surement of left ventricular ejection fraction (LVEF). 
HFrEF is characterized by impaired myocardial con-
tractility, resulting in diminished cardiac output.3 In 
contrast, HFpEF is associated with diastolic dysfunc-
tion, where the left ventricle exhibits increased stiffness 
and reduced filling capacity, leading to elevated filling 
pressures. These distinctions are not merely academic; 
they carry significant implications for diagnosis, man-
agement, and treatment outcomes, as each subtype has 
distinct underlying pathophysiological mechanisms and 
therapeutic responses.4

The clinical diagnosis of HF remains a challenge, 
as its symptoms, such as dyspnea, fatigue, and fluid 
retention—are non-specific and overlap with other 
chronic conditions. Accurate diagnosis requires a mul-
timodal approach, combining clinical history, physical 
examination, laboratory testing, and imaging studies. 
Biomarkers like B-type natriuretic peptide (BNP) and its 
precursor N-terminal pro-BNP (NT-proBNP) have be-
come cornerstone tools in HF diagnostics.5 These pep-
tides are released in response to myocardial wall stress 
and volume overload, providing valuable insights into 
cardiac function and disease severity. However, the reli-
ance on a few established biomarkers limits the depth of 
information clinicians can obtain, particularly in early 
or complex cases.

Imaging modalities such as echocardiography, car-
diac magnetic resonance imaging (MRI), and computed 
tomography (CT) have revolutionized the evaluation 
of HF, enabling detailed visualization of cardiac struc-
ture, function, and hemodynamics. While these tools 
are indispensable, they are resource-intensive and not 
always accessible, particularly in low-resource settings.6 
Consequently, there is a growing interest in non-invasive, 

cost-effective diagnostic tools that can complement tradi-
tional methods.

Therapeutic advances in HF management have 
significantly improved patient outcomes, but chal-
lenges persist. Pharmacological treatments, includ-
ing angiotensin-converting enzyme (ACE) inhibitors, 
angiotensin receptor blockers (ARBs), beta-blockers, 
mineralocorticoid receptor antagonists (MRAs), and 
sodium-glucose cotransporter-2 (SGLT2) inhibitors, have 
demonstrated efficacy in reducing symptoms and hospi-
talizations.7 However, these therapies often require care-
ful titration and monitoring, particularly in patients with 
significant comorbidities. Device-based therapies, such as 
cardiac resynchronization therapy (CRT) and implantable 
cardioverter-defibrillators (ICDs), have extended the ther-
apeutic arsenal but are limited to specific patient popula-
tions and are associated with high costs.8

Biomarkers have emerged as promising tools for ad-
dressing several diagnostic and therapeutic gaps in HF 
management. Biomarkers provide a window into the 
biological processes underlying HF, such as myocardial 
stress, fibrosis, inflammation, neurohormonal activa-
tion, and renal dysfunction. For example, BNP and NT-
proBNP are widely used markers of cardiac stress and 
volume overload, while Galectin-3 (Gal-3) and soluble 
ST2 (sST2) reflect processes of fibrosis and inflamma-
tion.9 Cancer antigen 125 (CA125), traditionally associ-
ated with malignancies, has recently shown potential in 
identifying venous congestion in HF patients. Similarly, 
Cystatin-C (CysC) provides insights into cardiorenal in-
teractions, and matrix metalloproteinases (MMPs) shed 
light on tissue remodelling and extracellular matrix 
turnover.10

Despite their potential, the clinical application of bio-
markers in HF remains limited by issues of specificity, 
variability, and context-dependent interpretation. For in-
stance, elevated levels of BNP and NT-proBNP can result 
from non-HF-related conditions such as renal dysfunc-
tion, while other biomarkers may lack robust validation 
in diverse populations. Additionally, the reliance on single 
biomarkers often fails to capture the multifactorial nature 
of HF pathophysiology, highlighting the need for compre-
hensive, multi-biomarker approaches.11

Advances in bioinformatics and systems biology 
offer new opportunities to harness the full poten-
tial of biomarkers in HF. By analysing large datasets 
from clinical trials, patient registries, and molecular 
studies, bioinformatics tools can uncover novel asso-
ciations between biomarkers, clinical variables, and 
patient outcomes.12 Network-based approaches, such 
as protein–protein interaction mapping, can elucidate 
the pathways linking biomarkers to HF progression, 
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offering insights that extend beyond traditional linear 
analyses. These approaches not only enhance our un-
derstanding of HF but also support the development 
of personalized medicine strategies, where biomarker 
profiles guide tailored interventions for individual 
patients.13

This study aims to address the pressing need for 
novel diagnostic and prognostic tools in HF by system-
atically reviewing the role of biomarkers. Specifically, 
we explore the diagnostic and prognostic utility of key 
biomarkers, Gal-3, BNP, NT-proBNP, CysC, TIMP-1, 
CA125, ST2, and MMP9, and their integration into clin-
ical practice. By leveraging bioinformatics to analyse 
biomarker networks, we seek to identify patterns and 
relationships that can inform future research and clin-
ical applications. Ultimately, our goal is to advance the 
understanding of HF pathophysiology and contribute 
to the development of innovative tools that enhance 
patient care.

2   |   METHODS

2.1  |  Study design

This study followed a systematic review framework 
in accordance with the PRISMA (Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses) 
guidelines. Due to the heterogeneity in study designs and 
interventions across the included trials, a meta-analysis 
was not performed, and a narrative synthesis approach 
was utilized to interpret and integrate findings.

2.2  |  Identification of clinical trials

The primary source for identifying relevant studies was 
the Clini​calTr​ials.​gov database. Search strategies were 
formulated by combining keywords and Medical Subject 
Headings (MeSH) terms related to “HF,” “biomarker,” and 
“prognostic” with specific proteins of interest, including 
Gal-3, Brain Natriuretic Peptide (BNP), N-terminal pro-
BNP (NT-proBNP), Cystatin C (CysC), Tissue Inhibitor 
of Metalloproteinase-1 (TIMP-1), CA125, Soluble 
Suppression of Tumorigenicity-2 (ST2), and Matrix 
Metalloproteinase-9 (MMP9). Boolean operators (AND, 
OR, NOT) were employed to refine the search. Queries 
included:

•	 (HF) AND (Gal-3) AND (prognostic OR biomarker)
•	 (HF) AND (Brain Natriuretic Peptide) AND (prognostic 

OR biomarker) NOT therapy

Search filters were applied to narrow the scope to inter-
ventional studies with a focus on biomarkers, completed 
or currently recruiting trials, conducted up to 2022, and 
available in English.

2.3  |  Screening and eligibility

The initial search retrieved 745 clinical trials across the 
targeted biomarkers:

•	 Gal-3: 58 trials
•	 BNP: 340 trials
•	 NT-proBNP: 85 trials
•	 CysC: 43 trials
•	 TIMP-1: 18 trials
•	 CA125: 22 trials
•	 ST2: 82 trials
•	 MMP9: 17 trials

Titles, study descriptions, and objectives were screened 
for relevance. Trials were excluded based on the following 
criteria:

•	 Primary focus on non-HF conditions.
•	 Investigations unrelated to biomarkers or prognostic 

applications.
•	 Observational studies, reviews, or studies lacking clear 

endpoints related to HF.

Following this process, 610 trials were excluded, leav-
ing 135 trials for further evaluation. These trials were as-
sessed for full eligibility, focusing on adult HF populations 
and at least one of the targeted biomarkers as a prognostic 
or diagnostic tool. Final eligibility criteria yielded 62 trials 
for inclusion in the synthesis.

2.4  |  Data extraction and synthesis

Data extracted from the eligible clinical trials included:

•	 Study and population characteristics
◦	 Sample size, age, sex distribution, and geographical 

location.
•	 Biomarker Details

◦	 Target biomarkers (e.g. Gal-3, BNP, NT-proBNP) and 
their measurement methods.

•	 Study interventions
◦	 Therapeutic interventions, follow-up durations, 

and endpoints (e.g. mortality, rehospitalization, bio-
marker changes).

http://clinicaltrials.gov
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•	 Outcomes
◦	 Associations between biomarker levels and clinical 

outcomes such as survival, HF progression, or re-
sponse to therapy.

Where applicable, extracted data were organized into 
Excel tables to facilitate comparisons and identify correla-
tions between biomarkers and HF outcomes.

2.5  |  Analysis

To assess the added value of the biomarkers studied com-
pared to NT-proBNP, we performed a statistical analysis 
using receiver operating characteristic (ROC) curves, net 
reclassification improvement (NRI) and integrated dis-
crimination improvement (IDI). These methods were 
applied to evaluate the additional prognostic and diag-
nostic utility of combining biomarkers with NT-proBNP 
in predicting HF outcomes. Due to the heterogeneity of 

the study designs, a quantitative meta-analysis was not 
feasible. Instead, bioinformatics tools such as STRING 
(Search Tool for the Retrieval of Interacting Genes/
Proteins) and VOSviewer were used to construct and 
visualize protein–protein interaction networks and bib-
liometric clusters. These analyses provided insights into 
potential biomarker interactions and the clinical applica-
bility of the results.

3   |   RESULTS AND DISCUSSION

This systematic review utilized the PRISMA framework 
to ensure a transparent and rigorous process for identify-
ing and selecting relevant studies on biomarkers related 
to HF. The approach facilitated a structured assessment 
of biomarkers involved in the complex pathophysiology of 
HF and focused on their diagnostic and prognostic poten-
tial. By applying a systematic methodology, we ensured 
that studies were included that provided meaningful 

F I G U R E  1   PRISMA Flow Diagram 
for identification, screening and eligibility 
of included studies.
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insights into the role of Gal-3, BNP, NT-proBNP, CysC, 
TIMP-1, CA125, ST2 and MMP9 in HF (Figure 1).

3.1  |  Consensus findings: Biomarkers 
in HF

Recent advancements in biomarker research have under-
scored their pivotal role in the diagnosis, prognosis, and 
management of HF. These biomarkers offer valuable in-
sights into the multifaceted pathophysiology of HF, en-
compassing myocardial stress, fibrosis, inflammation, 
renal dysfunction, and extracellular matrix remodelling. 
The integration of traditional and emerging biomarkers 
into clinical practice is transforming HF care by enabling 
better risk stratification, personalized treatment strategies, 
and dynamic disease monitoring.14 Below is an expanded 
discussion of the consensus findings for each biomarker 
group and a resume (Table 1).

Gal-3 is a critical biomarker reflecting the processes 
of fibrosis and inflammation, both of which are central 
to HF pathogenesis. Studies consistently demonstrate 
that elevated Gal-3 levels are associated with adverse 
outcomes, including HF progression, rehospitalization, 
and mortality. Its predictive utility spans diverse patient 
populations, including those recovering from myocar-
dial infarction, elderly individuals with subclinical car-
diac dysfunction, and patients with either preserved 
or reduced LVEF.15 Notably, repeated measurements 
of Gal-3 enhance its predictive accuracy in acute HF, 
providing independent prognostic value beyond NT-
proBNP. While ST2 occasionally surpasses Gal-3 in long-
term risk stratification, Gal-3 remains indispensable for 
evaluating the inflammatory and fibrotic mechanisms 
underpinning HF. Its integration into multi-marker 
panels enhances the ability to capture the complexity of 
HF and identify high-risk patients.16

As a cornerstone biomarker in HF care, BNP offers 
robust indicators of cardiac stress and volume overload. 
Elevated BNP levels strongly correlate with HF severity, 
mortality, and hospitalization risk, making it a reliable 
marker for disease progression. In asymptomatic individu-
als with cardiovascular risk factors, BNP has demonstrated 
predictive value for the onset of HFpEF. Furthermore, its 
diagnostic accuracy improves when combined with other 
markers, such as CRP and IL-11, particularly in acute HF 
settings.17,18 Recent innovations in BNP measurement, 
including BNPn kits, have expanded its accessibility, of-
fering similar prognostic accuracy in resource-limited 
settings. These advancements solidify BNP's central role 
in HF management, particularly as part of multimarker 
strategies aimed at refining diagnostic and prognostic 
models.

NT-proBNP, a precursor to BNP, provides crucial diag-
nostic and prognostic insights across various HF contexts. 
Its ability to predict cardiovascular mortality, HF hospi-
talization, and long-term outcomes is well established. 
Tailoring NT-proBNP thresholds for specific populations, 
such as women and elderly individuals, enhances its prog-
nostic precision and ensures its relevance across diverse 
patient groups.19 In combination with emerging biomark-
ers like CA125 and uric acid, NT-proBNP offers a more 
comprehensive risk stratification framework. While its 
diagnostic utility may be limited for HFpEF in patients 
with atrial fibrillation (AF), it remains indispensable for 
addressing other HF phenotypes and guiding therapeutic 
decisions.20

CysC serves as a bridge between cardiac and renal 
health, particularly in the context of cardiorenal syn-
drome. Elevated CysC levels are linked to worsening renal 
function and poor HF outcomes, highlighting the interplay 
between these organ systems. Its predictive value extends 
to long-term outcomes in older populations and patients 
with moderate renal dysfunction, making it a vital com-
ponent of risk assessment.21 When combined with NT-
proBNP, CysC improves the precision of risk stratification, 
particularly in patients with diastolic and systolic HF. Its 
role in multimarker approaches underscores its utility in 
addressing the systemic complications of HF and guiding 
integrated management strategies.22

TIMP-1 plays a key role in extracellular matrix remod-
elling and fibro-inflammatory processes, both of which 
are critical to HF progression. Elevated TIMP-1 levels 
have been linked to adverse outcomes in patients with 
hypertensive heart disease and HF, emphasizing its po-
tential as a predictive marker. When analysed alongside 
MMP9, TIMP-1 provides insights into fibro-inflammatory 
profiles, aiding in the early detection of patients at risk for 
HF. This capability makes it a valuable tool for prevention 
strategies, particularly in populations with subclinical dis-
ease or hypertensive comorbidities.23 CKD, broadening its 
application beyond traditional HF management. MMP9 
is an essential mediator of tissue remodelling and inflam-
mation. Elevated MMP9 levels, particularly when anal-
ysed with TIMP-1, help define fibro-inflammatory profiles 
and identify patients at risk for transitioning from hyper-
tensive heart disease to HF. Its role in early detection and 
prevention emphasizes its value in long-term HF manage-
ment and risk mitigation.24

Traditionally associated with oncology, CA125 has 
emerged as a significant biomarker for systemic inflamma-
tion and venous congestion in HF. Elevated CA125 levels 
are predictive of clinical outcomes, particularly in HFpEF 
patients, where it has shown superior performance to NT-
proBNP in forecasting long-term readmissions.25 In acute 
HF and post-myocardial infarction scenarios, CA125's 
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complementary use with NT-proBNP enhances diagnos-
tic accuracy and risk stratification. In specific subgroups, 
such as African-American patients with acute decompen-
sated HF, CA125 serves as a strong independent predictor 
of long-term mortality, further underscoring its potential 
for targeted interventions.25

ST2 is a highly reliable biomarker of myocardial stress 
and inflammation, predicting HF progression, rehospital-
ization, and mortality. Its prognostic value is independent 
of NT-proBNP, making it an essential component of mul-
timarker approaches. Unlike NT-proBNP, ST2 levels are 
less influenced by age, ensuring consistent utility across 
diverse patient populations. The combination of ST2 with 
NT-proBNP significantly enhances risk stratification, 
particularly in acute and chronic HF contexts. ST2 also 
demonstrates efficacy in predicting cardiovascular out-
comes in patients with atrial fibrillation.26

Recent research has thoroughly investigated the diag-
nostic, prognostic and risk stratifying role of biomarkers 
such as Gal-3, BNP, NT-proBNP, CA125, ST2, CysC and 
MMP9 in HF. These biomarkers are critical to under-
standing the multifaceted pathophysiology of HF, which 
includes inflammation, fibrosis, myocardial stress, renal 
dysfunction and systemic remodelling. The results of 
key studies highlight its clinical utility and provide new 
insights into its integration into precision medicine 
strategies.

Gal-3 has consistently demonstrated its value in link-
ing inflammation and fibrosis to HF outcomes such as 
disease progression, hospitalization and mortality. Studies 
such as that of Tsigkou el al.27 highlight the role of Gal-3 
in ischemic HF by linking elevated levels to endothelial 
dysfunction and arterial stiffness. However, the moderate 
cohort sizes in such studies limit generalizability. Florido 
et al.28 studied 8687 obese individuals and found that high 
Gal-3 levels significantly increased HF risk, especially 
in the context of obesity. This large-scale evidence sup-
ports the role of Gal-3 in primary prevention for high-risk 
populations. The results established a strong correlation 
between elevated Gal-3 levels and HF risk in obese indi-
viduals, especially when combined with other risk factors. 
This study's large cohort strengthens its statistical power 
and broadens the relevance of Gal-3 beyond established 
HF populations, suggesting its potential role in primary 
prevention among high-risk individuals. In the context of 
dynamic surveillance, Laura van Vark29 showed that se-
rial Gal-3 measurements in 475 acute HF patients strongly 
predicted mortality and re-hospitalization independent of 
NT-proBNP levels, highlighting its utility in tracking dis-
ease progression and response to treatment.

Long-term prognostic studies such as that of Benjamin 
French1 emphasize the importance of Gal-3 in all HF 
phenotypes, especially with preserved LVEF. In addition, 

Bryan Keng demonstrated the predictive ability of Gal-3 
in asymptomatic elderly by linking elevated levels to a 
twofold risk of myocardial dysfunction. Tymińska et al.31 
found that baseline Gal-3 concentrations after fatal myo-
cardial infarction are an independent predictor of the de-
velopment of HF, supporting its role in risk stratification 
after myocardial infarction. Taken together, these studies 
position Gal-3 as a cornerstone biomarker, especially in 
multimarker strategies and dynamic monitoring.

BNP and NT-proBNP remain the most important bio-
markers for the assessment of cardiac stress and volume 
overload. Their role in diagnosis, prognosis and treatment 
monitoring is supported by robust studies. For example, 
Watson et  al.32 showed that BNP in combination with 
hs-troponin I and Gal-3 effectively predicts the develop-
ment of HFpEF in asymptomatic patients, while Xiang Y35 
substantiated the value of BNP in assessing the severity 
of chronic HF in the context of multimarker approaches. 
Yang et  al.36 showed that BNP after myocardial infarc-
tion is able to predict the development of HF, highlight-
ing its utility for early post-event management. Studies 
such as Wettersten el at. (2021) showed that lower BNP 
levels, reflecting effective decongestion, correlate with 
lower mortality in acute HF, validating BNP as a thera-
peutic monitoring tool. In addition, innovations such as 
the BNPn kit42 expand access to BNP testing and ensure 
its utility in resource-limited settings.

For NT-proBNP, it has been shown that customized 
thresholds can improve accuracy in certain populations. 
Vergaro et al.43 highlighted the importance of population-
specific tailoring, for example, for women and elderly pa-
tients, while Huang44 demonstrated the prognostic power 
of an NT-proBNP-based scoring system in predicting 
in-hospital mortality. Multimarker strategies using NT-
proBNP, as explored by Öztekin et  al. significantly im-
prove risk stratification, especially in complex scenarios 
such as STEMI or chronic HF.

CA125 is increasingly recognized for its ability to assess 
venous congestion and systemic inflammation, especially 
in scenarios where NT-proBNP may have limitations. 
Miñana and Núñez provide compelling evidence for the 
utility of CA125 by demonstrating its superiority over NT-
proBNP in predicting long-term AHF readmissions and 
adverse outcomes in large HF cohorts.

Smaller studies such as Xu et  al.48 and Núñez-Marín 
et al.64 complement these findings by highlighting the ef-
ficacy of CA125 in acute HF and specific filling patterns. 
Research such as that by Yoon et al.66 emphasizes its prog-
nostic importance in predicting long-term mortality, espe-
cially in diverse populations such as African Americans 
and ADHF patients. Overall, CA125 increases diagnostic 
and prognostic precision, especially when integrated into 
a multimarker system.
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Soluble suppression of ST2 has shown robust prognos-
tic value, independent of NT-proBNP, in acute and chronic 
HF. Large-scale studies, such as that of Aimo et al.,71 show 
the stability of ST2 across demographic groups and its su-
periority over Gal-3 in risk stratification. Smaller studies 
such as Pascual-Figal et al.78 and Tymińska et al.33 empha-
size the utility of ST2 in multimarker approaches, while 
serial measurement studies such as van Vark et al.69 val-
idate its role in dynamic monitoring. The applicability of 
ST2 extends to specific subgroups, including AF patients68 
and CKD populations,79 highlighting its value for compre-
hensive HF management.

CysC is an important link between renal dysfunction 
and HF outcomes. Studies such as Moran et  al.51 and 
Zamora et al.53 show its relevance in diastolic and systolic 
HF and emphasize its specificity for risk stratification in 
cardiorenal syndrome. Smaller studies such as that by Wu 
et al.50 emphasize the predictive value of CysC in moni-
toring the progression and outcomes of HF. New findings 
from extracellular vesicle (EV) research, such as Verbree-
Willemsen et al.,49 extend the role of CysC beyond tradi-
tional biomarkers and identify it as a potential target for 
novel therapeutic interventions. Whereas, MMP9 plays a 
central role in extracellular matrix turnover and inflam-
mation. Collier et al.61 linked elevated MMP9 levels to an 
increased risk of HF progression in HHD patients, partic-
ularly when paired with TIMP-1 and BNP. While limited 
by a cross-sectional design, these findings provide a basis 
for integrating MMP9 into risk stratification models for 
early intervention in HF (Figure 2).

3.2  |  Implications for clinical practice

This study highlights the critical role of biomarkers in 
improving the understanding and treatment of HF, com-
plemented by the use of sophisticated bioinformatics tools 
such as STRING and VOSviewer. By analysing biomarker 

interactions and exploring new trends in the literature, 
these tools provided a broader perspective on the patho-
physiology of HF and revealed new opportunities for tar-
geted diagnosis and treatment.

STRING facilitated the visualization of protein–protein 
interaction networks and elucidated the links between key 
biomarkers such as Gal-3, TIMP-1 and MMP9. These inter-
actions have been shown to play a common role in critical 
processes such as fibrosis, inflammation and cardiac re-
modelling. This systemic view highlighted the diagnostic 
and therapeutic potential of these biomarkers, particularly 
their ability to integrate into broader pathophysiologic path-
ways even without extensive quantitative data (Figure 3).

VOSviewer provided insights into the research land-
scape by identifying co-occurring keywords and clustering 
thematic trends in RF biomarker studies. The tool high-
lighted the increasing focus on multi-marker strategies 
and showed the interplay between traditional biomarkers 
such as BNP and NT-proBNP and new biomarkers such 
as CA125 and ST2. These visualizations show the ongoing 
evolution of HF research toward more comprehensive ap-
proaches that take into account the multifactorial nature 
of the disease (Figure 4).

The investigated biomarkers Gal-3, TIMP-1, BNP, 
NT-proBNP, CysC, CA125, ST2 and MMP9 each provide 
unique and interlinked insights into the pathophysiology 
of HF: Gal-3 has been shown to be a key marker of fibro-
sis and inflammation, consistently associated with unfa-
vourable outcomes such as HF progression and mortality. 
It is particularly valuable for long-term risk assessment 
in post-myocardial infarction patients and in the elderly 
with subclinical cardiac dysfunction.80 BNP and NT-
proBNP remain the gold standards for HF management 
as they are reliable indicators of cardiac stress and volume 
overload. They are indispensable for predicting outcomes 
such as mortality and hospitalization. Recent innovations, 
such as novel BNP assays, improve their accessibility and 
clinical utility, while tailored NT-proBNP cut-offs ensure 

F I G U R E  2   Combining biomarkers for comprehensive understanding of HF.
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relevance for different populations, including women 
and the elderly.81 CysC bridges the gap between cardiac 
and renal health by reflecting the interconnectedness of 
HF and renal dysfunction, particularly in cardiorenal 
syndrome. Elevated levels correlate with worsening out-
comes, and the combination with NT-proBNP improves 
risk stratification, especially in patients with moderate 
renal dysfunction or older age. Emerging biomarkers such 
as CA125 and ST2 are expanding HF diagnostics. CA125, 
traditionally used in oncology, has been shown to be use-
ful in the assessment of venous congestion and systemic 
inflammation, particularly in HFpEF. In combination 
with NT-proBNP, it significantly improves risk stratifi-
cation. ST2, on the other hand, independently predicts 
HF progression and mortality and provides a stable and 
complementary role to NT-proBNP in the context of acute 
and chronic HF. TIMP-1 and MMP9 emphasize the role of 
extracellular matrix remodelling and fibro-inflammatory 
changes. Elevated levels of these markers serve as early 
indicators of HF progression, particularly in hypertensive 
heart disease, and offer the potential to identify high-risk 
populations for preventive interventions.

3.3  |  Toward precision medicine in HF

The integration of bioinformatics tools and biomarker 
analyzes underlines the need for multidimensional 

diagnostic approaches. Combining traditional biomark-
ers such as BNP and NT-proBNP with newer biomarkers 
such as CA125 and ST2 provides a more comprehensive 
assessment of HF, improves risk stratification and sup-
ports personalized treatment strategies.82 This approach 
deepens our understanding of systemic and cardiac pro-
cesses and paves the way for precision medicine in HF. By 
providing a clearer understanding of the role and interac-
tions of biomarkers, this study advances the potential for 
tailored therapeutic interventions (Table  2). The results 
show how the integration of new biomarkers into routine 
clinical practice can improve diagnostic accuracy, prog-
nostic precision and ultimately patient outcomes. Such 
advances make biomarkers an important tool to address 
the complexity of HF in different patient populations, im-
prove care and enable more effective management of this 
challenging condition.

The results of this study reiterate the critical role of bio-
markers in the management of HF. However, their clinical 
utility varies significantly depending on specific factors 
such as volemic state, HF phenotype, patient age and body 
mass index (BMI). Understanding these nuances is crit-
ical to optimizing the diagnostic and prognostic value of 
these markers. In the context of volemic conditions, BNP 
and NT-proBNP are particularly useful for detecting vol-
ume overload and myocardial stress, as their values cor-
relate strongly with these conditions. This makes them 
invaluable for identifying acute decompensated HF and 

F I G U R E  3   Protein–protein interaction evidencing the 6 potential biomarkers.
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monitoring the therapeutic response to decongestive treat-
ments.83 On the other hand, CA125 offers unique utility in 
the assessment of venous congestion and systemic inflam-
mation, particularly in HFpEF patients or those with sig-
nificant fluid retention. Its sensitivity to these conditions 
complements the broader applications of natriuretic pep-
tides and increases diagnostic accuracy in hypervolemic 
patients.84

With different HF phenotypes, the choice of biomark-
ers becomes even more critical. In HFrEF, BNP and NT-
proBNP remain the most important markers, but MMP9 
and TIMP-1 are of great value as they reflect extracellular 
matrix remodelling and fibrosis, processes that are central 
to disease progression. In HFpEF, where myocardial stiff-
ness and inflammation predominate, biomarkers such as 
Gal-3 and ST2 are particularly effective. Gal-3 detects on-
going fibrotic and inflammatory processes, while ST2 in-
dependently predicts cardiovascular outcome and aids in 
risk stratification, even in the absence of significant hemo-
dynamic changes. These phenotype-specific findings un-
derscore the need for customized biomarker strategies.85

Age-related variations also play an important role in 
the interpretation of biomarkers. NT-proBNP levels in-
crease with age due to physiological changes, necessitating 
the use of age-adjusted thresholds to maintain diagnostic 
precision, especially in older populations.86 In contrast, 
ST2 shows remarkable stability across all age groups, 

ensuring its reliability for risk assessment in elderly pa-
tients. Similarly, Gal-3 provides long-term risk stratifica-
tion in this population, specifically reflecting subclinical 
cardiac dysfunction and fibrosis.

BMI introduces another layer of complexity to the util-
ity of biomarkers. Obesity decreases the diagnostic sensi-
tivity of BNP and NT-proBNP due to increased clearance 
and dilution. In such cases, alternative markers such as 
CA125 and Gal-3 are particularly beneficial. Gal-3, for 
example, has shown a strong correlation with HF risk in 
obese individuals and offers a robust alternative for risk 
stratification in this challenging population.87 CA125 
complements these findings by providing additional infor-
mation on venous congestion and systemic inflammation. 
The interaction between cardiac and renal health must 
also be considered, as renal dysfunction significantly af-
fects biomarker values. NT-proBNP levels may be elevated 
in patients with cardiorenal syndrome, indicating com-
bined cardiac and renal pathology. In these cases, CysC 
proves to be a valuable biomarker that bridges the gap 
between these organ systems. Its predictive power is im-
proved when combined with NT-proBNP, especially in pa-
tients with moderate to severe renal dysfunction, allowing 
a more comprehensive risk assessment.88

By contextualizing the application of biomarkers in 
these clinical scenarios, this study highlights the impor-
tance of a tailored approach to HF management. Each 

F I G U R E  4   VosViwer evidencing the 6 potential biomarkers.
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T A B L E  2   Predictive and Diagnostic Values of Biomarkers for HFrEF Across NT-proBNP Levels.

Biomarker
NT-proBNP 
Levels Predictive Value Diagnostic Value

Key 
References

Galectin-3 Normal/
Near-Normal

Indicates early inflammatory or fibrotic 
changes, particularly in at-risk asymptomatic 
populations (e.g. elderly or obese individuals).

Limited utility; primarily 
predictive for long-term 
outcomes rather than acute 
diagnosis.

28,31

Lower Reflects progression risk; useful for 
monitoring subclinical cardiac dysfunction.

Enhances stratification post-
STEMI when paired with 
NT-proBNP.

33

Elevated Strong correlation with adverse outcomes 
(mortality, rehospitalization).

Effective in capturing systemic 
inflammation and fibrosis 
complementing NT-proBNP.

29

BNP Normal/
Near-Normal

Limited standalone value; gains utility when 
combined with other markers like hs-
Troponin I.

Minimal diagnostic utility in this 
range.

92

Lower Identifies moderate cardiac stress; supports 
multimarker approaches.

Enhanced when combined 
with inflammation/remodelling 
markers.

93

Elevated Strong predictor of acute decompensation and 
mortality.

Highly effective for assessing HF 
severity and guiding therapy.

94

NT-proBNP Normal/
Near-Normal

Indicates subclinical disease when combined 
with systemic inflammation markers (e.g. 
CA125).

Minimal standalone diagnostic 
value.

95

Lower Incrementally improves prognosis when 
paired with other markers like uric acid.

Effective when combined with 
renal dysfunction markers like 
Cystatin C.

45,49

Elevated Strong predictor of adverse outcomes; 
robust in scoring systems or multimarker 
approaches.

Gold-standard diagnostic 
biomarker for acute HF and 
decompensation.

96

Cystatin C Normal/
Near-Normal

Reflects early renal dysfunction; less specific 
to cardiac pathology.

Limited unless paired with 
systemic inflammation markers.

51

Lower Adds prognostic value for cardiorenal 
syndrome progression.

Effective in multimarker 
frameworks for HFpEF or renal 
dysfunction.

53,97,98

Elevated Predicts long-term outcomes, particularly in 
elderly HF patients.

Enhances NT-proBNP's 
discriminatory power for HF 
outcomes.

56

CA125 Normal/
Near-Normal

Limited predictive role without venous 
congestion signs.

Ineffective for identifying early 
HF stages.

62

Lower Associated with systemic inflammation and 
congestion.

Useful in detecting subclinical 
congestion with NT-proBNP.

99

Elevated Predicts adverse outcomes, especially in 
HFpEF patients.

Complements NT-proBNP in 
acute HF and decompensated 
scenarios.

66

ST2 Normal/
Near-Normal

Identifies subclinical cardiovascular stress in 
atrial fibrillation patients.

Limited standalone diagnostic 
significance.

68

Lower Reflects early myocardial fibrosis; valuable in 
CKD-related HF.

Effective in multimarker 
strategies for HFpEF.

75,100

Elevated Strongly predictive of mortality and adverse 
outcomes.

Enhances NT-proBNP-based 
stratification for acute and 
chronic HF.

70,76
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biomarker offers unique insights into specific aspects of 
HF pathophysiology, and their strategic integration allows 
for more precise diagnosis, better risk stratification, and 
optimized therapeutic interventions. This nuanced un-
derstanding is critical to advancing personalized HF treat-
ment and improving patient outcomes.

For example, comorbidities significantly influence 
the selection and interpretation of biomarkers in HF. 
For example, renal dysfunction can increase NT-proBNP 
and BNP levels, making their diagnostic accuracy more 
difficult. In such cases, CysC proves to be a complemen-
tary biomarker that bridges cardiac and renal function 
and provides higher specificity for cardiorenal syn-
drome.82 Similarly, obesity decreases the sensitivity of 
natriuretic peptides due to increased clearance, neces-
sitating alternative markers such as Gal-3 and CA125, 
which remain reliable for risk stratification in obese pa-
tients. Atrial fibrillation presents a further challenge as 
it independently increases NT-proBNP levels. In these 
scenarios, ST2 serves as a stable marker that is unaf-
fected by rhythm abnormalities and provides additional 
insight into myocardial stress and fibrosis. These exam-
ples highlight the need to tailor the use of biomarkers to 
the individual patient profile and ensure that comorbid-
ities are taken into account to improve diagnostic accu-
racy and prognostic value.89,90

The use of multiple biomarker models addresses the 
limitations of single biomarkers by capturing the multi-
layered pathophysiology of HF. Each biomarker reflects 
different biological processes, BNP and NT-proBNP for 
cardiac stress and volume overload, Gal-3 and ST2 for fi-
brosis and inflammation, CA125 for venous congestion, 
and CysC for renal dysfunction. Studies have shown that 
the combination of these biomarkers improves risk strat-
ification and prognostic accuracy. For example, the com-
bination of NT-proBNP and CA125 significantly improves 
the prediction of adverse outcomes in HFpEF patients, 
while the addition of Gal-3 to NT-proBNP has shown im-
proved predictive power for mortality and hospitalization 
risk. Multimarker models not only provide a comprehen-
sive assessment of HF, but also allow clinicians to de-
sign interventions more effectively by addressing specific 
pathophysiologic pathways.91

These findings underscore the critical role of integrat-
ing multiple biomarkers and addressing comorbidities in 
advancing precision medicine in HF. By applying such 
strategies, clinicians can improve diagnostic accuracy, 
optimize therapeutic decisions and achieve better patient 
outcomes.

The comparative analysis showed that biomarkers 
such as Gal-3, CA125 and ST2 have a significant additional 
value in combination with NT-proBNP. For example, the 
addition of Gal-3 improved the area under the ROC curve 

(AUC) for predicting HF-related mortality from 0.81 (NT-
proBNP alone) to 0.89 (NT-proBNP + Gal-3). Similarly, 
the combination of NT-proBNP with CA125 resulted in an 
NRI of 15% and an IDI of 8% for the prediction of hospi-
talization in HFpEF patients.101

The integration of biomarkers with NT-proBNP sig-
nificantly increases their predictive and diagnostic utility, 
as shown in our study. Gal-3 adds value by capturing fi-
brotic and inflammatory processes that are not adequately 
reflected by NT-proBNP alone. Similarly, CA125 and ST2 
complement NT-proBNP by providing information on ve-
nous congestion and systemic inflammation, respectively. 
These results emphasize the importance of multimarker 
approaches for better risk stratification and tailored inter-
ventions for HF patients.

3.3.1  |  Improved risk stratification

The complexity of HF requires a multidimensional ap-
proach to risk stratification. While single biomarkers 
such as BNP, NT-proBNP and Gal-3 have been shown to 
be useful, their combined use with newer markers such 
as CA125 and ST2 significantly increases predictive accu-
racy. Multi-marker strategies allow physicians to:

•	 Identify at-risk patients earlier by considering the inter-
play of systemic and cardiac processes, including fibro-
sis, inflammation, cardiac stress and renal dysfunction.

•	 Refine prognostic models by incorporating biomarkers 
that reflect different pathophysiologic pathways, such 
as Gal-3 and TIMP-1 for fibrosis and inflammation, or 
NT-proBNP and ST2 for cardiac stress.

•	 Stratify patients into precise risk categories to enable 
targeted interventions, closer monitoring or aggressive 
therapeutic measures for those most likely to benefit.

This comprehensive approach is particularly beneficial 
for subgroups with different clinical presentations, such 
as HFpEF or cardiorenal syndrome. For example, CA125's 
ability to detect venous congestion and systemic inflam-
mation complements NT-proBNP's findings on hemody-
namic status, allowing for a more holistic risk assessment. 
Practical and resource constraints must also be considered 
when deciding which biomarkers to track dynamically 
and repeatedly. NT-proBNP proves to be a cornerstone for 
dynamic monitoring due to its sensitivity to hemodynamic 
changes. Regular NT-proBNP assessments provide action-
able insights into decongestion status and guide therapeu-
tic adjustments, especially in acute or high-risk situations.

ST2 is another valuable biomarker for repeated mea-
surements as it reflects myocardial strain and fibrosis 
and is relatively stable to external factors such as renal 



      |  19 of 26BASTOS et al.

dysfunction. This stability increases its utility in tracking 
disease progression and informing long-term treatment 
strategies.102 In contrast, Gal-3 is better suited for regular 
monitoring as its levels are relatively stable over time. Its 
primary use is in identifying patients at risk of adverse 
outcomes from fibrosis and inflammation. Similarly, 
CA125 and CysC are most important in certain clinical 
contexts.103 CA125 is useful for the assessment of conges-
tion or volume overload in symptomatic patients, while 
CysC is valuable for the assessment of renal dysfunction 
in patients with concomitant renal dysfunction. These 
biomarkers are generally not required for repeated routine 
testing in all patients.

In summary, NT-proBNP and ST2 should be prioritized 
for dynamic monitoring of patients requiring frequent 
assessment of disease progression or response to therapy. 
Gal-3 is more suitable for regular testing in stable chronic 
HF patients, while CA125 and CysC should be used se-
lectively based on clinical indicators such as congestion 
or renal dysfunction. This targeted approach ensures ef-
ficient use of resources while maintaining high quality 
patient care.

Tailored treatment strategies.
Personalized medicine in HF is increasingly recog-

nized as essential for optimizing patient outcomes. The in-
tegration of biomarkers into clinical workflows supports 
individualized treatment plans by:

•	 Tailoring biomarker thresholds: tailoring thresholds for 
biomarkers such as NT-proBNP and ST2 to specific pop-
ulations (e.g. women, elderly) ensures that clinical deci-
sions are based on contextually relevant data, avoiding 
overly generalized thresholds.

•	 Guiding treatment decisions: Biomarker profiles can 
help determine the intensity and type of intervention 
required. Elevated Gal-3 or TIMP-1 levels, for example, 
may lead to earlier initiation of therapies to combat fibro-
sis, while high NT-proBNP levels may indicate the need 
for optimization of diuretics or advanced HF therapies.

•	 Include non-cardiac markers: Emerging biomarkers 
such as CysC and CA125 provide insight into systemic 
processes such as renal function and venous conges-
tion, allowing clinicians to address comorbid conditions 
such as cardiorenal syndrome or inflammation-related 
HF.

This tailored approach recognizes the heterogeneity of 
HF and ensures that treatments are tailored to the indi-
vidual characteristics of the patient, reducing the risk of 
under- or over-treatment.

3.3.2  |  Improved monitoring and dynamic 
management

Dynamic monitoring of biomarkers enables real-time as-
sessment of disease progression and therapeutic efficacy. 
Biomarkers such as Gal-3 and ST2, when measured re-
peatedly, provide unique insights into the evolving status 
of HF and allow clinicians to:

•	 Track response to treatment: Changes in biomarker 
levels can reflect the effectiveness of interventions, sup-
porting decisions to escalate, maintain or de-escalate 
therapy.

•	 Detect early signs of deterioration: Fluctuations in bio-
markers often precede clinical symptoms, providing an 
early warning system for impending decompensation or 
adverse events.

•	 Optimize use of resources: By identifying patients who 
may require closer monitoring or hospitalization, bio-
markers can help prioritize resources and improve effi-
ciency of care.

For example, serial measurements of ST2 have shown 
strong prognostic value in acute HF and offer independent 
insights beyond those provided by NT-proBNP. Similarly, 
dynamic Gal-3 monitoring can reveal ongoing fibrotic 

F I G U R E  5   Schematic representation of potential biomarkers related to HF.
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processes that indicate the need for continued or intensi-
fied antifibrotic therapies (Figure 5).

3.3.3  |  Suitability of biomarkers for serial 
measurements and guided therapy

Biomarkers differ in their suitability for serial measure-
ments and in their potential to guide therapy in HF. An 
important consideration in HF management is to ensure 
that serial biomarker measurements do not compro-
mise predictive power. Biomarkers vary in their stabil-
ity, response to treatment and susceptibility to external 
influences, which has a direct impact on their utility in 
long-term monitoring.

NT-proBNP remains the gold standard for serial mon-
itoring as it responds quickly and dynamically to changes 
in hemodynamic status and therapeutic interventions. Its 
values provide real-time information on the effectiveness 
of decongestive therapies and disease progression and are 
therefore essential for patients requiring close monitor-
ing. ST2 also shows robust stability and is hardly affected 
by external factors such as age or renal dysfunction. This 
increases its value in tracking long-term disease progres-
sion and guiding therapy, particularly in the treatment of 
chronic HF.

In contrast, biomarkers such as Gal-3 are better suited 
for regular risk assessment rather than frequent measure-
ments. As a marker of fibrosis and inflammation, Gal-3 is 
relatively stable over time, making it particularly useful 
in chronic HF to identify patients at risk for adverse out-
comes. Although its stable concentrations limit its utility 
for dynamic therapy adjustments, it remains a valuable 
tool for regular assessments. CA125, on the other hand, 
responds very dynamically to volume overload and ve-
nous congestion, complementing natriuretic peptides in 
acute situations. Its utility lies in detecting systemic fluid 
imbalance and guiding therapy in patients with decom-
pensated HF.

The role of biomarkers such as CysC is more context-
dependent, especially in patients with concomitant 
renal dysfunction. It provides important insights into 
cardiorenal interactions but may not be suitable for rou-
tine serial monitoring in all HF populations due to its 
variability in non-renal contexts. Similarly, TIMP-1 and 
MMP9, while promising in their ability to reflect tissue 
remodelling and fibrosis, remain largely investigational 
and require further validation for routine clinical use in 
serial monitoring.

These results emphasize the importance of tailoring 
biomarker selection to the clinical context and monitor-
ing goals. A multimarker approach combining dynamic 
and stable biomarkers such as NT-proBNP and ST2 offers 

the most comprehensive strategy for guiding therapy in 
HF. For dynamic, frequent monitoring of disease progres-
sion and therapeutic response, NT-proBNP and ST2 are 
the preferred tools of choice. Regular testing for fibrosis, 
inflammation or congestion should also include Gal-3, 
CA125 or CysC, depending on the clinical picture.

Future research should focus on validating the optimal 
frequency and thresholds for serial biomarker measure-
ments and evaluating their impact on long-term outcomes, 
particularly in multimarker models. The integration of 
biomarkers into individualized clinical care may improve 
the precision and effectiveness of HF management and en-
sure that diagnostic and prognostic strategies are tailored 
to the evolving needs of the patient. Economic consider-
ations: Biomarker-based vs. cardiac imaging approaches.

Here is the rewritten version that integrates the two 
perspectives:

The economic and clinical impact of biomarker-based 
strategies versus cardiac imaging approaches and clini-
cally based decision making in HF management requires 
nuanced evaluation. Biomarker-based strategies, such as 
NT-proBNP and ST2 monitoring, offer significant advan-
tages, including lower upfront costs, broad accessibility, 
and the ability to perform frequent testing without the 
need for advanced equipment or specialized personnel. 
These factors make biomarker-based approaches partic-
ularly advantageous in resource-limited settings or for 
patients who require continuous monitoring. In addition, 
biomarkers provide quantitative insights into disease se-
verity, myocardial stress, congestion, fibrosis and systemic 
inflammation. NT-proBNP, for example, increases diag-
nostic accuracy in patients with nonspecific symptoms, 
while CA125 and Gal-3 improve risk stratification by 
identifying systemic inflammation and fibrotic processes 
that are not readily detectable by conventional clinical as-
sessments. ST2 complements these biomarkers by provid-
ing robust prognostic information, especially in complex 
cases such as atrial fibrillation or HFpEF.

Clinical decision making based on history, physical 
examination and basic laboratory tests is the traditional 
cost-effective standard, but may not provide the required 
precision in unclear or complex HF cases. Although it min-
imizes initial costs, this approach may result in delayed 
diagnoses or less optimal treatment. Biomarker-based 
strategies, despite higher initial costs for diagnostic kits 
and laboratory infrastructure, offer long-term economic 
benefits by enabling early and accurate identification of 
HF severity, allowing targeted therapeutic interventions 
and reducing rehospitalizations and adverse outcomes. 
In addition, multi-marker approaches improve risk strat-
ification and allow healthcare providers to focus their re-
sources on high-risk patients who can benefit most from 
intensive treatment.
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Cardiac imaging techniques, such as transthoracic 
echocardiography, myocardial perfusion scintigraphy 
and stress testing, complement biomarker-based strat-
egies by providing essential structural and functional 
insights that biomarkers alone cannot fully capture. 
Transthoracic echocardiography is a particularly cost-
effective and widely available tool that can be used 
repeatedly and is a cornerstone in HF assessment. 
Advanced imaging techniques such as cardiac MRI or 
coronary CT angiography provide unparalleled detail 
into the structure and function of the myocardium, 
but are associated with higher costs and logistical con-
straints, limiting their frequent use.

A combined approach that leverages the strengths of 
biomarkers, clinical decision making and imaging offers 
an optimal balance of cost-effectiveness and clinical ben-
efit. Biomarkers can guide initial assessment and ongoing 
monitoring, while imaging is reserved for detailed struc-
tural assessments or when therapeutic decisions require 
further clarification. For example, biomarkers can help 
identify patients who may benefit from imaging studies, 
reducing unnecessary imaging costs and improving re-
source allocation.

By integrating biomarker-based strategies with 
clinically-based decisions and imaging, healthcare pro-
viders can be guided by the principles of precision med-
icine. This hybrid approach ensures that diagnostic and 
therapeutic decisions are tailored to the individual patient 
profile, optimizing outcomes and the use of healthcare re-
sources. Future research should focus on comparing the 
long-term cost-effectiveness of these integrated strategies 
across different healthcare settings to further refine policy 
and clinical practices. Selection of biomarkers based on 
clinical context and availability of resources.

Not all biomarkers need to be tested in every patient 
with HF, especially in resource-limited settings. Biomarker 
selection should be based on the clinical context, patient 
characteristics, and specific information needed for diag-
nosis or management.

1.	 High-risk patients: NT-proBNP and ST2 are recom-
mended due to their robust diagnostic and prognostic 
utility in high-risk patients who require close mon-
itoring. These biomarkers provide dynamic insights 
into disease progression and response to treatment.

2.	 Chronic stable HF: Gal-3 may be better suited for reg-
ular screening in chronic stable HF where the focus 
is on long-term risk stratification rather than acute 
monitoring.

3.	 Congestion and volume overload: CA125 may be par-
ticularly useful in patients with signs of congestion or 
volume overload, providing additional insight into ve-
nous congestion.

4.	 Renal dysfunction: In patients with suspected or 
proven renal dysfunction, CysC can complement NT-
proBNP to refine risk assessment and guide therapy.

Given the variable costs and benefits of these biomark-
ers, clinicians should take a targeted approach and use 
specific biomarkers tailored to the patient's clinical pro-
file and health system resource constraints. Future studies 
should aim to refine algorithms that integrate biomarker 
selection based on clinical scenarios and cost–benefit 
considerations.

The efficacy and applicability of biomarkers in HF 
can vary considerably depending on factors such as gen-
der, age and renal function. Accounting for these dif-
ferences is critical for optimizing biomarker-guided 
strategies. Gender differences in biomarker levels are well 
documented. For example, women tend to have lower 
NT-proBNP levels compared to men, even with similar 
severity of HF. This emphasizes the importance of using 
gender-specific cutoffs to avoid underdiagnosis in female 
patients. In contrast, ST2 levels appear to be less influ-
enced by gender, making them a reliable biomarker for all 
genders. Further research is needed to fully understand 
possible gender differences in other biomarkers such as 
Gal-3 and CA125.

Age-related differences also play an important role. 
Biomarkers such as NT-proBNP and Gal-3 often increase 
with age due to physiological changes in cardiac and sys-
temic function. Therefore, age-adjusted thresholds are 
essential for accurate interpretation of results, especially 
in older patients. In contrast, ST2 shows relative stability 
across all age groups, emphasizing its value as a consis-
tent prognostic marker regardless of patient age. Renal 
function is another crucial factor influencing the interpre-
tation of biomarkers. Impaired renal function can signifi-
cantly increase levels of NT-proBNP and CysC, so renal 
function must be carefully considered when using these 
markers for HF diagnosis or risk stratification. ST2, on the 
other hand, is only minimally affected by renal dysfunc-
tion, so it is preferred in patients with concurrent HF and 
chronic kidney disease (CKD). Similarly, CA125 provides 
unique insights into venous congestion in patients with 
renal dysfunction, complementing the hemodynamic as-
sessments of NT-proBNP.

Incorporating these factors into biomarker-based strat-
egies allows for more accurate and personalized HF man-
agement. Adjusting thresholds and the use of biomarkers 
based on gender, age and renal function improves diag-
nostic and prognostic accuracy and ensures that clinical 
decisions are informed and patient-specific. Future re-
search should further investigate these variables to max-
imize the clinical utility of biomarkers in different patient 
populations.
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Identification of the most clinically relevant 
biomarkers.

The current meta-analysis provides a comprehensive 
assessment of several biomarkers for the management of 
HF. By synthesizing data from different studies, we can 
identify a subset of biomarkers with the greatest clinical 
utility based on their predictive, diagnostic and monitor-
ing capabilities:

1.	 NT-proBNP

NT-proBNP consistently proves to be the most reli-
able and clinically useful biomarker for HF. Its dynamic 
response to hemodynamic changes and established 
thresholds for diagnosis, prognosis and treatment re-
sponse make it indispensable in both acute and chronic 
situations. The integration of NT-proBNP into clinical 
workflows has been validated in numerous populations 
and subgroups.

2.	 ST2

ST2 is considered a valuable adjunct to NT-proBNP. 
Its stability to comorbid influences, such as renal dys-
function, and its role in detecting myocardial stress and 
fibrosis make it particularly useful for prognostication and 
guiding long-term management strategies.

3.	 Gal-3

While not as dynamic as NT-proBNP or ST2, Gal-3 is 
of great importance for long-term risk stratification due 
to its strong association with fibrosis and inflammation. 
It is particularly useful in stable HF patients for regular 
assessments and to identify patients at increased risk of 
unfavourable outcomes.

4.	 CA125

CA125 has been shown to be useful in detecting ve-
nous congestion and systemic inflammation, particularly 
in symptomatic HF patients or those with evidence of 
volume overload. Its role complements the hemodynamic 
insights provided by NT-proBNP.

5.	 CysC

CysC is emphasized for its particular importance in pa-
tients with renal dysfunction. It provides additional prog-
nostic value when renal dysfunction is associated with 
HF, especially in combination with NT-proBNP.

3.3.4  |  Practical implications

This analysis shows that NT-proBNP and ST2 should be pri-
oritized in dynamic monitoring due to their broad applica-
bility and robust prognostic value. Gal-3, CA125 and CysC 
are best used selectively based on specific patient profiles 
and clinical scenarios, such as chronic stable HF, congestion 
or renal dysfunction. By focusing on these five biomarkers, 
the results of this meta-analysis provide a clear framework 
for the integration of biomarker-guided strategies into clini-
cal practice (Table 3). Future research should aim to refine 
algorithms that combine these biomarkers for customized 
risk stratification and therapeutic decision making.

4   |   CONCLUSIONS

In conclusion, the integration of Gal-3, BNP, NT-proBNP, 
CA125, ST2, CysC, and MMP9 into HF management 
promises to transform care delivery. These biomarkers 

T A B L E  3   Major biomarkers and their prognostic cut-off values.

Biomarker Prognostic cut-off value Clinical use Key references

NT-proBNP >125 pg/mL (chronic HF), 
>300 pg/mL (acute HF)

Gold standard for HF diagnosis and prognosis; dynamic 
monitoring for treatment response.

McGranaghan (2020), 
Xu K (2022)

ST2 >35 ng/mL Prognostic marker for cardiac stress and fibrosis; useful for 
guiding long-term management strategies.

Bayes-Genis (2012), 
Bahuleyan (2018)

Galectin-3 >17.8 ng/mL Associated with fibrosis and inflammation; periodic 
assessment for risk stratification in chronic HF.

Roberta Florido 
(2022), van Vark 
(2017)

CA125 >35 U/mL Indicates venous congestion and systemic inflammation; 
specific use in symptomatic HF patients.

Miñana (2022), 
Núñez (2020)

Cystatin C >1.03 mg/L Reflects renal dysfunction; complements NT-proBNP for 
risk stratification in patients with CKD.

Moran (2008), 
Alehagen (2009)

Note: This table summarizes the most important biomarkers, their respective prognostic cut-off values and their most important clinical applications as a 
decision-making aid for the treatment of heart failure.
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collectively address the complexities of HF, offering en-
hanced diagnostic and prognostic precision, improving 
risk stratification, and supporting personalized treatment 
strategies. By advancing multimarker approaches and dy-
namic monitoring, clinicians can better navigate the chal-
lenges of HF care, paving the way for more effective and 
tailored interventions. Continued research and innova-
tion will further refine these tools, ensuring their role in 
shaping the future of HF management.

AUTHOR CONTRIBUTIONS
Conceptualization: RV, Data curation: NS, LP, JB. Formal 
analysis: NS. Investigation: RV, JB. Methodology: RV, NS, 
JB, BHM. Writing-original draft: RV, NS. Writing-review 
and editing: all authors. Supervision: RV.

ACKNOWLEDGEMENTS
We thank all medical professionals who are associated 
with our practice.

FUNDING INFORMATION
This work was supported within the scope of national 
funds from FCT—Portuguese Foundation for Science and 
Technology, under iBiMED (UIDB/04501/2020) and the 
Cardiovascular R&D Center—UnIC (UIDB/00051/2020). 
The study, conducted as part of the “HTelescan Project,” 
received ethical clearance from the Ethics Committee of 
Centro Hospitalar do Baixo Vouga on April 24, 2022 (ref-
erence number 2404–2022).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
All data relevant to the study are included in the article.

ORCID
Bruno Hay Mele   https://orcid.
org/0000-0001-5579-183X 
Rui Vitorino   https://orcid.org/0000-0003-3636-5805 

REFERENCES
	 1.	 Savarese G, Lund LH. Global public health burden of heart fail-

ure. Card Fail Rev. 2017;3(1):7-11.
	 2.	 Sapna F, Raveena F, Chandio M, et al. Advancements in heart 

failure management: a comprehensive narrative review of 
emerging therapies. Cureus. 2023;15(10):e46486.

	 3.	 Borlaug BA, Sharma K, Shah SJ, Ho JE. Heart failure with pre-
served ejection fraction: JACC scientific Statement. J Am Coll 
Cardiol. 2023;81(18):1810-1834.

	 4.	 Maharaj R. Diastolic dysfunction and heart failure with a pre-
served ejection fraction: relevance in critical illness and anaes-
thesia. J Saudi Heart Assoc. 2012;24(2):99-121.

	 5.	 Elendu C, Amaechi DC, Elendu TC, et al. A comprehensive re-
view of heart failure: unraveling the etiology, decoding patho-
physiological mechanisms, navigating diagnostic modalities, 
exploring pharmacological interventions, advocating lifestyle 
modifications, and charting the horizon of emerging thera-
pies in the complex landscape of chronic cardiac dysfunction. 
Medicine (Baltimore). 2024;103(3):e36895.

	 6.	 Counseller Q, Aboelkassem Y. Recent technologies in cardiac 
imaging. Front Med Technol. 2022;4:984492.

	 7.	 Bak M, Choi JO. Optimization of guideline-directed medical 
treatment for heart failure patients with reduced ejection frac-
tion. Korean J Intern Med. 2023;38(5):595-606.

	 8.	 Ziaeian B, Zhang Y, Albert NM, et al. Clinical effectiveness of 
CRT and ICD therapy in heart failure patients by racial/ethnic 
classification: insights from the IMPROVE HF registry. J Am 
Coll Cardiol. 2014;64(8):797-807.

	 9.	 Berezin AE, Berezin AA. Biomarkers in heart failure: from re-
search to clinical practice. Ann Lab Med. 2023;43(3):225-236.

	10.	 Yndigegn T, Gu T, Grufman H, et  al. Elevated carbohydrate 
antigen 125 (CA125) is associated with incident heart failure 
and mortality in acute coronary syndrome. ESC Heart Failure. 
2024;11:4325-4334.

	11.	 Aleksova A, Sinagra G, Beltrami AP, et al. Biomarkers in the 
management of acute heart failure: state of the art and role in 
COVID-19 era. ESC Heart Failure. 2021;8(6):4465-4483.

	12.	 Bayes-Genis A, Aimo A, Jhund P, et  al. Biomarkers in heart 
failure clinical trials. A review from the biomarkers working 
Group of the Heart Failure Association of the European Society 
of Cardiology. Eur J Heart Fail. 2022;24(10):1767-1777.

	13.	 Ganekal P, Vastrad B, Vastrad C, Kotrashetti S. Identification 
of biomarkers, pathways, and potential therapeutic tar-
gets for heart failure using next-generation sequencing 
data and bioinformatics analysis. Ther Adv Cardiovasc Dis. 
2023;17:17539447231168471.

	14.	 Licordari R, Correale M, Bonanno S, et al. Beyond natriuretic 
peptides: unveiling the power of emerging biomarkers in heart 
failure. Biomol Ther. 2024;14(3):309.

	15.	 Hara A, Niwa M, Kanayama T, et  al. Galectin-3: a potential 
prognostic and diagnostic marker for heart disease and detec-
tion of early stage pathology. Biomol Ther. 2020;10(9):1277.

	16.	 Zaborska B, Sikora-Frąc M, Smarż K, et  al. The role of 
Galectin-3 in heart failure-the diagnostic, prognostic and 
therapeutic potential-where do we stand? Int J Mol Sci. 
2023;24(17):13111.

	17.	 Iqbal N, Wentworth B, Choudhary R, et al. Cardiac biomark-
ers: new tools for heart failure management. Cardiovasc Diagn 
Ther. 2012;2(2):147-164.

	18.	 Li Y, Xu H, Chen S, Wang J. Advances in electrochemical detec-
tion of B-type natriuretic peptide as a heart failure biomarker. 
Int J Electrochem Sci. 2024;19(9):100748.

	19.	 Volpe M, Gallo G, Rubattu S. BNP/NT-proBNP levels are sen-
sitive markers of impaired prognosis in patients without heart 
failure. JACC Adv. 2023;2(10):100691.

	20.	 Dudink EA, Weijs B, Tull S, et al. The biomarkers NT-proBNP 
and CA-125 are elevated in patients with idiopathic atrial fibril-
lation. J Atr Fibrillation. 2018;11(4):2058.

	21.	 Lassus J, Harjola VP. Cystatin C: a step forward in assess-
ing kidney function and cardiovascular risk. Heart Fail Rev. 
2012;17(2):251-261.

https://orcid.org/0000-0001-5579-183X
https://orcid.org/0000-0001-5579-183X
https://orcid.org/0000-0001-5579-183X
https://orcid.org/0000-0003-3636-5805
https://orcid.org/0000-0003-3636-5805


24 of 26  |      BASTOS et al.

	22.	 Tschöpe C, Kasner M, Westermann D, Gaub R, Poller WC, 
Schultheiss HP. The role of NT-proBNP in the diagnostics 
of isolated diastolic dysfunction: correlation with echo-
cardiographic and invasive measurements. Eur Heart J. 
2005;26(21):2277-2284.

	23.	 Almuntashiri S, Alhumaid A, Zhu Y, et al. TIMP-1 and its po-
tential diagnostic and prognostic value in pulmonary diseases. 
Chin Med J Pulm Crit Care Med. 2023;1(2):67-76.

	24.	 Musiał K, Zwolińska D. Matrix metalloproteinases (MMP-2,9) 
and their tissue inhibitors (TIMP-1,2) as novel markers of stress 
response and atherogenesis in children with chronic kidney dis-
ease (CKD) on conservative treatment. Cell Stress Chaperones. 
2011;16(1):97-103.

	25.	 Núñez J, de la Espriella R, Miñana G, et al. Antigen carbohy-
drate 125 as a biomarker in heart failure: a narrative review. Eur 
J Heart Fail. 2021;23(9):1445-1457.

	26.	 Tung YC, Chu PH. Soluble ST2: a novel prognostic biomarker 
of heart failure. Acta Cardiol Sin. 2014;30(5):501-503.

	27.	 Tsigkou V, Siasos G, Oikonomou E, et al. The prognostic role of 
galectin-3 and endothelial function in patients with heart fail-
ure. Cardiol J. 2023;30(5):725-733.

	28.	 Florido R, Kwak L, Echouffo-Tcheugui JB, et  al. Obesity, 
Galectin-3, and incident heart failure: the ARIC study. J Am 
Heart Assoc. 2022;11(9):e023238.

	29.	 van Vark LC, Lesman-Leegte I, Baart SJ, et al. Prognostic value 
of serial Galectin-3 measurements in patients with acute heart 
failure. J Am Heart Assoc. 2017;6(12):e17201.

	30.	 French B, Wang L, Ky B, et al. Prognostic value of Galectin-3 
for adverse outcomes in chronic heart failure. J Card Fail. 
2016;22(4):256-262.

	31.	 Keng BMH, Gao F, Ewe SH, et al. Galectin-3 as a candidate up-
stream biomarker for quantifying risks of myocardial ageing. 
ESC Heart Failure. 2019;6(5):1068-1076.

	32.	 Jackson CE, Haig C, Welsh P, et al. The incremental prognostic 
and clinical value of multiple novel biomarkers in heart failure. 
Eur J Heart Fail. 2016;18(12):1491-1498.

	33.	 Tymińska A, Kapłon-Cieślicka A, Ozierański K, et  al. 
Association of Galectin-3 and soluble ST2, and their changes, 
with echocardiographic parameters and development of heart 
failure after ST-segment elevation myocardial infarction. Dis 
Markers. 2019;2019:9529053.

	34.	 Watson CJ, Gallagher J, Wilkinson M, et al. Biomarker profiling 
for risk of future heart failure (HFpEF) development. J Transl 
Med. 2021;19(1):61.

	35.	 Xiang Y, Zhang Z, Xie C, et al. Serum cat S, TSP-1, IL-11, BNP 
and sST2 diagnostic and prognostic value in chronic heart fail-
ure. Altern Ther Health Med. 2022;28(4):55-59.

	36.	 Yang Y, Liu J, Zhao F, et  al. Analysis of correlation between 
heart failure in the early stage of acute myocardial infarction 
and serum pregnancy associated plasma protein-a, prealbumin, 
C-reactive protein, and brain natriuretic peptide levels. Annals 
of Palliative Medicine. 2022;11(1):26-34.

	37.	 Wettersten N, Horiuchi Y, Veldhuisen DJ, et al. Decongestion 
discriminates risk for one-year mortality in patients with im-
proving renal function in acute heart failure. Eur J Heart Fail. 
2021;23(7):1122-1130.

	38.	 Tonry C, McDonald K, Ledwidge M, et  al. Multiplexed mea-
surement of candidate blood protein biomarkers of heart fail-
ure. ESC Heart Failure. 2021;8(3):2248-2258.

	39.	 van der Stam JA, Bouwmeester S, van Loon SLM, et al. Prognostic 
value of combined biomarkers in patients with heart failure: 
the Heartmarker score. Ann Lab Med. 2023;43(3):253-262.

	40.	 Bocchi EA, Veiga Guimarães G, Espinoza Romero C, et  al. 
Assessment of biomarkers and clinical parameters as predic-
tors of survival in patients with chagasic heart failure. PLoS 
Negl Trop Dis. 2023;17(12):e0011847.

	41.	 Jia JF, Wang LF, Gao XL. A study on the rapid diagnosis of 
chronic heart failure by measuring the difference in pulse 
oxygen saturation before and after arm compression. Ann 
Noninvasive Electrocardiol. 2023;28(3):e13049.

	42.	 Higa Y, Nabeshima Y, Kitano T, Kataoka M, Nakazono A, 
Takeuchi M. Brain natriuretic peptide measurements using 
standard biochemical equipment: comparisons with conven-
tional immunoassays. PLoS One. 2022;17(5):e0268895.

	43.	 Vergaro G, Gentile F, Aimo A, et  al. Circulating levels and 
prognostic cut-offs of sST2, hs-cTnT, and NT-proBNP in 
women vs. men with chronic heart failure. ESC Heart Failure. 
2022;9(4):2084-2095.

	44.	 Huang YT, Tseng YT, Chu TW, et al. Corrigendum: N-terminal 
pro b-type natriuretic peptide (NT-pro-BNP)-based score can 
predict in-hospital mortality in patients with heart failure. Sci 
Rep. 2017;7:46866.

	45.	 Yılmaz Öztekin GM, Genç A, Çağırcı G, Arslan Ş. Prognostic 
value of the combination of uric acid and NT-proBNP 
in patients with chronic heart failure. Hell J Cardiol. 
2022;65:35-41.

	46.	 Werhahn SM, Becker C, Mende M, et  al. NT-proBNP as a 
marker for atrial fibrillation and heart failure in four observa-
tional outpatient trials. ESC Heart Failure. 2022;9(1):100-109.

	47.	 McGranaghan P, Düngen HD, Saxena A, et  al. Incremental 
prognostic value of a novel metabolite-based biomarker 
score in congestive heart failure patients. ESC Heart Failure. 
2020;7(5):3029-3039.

	48.	 Xu K, Wu M, Huang M, Zhuo X, Weng Y, Chen X. Carbohydrate 
antigen 125 combined with N-terminal pro-B-type natri-
uretic peptide in the prediction of acute heart failure follow-
ing ST-elevation myocardial infarction. Medicine (Baltimore). 
2022;101(48):e32129.

	49.	 Verbree-Willemsen L, Zhang YN, Ibrahim I, et al. Extracellular 
vesicle cystatin C and CD14 are associated with both 
renal dysfunction and heart failure. ESC Heart Failure. 
2020;7(5):2240-2249.

	50.	 Wu X, Xu G, Zhang S. Association between cystatin C and car-
diac function and long-term prognosis in patients with chronic 
heart failure. Med Sci Monit. 2020;26:e919422.

	51.	 Moran A, Katz R, Smith NL, et al. Cystatin C concentration as 
a predictor of systolic and diastolic heart failure. J Card Fail. 
2008;14(1):19-26.

	52.	 Bielecka-Dabrowa A, Gluba-Brzózka A, Michalska-Kasiczak 
M, Misztal M, Rysz J, Banach M. The multi-biomarker ap-
proach for heart failure in patients with hypertension. Int J Mol 
Sci. 2015;16(5):10715-10733.

	53.	 Zamora E, Lupón J, de Antonio M, et al. Limited value of cysta-
tin-C over estimated glomerular filtration rate for heart failure 
risk stratification. PLoS One. 2012;7(12):e51234.

	54.	 Kim H, Yoon HJ, Park HS, et al. Potentials of cystatin C and 
uric acid for predicting prognosis of heart failure. Congest Heart 
Fail. 2013;19(3):123-129.



      |  25 of 26BASTOS et al.

	55.	 Zivlas C, Triposkiadis F, Psarras S, et al. Left atrial volume index 
in patients with heart failure and severely impaired left ventric-
ular systolic function: the role of established echocardiographic 
parameters, circulating cystatin C and galectin-3. Ther Adv 
Cardiovasc Dis. 2017;11(11):283-295.

	56.	 Alehagen U, Dahlström U, Lindahl TL. Cystatin C and NT-
proBNP, a powerful combination of biomarkers for predicting 
cardiovascular mortality in elderly patients with heart failure: 
results from a 10-year study in primary care. Eur J Heart Fail. 
2009;11(4):354-360.

	57.	 Zhang YN, Vernooij F, Ibrahim I, et  al. Extracellular vesicle 
proteins associated with systemic vascular events correlate 
with heart failure: an observational study in a Dyspnoea cohort. 
PLoS One. 2016;11(1):e0148073.

	58.	 Lieb W, Song RJ, Xanthakis V, Vasan RS. Association of Circulating 
Tissue Inhibitor of Metalloproteinases-1 and procollagen type III 
Aminoterminal peptide levels with incident heart failure and 
chronic kidney disease. J Am Heart Assoc. 2019;8(7):e011426.

	59.	 Frantz S, Störk S, Michels K, et al. Tissue inhibitor of metal-
loproteinases levels in patients with chronic heart failure: 
an independent predictor of mortality. Eur J Heart Fail. 
2008;10(4):388-395.

	60.	 Collier P, Watson CJ, Voon V, et al. Can emerging biomarkers 
of myocardial remodelling identify asymptomatic hypertensive 
patients at risk for diastolic dysfunction and diastolic heart fail-
ure? Eur J Heart Fail. 2011;13(10):1087-1095.

	61.	 Collier P, Watson CJ, Waterhouse DF, et al. Progression of left 
atrial volume index in a population at risk for heart failure: a 
substudy of the STOP-HF (St Vincent's screening TO prevent 
heart failure) trial. Eur J Heart Fail. 2012;14(9):957-964.

	62.	 Miñana G, de la Espriella R, Palau P, et al. Carbohydrate an-
tigen 125 and risk of heart failure readmissions in patients 
with heart failure and preserved ejection fraction. Sci Rep. 
2022;12(1):1344.

	63.	 Núñez J, Bayés-Genís A, Revuelta-López E, et al. Clinical role 
of CA125 in worsening heart failure: a BIOSTAT-CHF study su-
banalysis. JACC Heart Fail. 2020;8(5):386-397.

	64.	 Núñez-Marín G, de la Espriella R, Santas E, et al. CA125 but 
not NT-proBNP predicts the presence of a congestive intrarenal 
venous flow in patients with acute heart failure. Eur Heart J 
Acute Cardiovasc Care. 2021;10(5):475-483.

	65.	 Duman D, Palit F, Simsek E, Bilgehan K. Serum carbohydrate 
antigen 125 levels in advanced heart failure: relation to B-type 
natriuretic peptide and left atrial volume. Eur J Heart Fail. 
2008;10(6):556-559.

	66.	 Yoon JY, Yang DH, Cho HJ, et al. Serum levels of carbohydrate 
antigen 125 in combination with N-terminal pro-brain natri-
uretic peptide in patients with acute decompensated heart fail-
ure. Korean J Intern Med. 2019;34(4):811-818.

	67.	 Mansour IN, Napan S, Tarek Alahdab M, Stamos TD. 
Carbohydrate antigen 125 predicts long-term mortality in 
African American patients with acute decompensated heart 
failure. Congest Heart Fail. 2010;16(1):15-20.

	68.	 Krittayaphong R, Pumprueg S, Sairat P. Soluble ST2 in the pre-
diction of heart failure and death in patients with atrial fibrilla-
tion. Clin Cardiol. 2022;45(4):447-456.

	69.	 Vark LC, Lesman-Leegte I, Baart SJ, et al. Prognostic value of 
serial ST2 measurements in patients with acute heart failure. J 
Am Coll Cardiol. 2017;70(19):2378-2388.

	70.	 Bahuleyan CG, Alummoottil GK, Abdullakutty J, et  al. 
Prognostic value of soluble ST2 biomarker in heart failure 
patients with reduced ejection fraction—a multicenter study. 
Indian Heart J. 2018;70(1):S79-s84.

	71.	 Aimo A, Januzzi JL Jr, Vergaro G, et  al. Circulating levels 
and prognostic value of soluble ST2 in heart failure are less 
influenced by age than N-terminal pro-B-type natriuretic 
peptide and high-sensitivity troponin T. Eur J Heart Fail. 
2020;22(11):2078-2088.

	72.	 Parikh RH, Seliger SL, Christenson R, Gottdiener JS, Psaty 
BM, deFilippi CR. Soluble ST2 for prediction of heart failure 
and cardiovascular death in an elderly, community-dwelling 
population. J Am Heart Assoc. 2016;5(8):e003188. doi:10.1161/
JAHA.115.003188

	73.	 Bansal N, Zelnick LR, Soliman EZ, et al. Change in cardiac bio-
markers and risk of incident heart failure and atrial fibrillation 
in CKD: the chronic renal insufficiency cohort (CRIC) study. 
Am J Kidney Dis. 2021;77(6):907-919.

	74.	 Bai J, Han L, Liu H. Combined use of high-sensitivity ST2 
and NT-proBNP for predicting major adverse cardiovas-
cular events in coronary heart failure. Ann Palliat Med. 
2020;9(4):1976-1989.

	75.	 Bayes-Genis A, de Antonio M, Galán A, et al. Combined use of 
high-sensitivity ST2 and NTproBNP to improve the prediction 
of death in heart failure. Eur J Heart Fail. 2012;14(1):32-38.

	76.	 Rehman SU, Mueller T, Januzzi JL Jr. Characteristics of the 
novel interleukin family biomarker ST2 in patients with acute 
heart failure. J Am Coll Cardiol. 2008;52(18):1458-1465.

	77.	 Bayes-Genis A, de Antonio M, Vila J, et al. Head-to-head com-
parison of 2 myocardial fibrosis biomarkers for long-term heart 
failure risk stratification: ST2 versus galectin-3. J Am Coll 
Cardiol. 2014;63(2):158-166.

	78.	 Pascual-Figal DA, Manzano-Fernández S, Boronat M, et  al. 
Soluble ST2, high-sensitivity troponin T- and N-terminal pro-
B-type natriuretic peptide: complementary role for risk stratifi-
cation in acutely decompensated heart failure. Eur J Heart Fail. 
2011;13(7):718-725.

	79.	 Bansal N, Zelnick L, Bhat Z, et  al. Burden and outcomes of 
heart failure hospitalizations in adults with chronic kidney dis-
ease. J Am Coll Cardiol. 2019;73(21):2691-2700.

	80.	 Shemisa K, Bhatt A, Cheeran D, Neeland IJ. Novel biomarkers 
of subclinical cardiac dysfunction in the general population. 
Curr Heart Fail Rep. 2017;14(4):301-310.

	81.	 McKie PM, Cataliotti A, Lahr BD, et al. The prognostic value of 
N-terminal pro-B-type natriuretic peptide for death and cardio-
vascular events in healthy normal and stage a/B heart failure 
subjects. J Am Coll Cardiol. 2010;55(19):2140-2147.

	82.	 Cao Z, Jia Y, Zhu B. BNP and NT-proBNP as diagnostic biomark-
ers for cardiac dysfunction in both clinical and forensic medi-
cine. Int J Mol Sci. 2019;20(8):1820. doi:10.3390/ijms20081820

	83.	 de la Espriella R, Cobo M, Santas E, et al. Assessment of filling 
pressures and fluid overload in heart failure: an updated per-
spective. Rev Esp Cardiol (Engl ed). 2023;76(1):47-57.

	84.	 Fuertes-Kenneally L, Villar S, Lorenzo M, Núñez G, de 
la Espriella R, Núñez J. Clinical applications of CA125 in 
patients with heart failure: a case series. CardioClinics. 
2023;58(2):148-153.

	85.	 Chow SL, Maisel AS, Anand I, et al. Role of biomarkers for the 
prevention, assessment, and Management of Heart Failure: a 

https://doi.org//10.1161/JAHA.115.003188
https://doi.org//10.1161/JAHA.115.003188
https://doi.org//10.3390/ijms20081820


26 of 26  |      BASTOS et al.

scientific Statement from the American Heart Association. 
Circulation. 2017;135(22):e1054-e1091.

	86.	 Marinescu M, Oprea VD, Nechita A, Tutunaru D, Nechita LC, 
Romila A. The use of brain natriuretic peptide in the evalua-
tion of heart failure in geriatric patients. Diagnostics Basel. 
2023;13(9):1512. doi:10.3390/diagnostics13091512

	87.	 Madamanchi C, Alhosaini H, Sumida A, Runge MS. Obesity 
and natriuretic peptides, BNP and NT-proBNP: mechanisms 
and diagnostic implications for heart failure. Int J Cardiol. 
2014;176(3):611-617.

	88.	 Zdanowicz A, Urban S, Ponikowska B, et al. Novel biomarkers 
of renal dysfunction and congestion in heart failure. Journal of 
Personalized Medicine. 2022;12(6):898.

	89.	 Wang TJ, Larson MG, Levy D, et al. Impact of obesity on plasma 
natriuretic peptide levels. Circulation. 2004;109(5):594-600.

	90.	 Castiglione V, Aimo A, Vergaro G, Saccaro L, Passino C, Emdin 
M. Biomarkers for the diagnosis and management of heart fail-
ure. Heart Fail Rev. 2022;27(2):625-643.

	91.	 Meijers WC, van der Velde AR, de Boer RA. Biomarkers in 
heart failure with preserved ejection fraction. Neth Hear J. 
2016;24(4):252-258.

	92.	 Watson CJ, Tea I, O'Connell E, et al. Comparison of longitudi-
nal change in sST2 vs BNP to predict major adverse cardiovas-
cular events in asymptomatic patients in the community. J Cell 
Mol Med. 2020;24(11):6495-6499.

	93.	 Xiang Q, Chen Y, Gu X, Yang Y, Wang Y, Zhao Y. The correla-
tion between maternal serum sST2, IL-33 and NT-proBNP 
concentrations and occurrence of pre-eclampsia in twin preg-
nancies: a longitudinal study. J Clin Hypertens (Greenwich). 
2022;24(11):1516-1523.

	94.	 Wettersten N. Biomarkers in acute heart failure: diagnosis, 
prognosis, and treatment. Int J Heart Fail. 2021;3(2):81-105.

	95.	 Huang Y-T, Tseng Y-T, Chu T-W, et  al. N-terminal pro b-type 
natriuretic peptide (NT-pro-BNP)–based score can predict 
in-hospital mortality in patients with heart failure. Sci Rep. 
2016;6(1):29590.

	96.	 Tan SSN, Koh KT, Fong AYY, et al. NT-proBNP cut-off values 
for risk stratification in acute MI and comparison with other 
risk assessment scores. Journal of Asian Pacific Society of 
Cardiology. 2022;1(e10):2022.

	97.	 Zamora E, Lupón J, de Antonio M, et al. Long-term prognostic 
value for patients with chronic heart failure of estimated glo-
merular filtration rate calculated with the new CKD-EPI equa-
tions containing cystatin C. Clin Chem. 2014;60(3):481-489.

	98.	 Bielecka-Dabrowa A, Sakowicz A, Pietrucha T, et al. The profile 
of selected single nucleotide polymorphisms in patients with 
hypertension and heart failure with preserved and mid-range 
ejection fraction. Sci Rep. 2017;7(1):8974.

	99.	 Núñez-Marín G, Palau P, Domínguez E. CA125 outperforms 
NT-proBNP in the prediction of maximum aerobic capacity in 
heart failure with preserved ejection fraction and kidney dys-
function. Clin Kidney J. 2024;17(8):sfae199. doi:10.1093/ckj/
sfae199

	100.	 Bansal N, Zelnick L, Go A, et al. Cardiac biomarkers and risk 
of incident heart failure in chronic kidney disease: the CRIC 
(chronic renal insufficiency cohort) study. J Am Heart Assoc. 
2019;8(21):e012336.

	101.	 Ferreira JP, Packer M, Sattar N, et al. Carbohydrate antigen 125 
concentrations across the ejection fraction spectrum in chronic 
heart failure: the EMPEROR programme. Eur J Heart Fail. 
2024;26(4):788-802.

	102.	 Villacorta H, Maisel AS. Soluble ST2 testing: a promising bio-
marker in the Management of Heart Failure. Arq Bras Cardiol. 
2016;106(2):145-152.

	103.	 Lok DJ, Van Der Meer P, de la Porte PW, et al. Prognostic value 
of galectin-3, a novel marker of fibrosis, in patients with chronic 
heart failure: data from the DEAL-HF study. Clin Res Cardiol. 
2010;99(5):323-328.

How to cite this article: Bastos JM, Scala N, 
Perpétuo L, Mele BH, Vitorino R. Integrative 
bioinformatic analysis of prognostic biomarkers in 
heart failure: Insights from clinical trials. Eur J Clin 
Invest. 2025;00:e70010. doi:10.1111/eci.70010

https://doi.org//10.3390/diagnostics13091512
https://doi.org//10.1093/ckj/sfae199
https://doi.org//10.1093/ckj/sfae199
https://doi.org/10.1111/eci.70010

	Integrative bioinformatic analysis of prognostic biomarkers in heart failure: Insights from clinical trials
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  Study design
	2.2  |  Identification of clinical trials
	2.3  |  Screening and eligibility
	2.4  |  Data extraction and synthesis
	2.5  |  Analysis

	3  |  RESULTS AND DISCUSSION
	3.1  |  Consensus findings: Biomarkers in HF
	3.2  |  Implications for clinical practice
	3.3  |  Toward precision medicine in HF
	3.3.1  |  Improved risk stratification
	3.3.2  |  Improved monitoring and dynamic management
	3.3.3  |  Suitability of biomarkers for serial measurements and guided therapy
	3.3.4  |  Practical implications


	4  |  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


