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Abstract

This review explores Al’s transformative role in precision medicine, focusing on disease prediction, person-
alized treatment, and drug discovery. In disease prediction, Al uses EHRs, imaging, and multi-omics data to
stratify risks: XGBoost outperforms traditional models in CVD risk prediction; deep learning enhances early
cancer detection (e.g., oral cancer via histopathology images); multi-omics integration aids neurodegenerative
disease forecasting; and GCNs predict infectious outbreaks via real-time keyword analysis. For personalized
treatment, Al tailors strategies: it analyzes genomic profiles to guide cancer therapy (e.g., identifying HER2
activation in CDK4/6i-resistant breast cancer); PK/PD modeling optimizes drug dosages (e.g., rituximab in
nephropathy); it refines clinical trial patient selection (e.g., ASM choice for epilepsy); improves mental health
diagnosis/treatment; and designs personalized stroke rehabilitation via wearable sensor data. In drug discovery,
Al accelerates the pipeline: it identifies targets (e.g., SSO binding sites in triple-negative breast cancer); virtual
screening (e.g., DeepDock for JAK3 inhibitors) and de novo design (e.g., CLMs for PI3Ky inhibitors) find lead
compounds; MIFAM-DTI predicts drug-target interactions; Al optimizes clinical trial design; and it enables
drug repurposing (e.g., identifying fibrosis-related drugs via EHRs). Key challenges include data privacy (ad-
dressed via blockchain/SecPri-BGMPOP), algorithmic bias (needing diverse datasets), explainable Al (critical
for CDSS trust), and multi-omics integration. Al-driven precision medicine promises proactive, personalized

healthcare, requiring collaboration across stakeholders for ethical implementation.
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Introduction

Precision medicine, an approach to healthcare that tailors medical treatment to the individual characteris-
tics of each patient, holds immense potential for revolutionizing disease management. By considering fac-
tors like genetics, lifestyle, and environment, precision medicine aims to deliver the right treatment to the
right patient at the right time. Complementing this paradigm shift is the rapid advancement of artificial in-
telligence (Al) and machine learning (ML) techniques, which are increasingly being integrated into various
aspects of healthcare. Al's ability to analyze vast datasets, identify patterns, and make predictions is proving
invaluable in overcoming the limitations of traditional medical approaches. This literature review explores
the transformative impact of Al on precision medicine, specifically focusing on its applications in disease
prediction, personalized treatment strategies, and drug discovery.

This review will demonstrate how Al is revolutionizing precision medicine by enhancing disease predic-
tion, personalizing treatment strategies, and accelerating drug discovery, ultimately leading to improved
patient outcomes. To support this central argument, the review is structured into several key sections. First,
we will examine Al's role in AI-Enhanced Disease Prediction and Risk Stratification, highlighting its ca-
pabilities in predicting cardiovascular disease risk, early cancer detection, forecasting neurodegenerative
disease onset, and anticipating infectious disease outbreaks. This section will showcase how Al algorithms,
leveraging electronic health records, medical imaging, and multi-omics data, can identify individuals at
high risk, enabling proactive interventions. Second, the review will delve into Al-Powered Personalized
Treatment Strategies, exploring Al-driven personalized cancer therapy, optimization of drug dosage, Al-as-
sisted patient selection for clinical trials, personalized mental healthcare, and Al-enabled personalized
rehabilitation programs. This section will illustrate how Al can tailor treatment plans based on individual
patient profiles, maximizing therapeutic efficacy and minimizing adverse effects. Third, we will discuss Al's
Role in Accelerating Drug Discovery and Development, focusing on Al-driven target identification, virtual
screening for lead compounds, prediction of drug-target interactions, optimization of clinical trial design,
and drug repurposing. This section will demonstrate how Al can expedite the drug development pipeline,
reducing costs and time-to-market for novel therapies. Finally, the review will address the Challenges and
Future Directions of Al in Precision Medicine, including data privacy concerns, algorithmic bias, the need
for explainable Al, and the integration of multi-omics data. By addressing these challenges, we can pave the
way for the ethical and effective implementation of Al in precision medicine, realizing its full potential to
improve patient care.

Al-Enhanced Disease Prediction and Risk Stratification

The application of artificial intelligence (Al) and machine learning (ML) is revolutionizing disease pre-
diction and risk stratification, offering unprecedented opportunities for proactive healthcare management.
By harnessing the power of data analytics, Al algorithms can identify individuals at high risk for various
diseases, enabling timely interventions and personalized prevention strategies.

Machine learning models are increasingly being applied to electronic health records (EHRs) to predict
cardiovascular disease (CVD) risk, offering the potential for improved preventative healthcare strategies .
These models leverage the wealth of longitudinal data within EHRs, including demographics, medication
history, lab results (lipids, glucose, renal function), and clinical measurements (blood pressure, BMI), to
identify individuals at high risk of developing CVD . For example, the eXtreme Gradient boosting (XG-
Boost) algorithm has demonstrated superior performance in ASCVD risk prediction compared to traditional
Cox models, achieving a higher C-statistic ”'. Furthermore, risk models tailored to specific populations, in-
corporating time-variable information such as medication adherence, have shown improved accuracy over
existing benchmark risk scores . These advancements underscore the importance of considering genetic
predispositions, lifestyle choices, and clinical markers as influential contributors to CVD development'.

Beyond cardiovascular health, Al is transforming cancer detection through the analysis of medical im-
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31 AT algorithms can learn from

aging data, offering the potential for earlier and more accurate diagnoses
vast image datasets to automatically recognize, segment, and diagnose tumor lesions, improving efficiency
and accuracy in imaging diagnosis Y. Meta-analyses have revealed high sensitivity and specificity for Al
models in detecting various cancers, such as lymphoma, suggesting their utility as diagnostic tools . Deep
learning architectures, particularly convolutional neural networks applied to histopathological images, have
also demonstrated exceptional diagnostic performance in detecting oral potentially malignant disorders and

oral cancer™.

The predictive power of Al extends to neurodegenerative diseases, where it is being leveraged to analyze
complex multi-omics data for early prediction and diagnosis . The integration of genomics, proteomics,
and metabolomics data, alongside neuroimaging and electronic health records, provides a comprehensive
view of the patient. Deep learning methods can then exploit this information to identify multi-modal bio-
markers that facilitate the development of personalized treatments, early diagnostic tools, and strategies for
drug discovery and repurposing . The integration of omics data with clinical parameters has been shown
to improve the performance of Al models in diagnosis and risk stratification . For instance, integrating
metabolomic data with clinical scores has drastically improved the area under the curve in predicting
non-malignant liver diseases ™. This highlights the potential of multi-omics data, when combined with Al
to enhance the prediction of disease onset and progression, paving the way for more effective interventions

. . .. 8
in neurodegenerative conditions *’.

Finally, Al is proving to be a valuable tool for predicting infectious disease outbreaks and enhancing pan-
demic preparedness ”. Al-driven surveillance can improve early warning systems for emerging infectious
diseases by automatically filtering and updating search engine keywords in real-time "”. Graph convolu-
tion network (GCN) models, for example, have been used to select search engine keywords automatically,
successfully predicting daily case numbers and detecting early signals during outbreaks"”. The integration
of modern technologies, such as Al and big data analytics, enhances both active and passive surveillance

efforts by improving the accuracy and speed of data collection, analysis, and reporting """,

Al-Powered Personalized Treatment Strategies

The advent of artificial intelligence (Al) is revolutionizing healthcare, particularly in the development of
personalized treatment strategies tailored to individual patient characteristics. This paradigm shift promises
to enhance therapeutic efficacy and minimize adverse effects across a spectrum of diseases.

Al is increasingly instrumental in personalizing cancer therapy through the analysis of individual ge-

121 By dissecting specific mutations, gene expression patterns, and other

nomic and transcriptomic profiles
molecular signatures, Al algorithms can predict a patient's likely response to various treatments, guiding the
selection of the most effective therapeutic approach ***. Zafudo et al., in a phase Ib/Ila trial involving ex-
emestane plus everolimus and palbociclib for CDK4/6i-resistant metastatic breast cancer, demonstrated the
power of multi-omics data in identifying resistance mechanisms, such as the convergent evolution of HER2
activation and BRAFV600E "%, This suggests that comprehensive sequencing may identify patients most
likely to benefit from CDK4/6i therapies. Similarly, Boucai et al. observed that exceptional responders to
radioiodine (RAI) treatment for metastatic thyroid cancer exhibited lower MAPK transcriptional output and
a higher thyroid differentiation score compared to non-responders, underscoring the potential of molecular
profiling to predict RAI therapy response !\, These findings illustrate the capacity of Al to refine cancer
treatment decisions based on the unique molecular landscape of each patient.

Beyond oncology, Al-driven pharmacokinetic (PK) and pharmacodynamic (PD) modeling is emerging
as a potent tool for optimizing drug dosage and treatment regimens ***'. By analyzing extensive biologi-
cal data, including genomics and proteomics, Al algorithms can predict drug release profiles, incorporate
patient-specific factors, and optimize dosage regimens to achieve tailored and effective therapies ***". The
work of Liang et al., who established a population PK/PD model for rituximab in primary membranous
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nephropathy, exemplifies this approach. Their model demonstrated the potential to optimize dosing based
on a monthly mini-dose, which showed comparable efficacy to standard dosages but with a significantly
decreased cumulative dosage and safety risk "', Further illustrating this point, Chen et al. developed a PK
model for teicoplanin in septic patients, revealing that standard doses may result in undertherapeutic con-
centrations and suggesting alternative dosing regimens to achieve optimal PK/PD parameters ", These ex-
amples highlight how Al can accelerate dosage optimization, reduce development costs, and improve treat-
ment outcomes by predicting drug-target interactions, personalizing medicine approaches, and optimizing

26, 4
research and development processes > *.

The application of Al extends to optimizing patient selection for clinical trials by predicting individual

1] Recognizing that individuals often respond differently to treatments than what is

treatment responses
reported in clinical trials, Al offers a solution by analyzing large datasets and identifying subtle factors that
may influence treatment outcomes > **). In the context of antiseizure medications (ASMs) for epilepsy, Al,
particularly deep machine learning, holds promise for aiding in the individualized selection of the first and
subsequent ASMs, potentially reducing the number of ineffective treatments a patient endures"”. Likewise,
in assisted reproductive technology (ART), Al has demonstrated potential for optimization and personaliza-

tion of key steps, including drug selection and dosing, to improve the overall efficacy and safety of ART"*.

Personalized approaches are also being realized in mental healthcare, with Al playing a key role in im-
proving diagnosis and treatment recommendations '”. Machine learning and deep learning, subsets of Al,
have demonstrated the ability to analyze mental health datasets and identify patterns associated with various
mental health problems, which can improve treatment planning by predicting an individual’s response to
different interventions """, Predictive analytics, leveraging historical data to formulate preventative interven-

tions, aligns with the move toward individualized and preventive mental healthcare .

Finally, Al is transforming stroke rehabilitation by enabling personalized programs tailored to individual

3% These programs leverage Al algorithms to analyze patient data, including medical histo-

patient needs'
ry, imaging results, and sensor data from wearable devices, to design customized rehabilitation plans ™. In-
terpretable machine learning frameworks can distinguish between the myoelectric patterns of stroke patients
and healthy individuals, identifying potential gait impairments and providing reliable EMG biomarkers to
manage post-stroke rehabilitation *'"". As Jyotismita Chaki et al. highlight, Al-based intelligent systems can
assist post-stroke patients in rehabilitation, offering a more favorable approach compared to manual diagno-

- [22
SlS[ ].

Al's Role in Accelerating Drug Discovery and Development

Al is poised to revolutionize the pharmaceutical industry, particularly in accelerating drug discovery and
development. Its capacity to process and analyze vast datasets, identify patterns, and generate novel insights
is transforming traditional approaches, offering the potential to significantly reduce the time and cost asso-
ciated with bringing new therapies to market.

Al is revolutionizing the initial stages of drug discovery by accelerating target identification and valida-
tion ™. Traditional methods of identifying drug targets are often time-consuming and resource-intensive. Al
algorithms, particularly those leveraging network biology and machine learning, can analyze vast biological
networks to pinpoint key components involved in disease pathways, thus revealing potential therapeutic
targets ™. For example, Al can analyze multi-omics data (genomics, transcriptomics, proteomics) to iden-
tify genes or proteins that are significantly dysregulated in disease states *”. Furthermore, Al can predict
the structures of proteins to design drug molecules **. The power of Al in this domain is exemplified by
the work of Fronk et al., who demonstrated the use of AI/ML to identify modulatory splice-switching oli-
gonucleotide (SSO) binding sites on pre-mRNA, ultimately leading to the discovery of a novel target in tri-
ple-negative breast cancer *”. These Al-designed SSOs decreased the proliferative and migratory behavior

of TNBC cells, showcasing the potential of Al to extract actionable insights from RNA-seq data ™).
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Building upon the identification of promising targets, Al-based virtual screening and de novo drug
design are revolutionizing the process of lead compound discovery. Virtual screening employs compu-
tational algorithms to sift through vast libraries of chemical compounds, predicting their binding affinity
and activity against a specific drug target?”. This approach significantly accelerates the identification of
potential drug candidates and reduces the reliance on traditional, time-consuming methods. The effective-
ness of virtual screening is illustrated by Tajane et al.'s work, which utilized ligand-based virtual screening
and molecular docking to identify a lead compound, N-(2, 4, 6-trimethylphenyl) phenanthridin-6-amine
(MCULE-1492185963-0), with superior binding characteristics to silmitasertib, a known CK2 inhibitor, for
cholangiocarcinoma treatment *”. Similarly, Wei et al. employed a structure-based hybrid high-throughput
virtual screening (HTVS) protocol combined with the DeepDock algorithm to identify novel JAK3 inhib-
itors . They identified compound 8, demonstrating inhibitory potency against JAK3 and the MOLM-16
cell line, showcasing the potential of virtual screening to identify novel scaffolds ™. De novo drug design,
on the other hand, leverages Al to generate entirely new molecular structures with desired properties, ef-
fectively expanding the chemical space beyond known compounds. Moret et al. demonstrated the de novo
design of phosphoinositide 3-kinase gamma (PI3Ky) inhibitors using generative chemical language models
(CLMs) ™. Their approach involved creating a virtual compound library and refining it using a CLM-based
classifier for bioactivity prediction, ultimately leading to the identification of a novel PI3Ky ligand with
sub-micromolar activity *. These Al-driven approaches not only accelerate the drug discovery process but
also offer the potential to identify novel drug candidates with improved efficacy and reduced toxicity.

Beyond identifying and designing potential drug candidates, Al and machine learning are playing an in-
creasingly vital role in predicting drug-target interactions (DTIs) and off-target effects, which are crucial

14 391 "Several computational methods, like DTI-Voodoo, are

for both drug discovery and drug repurposing
being developed to combine molecular features and phenotypic effects of drugs with protein-protein inter-
action networks, using graph convolutional neural networks to predict DTIs " The Multi-source Informa-
tion Fusion and Attention Mechanism for Drug-Target Interaction (MIFAM-DTI) method exemplifies this
approach, integrating multi-source information, including physicochemical properties and molecular finger-
prints of drugs, along with dipeptide composition and Evolutionary Scale Modeling features of targets, to
predict DTIs with improved accuracy ', These models often employ techniques like graph attention net-

works and multi-head self-attention to capture complex relationships within the data"".

The application of Al extends to optimizing clinical trial design and patient recruitment, key bottlenecks
in drug development " ). By analyzing vast datasets, including electronic health records and clinical trial
data, Al can identify patient subgroups most likely to respond to a specific drug, improving patient selection
and trial success rates *”'. This targeted approach not only accelerates the drug development process but also
contributes to personalized medicine **'. The integration of Al into in silico clinical trials can improve data
analysis, modeling and simulation, personalized medicine approaches, trial design optimization, and virtual
patient generation **'. Vij et al. proposed the Drug Development based on Artificial Intelligence (DD-AI)
framework, leveraging Al-driven algorithms and machine learning models to enhance the identification and

optimization of drug candidates, predict clinical trial outcomes, and personalize patient treatment plans **.

Finally, Al is significantly impacting drug repurposing, offering a cost-effective and efficient strategy to
identify new therapeutic uses for existing drugs *****!. By leveraging machine learning (ML) and Al tech-
niques on large datasets, researchers can accelerate the drug development process and reduce risks by com-
putationally identifying potential drug repurposing candidates ™. The work of Shakibfar et al., who utilized
Danish electronic healthcare records (EHRs) and Al to identify drugs associated with altered risk of surgery
related to intestinal fibrosis in Crohn's disease patients, showcases the potential of Al in addressing unmet
medical needs . Al's ability to integrate vast amounts of data, including gene expression, drug-target bind-
ing, and clinical information, allows for the prediction of therapeutic relationships, such as identifying ex-
isting drugs for cancer treatment """, Tanoli et al. emphasize the importance of comprehensive target activity
profiles in systematically repurposing drugs by extending their target profiles to include potent off-targets
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with therapeutic potential for new indications *”'. Furthermore, Challa et al. highlight the synergistic poten-
tial of combining machine learning techniques with the knowledge of scientific and clinical experts to bal-

ance human knowledge and machine intelligence for drug repurposing in rare diseases "*.

Challenges and Future Directions of Al in Precision Medicine

The transformative potential of artificial intelligence (Al) in precision medicine is undeniable, yet its
successful implementation hinges on addressing several critical challenges. These challenges span ethical,
technical, and practical considerations, demanding careful attention to data privacy, algorithmic fairness,
explainability, and comprehensive data integration.

Addressing data privacy and security constitutes a foundational requirement for Al-driven healthcare. The
sensitivity of patient data necessitates robust protection mechanisms to foster trust and ensure regulatory
compliance *”. Concerns regarding the privacy and security of electronic health records (EHRs) are prev-

1 Moreover, healthcare professionals may exhibit insufficient

alent among both patients and the public
awareness of potential data security risks . Blockchain technology offers a promising avenue for estab-
lishing trusted and auditable computing environments, thereby empowering patients with greater control
over their healthcare information “”. Furthermore, advanced techniques like SecPri-BGMPOP, leveraging
Boost Graph Convolutional Network Clustering (BGCNC), have been proposed to enhance security and

privacy within cloud-based environments ',

Beyond data security, mitigating bias and ensuring fairness in Al algorithms are paramount. Al systems
have the potential to perpetuate and even exacerbate existing health disparities if not designed and evaluat-

%74 Biases can originate from diverse sources, including biased data, algorithmic

ed with meticulous care
design choices, and human decision-making processes **. For instance, if training data predominantly rep-
resents a specific demographic group, the resulting AI model may exhibit suboptimal performance when
applied to underrepresented populations, potentially leading to inaccurate diagnoses or inappropriate treat-
ment recommendations. Drukker et al. "’ highlighted five key stages in the medical imaging AI/ML pipe-
line where biases can be introduced: data collection, data preparation and annotation, model development,
model evaluation, and model deployment. Overcoming these biases necessitates a multifaceted approach
encompassing the use of diverse and representative datasets, the implementation of fairness-aware algo-

rithms, and rigorous testing and validation across various patient subgroups > .

The integration of Al into Clinical Decision Support Systems (CDSSs) presents another significant hur-
dle: the "black box" nature of many Al algorithms. This opacity raises concerns regarding trust and trans-
parency, thereby underscoring the critical need for Explainable AI (XAI) **. While Al-based CDSSs can
effectively process vast amounts of data, the lack of transparency can compromise the reliability of their
outputs ", This is particularly critical in high-stakes medical scenarios, such as emergency call centers
where Al-powered CDSSs are employed to identify patients experiencing life-threatening cardiac arrest
1 Amann et al. ™' emphasize that the value of explainability is contingent on factors such as technical
feasibility, validation levels, context, the system's role in decision-making, and the key user groups. In this
regard, Alabdulhafith et al. " provided model explanations to ensure efficiency, effectiveness, and trust in
their developed model through local and global explanations.

Finally, realizing the full potential of Al-driven precision medicine requires the seamless integration of
multi-omics data (genomics, transcriptomics, proteomics, metabolomics, etc.) with clinical information
derived from electronic health records (EHRs) . The exponential growth of omics data has spurred the
development of numerous genetic databases, facilitating the clinical stratification of high-risk populations
81 AT models are actively being developed to integrate this multi-modal biomedical data for data-driven
knowledge discovery and causal inference, demonstrating promising results across a spectrum of biomedi-
cal and healthcare applications ", Health data analytics plays a crucial role in enabling precision medicine

by harnessing diverse data sources, including genomic, clinical, and lifestyle information “’’,
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Conclusion

In summary, this review has highlighted the profound impact of Al on precision medicine across disease
prediction, personalized treatment strategies, and accelerated drug discovery. Al algorithms are demon-
strating remarkable capabilities in identifying high-risk individuals, tailoring therapies to individual patient
profiles, and expediting the development of novel therapeutics. Addressing the challenges of data privacy,
algorithmic bias, and the need for explainable Al is crucial for fostering trust and ensuring equitable access
to the benefits of Al-driven precision medicine. The future of healthcare lies in the convergence of Al and
precision medicine, promising a new era of proactive, personalized, and effective care. Realizing this vision
requires sustained collaboration among researchers, clinicians, policymakers, and patients, coupled with a
commitment to ethical considerations and continuous innovation. By embracing these principles, we can
unlock the full potential of Al to transform healthcare and improve the lives of countless individuals, paving
the way for a future where medicine is not just reactive but predictive, preventative, and precisely tailored
to each unique patient.
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