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Abstract

Heart failure (HF) remains a global health challenge characterised by significant clinical heterogeneity, necessitating more precise tools
for diagnosis and risk stratification. Olink proteomics, a high-throughput platform based on proximity extension assays (PEAs), has
emerged as a powerful technology for exploring the molecular landscape of HF. Despite a growing number of studies utilising this
platform, a comprehensive synthesis of its clinical and mechanistic contributions is still lacking. This review systematically examines
the application of Olink proteomics across the HF continuum. We synthesised evidence regarding its role in biomarker discovery for
early detection and prognosis, its ability to dissect key pathophysiological pathways such as inflammation and fibrosis, and its emerging
potential to guide precision medicine. By critically evaluating technological advances, current challenges, and future directions, this
review concludes that Olink proteomics is pivotal for transitioning HF management from a phenotype-driven to a mechanism-based
paradigm, paving the way for targeted therapies and improved patient outcomes.
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1. Introduction Among the available proteomic platforms, Olink tech-
nology, which is based on proximity extension assay (PEA)
principles, has gained particular prominence in cardiovas-
cular research [9,10]. This innovative approach combines
the specificity of dual antibody recognition with the sensi-
tivity of DNA amplification, enabling simultaneous quan-
tification of hundreds to thousands of proteins from mini-
mal sample volumes. The technology’s unique of this tech-
nology address the critical limitations of conventional pro-
teomic methods, making it particularly suitable for large-
scale clinical studies and biobanking initiatives. A com-
prehensive workflow illustrating the application of Olink
proteomics in HF research, from sample analysis to clinical
translation, is depicted in Fig. 1.

This comprehensive review aims to synthesize cur-
rent evidence regarding Olink proteomics applications in
HF research, providing critical analysis of technological ca-
pabilities, clinical utility, and implementation challenges.
We systematically examine the platform’s contributions to
biomarker discovery, mechanistic understanding, and ther-
apeutic development, while addressing controversies and
future directions in the field.

Heart failure (HF) is a global pandemic affecting more
than 64 million individuals worldwide, with the prevalence
projected to increase substantially because of population
aging and improved survival following acute cardiovascu-
lar events [1]. Despite significant therapeutic advances, HF
remains associated with poor prognosis, with 5-year mortal-
ity rates approaching 50% following hospitalization [2,3].
The heterogeneous nature of HF, encompassing diverse eti-
ologies, pathophysiological mechanisms, and clinical phe-
notypes, poses fundamental challenges for diagnosis, risk
stratification, and treatment optimization.

Traditional approaches to HF management rely heav-
ily on clinical assessment, imaging modalities, and a lim-
ited repertoire of biomarkers, primarily natriuretic peptides
[2,4]. However, these conventional tools provide incom-
plete insights into the complex molecular landscape under-
lying HF pathogenesis and progression [5]. The emergence
of high-throughput proteomic technologies has opened un-
precedented opportunities to comprehensively investigate
the circulating proteome, offering the potential for an en-
hanced understanding of disease mechanisms and the iden-
tification of novel therapeutic targets [6—8].
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Fig. 1. The comprehensive workflow of Olink proteomics in heart failure (HF) research and clinical translation. The process

begins with the (1) collection of plasma or serum samples from diverse patient populations, including community-based cohorts and

individuals with HF. (2) These samples are then analyzed using Olink’s Proximity Extension Assay (PEA), a high-throughput technology

for protein quantification. (3) The resulting high-dimensional proteomic data is subjected to comprehensive bioinformatic analysis, such

as expression profiling (heatmaps), network analysis, and pathway enrichment analysis, to identify key biological signals. (4) The insights

derived are applied across three primary domains: (A) Biomarker Discovery, identifying novel proteins for patient risk stratification and

prognosis; (B) Mechanistic Insights, to elucidate the underlying pathophysiological pathways of HF, including inflammation, fibrosis, and

cardiac remodeling; and (C) Clinical Applications, for refined molecular phenotyping of patients and guiding therapeutic development.

(5) The culmination of this workflow is the ultimate goal of transitioning towards precision medicine, enabling personalized treatment

strategies and ultimately improving outcomes for patients with heart failure.

2. Technological Foundations and
Methodological Considerations

2.1 Principles of Olink Proximity Extension Assay
Technology

The Olink platform represents a paradigm shift in pro-
tein quantification methodology, leveraging the PEA prin-
ciple to achieve unprecedented multiplexing capability with
exceptional analytical performance [9,10]. The fundamen-
tal mechanism involves paired oligonucleotide-labeled an-
tibodies that bind to target proteins. When both antibod-

ies bind in close proximity, typically within 2—3 nanome-
ters, the conjugated oligonucleotides hybridize and extend
through DNA polymerase activity, creating an amplifiable
template for subsequent detection via quantitative PCR or
next-generation sequencing.

This dual-recognition strategy has confers multiple
advantages over conventional immunoassays. The re-
quirement for the simultaneous binding of two antibod-
ies dramatically reduces the background signal and cross-
reactivity, whereas DNA amplification enables the detec-
tion of proteins at femtomolar concentrations [9]. Recent
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technological iterations have expanded from focused 92-
protein panels to comprehensive platforms encompassing
more than 5000 proteins, with continuous improvements in
antibody selection, oligonucleotide design, and normaliza-
tion algorithms enhancing analytical performance.

Validation studies in cardiovascular cohorts have
demonstrated excellent correlations between Olink mea-
surements and established immunoassays, with correlation
coefficients exceeding 0.9 for most validated targets [10].
The platform’s dynamic range, spanning 10 logs of pro-
tein concentration, surpasses that of conventional methods
while maintaining coefficients of variation below 15% for
the majority of analytes. These performance characteristics
have been consistently reproduced across multiple labora-
tories, supporting the robustness of the technology for mul-
ticentre studies.

2.2 Evolution and Development in Cardiovascular
Applications

The application of Olink technology in cardiovascu-
lar research has evolved substantially since its introduction.
Initial studies in chronic myeloid leukemia patients demon-
strated the feasibility of multiplexed proteomic profiling,
successfully identifying treatment-related changes in pro-
tein expression patterns [9]. Translation to cardiovascular
disease revealed the platform’s particular utility for detect-
ing low-abundance inflammatory mediators and signaling
molecules crucial to disease pathogenesis.

In acute coronary syndrome research, early applica-
tions of Olink Proseek technology revealed novel associa-
tions between inflammatory proteins and recurrent events
[10]. Analysis of 29 immune and inflammatory proteins
revealed that CXCL1, CD84, and TNF receptor superfam-
ily member 10a (TNFRSF10A) independently predicted
early recurrent acute coronary syndrome, demonstrating
the ability of this technology to identify clinically relevant
biomarkers beyond traditional risk factors. These findings
establish a the foundation for broader application in HF re-
search.

This technology has proven especially valuable in ad-
dressing the complexity of HF heterogeneity. Unlike tra-
ditional single-biomarker approaches, Olink enables com-
prehensive profiling of multiple biological pathways simul-
taneously, capturing the multifaceted nature of HF patho-
physiology. Studies comparing different HF phenotypes
have revealed distinct proteomic signatures, challenged tra-
ditional classification schemes and suggesting opportuni-
ties for molecularly-guided therapeutic strategies [11].

2.3 Comparison With Traditional Screening Methods

While traditional screening methods such as electro-
cardiography (ECG) and established biomarkers such as
natriuretic peptides remain cornerstones of cardiac assess-
ment [11,12], Olink proteomics offers distinct advantages
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for deep molecular phenotyping and discovery. Its value is
best understood when compared directly with that of other
protein analysis technologies.

Versus Mass Spectrometry (MS)-based Proteomics:
MS provides unparalleled depth for unbiased discovery
and the ability to identify post-translational modifications
[13,14]. However, in the context of plasma proteomics
for cardiovascular disease, MS faces significant challenges
with the vast dynamic range of protein concentrations,
where highly abundant proteins like albumin can mask the
detection of low-abundance (but biologically crucial) cy-
tokines and growth factors [15,16]. Olink’s antibody-based
affinity approach bypasses this issue, demonstrating supe-
rior sensitivity for many low-abundance signaling proteins
without the need for extensive sample depletion or fraction-
ation, thus enhancing throughput for large clinical cohorts
[9,17].

Versus Traditional Multiplex Immunoassays (e.g., Lu-
minex, ELISA): Standard immunoassays have long been
the gold standard for targeted protein quantification [18].
However, their multiplexing capacity is often limited to
dozens of proteins [19]. Furthermore, they can be sus-
ceptible to cross-reactivity, leading to non-specific signals
[20]. Olink’s PEA technology fundamentally enhances
specificity through its dual-recognition requirement, where
a signal is generated only when two distinct antibodies bind
to the same target protein in close proximity [9,10]. This,
combined with its capacity to measure thousands of pro-
teins from a minimal sample volume (~1 pL), represents a
significant leap forward in scale and data quality [21].

Versus Aptamer-based Platforms (e.g., SomaScan):
SomaScan, which uses modified DNA aptamers (Slow Off-
rate Modified Optamers, SOMAmers) as affinity reagents,
offers even broader proteome coverage (7000+ proteins).
While powerful for discovery, aptamer-based platforms can
sometimes exhibit different binding affinities and speci-
ficities compared to antibody-based methods, leading to
discrepancies in quantification for certain proteins [22].
Olink’s reliance on well-validated monoclonal or poly-
clonal antibodies often aligns more closely with results
from traditional immunoassays, which can facilitate the
translation of findings into established clinical laboratory
formats [23,24].

In summary, Olink proteomics occupies a strate-
gic niche, balancing the broad discovery potential of MS
with the high specificity and sensitivity of immunoassays.
This combination makes it exceptionally well-suited for
cardiovascular research, where the precise quantification
of signaling proteins across large patient populations is
paramount for biomarker discovery and mechanistic in-
sight.
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3. Clinical Applications in Heart Failure
Biomarker Discovery

3.1 Population-Based Screening and Risk Prediction

Large-scale epidemiological studies have leveraged
Olink proteomics to identify circulating proteins predictive
of incident HF, providing crucial insights into subclinical
disease processes. The landmark investigation by Stenemo
and colleagues [25] analyzed 80 cardiovascular proteins in
elderly community-dwelling individuals, identifying nine
proteins independently associated with future HF develop-
ment. Growth differentiation factor-15 (GDF-15) and T-
cell immunoglobulin mucin domain-1 (TIM-1) emerged as
the strongest predictors, with hazard ratios exceeding 2.0
per standard deviation increase, surpassing traditional risk
factors in predictive accuracy [26].

These findings have been validated and extended
across diverse populations. Analysis of the Framingham
Heart Study offspring cohort using expanded Olink panels
identified additional proteins associated with incident HF,
including markers of inflammation (IL-6, TNF-R1), vas-
cular remodeling (MMP-2, MMP-9), and metabolic dys-
function (Fibroblast Growth Factor-23, FGF-23, leptin)
[27]. Integration of proteomic profiles with clinical risk
scores improved discrimination for HF prediction, with C-
statistics increasing from 0.73 to 0.82 and net reclassifica-
tion improvements exceeding 20%.

The temporal dynamics of protein changes preceding
HF onset provide insights into disease evolution. Longi-
tudinal proteomic profiling revealed that certain proteins,
particularly GDF-15 and N-terminal pro-B-type Natriuretic
Peptide (NT-proBNP), begin rising 5-10 years before clin-
ical diagnosis, while others show accelerated increases in
the year preceding symptom onset [25]. These temporal
patterns suggest opportunities for staged intervention strate-
gies based on proteomic risk profiles.

3.2 Biomarker Discovery in Acute Myocardial Infarction
and Post-MI Heart Failure

Acute myocardial infarction (AMI) represents a crit-
ical precipitant of HF, with post-MI remodeling determin-
ing long-term outcomes. Olink proteomics has identified
novel predictors of post-MI HF development and mortal-
ity. Skau and colleagues [28] utilized Olink panels to an-
alyze 92 biomarkers in AMI patients, demonstrating that
GDF-15 and TNF-related apoptosis-inducing ligand recep-
tor 2 (TRAIL-R2) were the most powerful predictors of
long-term all-cause mortality. Combination of these mark-
ers with traditional risk factors enabled effective discrimi-
nation between survivors and non-survivors, with area un-
der the curve values approaching 0.85.

The technology has revealed distinct protein trajecto-
ries during post-MI recovery, with divergent patterns dis-
tinguishing patients who develop HF from those with pre-
served ventricular function [29]. Early elevation of pro-
teins reflecting cardiomyocyte injury (troponins, heart-type

fatty acid-binding protein (H-FABP)), inflammation (IL-6,
c-reactive protein (CRP)), and extracellular matrix remod-
eling (matrix metalloproteinases (MMPs), tissue inhibitors
of metalloproteinases (TIMPs)) characterized patients pro-
gressing to HF. Serial sampling demonstrated that persis-
tence of inflammatory activation beyond 72 hours post-
MI strongly predicted adverse remodeling and HF devel-
opment.

Integration of proteomic data with cardiac imaging
has enhanced understanding of post-MI remodeling mech-
anisms [30]. Proteins associated with specific imaging
parameters include MMP-9 with left ventricular dilation,
galectin-3 with myocardial fibrosis, and suppression of
tumorigenicity 2 (ST2) with wall motion abnormalities.
These protein-imaging correlations provide mechanistic
links between circulating biomarkers and cardiac structural
changes, informing therapeutic targeting strategies.

3.3 Clinical Implementation Workflows and
Standardization

Translation of Olink proteomics into clinical prac-
tice requires standardized workflows encompassing pre-
analytical, analytical, and post-analytical phases [17,23,
31]. Pre-analytical considerations include sample collec-
tion protocols, processing timelines, and storage condi-
tions. Studies have demonstrated that delayed processing
beyond 4 hours at room temperature significantly affects
certain protein measurements, particularly cytokines and
growth factors. Standardized protocols recommend imme-
diate centrifugation and storage at —80 °C to maintain pro-
tein stability.

Analytical standardization involves calibration pro-
cedures, quality control metrics, and batch effect correc-
tion [17,23]. Multi-center studies have established inter-
laboratory coefficients of variation below 20% for most
proteins when following standardized protocols. Imple-
mentation of bridging samples and normalization algo-
rithms has improved cross-study comparability, essential
for establishing universal reference ranges and clinical de-
cision thresholds.

Post-analytical challenges include data interpretation,
clinical reporting, and integration with electronic health
records [31]. Development of clinical decision support sys-
tems incorporating proteomic data with traditional risk fac-
tors has shown promise in pilot implementations. How-
ever, regulatory approval, reimbursement considerations,
and clinician education remain barriers to widespread adop-
tion.

3.4 Comparative Analysis of Traditional and Novel
Biomarkers

The clinical utility of biomarkers discovered via pro-
teomics must be evaluated against established standards,
particularly natriuretic peptides. Traditional risk assess-
ment in HF relies heavily on NT-proBNP, with well-
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established cutoffs for diagnosis and prognosis [12,32].
However, NT-proBNP has known limitations, including its
dependency on age and renal function, reduced levels in
obesity, and limited ability to illuminate the specific patho-
physiology driving an individual’s disease [33—-36].

Proteomic platforms like Olink have been instrumen-
tal in identifying markers that overcome these limitations by
representing distinct biological pathways complementary to
the myocardial stretch indicated by NT-proBNP. For exam-
ple, ST2, a member of the interleukin-1 receptor family, has
emerged as a key marker of myocardial fibrosis and inflam-
mation [37,38]. In acute HF, serial ST2 measurements pre-
dict outcomes independent of NT-proBNP changes, and the
combination of both markers provides superior risk strati-
fication [25,39]. Similarly, galectin-3 (Gal-3), another pro-
tein involved in inflammation and fibroblast activation, of-
fers additive prognostic value, further reinforcing the im-
portance of assessing the fibro-inflammatory axis in HF
[26,40-42].

Beyond this axis, proteomics has consistently high-
lighted GDF-15 as one of the most powerful prognostic
markers in HF [25,27]. Reflecting a broad spectrum of
cellular stress, including inflammation and mitochondrial
dysfunction, elevated GDF-15 levels are strongly associ-
ated with mortality across both Heart Failure with reduced
Ejection Fraction (HFrEF) and heart failure with preserved
ejection fraction (HFpEF), often outperforming other es-
tablished markers [43—46]. Proteomic panels also enable
a dynamic assessment of extracellular matrix remodeling
through the simultaneous measurement of matrix metallo-
proteinases (MMPs) and their tissue inhibitors (TIMPs),
providing a direct window into the structural changes un-
derpinning adverse remodeling [47].

Furthermore, proteomics offers the sensitivity to re-
fine the interpretation of established markers. While high-
sensitivity cardiac troponins are central to diagnosing acute
coronary syndromes, their utility in chronic HF has been
less clear [48]. Olink-based studies have revealed that
even minute troponin concentrations, previously consid-
ered clinically insignificant, are associated with increased
long-term HF risk in community populations, prompting
a re-evaluation of its role in subclinical disease detection.
This multi-marker perspective, encompassing pathways of
stretch, inflammation, fibrosis, cellular stress, and myocyte
injury, provides a far more comprehensive risk profile than
any single biomarker alone. However, it is crucial to tem-
per this potential with the recognition that the incremental
prognostic value of adding a large panel of markers to a ro-
bust clinical model that already includes NT-proBNP and
key clinical variables is often modest and must be rigor-
ously validated in diverse, large-scale cohorts before clini-
cal implementation.
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4. Mechanistic Insights and
Pathophysiological Understanding

4.1 Molecular Networks in Heart Failure Development

Olink proteomics has fundamentally advanced under-
standing of molecular networks underlying HF pathogene-
sis. Network analysis of proteomic data reveals highly in-
terconnected protein modules corresponding to distinct bi-
ological processes [32,49,50]. Central hub proteins, includ-
ing GDF-15, ST2, and TIM-1, serve as key nodes linking
inflammation, fibrosis, and metabolic dysfunction. These
hub proteins show the strongest associations with clinical
outcomes and represent potential therapeutic targets.

The technology has elucidated temporal evolution of
molecular networks during HF progression [51,52]. Early
disease stages are characterized by activation of adaptive
responses, including proteins involved in cellular stress re-
sponse and tissue repair. Transition to maladaptive re-
modeling involves shift toward pro-inflammatory and pro-
fibrotic protein signatures. Advanced HF exhibits dysregu-
lation across multiple protein networks, reflecting systemic
consequences of cardiac dysfunction.

Integration of proteomic data with genomic informa-
tion has identified genetically regulated proteins contribut-
ing to HF susceptibility [53]. Mendelian randomization
studies using Olink data have established causal relation-
ships for several proteins, including IL-6 receptor and pro-
protein convertase subtilisin/kexin type 9 (PCSK9), validat-
ing them as therapeutic targets. These findings demonstrate
the power of proteogenomics in distinguishing causal me-
diators from biomarkers of disease.

4.2 Inflammation and Immune Activation

Comprehensive proteomic profiling has revealed the
central role of inflammation in HF pathogenesis, with dis-
tinct inflammatory signatures characterizing different eti-
ologies and stages [39]. Analysis using Olink inflam-
mation panels demonstrates activation of multiple inflam-
matory pathways, including acute-phase response, com-
plement cascade, and cellular immunity. Temporal pro-
filing during acute decompensation shows early elevation
of damage-associated molecular patterns followed by sus-
tained cytokine activation [54].

The technology has identified novel inflammatory
mediators not previously implicated in HF. Proteins such
as CD84 molecule (CD84) and TNFRSF10A, discovered
through unbiased proteomic screening, show stronger asso-
ciations with outcomes than traditional inflammatory mark-
ers [10]. These findings have expanded understanding of
inflammatory mechanisms beyond classical cytokines to in-
clude cellular adhesion molecules, chemokines, and im-
mune checkpoint proteins.

Studies in specific populations have revealed unique
inflammatory profiles. HIV-associated cardiomyopathy ex-
hibits distinct proteomic signatures reflecting chronic im-
mune activation and accelerated atherosclerosis [55,56].
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Proteomic analysis of statin effects in HIV patients demon-
strated modulation of six proteins involved in immune path-
ways, suggesting mechanisms for cardiovascular benefit
beyond lipid lowering [56].

4.3 Cardiorenal Interactions and Systemic Effects

The cardiorenal syndrome represents a critical com-
plication in HF, with bidirectional interactions between
cardiac and renal dysfunction [57,58]. Olink proteomics
has identified protein signatures reflecting heart-kidney
crosstalk, with kidney injury molecule-1 (KIM-1) emerg-
ing as a powerful predictor of adverse outcomes in patients
with combined cardiac and renal dysfunction [59]. Longi-
tudinal profiling reveals that kidney-derived proteins begin
rising before traditional markers of renal function, suggest-
ing opportunities for earlier intervention.

Analysis of 80 circulating proteins in cohorts with
declining renal function identified multiple proteins as-
sociated with estimated glomerular filtration rate (eGFR)
decline and incident chronic kidney disease [60]. TNF-
receptor superfamily members, including TRAIL-R2 and
CD40 Ligand (CD40L) receptor, showed the strongest
associations, implicating inflammatory pathways in car-
diorenal syndrome progression. These findings have in-
formed development of anti-inflammatory strategies target-
ing shared pathophysiological mechanisms.

FGF-23 has emerged as a key mediator linking min-
eral metabolism disturbances with cardiovascular outcomes
[58]. Proteomic studies demonstrate that FGF-23 elevation
precedes phosphate abnormalities and associates with left
ventricular hypertrophy independent of traditional risk fac-
tors. The identification of FGF-23 as both biomarker and
potential therapeutic target exemplifies the translational po-
tential of proteomic discoveries.

4.4 Metabolic Dysfunction and Energetic Failure

HFpEF exhibits prominent metabolic dysfunction,
revealed through integrated proteomic and metabolomic
profiling [59,61,62]. Olink cardiometabolic panels iden-
tify dysregulation of proteins involved in insulin signal-
ing, adipokine regulation, and mitochondrial function.
Key findings include elevated Insulin-like Growth Factor-
Binding Protein 1 (IGFBP-1) reflecting insulin resistance,
altered adiponectin indicating adipose tissue dysfunction,
and increased GDF-15 suggesting mitochondrial stress.

The relationship between diabetes and HF has been
elucidated through proteomic analysis of diabetic car-
diomyopathy [63,64]. Oxidative stress pathways show par-
ticular prominence, with proteins reflecting reactive oxy-
gen species production and impaired antioxidant defenses.
These findings have identified potential therapeutic targets
for preventing diabetic HF, including pathways amenable
to pharmacological modulation.

Proteomic profiling has revealed metabolic differ-
ences between HF phenotypes [62,65]. HFrEF exhibits al-

terations in proteins related to glucose utilization and fatty
acid oxidation, reflecting metabolic shift from fatty acids
to glucose. HFpEF shows more pronounced abnormali-
ties in proteins regulating lipid metabolism and adipokine
signaling, consistent with metabolic syndrome association.
These phenotype-specific metabolic signatures suggest tai-
lored therapeutic approaches targeting distinct metabolic
pathways.

4.5 Cell Death Pathways and Tissue Remodeling

Olink proteomics has provided insights into cell death
mechanisms and tissue remodeling processes in HF [61,66].
Analysis of apoptosis-related proteins reveals activation of
both intrinsic and extrinsic cell death pathways, with Fas,
TNF-R1, and TRAIL-R2 showing strong associations with
disease severity. Temporal profiling during acute decom-
pensation demonstrates waves of cell death marker release,
suggesting ongoing myocardial injury even after clinical
stabilization.

Studies in systemic lupus erythematosus patients
with cardiovascular complications have revealed enhanced
apoptotic signaling, with higher levels of death receptors in
those with cardiac involvement [66]. These findings sug-
gest that autoimmune mechanisms may contribute to my-
ocardial injury through enhanced susceptibility to apopto-
sis, providing rationale for immunomodulatory therapy in
selected patients.

Matrix remodeling proteins show dynamic changes
throughout HF progression [67,68]. Early elevation of
MMP-2 and MMP-9 reflects adaptive remodeling, while
later increases in tissue inhibitors of metalloproteinases in-
dicate transition to fibrosis. The balance between matrix
degradation and synthesis proteins provides insights into re-
modeling phenotypes and potential therapeutic windows for
anti-fibrotic interventions.

5. Technical Advances and Methodological
Innovations

5.1 Platform Evolution and Expanded Capabilities

The Olink platform has undergone continuous evolu-
tion, with recent advances substantially expanding analyt-
ical capabilities [47,67,69]. Development of Explore pan-
els now enables simultaneous measurement of over 5000
proteins, approaching comprehensive proteome coverage.
Technical improvements include enhanced antibody valida-
tion procedures, optimized oligonucleotide designs reduc-
ing background signal, and improved normalization algo-
rithms minimizing batch effects.

Novel applications have extended beyond traditional
plasma/serum analysis. Single-cell proteomics combin-
ing Olink with flow cytometry enables simultaneous mea-
surement of surface and intracellular proteins at single-cell
resolution [47]. This capability has revealed cellular het-
erogeneity in circulating immune cells from HF patients,
identifying distinct activation states associated with disease
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severity. Spatial proteomics applications allow mapping
protein expression within tissue sections, providing insights
into regional heterogeneity in failing hearts.

Integration with other molecular profiling technolo-
gies has created multi-dimensional datasets [47]. Com-
bined RNA and protein analysis at single-cell level re-
veals post-transcriptional regulation in HF, identifying dis-
cordances between mRNA and protein levels for key
molecules. These integrated approaches provide more com-
plete understanding of molecular mechanisms than either
technology alone.

5.2 Comparative Analysis With Alternative Proteomic
Platforms

While Olink has gained prominence, comparison with
alternative proteomic platforms provides perspective on rel-
ative strengths and limitations [53,70]. Mass spectrometry-
based proteomics offers unbiased discovery potential and
ability to detect post-translational modifications. However,
plasma protein dynamic range remains challenging, with
abundant proteins masking detection of low-abundance sig-
naling molecules critical to HF pathophysiology.

Alternative multiplex immunoassay platforms, in-
cluding Luminex and MesoScale Discovery, provide com-
plementary capabilities [70]. Photonic crystal-enhanced
fluorescence immunoassays combined with machine learn-
ing have shown promise for point-of-care applications,
achieving good performance for NT-proBNP detection with
simplified workflows. However, multiplexing capacity re-
mains limited compared to Olink, restricting comprehen-
sive profiling capabilities.

SomaScan, utilizing aptamer-based technology, rep-
resents another high-throughput platform with coverage ex-
ceeding 7000 proteins [53]. Comparative studies in cardio-
vascular cohorts show moderate correlation between plat-
forms (r = 0.4-0.7), with platform-specific biases reflecting
different capture reagents and detection principles. These
differences emphasize the importance of platform selection
based on specific research questions and validation using
orthogonal methods.

5.3 Computational Approaches and Bioinformatics

The complexity of Olink-generated data necessitates
sophisticated computational approaches for analysis and in-
terpretation [32,50]. Traditional statistical methods face
challenges with high-dimensionality, multicollinearity, and
multiple testing burden. Machine learning algorithms, in-
cluding random forests, support vector machines, and neu-
ral networks, have proven valuable for biomarker selection
and outcome prediction.

Network-based approaches reveal functional relation-
ships between proteins, identifying disease modules and
key regulatory nodes [49]. Weighted gene co-expression
network analysis adapted for proteomics identifies protein
modules associated with clinical traits. These modules of-
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ten correspond to biological pathways, providing functional
interpretation of complex protein signatures. Integration
with protein-protein interaction databases enhances under-
standing of molecular mechanisms.

Deep learning applications show particular promise
for pattern recognition in longitudinal proteomic data [50,
71,72]. Recurrent neural networks can model temporal pro-
tein dynamics, predicting future trajectories based on base-
line profiles. These predictive models enable identification
of patients at risk for adverse outcomes before clinical de-
terioration, supporting proactive intervention strategies.

5.4 Quality Control and Standardization Initiatives

Ensuring data quality and reproducibility requires rig-
orous quality control procedures throughout the analytical
workflow [17,23]. Pre-analytical standardization includes
detailed protocols for sample collection, processing, and
storage. Implementation of standard operating procedures
across participating sites has reduced pre-analytical varia-
tion, with coefficients of variation below 15% for most pro-
teins in multi-center studies.

Analytical quality control involves multiple check-
points, including assessment of technical replicates, mon-
itoring of internal controls, and evaluation of batch effects
[23]. Statistical process control charts track assay per-
formance over time, enabling early detection of analytical
drift. Implementation of bridging samples between batches
allows robust normalization, essential for longitudinal stud-
ies and meta-analyses.

Post-analytical standardization focuses on data pro-
cessing and reporting [17]. Development of consensus
pipelines for data normalization, missing value imputation,
and outlier detection has improved cross-study compara-
bility. Establishment of reference ranges in healthy pop-
ulations provides context for clinical interpretation, though
population-specific considerations remain important.

6. Clinical Studies and Therapeutic
Applications

6.1 Heart Failure Phenotyping and Classification

Olink proteomics has revolutionized HF phenotyping,
revealing molecular heterogeneity within traditional clas-
sifications [11,49]. Analysis comparing HFTEF and HF-
pEF demonstrates overlapping yet distinct proteomic sig-
natures. While 70% of dysregulated proteins are shared,
phenotype-specific patterns provide insights into differen-
tial pathophysiology. HFrEF shows prominent neurohor-
monal activation markers, while HFpEF exhibits metabolic
and inflammatory predominance.

The presence of comorbidities further modifies pro-
teomic profiles [11]. Atrial fibrillation in HFTEF associates
with enhanced inflammatory signaling, while in HFpEF,
the association is attenuated, suggesting different patho-
physiological contributions. Diabetes amplifies metabolic
protein dysregulation particularly in HFpEF, supporting
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distinct therapeutic approaches based on comorbidity pro-
files.

Machine learning applied to proteomic data has iden-
tified novel HF subphenotypes not apparent from clinical
parameters alone [49]. Unsupervised clustering reveals
groups with distinct protein signatures, clinical trajecto-
ries, and treatment responses. These molecularly-defined
subgroups show better prognostic discrimination than tra-
ditional classifications, supporting transition toward preci-
sion medicine approaches.

6.2 Therapeutic Target ldentification and Drug
Development

Proteomic discoveries have identified novel therapeu-
tic targets and elucidated mechanisms of existing med-
ications [56,73-75]. Analysis of sacubitril/valsartan ef-
fects reveals suppression of proteins involved in myocardial
stress and fibrosis while enhancing cardioprotective path-
ways [73]. These mechanistic insights extend beyond ex-
pected neprilysin inhibition effects, suggesting pleiotropic
benefits contributing to clinical efficacy.

Sodium-glucose cotransporter 2 (SGLT2) inhibitors,
originally developed for diabetes, show remarkable car-
diovascular benefits revealed through proteomic profiling
[75]. Treatment associates with changes in proteins regu-
lating erythropoiesis, iron metabolism, and cellular energy
metabolism. These unexpected findings have prompted in-
vestigation of SGLT2 inhibitors in non-diabetic HF, with
clinical trials confirming benefit across the glycemic spec-
trum.

Novel therapeutic targets identified through Olink
proteomics are entering clinical development [74]. Proteins
validated through Mendelian randomization as causal me-
diators represent particularly attractive targets. Early-phase
trials incorporating proteomic biomarkers for patient selec-
tion and pharmacodynamic assessment show improved suc-
cess rates, supporting biomarker-guided drug development
strategies.

6.3 Clinical Trial Applications and Biomarker-Guided
Therapy

A primary goal of biomarker discovery is to inform
clinical decision-making, either by guiding therapy or by
refining patient selection in clinical trials. The concept of
“biomarker-guided therapy”—where treatment is titrated to
a biomarker target—has been a long-standing aspiration in
HF, though its path has been challenging. Early efforts tar-
geting natriuretic peptides, culminating in the large-scale
guiding evidence based therapy using biomarker intensi-
fied treatment in heart failure (GUIDE-IT) trial, failed to
demonstrate clinical benefit over standard care, teaching
the field that targeting a general marker of hemodynamic
stress may be insufficient [76]. Subsequent trials, such
as systemic microvascular endothelial and coronary epicar-
dial adipose tissue pRoteomics in heart failure (SECRET-

HF) using ST2 to guide mineralocorticoid receptor antag-
onist (MRA) therapy, represented a conceptual advance by
targeting a more specific pathway (fibrosis/inflammation),
though this trial also did not meet its primary endpoint [77].

These experiences have prompted a paradigm shift:
from using biomarkers to guide therapy titration to using
them for patient stratification. Olink proteomics has be-
come a powerful tool in this new approach, particularly in
the post-hoc analysis of major clinical trials. For exam-
ple, comprehensive proteomic profiling within the prospec-
tive comparison of ARNI with ACEI to determine im-
pact on global mortality and morbidity in heart failure
(PARADIGM-HF) and prospective comparison of ARNI
with ARB global outcomes in heart failure with preserved
ejection fraction (PARAGON-HF) trials revealed that base-
line protein signatures could predict differential treatment
effects [78,79]. Patients with higher levels of inflamma-
tory and fibrotic markers at baseline appeared to derive
greater benefit from sacubitril/valsartan, suggesting that
these proteomic profiles could potentially identify patient
subgroups most responsive to specific therapies in the fu-
ture [61,75]. This application—moving beyond prognosis
to predict therapeutic response—is a critical step toward
personalized medicine.

Looking forward, the ultimate goal is to integrate these
insights into prospective, adaptive trial designs. Olink-
derived proteomic signatures could be used at the screen-
ing phase to enrich trial populations with patients most
likely to respond, or to stratify randomization based on
underlying pathophysiology (e.g., an “inflammatory HF-
pEF” vs. a “fibrotic HFpEF” subtype). Furthermore, se-
rial on-treatment monitoring of specific protein trajectories
could identify early signals of efficacy or target engage-
ment, allowing for more efficient dose-finding or proof-of-
concept studies [61]. While pilot programs implementing
proteomic-guided HF management in real-world settings
show promise, large-scale randomized trials designed with
a priori biomarker stratification are now the critical next
step to definitively establish the clinical utility of this ap-
proach and translate the wealth of proteomic data into tan-
gible patient benefits [73,75].

6.4 Special Populations and Personalized Medicine

Proteomic profiling in special populations reveals
unique considerations for personalized medicine ap-
proaches [12,24]. Pediatric HF exhibits distinct protein
signatures reflecting developmental differences and eti-
ology distribution. Growth factors and developmental
proteins show prominent dysregulation, suggesting age-
specific therapeutic targets. Translation of adult biomark-
ers to pediatric populations requires careful validation given
developmental proteome changes.

Sex-specific differences in the plasma proteome have
important implications for HF management [24]. Women
show lower baseline levels of cardiac injury markers but
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higher inflammatory proteins. These differences contribute
to sex-specific HF presentations and outcomes. Proteomic
studies reveal that women may benefit from different ther-
apeutic approaches, particularly for HFpEF where female
predominance suggests distinct pathophysiology.

Ethnic variations in protein levels and disease associa-
tions challenge universal biomarker application [24]. Stud-
ies in diverse populations reveal substantial differences in
baseline proteomes and protein-outcome relationships. De-
velopment of population-specific reference ranges and risk
models is essential for equitable precision medicine imple-
mentation. Multi-ethnic cohort studies using Olink pro-
teomics are addressing these gaps.

7. Controversies, Challenges, and Future
Directions

7.1 Barriers to Clinical Adoption and Implementation

Despite its immense research potential, the translation
of Olink proteomics from discovery platforms to routine
clinical tools faces significant and multifaceted barriers.

A primary hurdle is practical and economic. The
substantial cost associated with high-plex proteomic as-
says remains prohibitive for widespread clinical use out-
side of well-funded research settings [80]. Moreover, the
workflow is currently centralized in specialized laborato-
ries, leading to long turnaround times incompatible with the
rapid decision-making required in acute clinical scenarios,
such as in the emergency department [81,82]. Until cost-
effective, rapid platforms are developed, proteomics will
likely remain a tool for risk stratification in stable outpa-
tient settings rather than for acute diagnosis [70].

Analytical and pre-analytical standardization presents
another major challenge. While Olink has made strides
in platform consistency, significant issues persist that hin-
der the establishment of universal clinical reference ranges.
Inter-laboratory variability, a lack of certified reference ma-
terials for hundreds of proteins, and the profound impact
of pre-analytical variables—such as sample type, anticoag-
ulant use, and processing times—can all introduce biases
that complicate the development of robust clinical decision
cutoffs [17,23].

The inherent biological and interpretive complexity
of the data also complicates clinical translation. It is pro-
foundly challenging to determine whether a circulating pro-
tein is a causal mediator or merely a bystander marker of
disease processes [51,52]. Furthermore, the influence of
crucial comorbidities like chronic kidney disease and dia-
betes mellitus significantly alters the proteome, confound-
ing the interpretation of an HF-specific signal. Disentan-
gling these overlapping signals requires sophisticated ana-
lytical approaches that are not yet standard in clinical prac-
tice [83,84].

Perhaps the most significant barrier, however, is the
lack of definitive clinical utility and resulting physician
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inertia. A strong prognostic association, as demonstrated
in countless studies, does not guarantee that acting on
a biomarker will improve patient outcomes—a hard les-
son learned from the GUIDE-IT trial [85-87]. Without
Level 1 evidence from a randomized controlled trial show-
ing clear benefit, clinicians are unlikely to adopt a com-
plex and costly new test over established markers like NT-
proBNP. Overcoming this “clinical inertia” will require
not just demonstrating statistical significance, but proving
clear, simple, and actionable value, complete with validated
cut-points and interpretive guidelines that can be seamlessly
integrated into existing clinical workflows.

7.2 Future Technological Developments

Next-generation Olink platforms promise expanded
capabilities and improved performance [32,50]. Develop-
ment of panels approaching whole-proteome coverage will
enable truly unbiased discovery. Technical advances in-
cluding improved antibody engineering, enhanced signal
amplification, and novel detection methods will further in-
crease sensitivity and specificity.

Integration with other omics technologies will pro-
vide comprehensive molecular characterization [50]. Com-
bined proteomic, genomic, transcriptomic, metabolomic,
and epigenomic profiling will reveal regulatory relation-
ships and identify therapeutic targets. Single-cell multi-
omics will dissect cellular heterogeneity in HF, revealing
cell type-specific pathological mechanisms.

Point-of-care proteomic devices are under de-
velopment, potentially enabling rapid bedside testing
[70]. Miniaturized platforms using microfluidics and
smartphone-based detection could democratize access
to proteomic profiling. However, maintaining analyt-
ical performance while reducing complexity remains
challenging.

7.3 Artificial Intelligence and Precision Medicine
Implementation

Artificial intelligence applications will transform pro-
teomic data analysis and clinical implementation [50]. Ma-
chine learning algorithms can identify complex protein pat-
terns invisible to traditional statistics. Deep learning mod-
els trained on large datasets achieve superior predictive per-
formance for outcomes and treatment response.

Digital twin models incorporating proteomic profiles
enable personalized risk prediction and treatment simula-
tion [75]. These virtual patient representations predict indi-
vidual responses to interventions, optimizing treatment se-
lection. Integration with wearable devices and continuous
monitoring will enable real-time risk assessment and proac-
tive intervention.

Implementation of precision medicine requires health-
care system transformation [49]. Electronic health record
integration, clinical decision support systems, and provider
education are essential. Regulatory frameworks, reim-
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bursement models, and ethical considerations regarding
data privacy and equity must be addressed.

7.4 Multi-Omics Integration and Systems Medicine

The future of HF research lies in multi-omics in-
tegration within systems medicine frameworks [88,89].
Combining proteomics with other molecular profiles pro-
vides comprehensive disease characterization. Network
medicine approaches reveal disease modules and identify
key regulatory nodes for therapeutic targeting [90].

Longitudinal multi-omics studies will elucidate dis-
ease trajectories and identify transition points [91,92]. Un-
derstanding molecular changes preceding clinical transi-
tions enables preventive interventions. Population-scale
studies will reveal molecular subtypes and enable refined
disease taxonomy.

International collaborations and data sharing initia-
tives will accelerate discovery [93]. Standardized proto-
cols, common data models, and federated analysis plat-
forms will enable mega-analyses. Cloud-based platforms
will democratize access to analytical tools and facilitate col-
laboration.

7.5 Therapeutic Implications and Drug Development

Proteomic discoveries will drive next-generation ther-
apeutic development [44,92]. Validated protein targets are
entering drug development pipelines. Biological therapies
including antibodies and recombinant proteins offer precise
targeting of dysregulated pathways [94].

Biomarker-guided trial designs will improve develop-
ment efficiency [90]. Enrichment strategies based on pro-
teomic profiles increase statistical power and reduce sample
size requirements. Adaptive designs with proteomic end-
points enable rapid iteration and optimization [71,95].

Companion diagnostics based on proteomic profiles
will enable precision therapy. Treatment selection algo-
rithms incorporating protein signatures will optimize indi-
vidual outcomes. Serial monitoring will guide therapy ad-
justment and identify treatment resistance early.

8. Conclusions and Future Perspectives

Olink proteomics has catalyzed a paradigm shift in HF
research, transitioning the characterization of this syndrome
from a set of clinical and hemodynamic observations to a
high-resolution molecular landscape. Its primary contribu-
tion lies in the robust identification of prognostic protein
signatures that outperform traditional markers and reveal
the profound heterogeneity within HF phenotypes, particu-
larly HFpEF.

However, a critical gap persists between this prognos-
tic power and demonstrable clinical utility. The field is now
saturated with biomarkers that predict adverse outcomes,
yet very few inform therapeutic decisions. The central chal-
lenge, therefore, is to pivot from correlation to causality—
to distinguish proteins that are merely passengers of the dis-
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ease state from those that are actionable drivers of patho-
physiology.

Future progress will not be defined by discovering
more biomarkers, but by their strategic deployment to an-
swer key biological and clinical questions. The next fron-
tier demands a rigorous focus on mechanistic validation, in-
tegrating proteomics with Mendelian randomization to es-
tablish causal pathways, with single-cell technologies to
pinpoint cellular origins, and ultimately, with biomarker-
stratified clinical trials. The success of proteomics will be
measured not by the length of the biomarker list, but by
its ability to guide interventions, identifying patient sub-
groups who uniquely benefit from therapies targeting spe-
cific protein-driven pathways.

In conclusion, Olink proteomics has revolutionized
heart failure research, moving the field beyond single mark-
ers like NT-proBNP towards a multi-pathway understand-
ing of the disease, incorporating insights from inflamma-
tory, fibrotic, and metabolic axes. While proteomic signa-
tures have demonstrated superior risk stratification and pro-
vided profound mechanistic insights, their translation into
routine clinical practice faces significant hurdles, includ-
ing cost, standardization, and the critical need for evidence
from biomarker-stratified randomized controlled trials. Fu-
ture developments in technology and the integration of Al
hold immense promise, but overcoming these practical bar-
riers will be the true determinant of proteomics’ ultimate
impact on patient care. The journey from complex data to
tangible clinical benefit is challenging, yet essential for re-
alizing the vision of precision medicine in heart failure.
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