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Abstract

Coronary artery disease is a major cause of disability and death around the world, even after
advances have been made to diagnose and treat it. Traditional risk assessments are based on
clinical criteria and imaging methods, but they usually do not consider the molecular complexity
and dynamic nature of coronary artery disease, making it impossible to predict accurately when
the patient will experience an adverse cardiovascular event. During the last few years, there has
been significant progress in the area of integrative multi-omics such as genomics, epigenomics,
transcriptomics, proteomics, metabolomics, and microbiomics technology that provides
unprecedented insight into the biological pathways involved in atherosclerotic and unstable
plaque. When integrative multi-omics data are combined with computational modeling, machine
learning (ML), and artificial intelligence (AI), researchers will be able to identify new
biomarkers, enhance risk stratification, and facilitate personalized treatment decision-making.
Systems biology principles learned through multi-omics integration enable us to rethink the
pathology of coronary artery disease and develop precision medicine strategies for patients.
Emerging technologies such as network models, digital twins, and predictive analytics provide
additional opportunities to support targeted intervention strategies and monitor treatment-
response outcomes. While many issues remain related to standardizing data, integrating
methodologies, ethical governance, and clinical application, the integration of multi-omics and
computational strategies has the potential to change how we identify early signs of coronary
artery disease, improve risk predictions for patients with coronary artery disease, and enhance
the care of patients with coronary artery disease in order to reduce the global burden of
cardiovascular disease.
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1. Introduction

Coronary artery disease (CAD) sometimes called coronary heart disease (CHD) is a chronic,
progressive cardiovascular disease due to atherosclerosis in coronary arteries, resulting in
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myocardial ischemia, acute coronary disease (acute coronary syndromes) or sudden cardiac death
(SCD). Despite the delivery of improved preventive cardiology, reliable pharmacological
therapies, and interventional techniques, CAD remains one of the leading causes of death in the
world and is responsible for millions of deaths each year [1). The increasing prevalence of cardio
metabolic risk factors such as diabetes mellitus, obesity, physical inactivity, and an aging
population has exacerbated the worldwide burden of CAD, particularly in low and middle
income countries. Traditional risk assessment methods based on demographics, lipids, blood
pressure and imaging continue to dominate clinical practice in terms of assessing cardiovascular
(CV) risk and informing clinical decisions regarding therapy. While the use of these techniques
has led to improved population outcomes as a whole; they do not provide an adequate measure of
individual heterogeneity regarding the susceptibility, progression and response to treatment of
CV disease. There is a large portion of individuals identified as low/intermediate CV risk who
ultimately experience significant adverse events related to CV disease; indicating that current
methods of CV risk stratification are significantly limited.[?!

Coronary artery disease (CAD) is an increasingly complex biological condition, affected by
numerous genetic predispositions, epigenetic regulations, inflammatory and immune responses,
metabolic disturbances, and environmental exposures. Using single-layer types of biological
analyses limits our understanding of CAD because of its complexity [3]. Conversely, integrative
multi-omics approaches that include genomics, epigenomics, transcriptomic, proteomics,
metabolomics, and microbiomics allow us to gain a full understanding of the different molecular
networks that contribute to atherosclerotic plaque and plaque instability. When the use of the
advanced computational modeling techniques, machine learning algorithms, and Al systems is
combined with the multi-omics datasets, we have an opportunity to discover new CAD
biomarkers, CAD subtypes, and CAD predictive signatures with a clinical relevance [4]. In this
review, we promote the concept of using multi-omics data and technical approaches to redefine
how patients are identified at risk for CAD and treated. In addition to providing a synopsis of
what is currently known, we will also identify the ways outstanding research could lead to
effectively transforming CAD treatment from a population-driven, reactive model to a more
individual-based approach through precision medicine. 5]

2. Pathophysiology of Coronary Artery Disease: A Systems Biology Framework

Coronary Artery Disease (CAD) is a disorder that arises as a result of interactions across the
genetic, molecular, cellular, and environmental layers indicating the multifactors that will lead
up to this disease occurring. Traditional methods of studying CAD, through a reductionist
approach, looking at isolated risk factors or biological pathways, is insufficient to be able to
account for the increased heterogeneity one sees in disease onset, progression, and clinical
outcome. A systems-based approach to studying CAD, which entails the use of multi-level
biological data, to describe complex molecular networks and regulatory pathways implicated in
the development of atherosclerosis provide a more holistic method of understanding CAD as an
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emergent property resulting from complex biological systems, rather than CAD being the result
of the presence of isolated abnormalities.

2.1 Genetic and Environmental Interactions

CAD has a major genetic component, specifically the heritable contribution of genetic risk
factors (i.e., common/rare genetic variants), as well as the direct effect of these risk factors on
lipid metabolism, vascular function, inflammation signaling and thrombosis. However, the way
that these risk factors ultimately result in disease (that is to say, CAD) is also determined by the
environment. The way that environmental risk factors (diet, smoking, physical inactivity,
psychosocial stress, and pollutant exposure) affect CAD can interact with the genetic component
of CAD to modulate the likelihood of developing CAD. Such gene/environment interactions are
mediated through epigenetics, transcriptional regulation, and post-translational modifications
resulting in both interindividual variability of susceptibility to CAD and variation in the rate of
CAD progression. Using a systems biology approach, each genetic variant functions as a
perturbation on the network of molecular pathways that are activated in response to exposure to
the environment. Evidence stemming from integrative analyses combining genomics,
epigenomics and transcriptomics indicates that environmental exposures may amplify the effect
of genetic risk by altering gene regulatory networks that promote endothelial homeostasis, lipid
handling, and immune response. Thus, an understanding of the relationship between genes and
environment is paramount to predicting CAD risk at an early stage and developing personalized
prevention. [6-7]

2.2 Inflammation, Endothelial Dysfunction, and Atherosclerosis

Atherosclerosis and CAD develop from chronic inflammation and endothelial dysfunction.
Endothelial cells have three major roles: regulating vascular tone, controlling permeability (the
movement of substances across blood vessel walls), and regulating how white blood cells move
into/throughout tissues; when these three roles are disrupted, many pro-atherogenic processes
begin. Major contributors to endothelial dysfunction include oxidative stress, dyslipidemia, and
inflammatory cytokines that promote endothelial activation, and therefore monocyte adhesion to,
and migration into, the artery wall. Once inside the intima, monocytes differentiate into
macrophages and ingest modified lipoproteins, forming lipid-laden foam cells. Endothelial cell
activation is accompanied by persistent inflammatory signals mediated through both innate and
adaptive immune pathways. Systems level analyses demonstrate extensive cross-talk between
immune cells, vascular smooth muscle cells, and metabolic pathways, all of which help to
coordinate atherogenesis. Multi-omics studies have identified important inflammatory networks
and molecular hubs that bring together metabolic and inflammatory signals, providing potential
targets for therapy. 8!

2.3 Plaque Progression and Instability

The transition of atherosclerotic plaques from stable to unstable states is responsible for the
majority of acute coronary events. The features of plaque instability include thin fibrous cap,
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large lipid core, increased infiltration of inflammatory cells, and degradation of extracellular
matrix. The structural changes are due to the dysregulated interactions of the cellular, molecular,
and mechanical forces within the arterial wall [9). The use of systems biology approaches has
identified that plaque vulnerability is due to disruption of complex networks, rather than from a
single pathogen. Analysis of atherosclerotic lesions by transcriptomics and proteomics has
demonstrated the coordinated expression of inflammatory mediators, matrix-degrading enzymes
and apoptotic pathways. In addition to these, metabolic and oxidative stress signatures provide a
basis for the impairment of smooth muscle cells and the weakening of fibrous cap. The
integrative modeling of these biological processes provides valuable information regarding the
molecular basis for plaque rupture and thrombosis with identifying potential biomarker and
therapeutic targets to prevent acute coronary syndromes. [1%]

3. Multi-Omics Technologies in Coronary Artery Disease Research

The advent of multi-omics technology has greatly changed our view on the mechanisms behind
coronary artery disease (CAD) by allowing for the simultaneous evaluation of an individual’s
molecular changes across many different biological layers as mentioned in (Table 1). Unlike
single-omic technologies, integrative multi-omics provide researchers a systems level basis from
which to understand CAD. Additionally, it allows researchers to discover new biomarkers as
well as establish personalized risk assessments and treatment guidelines based on the most
current information available to them. Each layer of omics provides both unique and interrelated
information about the pathophysiology of CAD, therefore; the integration of all layers should be
included in efforts to better understand the complexities of atherosclerosis.

3.1 Genomics and Polygenic Risk Scores

CAD genomics studies have found many types of genetic variation related to CAD from GWAS.
Most of these variations are enriched for variants that build pathways for lipid metabolism,
vascular stability, inflammation, and thrombosis. However, since the effect size of individual
variants is small, they have limited predictive value if considered independently of each other.
Using PRS combines all potential impacts of multiple risk alleles into one overall quantitative
value, as a measure of inherited risk. PRS can be very useful to identify candidates for high
lifetime-risk CAD well before showing traditional risk factors. PRS are also helpful when
integrated with either clinical or other sources of data for improving the stratifications of
individuals and for guiding early preventive strategies. More importantly, genomics provides a
reliable predictor of diseases for a long time; therefore, it is considered to be very useful for
primary prevention. [1!]

3.2 Epigenomics and Gene-Environment Interactions

Epigenomic changes (such as changes in DNA methylation, changes in histone proteins, and
regulation of non-coding RNA) are how genetic factors and environmental exposures are linked
through their common epigenetic changes that can modify gene activity without changing the
underlying DNA sequence. Epigenomic changes can also be influenced by lifestyle factors
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including diet, smoking, level of exercise and psychological stress ['>!13], Epigenomic changes in
CAD affect endothelial function, immune cell activation and smooth muscle cell activity.
Researchers have identified specific methylation patterns associated with CAD and that these
epigenomic patterns correlate with CAD phenotype based on variable biological outcomes.
Through their ability to capture gene-by-environment interactions, epigenomics will yield
biomarkers of disease progression as well as therapeutics for personalized target modulation.

3.3 Transcriptomics and Immune Signaling Pathways

With transcriptomic profiles, researchers are able to measure changes in gene expression in
blood cells, vascular tissue and atherosclerotic plaques. Transcriptomic profiling has also
provided insight into the distinct patterns of transcription associated with immune activation,
oxidative stress and metabolic dysregulation that occur in those who have coronary artery
disease. Additionally, transcriptomics has identified diverse groups of immunological cells that
contribute to atherogenesis. Systems-level transcriptomics has also demonstrated how
inflammatory signalling pathways (both innate and adaptive) are synergistically regulated across
multiple cellular states. Transcriptomics, when integrated with other omics data, can help
identify regulatory networks responsible for initiating and/or propagating diseases, which in turn
will help develop targeted immunotherapies. [1413]

3.4 Proteomics and Circulating Biomarker Discovery

Proteomics is a way of understanding the functioning of CAD through changes in the amount of
protein present, modifications to the proteins after they have already been made, and the
interactions between different proteins. By analysing the profile of circulating proteins, we can
identify the ongoing pathological processes that are occurring, such as inflammation, endothelial
dysfunction and alterations to the extracellular matrix ['®]. The use of new high throughput
proteomics technologies has enabled the identification of new protein signatures that can be used
as potential biomarkers for overall disease severity, plaque instability and poor cardiovascular
outcomes. In addition, via proteomics we could also monitor how well a patient responds to
treatment and identify druggable targets providing a link between molecular discovery and
clinical application. [17]

3.5 Metabolomics and Lipidomics in Atherosclerosis

The characterization of small-molecule metabolic and lipid species through the application of
metabolomics and lipidomics methods allows for an evaluation of the metabolic outputs
generated by cellular metabolism or biological cellular processes. These analytics provide a look
into the physiological and pathological states of the relevant organisms studied by these methods
at any particular moment in time ['®, The use of metabolomics to study CAD has uncovered
metabolic abnormalities related to amino acid metabolism, fatty acid oxidation, and overall
energy homeostasis. Lipidomics, specifically, has uncovered additional previously unidentified
lipid species responsible for the atherogenic process beyond standard measurements of
cholesterol. By integrating the data from metabolomics and lipidomics, metabolic phenotypes
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can be more accurately identified and correlated with plaque maturation, and therapeutic
response, thus creating a platform for precision metabolic therapeutic intervention. [°]

3.6 Microbiomics and the Gut—Heart Axis

The gut microbiome plays an important role in heart disease by regulating metabolism,
inflammation, and the immune system. Microbial metabolites such as trimethylamine N-oxide
(TMAOQ) contribute to atherosclerosis progression and the risk of thrombosis. Profiling the
microbiome can help show how various microbes foster conditions conducive to the
development of coronary artery disease (CAD). Information from metabolomics and clinical
studies can be used to develop strategies focused on the microbiome, which would include diet

modification and individualized nutrition as preventive and therapeutic tools. [2°]

Table 1: Multi-Omics Technologies and Their Contributions to Coronary Artery Disease

Omics Layer Key Role in CAD Clinical Utility
Genomics (PRS) Identifies inherited genetic risk | Ly Fisk prediction and
prevention
. . Links genes with environment | Disease progression
Epigenomics . .
and lifestyle biomarkers
. . Reveals immune and Target discovery for
Transcriptomics . . . .
inflammatory signaling immunotherapy
. Identifies circulating protein Biomarkers and therapy
Proteomics . -
signatures monitoring
Metabolomics & Lipidomics Detects m‘e.tabohc and lipid Prec1s10q metabolic
abnormalities interventions

Diet-based and preventive

Microbiomics Explores gut—heart axis :
strategies

4. Computational Modeling and Artificial Intelligence in Coronary Artery Disease

Due to the quick growth of large amounts of biological and clinical data in Coronary Artery
Disease (CAD), there has been an increasing need for the application of advanced computational
modeling and Artificial Intelligence (Al) techniques that are able to derive clinically meaningful
patterns from large and complex datasets as shown in (Figure 1). Traditional statistical
techniques will generally not perform as well for analyzing datasets with nonlinear relationships
and multiple layers of interaction among biological variables, as well as large scale integration of
data. On the other hand, machine learning and predictive analytics (and network-based
modeling) are suited to discovering hidden mechanisms of disease, improving risk prediction for
CAD patients, and providing a foundation for personalized therapeutic decision-making in the
context of systems biology.

4.1 Machine Learning and Deep Learning Algorithms

By leveraging large data sets, machine learning (ML) algorithms facilitate data-driven discovery
by recognizing patterns and relationships in the data without any explicit prior assumptions.
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Supervised ML learning techniques, such as regression models, decision trees, support vector
machines (SVMs), and ensemble methods, have been extensively used to predict risk for
coronary artery disease (CAD), disease severity of CAD and clinical outcomes. On the other
hand, unsupervised learning algorithms (e.g., clustering and dimensionality reductions) have
improved being able to identify new subtypes of CAD and molecular phenotypes of CAD 211,
Deep learning (DL) a form of ML that uses artificial neural networks to develop models - is
extremely powerful when working with high dimensional and unstructured data (i.e., uses
images, genomics and electronic health records) and has outperformed all other methods for
CAD research applications (e.g., automated image interpretation; plaque characterization and
outcome prediction). Furthermore, the use of explainable Al frameworks has increased in ML to
provide explanations regarding model interpretations to support clinical decisions using the
model. 122!

4.2 Network-Based and Systems-Level Modeling

CAD (Coronary artery disease) is considered a disease that occurs due to digital connections
(networks) among various cellular and molecular-, cellular-, and chemical-like systems rather
than a separate group of pathways. The most common biological networks are gene regulatory
networks, protein-protein interaction networks, and metabolic networks; biological networks
encompass complex relationships that govern the development of diseases [2*l. Systems-level
modeling incorporates all of the above mentioned networks together via multiple omics levels to
determine specific biological significance. In this way, systems-level modeling can assist in
identifying new atherosclerosis-related/arteries-related biomarkers as well as therapeutic targets
by looking at hubs (the areas with the most interactions) of the networks and determining how
they interact with one another (how central they are), and can assist in repurposing previously
existing drugs to atherosclerosis-related diseases by comparing how one drug is used versus
another, etc. [24]

4.3 Digital Twin Concepts and Predictive Analytics

Digital twin technology is a new and exciting concept in advanced cardiology. A digital twin is a
computerized version of an individual patient that incorporates biological, medical, social, and
environmental factors to predict how diseases will develop over time and how they will respond
to treatments [?°1, In CAD, digital twin models can help to predict a patient’s risk of developing
CAD, test different scenarios to see which ones are the best for that patient, and identify optimal
treatment methods. Using predictive analytics on digital twins will allow physicians to predict
how quickly a patient will progress through their disease, determine whether a particular
treatment will work for a patient, and identify future events that could harm their health.
Although the potential of digital twin technology is great, we are still in the early phases of
implementing clinical digital twin systems and the potential for effective clinically-based
decision making by using digital twin models is enormous. 6]

4.4 Integration of Multi-Omics with Clinical and Imaging Data
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Integrating multi-omic data, clinical variables, and cardiovascular imaging data is a critical step
in creating comprehensive disease models for CAD. There are many computational frameworks
available that can integrate different types of heterogeneous data so that the three different
aspects (molecular, physiological, and anatomical) can be analyzed together. Machine learning
models that use multi-omic data as well as imaging and clinical data have been shown to provide
improved prediction accuracy when compared to single modality methods. This integrated
approach to models is facilitating improvements in risk stratification, identifying vulnerable
plaques, and developing a more targeted therapeutic intervention. As data integration
technologies continue to evolve and improve, the translation of multi-omic research into standard
clinical practice will continue to increase. [?7]

= Combining multi-omics,
L2 T Y " 5
o e Data Integration clinical, and imaging
— } data
(«.\_1 Applying supervised and
E Machine Learning Application unsupervised leaming
g for insights
3 Using neural networks
Deep Learning Interpretation for image analysis
Identifying disease hubs
E Network Modeling and biomarkers
Creating a virtual patient
m Dignal Twin for prediction
ﬁ Simulation

Figure 1: Computational Modeling in CAD Management

5. Redefining Risk Stratification in Coronary Artery Disease

Risk stratification is essential for both preventing and treating Coronary Artery Disease (CAD).
Traditional risk assessment methods have made a big impact on population-based cardiovascular
prevention; however, they are still limited in how well they can capture the many types of
biology that exist in populations as well as the changing nature of disease over time. The
development of technologies such as multi-omics and advances in computational modelling
present new opportunities to re-think how we predict cardiovascular risk by including molecules,
genetics and systems-level data in the clinical decision making.

5.1 Limitations of Traditional Risk Prediction Tools

Standard CAD risk prediction methods mainly use demographic data, medical history, and
biochemistry (e.g., age, gender, blood pressure, cholesterol levels, smoking history, diabetes) as
well as indirect risk calculation (e.g., genetic susceptibility) but have less precision at predicting
individual-level risk than general population risk. Numerous patients who had acute coronary
events have been classified as low or intermediate risk, thus demonstrating a lack of sensitivity
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of traditional risk assessment methods 28!, In addition, traditional CAD risk prediction tools do
not include information about genetic susceptibility to CAD or the heterogeneity of the
underlying molecular pathology or inflammation; they are static and do not reflect any change in
CAD activity due to time or treat-ment. This limits the efficacy of traditional CAD risk
prediction tools for identifying individuals who are at risk for subclinical atherosclerosis, rapidly
progressive atherosclerotic disease, or vulnerable atherosclerotic plaque and therefore limit the
ability of clinicians to provide precision cardiovascular care. [*]

5.2 Omics-Based Risk Models and Composite Scores

Risk models built on omics will include all of genomics, epigenomics, transcriptomics,
proteomics, metabolomics, and microbiomics to determine the molecular basis of CAD. Among
these genomic risk scores represent the accumulated effects of multiple polymorphisms as a
measure of inherited risk. Additionally, when combined with additional layers of omics, these
models produce more accurate and personalized risk assessments. Composite risk scores
produced from integrative multi-omics approaches combined with machine-learning methods
produce more accurate risk assessments than standard risk assessment methods because they
account for both nonlinear interactions and perturbations at the pathway level. These models also
allow for the categorization of patients by molecular endotype; thus patients can be classified
based upon underlying biological mechanisms rather than solely on clinical presentation. In
addition, omics-guided risk forecasting provides for earlier intervention, better targeting of
therapies, and more precise prognostic predictions. 3%

5.3 Identification of Vulnerable Plaques and High-Risk Phenotypes

Vulnerable atherosclerotic plaque rupture is the source of most adverse cardiovascular events;
gradually obstructing the lumen (opening) does not account for most adverse cardiovascular
events. There are still major difficulties in identifying plaque vulnerability, which has
dramatically made CAD management more challenging. Integrative methodologies merging
high-throughput multi-omics data along with imaging and computational modeling provide an
enhanced opportunity to characterize the properties of plaques with regard to their composition,
inflammation, and mechanical stability [3'l. Plaque instability and adverse outcomes have been
associated with molecular signatures characterizing inflammation, extracellular matrix
degradation, and lipid metabolism. Machine-learning models, which incorporate these biological
signatures along with landmark imaging characteristics, allow for the identification of
cardiologically high-risk phenotypes that are more likely to have acute coronary events. This
paradigm has changed from anatomical evaluation (defined by structure) to biological risk
profiling (defined by biological process). This enables greater predictive ability for clinical
events and allows us to develop tailored prevention and therapeutic strategies. 3]

6. Precision Therapeutic Strategies Enabled by Multi-Omics

Using multi-omics data combined with computer modeling, it is now possible to develop
precision-based therapeutic options for patients suffering from Coronary Artery Disease (CAD).
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Whereas standard treatment options have followed a "one size fits all" philosophy. Precision
medicine uses molecular data and genetic information to individualized treatments based on the
mechanism(s) of a patient's disease, their risk factors, as well as, predictions of how they will
respond to treatment. Results of using multi-omics to stratify therapeutic options will provide a
greater chance of success while reducing the potential for side effects and allowing patients to
properly manage their disease prior to experiencing any negative health consequences as
mentioned in (Table 2).

6.1 Target Identification and Drug Repurposing

Integrated multi-omics allows for the systematic identification of pathological pathways for
CAD and the main molecular agents that regulate these pathways. Performing computational
network analysis on genomic, transcriptomic, proteomic, and metabolomic datasets provides a
means for prioritizing potential drug targets based on centrality or currency within networks
associated with disease pathology [*3l. Many of these identified drug targets are also likely to
correspond with key convergence points of inflammatory, metabolic and vascular signaling
pathways. Several approaches for computationally repurposing drugs exist; one relevant
approach integrates drug signatures from each of the major omic platforms with existing
pharmacologic agents at CAD-associated drug targets to increase the probability of identifying
novel therapeutic uses for existing drugs, while reducing the time and cost related to the
development of new drug therapies. Therefore, by mapping currently approved drugs onto CAD-
related molecular networks, this approach has the potential to identify novel therapeutic uses for
already available agents and combination therapy strategies that can be quickly translated into

the clinic. 34

6.2 Genomics-Guided Pharmacotherapy

Variations in the human genome can have a significant impact on the way an individual responds
to cardiovascular medication such as: lipid-lowering drugs; antiplatelet drugs; and
anticoagulants. Pharmacogenomic technology allows for the prediction of a drug’s effectiveness;
appropriate dose; and the likelihood that a patient will experience unwanted effects from a drug.
In patients with CAD, gene testing supports personalized approaches when selecting which
statins; antiplatelet agents; and other cardiac drugs to prescribe based on the patient’s genetic
makeup which is relevant to the body’s ability to metabolize these drugs and react to them.
Combining genomic data with clinical data extrapolates to greater precision in achieving the
desired effects of therapy; an increase in the likelihood of patient compliance; and fewer
complications to treatment. 3]

6.3 Biomarker-Driven Anti-Inflammatory and Lipid-Lowering Therapies

Atherosclerosis and CAD progression are primarily influenced by diseases that cause
inflammation and changes to blood lipids [3¢
signatures of inflammation, dyslipidemia, and plaque instability that can be used to help
distinguish between patients who may respond differently to various anti-inflammatory

1. The multi-omics approach has revealed molecular
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therapies. In addition, these biomarkers can help select patients with high levels of inflammation
likely to benefit from targeted immunomodulatory therapies. The use of proteomics and
lipidomics to develop lipid-reducing agents not only aids in the identification of atherogenic lipid
profiles; they also allow clinicians to titrate their regiment in ways not possible using standard
lipid panels (e.g., cholesterol).

6.4 Personalized Preventive and Lifestyle Interventions

Multi-omics data broaden the scope of personalized healthcare by offering ways of preventing
diseases and providing individuals with personalized recommendations for lifestyles, as well as
possible medications. Metabolomic and microbiomic data provide some examples of responses
to foods and flexibility for metabolism as well as how the gut and heart interact, all of which can
help in support of personalized nutrition strategies to decrease cardiovascular disease risk. The
incorporation of omics with other factors (e.g., physical activity, stress management, smoking
cessation) makes it possible to create individualized, preventable programs for patients that
address each person's modifiable risk factors thereby improving the patient's adherence to long-

term prevention as well as response to preventive interventions. [37]

Table 2: Multi-Omics—Driven Precision Therapeutic Strategies in Coronary Artery Disease

Strategy Omics Used Clinical Value
Target identification & drug Multi-omics + network Identifies k'ey CAD targets and
) . enables rapid repurposing of
repurposing modeling

approved drugs

Optimizes drug selection and
dosing; reduces adverse effects

Genomics-guided

pharmacotherapy Pharmacogenomics

Guides targeted anti-
Biomarker-driven therapy Proteomics, lipidomics inflammatory and lipid-
lowering treatment

Enables individualized diet,
Metabolomics, microbiomics | lifestyle, and early risk
reduction

Personalized prevention &
lifestyle care

7. Clinical Translation and Implementation Challenges

Integrative multi-omics and computational modeling offers great potential for transforming the
management of Coronary Artery Disease (CAD), yet there has not yet been a broad uptake of
these technologies in the clinical setting. There are many barriers to translating complex
molecular data into every day cardiovascular care, which include technical, ethical, regulatory,
and health-system issues that need to be addressed in order to create a seamless transition
between discovery research and real world clinical implementation as shown in (Figure 2).
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7.1 Data Integration, Standardization, and Reproducibility

Integrating data from multiple separate studies can be extremely challenging due to the
differences found between these datasets including but not limited to variation in method of
collection, the process of preprocessing that is used on the data and how the data is annotated.
The inconsistency in the quality of the data and the existence of batch effect will adversely affect
the ability of a researcher to do integrative analysis [33]. Models used for computational purposes
are sensitive to the composition of the data they are trained on, and therefore will not generalize
well when applied to the other population from which they are developed. The development of
interoperable data infrastructure and harmonized data analysis standards is extremely important
for being able to make this type of clinical translation scale up in size.

7.2 Ethical, Legal, and Privacy Considerations

The use of multiple omic datasets associated with CAD raises complex ethical and legal issues in
relation to the confidentiality of patients, the ownership of data, the need for informed consent
from patients and equal access to precision medicine. Many omic datasets contain substantial
amounts of sensitive information in the form of genomic and molecular sequences, which
increases the likelihood that subjects will be re-identified or that their data will be used without
their consent. There is a potential for bias in the datasets, and if these datasets do not have an
appropriate representation of minority populations they could contribute to expanding existing
inequities with respect to obtaining healthcare. Therefore, it is essential that appropriate data
governance models are established that support the transparent, secure, and fair use of consent
forms and that fair and responsible computational algorithm are also developed. The ethical
issues addressed above will be critical to establishing public trust in precision cardiovascular
medicine; they will also be important in the further extent of responsible use and implementation
of precision medicine. [*]

7.3 Regulatory and Health-System Barriers

The approval process for Al- and omics-based diagnostics under current regulations remains
ambiguous and unstructured. In addition, many current regulations do not appropriately evaluate
continuously improving algorithms and evolving predictive model technologies. As there are no
clearly defined guidelines for validation, clinical utility, and post-market monitoring, regulatory
and clinical adoption of these technologies is delayed. Within the healthcare system, barriers to
adoption include high implementation cost, limited infrastructure, workforce training
requirements, integration with existing clinical workflows, and integration with electronic health
record (EHR) systems. To justify utilization of these technologies in limited-resource settings, it
is critically important that researchers, clinicians, regulators, and policymakers demonstrate their
cost-effectiveness, clinical advantages, and scalability of application. The development of
sustainable integration pathways for multi-omic and computational tools to support CAD care
will require cooperation between all actors involved in the research, development, approval, and

use of diagnostics and decision-support tools. [4°]
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Bridging the Gap: Multi-omics to Clinical CAD

Discovery to Clinical
Application Gap Aé::::ﬁg'?: Implementation

Limited clinical Multi-omics integrated
translation of omics into CAD care

Standardize, reproduce, Ensure patient privacy Clarify regulations and
and integrate data and fairness validation

Figure 2: Clinical Translation and Implementation Challenges
8. Future Directions and Emerging Trends

The integration of various forms of omics, along with computational modelling and artificial
intelligence, promises to drastically improve our understanding and treatment of coronary artery
disease. As new technologies and analytical methods are developed, we anticipate that future
research will be able to provide more dynamic, scalable and clinically relevant precision models
of cardiovascular disease, rather than relying on previous static cross-sectional studies.

8.1 Longitudinal and Population-Scale Multi-Omics Studies

In the future, there will be an emphasis on longitudinal multi-omics studies that will focus on
tracking molecular, metabolic and immune-related changes with time in diverse populations.
These study designs will allow for the characterization of time-dependent disease trajectories,
early molecular signatures of atherosclerosis and predictors of both disease progression and
response to therapy at the level of the individual as well as the population. Population-based
studies that include large and ethnically diverse cohorts will provide a better understanding of
how to generalize the findings and reduce biases associated with using smaller, homogeneous
populations. Longitudinal multi-omics datasets will aid the development of dynamic risk
prediction models that will allow for longitudinal updates to individual risk profiles based on
biological changes and intervention(s). The above-mentioned initiatives will also facilitate the
identification of causal pathways and modifiable risk targets; thus, accelerating the transition
from reactive treatment approaches to proactive means of preventing disease and maintaining
health.

8.2 Integration with Digital Health and Wearable Technologies

The combination of multiple omics datasets using digital health systems and wearable
technology is an important area of growth in personalized heart disease management. Continuous
physiological (e.g. heart rate) and physical (e.g. activity level, sleep), as well as emotional (e.g
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stress), monitoring through wearable devices allows for molecular characterization of
cardiovascular health (and disease), as evidenced through molecular profiling of the available
multiple omic-derived datasets. Integrated computational models that use wearable device-
derived data will help identify early deviations in baseline cardiovascular health, potential high-
risk behavioral patterns identified during the course of treatment, and individualized guidance on
lifestyle and treatment behavior. By integrating multiple omics datasets using digital health
systems and wearable technologies, providers can promote enhanced engagement with patients,
facilitate remote patient monitoring, and provide continuous assessment of cardiovascular
disease risk; thus providing the opportunity to expand the applications of precision care delivery
beyond the traditional clinic.

8.3 Translational Pathways to Routine Clinical Practice

Bridging the Divide of Research versus Routine Clinical Care continues to be a major focus for
improving patient care. To accomplish this goal, we must develop clinically valid, patient-
centered, cost-effective multi-omics tools for use in routine clinical practice and integrate those
tools into existing healthcare workflows through proper training and education. Additionally, in
order for these tools to be widely accepted, there must be a simplified way to translate the
complex data produced by the omics into clinical practice. Collaboration between clinicians, data
scientists, industry partners and regulatory agencies will be crucial in accelerating the rate at
which omic-based therapies are translated into practice. In addition, there will be a need for
future prospective clinical trials to demonstrate the impact of omic-based therapies on patient
outcomes, establishing their clinical usefulness. As the evidence base surrounding the use of
multi-omic integrative and computational methods increases, these methods will likely play an
increasingly significant role in the routine assessment, prevention and management of
cardiovascular disease risk.

9. Conclusion

CAD (Coronary Artery Disease) is a lingering challenge for the healthcare system due to its
complexity and diversity; even with improvements to traditional methods of diagnosing and
treating CAD, it still represents a massive burden on global health. Current models of assessing
population-wide risk have failed to adequately capture the large amount of molecular variation
and the constant changes in the underlying pathophysiologic mechanisms of CAD. However,
new integrative strategies incorporating multi-omics approaches (genomics, epigenomics,
transcriptomics, proteomics, metabolomics, and microbiomics) now allow researchers to study
the mechanism of disease at different levels of biological organization.

Multi-omics information along with cutting-edge computational modeling, machine learning,
and artificial intelligence allows us to differentiate levels of risk (risk stratification), identify
vulnerable plaques or those plaque types that are at high risk of rupture or injury (high-risk
phenotypes), and develop precision therapeutic strategies based on the individual characteristics
of a patient. These integrative strategies support a shift in mindset away from a reactive method
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of managing disease and towards a proactive method of preventing disease through mechanisms
of action and providing personalized care.

While a lot of progress has been made, there are still obstacles that need to be overcome in order
to successfully translate discoveries into clinical practice, such as data integration,
reproducibility of research findings, ethics, regulatory systems, and the implementation of new
interventions in health systems. In order to successfully overcome these obstacles, we will need
to continue our investment in longitudinal studies that utilize standardized analytical pipelines
and collaborative approaches among multidisciplinary researchers. From an overall perspective,
multi-omics integration along with computational modeling has the potential to create paradigm
shifts in how we define and assess CAD risk and develop therapies that will lead to better, more
equitable, and individualized cardiovascular care.
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