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Abstract
Cardiovascular diseases (CVD) remain the leading global cause of mortality with a complex etiology involving both 
genetic and environmental factors. Despite the identification of numerous genetic loci associated with CVD, the 
mechanisms underlying disease variability are incompletely understood. Recent advances in multi-omics 
technologies, including genomics, epigenomics, transcriptomics, proteomics, metabolomics, and microbiomics, 
offer a more comprehensive view of the molecular networks involved in disease progression and recovery. This 
commentary explores how multi-omics data could enhance cardiac rehabilitation (CR) by identifying novel 
biomarkers, revealing individualized responses to exercise, and informing personalized therapeutic strategies. We 
present specific use cases for omics technology in CR, highlight barriers such as cost and implementation 
feasibility, and propose future research directions, including the need for pilot studies and standardization 
protocols. Integrating omics technologies into CR has the potential to improve patient outcomes and promote 
precision cardiovascular care, provided that practical and ethical challenges are adequately addressed.
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INTRODUCTION
Cardiovascular diseases (CVD) are the primary global cause of death, affecting millions of individuals who 
often require interventions like cardiac rehabilitation (CR) to improve heart health and lower the likelihood 
of recurrence[1]. CR plays a pivotal role in improving patient outcomes, reducing hospital readmissions, and 
enhancing overall quality of life by promoting physical activity, stress reduction, and nutrition 
optimization[2]. Most of the profound improvements in outcomes following CR are at least explained 
statistically by improvements in cardiorespiratory fitness (CRF)[3]. While traditional CR programs focus on 
exercise, dietary changes, and behavioral modifications[4], they often fall short in addressing the underlying 
biological factors that contribute to CVD progression.

Current approaches tend to be broad and one-size-fits-all, lacking the precision necessary for patients with 
CVD. This has led to suboptimal outcomes for some, but almost 23% of our patients do not even improve 
CRF, at least as assessed with gas exchange via cardiopulmonary stress testing, highlighting the need for 
more targeted, individualized interventions[5]. While exercise provides numerous health benefits, significant 
gaps remain in our understanding of its molecular mechanisms and why individuals experience varying 
degrees of benefit[6].

Recent advancements in molecular biology have illuminated the role of omics technologies in 
understanding CVD[7]. Omics technologies, including genomics, epigenomics, transcriptomics, proteomics, 
metabolomics, and microbiomics, provide a comprehensive picture of the biological systems at play and 
powerful tools for understanding the complex pathophysiology of CVD[7]. Unlike traditional biomarkers 
that provide limited static snapshots of health, omics technologies could dynamically capture complex 
biological processes across multiple layers (e.g., gene expression, protein signaling, metabolic flux)[8]. This 
enables the identification of novel and individualized disease mechanisms, including gene-environment-
exercise interactions, which cannot be detected using conventional clinical measures[8].

For instance, while high-sensitivity C-reactive protein (CRP) indicates systemic inflammation[9] and lipid 
profile reveals dyslipidemia[10], omics approaches can reveal pathway-specific dysregulation (e.g., 
mitochondrial diseases, epigenetic silencing of exercise-responsive genes)[11,12], enabling more precise risk 
stratification and therapeutic targeting. Thus, omics data could identify patient-specific biological barriers 
to the efficacy of CR that remain undetected by traditional clinical biomarkers[13], thereby enabling the 
development of more precise and individualized intervention strategies. These molecular-level insights have 
the potential to revolutionize CR by enabling more precise, patient-tailored interventions. By leveraging 
multi-omics, clinicians may identify predictive biomarkers of CR responsiveness, tailor exercise intensity or 
modality to molecular phenotypes, and monitor real-time physiological adaptations beyond what is possible 
with standard assessments. Together, these strategies collectively offer the potential to tailor CR programs, 
enhancing outcomes across varied patient groups. This commentary aims to explore how integrating omics 
technologies data into CR programs can offer a more nuanced approach to patient care. By focusing on 
these molecular pathways, we can enhance the precision of CR strategies, improve patient outcomes, and 
personalize treatment plans, ultimately paving the way for a new era of precision CR in the management of 
CVD. This commentary offers a concise perspective on the role of omics technologies in advancing CR 
[Table 1].

OMICS BIOMARKERS IN PRECISION CR
In the context of CR, omics biomarkers have immense potential to complement traditional screening 
methods by enhancing diagnosis, prognosis, and therapeutic decision making. By integrating diverse data 
types, healthcare providers can refine CR protocols, ensuring that they are effective and personalized, and 
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Table 1. Summary of the integration of omics in cardiac rehabilitation

Omics in cardiac 
rehabilitation

Omics biomarkers to enhance diagnosis, prognosis, and therapeutic decision making.  
Healthcare providers can refine effective and personalized cardiac rehabilitation protocols

Genomics Genomic approach to design individualized exercise regimens and optimize cardiac rehabilitation outcomes. 
Understand a patient’s genomic profile in cardiac rehabilitation

Epigenomics How environmental factors influence gene expression without altering the DNA sequence.  
MicroRNAs to repair heart tissue and improve overall cardiovascular health, heart function, resilience, and overall 
metabolic health

Transcriptomics Enable a better understanding of cardiovascular diseases and the impact of exercise on heart health.  
Identify biomarkers and molecular pathways involved in cardiovascular diseases and develop targeted interventions 
for cardiac rehabilitation

Proteomics Monitor patient progress in cardiac rehabilitation 
Manage elevated blood pressure and reduce long-term cardiovascular disease risks. 
Provide early indications of recovery or flag patients at risk for future major cardiovascular disease events

Metabolomics Identify circulating metabolites that predict exercise capacity 
Biomarkers could serve as diagnostic tools in personalized healthcare disease screening, prognostication, and guiding 
therapeutic interventions

Microbiomics Explore the role of the gut microbiome in cardiovascular health and its potential interactions with cardiac 
rehabilitation programs 
Help identify patients with unfavorable microbiome profiles and guide interventions to reduce these risks 
Monitor patients’ progress in cardiac rehabilitation and identify those who may benefit from additional interventions, 
such as probiotics or dietary changes to improve heart health

Challenges The vast amounts of data generated necessitate robust storage solutions and sophisticated computational tools for 
analysis 
Handling and interpreting large datasets can be resource-intensive and may require advanced bioinformatics 
capabilities 
Variability in protocols and technologies can lead to inconsistent results

can better identify molecular signatures that are specific to CR outcomes. The continued development and 
implementation of omics-based biomarkers in CR hold the promise of improving patient outcomes, 
optimizing therapeutic success, and driving innovation in precision medicine. This could include 
biomarkers that track myocardial recovery, inflammation resolution, or metabolic improvements during 
therapy, as well as measures assessing improvements in CRF.

Genomics in CR: Genomics explores genetic predispositions to CVD by analyzing deoxyribonucleic acid 
(DNA) variations, including single-nucleotide polymorphisms (SNPs)[14]. By examining how specific genes 
and genetic variations influence cardiovascular health, exercise capacity, and disease progression, genomics 
can contribute to more individualized CR approaches[15,16]. In the context of CR, a genomic approach can 
also be applied to design individualized exercise regimens, optimizing CR outcomes by tailoring 
interventions to each patient's distinct genetic profile. Understanding a patient’s genomic profile in CR may 
aid in optimizing the selection and dosing of commonly used medications such as statins, anticoagulants, 
and antihypertensives, ultimately improving clinical outcomes and enhancing patient safety. Identifying 
these genetic factors may enable healthcare providers to predict how a patient’s potential benefits from 
exercise training in CR and potentially help better define exercise prescriptions[6].

Epigenomics in CR: Epigenomics is the study of the full spectrum of epigenetic modifications, including 
DNA methylation, histone modification, and non-coding RNA regulation, that influence the genome[7]. 
These modifications can aid in the early diagnosis of CVD and help predict treatment response[7,17]. 
Epigenetic mechanisms can offer insights into how environmental factors, such as exercise and diet, 
influence gene expression without altering the DNA sequence[7,18]. Exercise, a key component of CR, enables 
the identification of patient-specific risk profiles and modifiable factors, facilitating the development of 
personalized CR interventions that enhance cardiovascular health and reduce disease recurrence. Exercise 
has been found to decrease the hypermethylation of genes involved in nitric oxide production, thereby 
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improving vascular function[19], influence the levels of circulating microRNAs, such as miR-126 and miR-
133, which play key roles in promoting angiogenesis and preventing apoptosis in cardiomyocytes[20], and to 
enhance histone acetylation, which activates genes that are critical for mitochondrial biogenesis and energy 
metabolism[21]. These microRNAs could contribute to the repair and regeneration of heart tissue, enhancing 
overall cardiovascular health and improving heart function, resilience, and overall metabolic health.

Transcriptomics in CR: Transcriptomics investigates RNA expression to identify dysregulated pathways 
associated with conditions such as atherosclerosis and heart failure[22]. A comprehensive meta-analysis, 
known as MetaMEx, integrated data from 66 studies to examine gene expression changes in skeletal muscle 
following various exercise modalities. This analysis identified NR4A3 as one of the most responsive genes to 
both exercise and inactivity, underscoring its significant role in muscle adaptation[23]. Trained individuals 
had higher transcriptional activity in type I myofibers and mitochondria, while sedentary individuals 
showed elevated immune-related signatures, with both groups benefiting from endurance exercise 
regardless of prior activity levels[24].

Transcriptomics can advance our understanding of CVD and the impact of exercise on heart health. By 
analyzing the transcriptome, researchers can identify biomarkers and molecular pathways involved in CVD, 
leading to improved diagnostics and personalized treatments. However, to the best of the authors' 
knowledge, no prior study has assessed transcriptomic predictors following CR. In the realm of CR, exercise 
may induce beneficial transcriptomic changes. For instance, a machine learning-based study uncovered 18 
transcriptomic biomarkers predictive of CVD outcomes with reported accuracy of up to 96%[25]. However, it 
is important to note that this study was not conducted among CR populations; therefore, its findings should 
be interpreted cautiously to avoid overgeneralization.

Moreover, the practical application of transcriptomic profiling in CR settings is currently limited by several 
logistical and clinical challenges.

The complexity of omics data may present difficulties for clinicians who are unfamiliar with molecular 
diagnostics, and existing multi-omics workflows may not align with the relatively short duration (typically 
6-12 weeks) of standard CR programs. Future research should therefore prioritize validation of 
transcriptomic signatures in CR cohorts and develop simplified, clinically feasible approaches that can be 
readily integrated into routine practice.

Proteomics in CR: Proteomics examines protein expression and interactions, helping to identify specific 
biomarkers such as cardiac troponins (cTnl, cTnT) and natriuretic peptides (BNP, NT-proBNP), which are 
well-established for diagnosing myocardial injury and predicting outcomes in CVD[26]. Exercise-based CR 
has been associated with notable shifts in the proteome, including reductions in oxidative stress markers[27] 
and inflammatory cytokines[28,29], both of which play significant roles in left ventricular remodeling following 
myocardial infarction. Proteomics studies have also revealed favorable changes in the neurohormonal 
profile of patients with heart failure with preserved ejection fraction, evidenced by decreased levels of NT-
proBNP and related neuropeptides[30].

Additionally, proteomics biomarkers may serve as valuable tools for monitoring patient response during 
CR, allowing clinicians to detect early signs of recovery or identify patients at higher risk for adverse 
outcomes. These molecular insights can guide personalized modifications to rehabilitation strategies. For 
example, exercise-induced changes in protein expression can objectively reflect improvements in 
myocardial function, vascular health, and skeletal muscle strength[31]. These biomarkers have been validated 
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in multiple CR cohorts, demonstrating their utility in monitoring patient response to rehabilitation 
interventions. For example, decreases in IL-6 and CRP levels correlate with improved exercise tolerance and 
reduced cardiovascular risk after CR[32], while dynamic changes in lactate concentrations provide insights 
into skeletal muscle metabolic adaptations[33]. The clinical implementation of proteomics in traditional CR 
remains constrained by challenges including a lack of standardized assay protocols, high costs, and limited 
availability of simplified data interpretation tools for frontline clinicians. Future research aims to validate 
these biomarkers further and develop accessible platforms to enhance their practical utility in CR programs.

Metabolomics in CR: Metabolomics is the study of small-molecule metabolites involved in processes such as 
oxidative stress and energy production. Changes in metabolite profiles, such as a reduction in branched-
chain amino acids, are associated with reduced exercise capacity in individuals with coronary artery 
disease[34]. Metabolomics in CR can identify circulating metabolites that predict exercise capacity, offering 
potential for individualized CR programs. Exercise-based CR may play a crucial role in enhancing the 
metabolic management of HFpEF[35] and improving exercise capacity by reducing oxidative stress and 
boosting the body's antioxidant systems in patients with CVD[36]. This understanding enables CR programs 
to be customized, ensuring treatment is optimized to suit each patient's unique metabolic needs. Candidate 
biomarkers identified through metabolomics could serve as valuable tools in personalized healthcare, with 
potential applications in disease screening, prognosis, and the tailoring of therapeutic strategies, including 
exercise regimens[37,38].

Microbiomics in CR: Microbiomics is the study of the microbiome, which refers to the collection of 
microorganisms, such as bacteria, viruses, fungi, and other microbes, that live in and on the human body[39]. 
The gut microbiome, plays a vital role in digestion, immune system regulation, vitamin production, and 
protection against harmful pathogens[40]. Emerging research has highlighted the significant role of gut 
microbiota-host interactions in maintaining human health and contributing to the development of various 
diseases, including inflammatory and cardiovascular conditions[41].

Although no interventional human studies have explored the impact of the gut microbiota or microbiome 
within CR programs, there is growing scientific interest in this domain.  Recent review suggests that 
dysbiosis of the gut microbiota may contribute to the pathogenesis of cardiovascular diseases through 
mechanisms involving systemic inflammation, metabolic dysfunction[42], and increased production of 
harmful metabolites such as trimethylamine N-oxide[43]. Novakovic et al. further emphasize the role of gut 
microbial imbalance in promoting leaky gut syndrome and inflammation, proposing that restoring 
microbial integrity through targeted interventions may offer a novel strategy for cardiovascular prevention 
and management[44].

In this context, microbiomics in CR could provide valuable insights into individual variability in 
rehabilitation response. By identifying patients with unfavorable microbiome profiles, clinicians may be able 
to personalize CR programs using adjunctive interventions such as probiotics, prebiotics, or dietary 
modifications. Furthermore, monitoring microbiomic changes throughout CR may allow for the early 
detection of suboptimal responses and guide therapeutic adjustments. While this field is still in its early 
stages, integrating microbiome profiling into CR holds promise for enhancing clinical outcomes and 
advancing precision rehabilitation strategies. Future human studies are needed to validate these concepts 
and determine their practical applications.
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CHALLENGES
High-throughput sequencing assays and other omics assays are powerful tools in molecular biology, but 
they present several challenges. These methods demand specialized expertise for implementation and 
interpretation. For instance, high-throughput sequencing involves intricate processes such as sample 
preparation, sequencing, and data analysis, each requiring specific skills and knowledge[45]. The vast 
amounts of data generated require robust storage solutions and sophisticated computational tools for 
analysis[46]. Handling and interpreting large datasets can be resource-intensive and may require advanced 
bioinformatics capabilities. Variability in protocols and technologies can lead to inconsistent results. 
Furthermore, variability in laboratory protocols could lead to inconsistent results. In addition to technical 
obstacles, cost remains a significant implementation barrier. Omics profiling, particularly multi-layered 
analyses, is currently expensive and may not be feasible in routine CR settings, especially in low- and 
middle-income countries. Without scalable or cost-effective models, widespread adoption could 
inadvertently exacerbate healthcare disparities, limiting access to those in more resource-rich environments. 
These challenges require technological and methodological innovations.

FUTURE DIRECTIONS
Identifying specific biomarkers that reflect the effectiveness of CR interventions can lead to more 
personalized and effective treatment strategies. Longitudinal studies tracking genetic and molecular 
modifications in response to exercise may provide insights into the mechanisms by which exercise 
influences cardiovascular health. Emerging tools such as single-cell omics can further refine this 
understanding by revealing cell type-specific adaptations to exercise, thereby offering higher-resolution 
targets for individualized interventions. In parallel, wearable biosensors that enable real-time tracking of 
circulating metabolites, such as glucose, lactate, or cortisol, present new opportunities for dynamic, 
feedback-driven CR protocols that adapt to patients’ physiological responses in real time. To translate these 
insights into clinical practice, future research must address key implementation challenges. Cost-
effectiveness analyses are essential to evaluate whether omics-based interventions provide added value over 
standard care and to prevent exacerbating healthcare disparities. Feasibility studies should assess how omics 
profiling can be integrated into routine CR workflows without overburdening clinical teams or increasing 
patient dropout. In parallel, standardized implementation protocols must be developed to ensure 
reproducibility and consistency of omics assays across diverse healthcare settings. Simplified and scalable 
approaches for sample processing and data interpretation are needed to support wider adoption, 
particularly in low-resource environments. Interdisciplinary collaboration among clinicians, omics 
scientists, data analysts, and health economists is vital to ensure that these innovations are both clinically 
effective and practically sustainable. Finally, digital health tools, including wearables and remote sampling 
platforms, could democratize access by enabling individualized CR monitoring beyond the clinic, 
particularly benefiting underserved or geographically isolated populations. By addressing these future 
directions, omics technologies hold the potential to transform CR into a truly precision-based, patient-
centered practice.

PRACTICAL APPLICATIONS
The integration of omics technologies in CR requires a clear rationale for sample collection, ensuring that 
timing, frequency, and clinical goals align with patient needs and healthcare system capacities. For instance, 
practitioners may aim to assess overall health or monitor CR progress using omics-derived biomarkers. 
Clinician and patient buy-in are vital to ensuring successful implementation. Healthcare providers should 
communicate the benefits of omics technologies, such as enhanced recovery tracking, reduced adverse 
events, and improved long-term outcomes, to foster CR adherence and patient outcomes. Ultimately, 
interdisciplinary collaboration among physicians, CR professionals, omics researchers, data scientists, and 
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health economists is necessary to ensure these innovations are both clinically effective and practically 
sustainable. By adhering to these considerations, omics technologies could be seamlessly incorporated into 
CR, providing actionable insights to enhance precision medicine.

CONCLUSION
This commentary highlights the emerging potential of integrating multi-omics technologies into CR to 
better understand the biological mechanisms driving individual variability in response to treatment. By 
examining exercise-induced changes in genomic, proteomic, and metabolomic profiles, researchers can 
begin to unravel why some patients respond more favorably than others. These insights offer a foundation 
for stratifying patients based on molecular risk and tailoring interventions more precisely. However, current 
evidence supporting routine clinical integration remains preliminary. Before multi-omics could be 
translated into everyday CR practice, significant challenges, including biomarker validation, cost-
effectiveness, and workflow feasibility, must be addressed. As the field evolves, leveraging interdisciplinary 
collaboration and emerging digital tools will be critical to ensure omics-guided CR becomes both 
scientifically sound and clinically viable.
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