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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.! 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.”

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.® 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.”

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.®
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.” 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.®

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.” 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.™

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.'

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.'? 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 MMPY, 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 ClinicalTrials.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

WILEY- 22

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:

o Gal-3: 58 trials

o BNP: 340 trials

« NT-proBNP: 85 trials
e CysC: 43 trials

o TIMP-1: 18 trials

o CA125: 22 trials

o ST2: 82 trials

o« MMPO: 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
o Sample size, age, sex distribution, and geographical
location.
« Biomarker Details
o Target biomarkers (e.g. Gal-3, BNP, NT-proBNP) and
their measurement methods.
« Study interventions
o Therapeutic interventions, follow-up durations,
and endpoints (e.g. mortality, rehospitalization, bio-
marker changes).


http://clinicaltrials.gov
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o QOutcomes
o 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

Records removed before

Records removed by filters (n =

Records removed after

Records removed (n = 580):
review articles, studies involving
aspects other than prognosis or
biomarker research or diseases
other than heart failure, studies
not involving human subjects,
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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 |
in HF

Consensus findings: Biomarkers

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."* 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."> 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.'®

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.'”'® 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.'® 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.”

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.”’ 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.*

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.”* 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.**

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.* 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.*

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.*®

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.”’” 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.”® 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 Vark? 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
French' 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. Tyminska et al.*'
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.** showed that BNP in combination with
hs-troponin I and Gal-3 effectively predicts the develop-
ment of HFpEF in asymptomatic patients, while Xiang Y
substantiated the value of BNP in assessing the severity
of chronic HF in the context of multimarker approaches.
Yang et al.*® 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 kit** 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.*® highlighted the importance of population-
specific tailoring, for example, for women and elderly pa-
tients, while Huang** demonstrated the prognostic power
of an NT-proBNP-based scoring system in predicting
in-hospital mortality. Multimarker strategies using NT-
proBNP, as explored by Oztekin 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.
Mifiana and Nufiez 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.* and Nufiez-Marin
et al.** 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.®® 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.,”" 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.”® and Tyminska et al.>* empha-
size the utility of ST2 in multimarker approaches, while
serial measurement studies such as van Vark et al.*’ val-
idate its role in dynamic monitoring. The applicability of
ST2 extends to specific subgroups, including AF patients®®
and CKD populations,” 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.>* and
Zamora et al.>® 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.”° 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.,*” 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.®* 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

Cardiorenal Syndrome

Novel Mechanisms
Volume Overload

Fibrosis and Inflammation

Risk Stratification Cystatin C (CysC)

& Dynamic Monitoring
Therapeutic Monitoring BhEandNTproEE

g Key Biomarkers
Diagnosis and Prognosis A
Cardiac Stress

Tissue Remodeling
Diverse Populaticns

CA125 MMP9

Venous Congestion . i
Systemic Inflammation

Specificity in HFpEF

Stability Across
Demographics

Galectin-3 (Gal-3)

Risk Stratification

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.** 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
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Real-time Disease
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FIGURE 2 Combining biomarkers for comprehensive understanding of HF.
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FIGURE 3 Protein—-protein interaction evidencing the 6 potential biomarkers.

relevance for different populations, including women
and the elderly.®! 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.®” 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
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monitoring the therapeutic response to decongestive treat-
ments.® 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.®

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.®

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.* 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.®” 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.*

By contextualizing the application of biomarkers in
these clinical scenarios, this study highlights the impor-
tance of a tailored approach to HF management. Each
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TABLE 2 Predictive and Diagnostic Values of Biomarkers for HFrEF Across NT-proBNP Levels.

Biomarker

Galectin-3

BNP

NT-proBNP

Cystatin C

CA125

ST2

NT-proBNP
Levels

Normal/
Near-Normal

Lower

Elevated

Normal/
Near-Normal

Lower

Elevated

Normal/
Near-Normal

Lower

Elevated

Normal/
Near-Normal

Lower

Elevated

Normal/
Near-Normal

Lower
Elevated
Normal/
Near-Normal

Lower

Elevated

Predictive Value

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

Reflects progression risk; useful for
monitoring subclinical cardiac dysfunction.

Strong correlation with adverse outcomes
(mortality, rehospitalization).

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

Identifies moderate cardiac stress; supports
multimarker approaches.

Strong predictor of acute decompensation and
mortality.

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

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

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

Reflects early renal dysfunction; less specific
to cardiac pathology.

Adds prognostic value for cardiorenal
syndrome progression.

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

Limited predictive role without venous
congestion signs.

Associated with systemic inflammation and
congestion.

Predicts adverse outcomes, especially in
HFpEF patients.

Identifies subclinical cardiovascular stress in
atrial fibrillation patients.

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

Strongly predictive of mortality and adverse
outcomes.

Diagnostic Value

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

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

Effective in capturing systemic
inflammation and fibrosis
complementing NT-proBNP.
Minimal diagnostic utility in this
range.

Enhanced when combined
with inflammation/remodelling
markers.

Highly effective for assessing HF
severity and guiding therapy.

Minimal standalone diagnostic
value.

Effective when combined with
renal dysfunction markers like
Cystatin C.

Gold-standard diagnostic
biomarker for acute HF and
decompensation.

Limited unless paired with
systemic inflammation markers.

Effective in multimarker
frameworks for HFpEF or renal
dysfunction.

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

Ineffective for identifying early
HF stages.

Useful in detecting subclinical
congestion with NT-proBNP.

Complements NT-proBNP in
acute HF and decompensated
scenarios.

Limited standalone diagnostic
significance.

Effective in multimarker
strategies for HFpEF.
Enhances NT-proBNP-based

stratification for acute and
chronic HF.
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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.® 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.***

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.”*

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.'"!

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
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dysfunction. This stability increases its utility in tracking
disease progression and informing long-term treatment
strategies.'” 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.'”® 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.
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« 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

v////—'/'—'—"//f Sy ndnes N‘
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FIGURE 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.
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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
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:

most clinically relevant

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.

TABLE 3 Major biomarkers and their prognostic cut-off values.

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

Biomarker Prognostic cut-off value Clinical use Key references
NT-proBNP  >125pg/mL (chronic HF), Gold standard for HF diagnosis and prognosis; dynamic McGranaghan (2020),
>300pg/mL (acute HF) monitoring for treatment response. Xu K (2022)
ST2 >35ng/mL Prognostic marker for cardiac stress and fibrosis; useful for = Bayes-Genis (2012),
guiding long-term management strategies. Bahuleyan (2018)
Galectin-3 >17.8ng/mL Associated with fibrosis and inflammation; periodic Roberta Florido
assessment for risk stratification in chronic HF. (2022), van Vark
(2017)
CA125 >35U/mL Indicates venous congestion and systemic inflammation; Mifana (2022),
specific use in symptomatic HF patients. Nufiez (2020)
Cystatin C >1.03mg/L Reflects renal dysfunction; complements NT-proBNP for Moran (2008),
risk stratification in patients with CKD. 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.
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