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Abstract:  

  Precision medicine is a rapidly evolving field that seeks to customize healthcare, with medical decisions, 

treatments, practices, and products tailored to the individual patient. Unlike traditional approaches that apply 
generalized treatments, precision medicine uses genetic, environmental, and lifestyle information to predict more 

accurately which prevention and treatment strategies for a particular disease will work in which groups of people. 
This review provides a comprehensive overview of recent advancements and challenges in precision medicine, 

with a focus on genomics, biomarker discovery, and pharmacogenomics. Key technological developments, 

including next-generation sequencing and bioinformatics, have enabled the precise mapping of genetic variations 
associated with diseases, facilitating targeted therapies.  

  The integration of artificial intelligence and big data analytics is also enhancing our understanding of 
patient-specific variables, leading to more personalized therapeutic strategies. Additionally, the review explores 

the implications of precision medicine in major disease areas, such as oncology, cardiology, and infectious 

diseases, where targeted treatments have shown promising results in improving patient outcomes. However, 
precision medicine faces significant challenges, including ethical concerns, high costs, regulatory hurdles, and 

data privacy issues. The need for robust data-sharing infrastructures and interdisciplinary collaboration is critical 
for advancing precision medicine on a larger scale. Furthermore, disparities in healthcare access and a lack of 

diversity in genetic research remain obstacles to its equitable implementation. This review highlights the current 

landscape of precision medicine, emphasizing its potential to transform healthcare by shifting from a reactive to 
a proactive, patient-centred model. While the field holds immense promise, continued innovation, policy reform, 

and ethical considerations are essential to overcome current barriers and realize the full potential of precision 
medicine in routine clinical practice.  
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1.0 Introduction:   
  “Precision medicine tailors healthcare to each patient's unique health, integrating fields like genomics and 
data-driven decision-making” 

[1]. Precision medicine, now favoured over "personalized medicine," has gained 

popularity, driven by scientific and political factors [2].
  “Precision medicine tailors treatments to subpopulations 

with shared disease risks or drug responses, replacing "personalized medicine" to avoid misinterpretation. It 
emphasizes genetic, environmental, social, and behavioural factors, marking a shift from "one-size-fits-all" care 

[3]. Precision medicine uses decision rules based on patient data to guide treatment, aligning with evidence-based 
medicine that relies on empirical evidence from randomized controlled trials [1].     

1.1 History:     
  It was further clarified during the classical period when the practice of medicine was differentiated and 
every doctor became a specialist for one disease, one body part by the adaptation of that ancient "Egyptian 

medicine" to an individual's health status. This is the first evidence of personalized medicine because doctors 
realized that dividing the diseases according to human parts of the body can help them in achieving a deeper 

understanding of illness, and so can attain a better outcome of therapy. Greeks were fascinated by this approach 

of medicine, and that is why they mention Egyptian medicine constantly in their treatises with admiration.      
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     Ancient Egyptian medicine pioneered personalized care by specializing in specific diseases and body 
parts, influencing Greek medicine. Hippocratic medicine later adapted this knowledge, removing its magico-

religious elements while considering patients' needs and beliefs [4]. Hippocrates advocated treating diseases at 

their origin with personalized, cause-focused approaches, rejecting superstition in medical practice..  Until the 
1950s, medicine relied on standardized approaches using population data. The need for evidence-based methods 

and predicting drug responses led to the emergence of modern personalized medicine [4].    
      Precision medicine, rooted in earlier concepts like Sir William Osler's insights, evolved through 

milestones like the DNA double helix discovery, Sanger sequencing, and the Human Genome Project. However, 

complex diseases involve multiple genes with limited predictive power, necessitating advanced technologies and 
approaches [3].

  The term "precision medicine" gained prominence in 2015 when President Obama launched the 

Precision Medicine Initiative. This sparked significant interest and research, as seen in a 1000-fold increase in 
Google searches. The review highlights key discoveries, ongoing challenges, and insights for future healthcare, 

including handling epidemics like COVID-19 [4].
     

1.1.1 Traditional medicine versus precision medicine:     
    Traditional medicine's "one-size-fits-all" approach led to variable patient responses and side effects. Precision 

medicine, powered by Big Data and advances in genetics, enables more personalized treatments by analyzing 
large datasets to identify effective treatments for specific populations [3].     

1.2 Scope in medicine:      
    Precision medicine in cancer tailors treatments based on a patient's genetics, lifestyle, and tumor 
characteristics. It offers an alternative to standard therapies like chemotherapy and radiation, which are often 

ineffective for many patients and harmful to healthy tissues. [5]. In precision oncology, doctors sequence tumor 
genomes to identify mutations and match them with effective therapies. A key example is chronic myeloid 

leukaemia (CML), where imatinib targets the BCR-ABL fusion protein, offering better outcomes than 

chemotherapy [5].      
       CML is driven by the BCR-ABL fusion gene, and imatinib targets this mutation, improving outcomes. 

Additionally, targeted immunotherapies like CAR T-cell therapy enhance cancer treatment by engineering T cells 
to target specific cancer antigens [5]. Genetic research has advanced pharmacogenomics, tailoring drug selection 

and dosing to patients' genetic traits. Guidelines for drug-gene interactions are provided by the CPIC and DPWG 
[6].     
      Pharmacogenomics tailors drug selection and dosing based on genetic factors, with validated guidelines 

for drugs like warfarin and clopidogrel. PGx tests improve treatment efficacy and cost-effectiveness, and 
pharmacogenomics will play a key role in optimizing therapy in the future [7]. Pharmacogenomics focuses on 

genetic variations in drug transporters and liver enzymes, integrating this data with electronic healthcare records 

for efficient access. It offers hope for patients with rare diseases, affecting about one in ten people [8].           
 Precision medicine offers hope for diagnosing and treating rare diseases, affecting 3.5%–5.9% of the population. 

Advances in genomic sequencing have enabled significant discoveries in rare diseases and highlighted individual 
differences in conditions like diabetes [8]. Precision medicine aims to identify the specific cause of hyperglycemia 

in each diabetic patient and tailor treatment accordingly. For rare diseases, genomic sequencing advances patients 

directly to precision therapeutics, targeting the root cause with tailored therapies. [8].     
     Genomic sequencing (GS) as a first-line investigation in rare diseases (RDs) can shorten diagnosis time 

and address the diagnostic odyssey. The development of tools like Sanger sequencing and PCR has greatly 
advanced understanding of RDs since Dr. McKusick's 1966 work on Mendelian inheritance [9].  Despite the high 

cost, whole genome sequencing is expected to become the primary method for diagnosing rare diseases [9].     

 

2.0 Core Concepts:     

2.1 Genomics and pharmacogenomics:      
  Pharmacogenomics (PGx) helps tailor drug treatments based on genetic variations and aids in identifying 

inherited cancer risks. Genetic testing for cancer syndromes like hereditary breast-ovarian cancer and Lynch 

syndrome enables early detection and preventive interventions, with ongoing research expanding these strategies 
[10].  Pharmacogenomics uses genetic data to predict drug response and guide individualized treatment. It builds 

on pharmacogenetics, focusing on genetic polymorphisms that affect drug efficacy and toxicity. The goal is to 
reduce adverse effects, improve efficacy, and enable personalized medicine through better drug selection and 

dosing. [11]. PGx testing identifies genetic polymorphisms and mutations to guide personalized cancer treatment, 

improving drug efficacy, reducing adverse drug reactions (ADRs), and enhancing patient outcomes (Refer to 
fig1) [11].     
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Figure 1: Genomics and pharmacogenomics 

2.2 Biomarkers:     
  Biomarkers are classified into three types: exposure, effect, and susceptibility. In therapeutic development, 

disease-specific biomarkers, like those in breast cancer (e.g., ER, PR, HER2), enable precision medicine by 
tailoring treatments to individuals or patient subpopulations, improving efficacy and reducing healthcare costs 

(Refer to fig2) [12].     

 
Figure 2: Biomarkers 

2.2.1.1 Different types of biomarkers:     
  There are several different types of biomarkers that can include genetic biomarkers, epigenetic 

biomarkers, metabolite biomarkers, and protein biomarkers [13].     

2.2.1.2 Genetic biomarkers:     
  Identify mutations or aberrations linked to diseases, guiding treatment decisions, especially in cancer (e.g., 

oncogenes and proto-oncogenes) [13].     

 2.2.1.3 Genetic biomarkers for cancer, including:     
  Oncogenes are mutated or overactive proto-oncogenes that drive uncontrolled cell growth, similar to 

jammed gas pedals, leading to cancer. Proto-oncogenes are normal genes that regulate cell division. [13].     

2.2.1.4 Microsatellite instability (MSI):     
       A genetic defect increasing cancer risk, found in cancers like colorectal and breast cancer [13].     

2.2.1.5 Epigenetic biomarkers:     
  Measure gene expression changes due to chemical modifications in DNA, aiding in cancer diagnosis and 

treatment [13].     

2.2.1.6 Protein biomarkers:     
  Proteins produced by diseased cells, useful in cancer detection and monitoring (e.g., PSA, HER2). [13].     

2.2.1.7 Metabolite biomarkers:      
  Small molecules from cellular metabolism, found in bodily fluids, helping detect cancers like lung and 

pancreatic cancer [13].     

2.2.1.8 Transcriptome biomarkers:     
 Based on differential gene expression, used to understand disease progression, drug efficacy, and patient 
responses[13].     

2.2.1.9 Imaging biomarkers (IB):     
  Techniques like MRI, PET, CT, and ultrasound to assess tumor size, shape, and progression, aiding 
treatment customization. AI enhances diagnosis precision.[13].     
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2.2.2.0 Prognosis:      
  Predict disease course and survival, guiding therapeutic decisions (e.g., Oncotype DX for breast cancer, 

Ki-67 for tumor proliferation) [13].     

2.2.2.1 Therapy monitoring:      
  Biomarkers like PET scans, MRIs, and ctDNA track treatment response, guiding therapy decisions. 

PET/CT and PET/MRI reduce diagnostic variability [13]. Cancer screening: Biomarkers like PSA, CEA, ctDNA 
(EGFR, KRAS, BRAF), and CA125 help identify cancer risk and monitor treatment response. [13].     

2.3 Data Integration:      
  Data integration in precision medicine faces challenges due to the complexity of medical data, which 
combine heterogeneous information. Without proper processing and conversion, this data is unusable. A growing 

gap exists between the generation of omics data and the ability to integrate and interpret it effectively (Refer to 
fig3) [14].     

 
Figure 3: Data Integration 

  The focus on generating and storing large amounts of data has created a gap in data integration. Healthcare 

professionals manage vast amounts of patient information, often stored in Electronic Health Records (EHRs), 

which are digital versions of medical records, covering past, current, and future health conditions [14].     

2.3.1 The role Bio-data:     
  Big data in healthcare is growing through the integration of various data sources, such as EHRs, genomics,  
and real-time data from IoT devices. It aims to improve service quality, efficiency, reduce costs, and medical 

errors. Despite challenges in integrating big data and precision medicine, they offer significant benefits in 

enhancing patient care, resource allocation, and reducing waste in healthcare systems [14]. Big data in healthcare 
integrates data from various sources like clinical tests, laboratory tests, imaging, and genetics, providing more 

insightful intelligence compared to traditional single-source observations [14].     

2.3.2 Bio Informatics:     
  Bioinformatics is essential for precision medicine, enabling personalized treatment plans based on 

individual genetic makeup and health profiles. Although initial costs are high, advancements in technology will 
make it more affordable and effective for future generations [14]. Bioinformatics in precision medicine involves 

compiling various omics biomarkers (e.g., SNPs, DNAs, proteins, metabolites) and requires processing raw data, 
statistical analysis, and data integration. Metabolomics analysis, for instance, uses specialized tools for data 

mining, integration, and mathematical modeling. Improvements in organizational, technological, and educational 

aspects are essential for advancing bioinformatics in precision medicine [16].     

 2.3.3 Artificial Intelligence [AI]:     
  AI is transforming precision medicine by enhancing personalized care through tailored prevention, 
diagnosis, and treatment based on genetics, phenotype, epigenetics, and lifestyle. AI leverages multimodal 

datasets to predict disease characteristics, dose-response, risk, prognosis, treatment response, and patient 

outcomes [19].     
  AI is advancing in three key areas: patient care, data analytics, and precision medicine. It is essential for 

precision medicine, enabling more accurate treatment predictions by analyzing genes, environment, and lifestyle . 
AI/ML technologies support decision-making by examining big data, scientific knowledge, and providing 

decision support. Machine learning identifies patterns in data, guiding treatment selection through genomic, 

proteomic, immune, and morphological profiling. [18].      
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   AI is essential for precision medicine, leveraging big data through highperformance computing, machine 
learning, and deep learning. It includes technologies like neural networks and natural language processing, 

enhancing physicians' cognitive capabilities in treatment decisions [17].     

3.0 Applications of Precision Medicine     
3.1 Oncology:      
  Precision oncology uses individual tumor characteristics to guide therapy, such as HER2 amplification in 
breast cancer or EGFR mutations in lung cancer, to predict treatment efficacy. Preclinical models like PDX and 

PDO help personalize therapy, with advances enabling more patient-derived models for better drug discovery 

and response prediction, especially for metastatic cancers. [20]. Precision medicine aids cancer prediction through 
genetic screening and molecular profiling, which can assess tumor sensitivity to treatments like radiation. 

Technologies such as MR-linac and proton therapy allow for precise targeting, minimizing damage to surrounding 
tissues [21].   Precision oncology targets somatic mutations, such as driver mutations in oncogenes, to guide cancer 

treatment. Examples include HER2 testing for trastuzumab in breast cancer, imatinib for chronic myeloid 

leukemia, erlotinib for lung adenocarcinoma, and pembrolizumab for metastatic melanoma (Refer to fig4) [22].     

 
Figure 4: Oncology 

  

3.2 Cardiology:       
  Precision medicine in cardiovascular disease integrates genetics, lifestyle, and exposures to tailor 

prevention and treatment. Over the last 50 years, lifestyle modifications (diet, tobacco, exercise) and evidence-
based therapies have helped address cardiovascular risk. Nuclear cardiology, using PET and SPECT imaging, has 

become essential for diagnosing, stratifying risk, and managing heart disease. These technologies provide detailed 

insights into myocardial perfusion, function, and metabolism, using radiotracers to visualize the heart’s structure 
and Cardiology (Refer to fig5)[23].      

     

 
Figure 5: Cardiology 

  PET is an advanced imaging technique that provides high spatial and temporal resolution, measuring 
myocardial blood flow and viability through positron-emitting radiotracers. SPECT, another key imaging tool, 

uses gamma-emitting radiotracers for 3D visualization of the heart, detecting ischemia and infarcted tissue. In 

cystic fibrosis (CF), caused by CFTR gene mutations, abnormally thick secretions lead to complications like 
bronchiectasis and pancreatitis. Prior to modern interventions, most CF patients died before age five. [24].     
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 Precision medicine is applied in stroke and cardiovascular disease, including heart failure, atrial fibrillation, and 
atherosclerosis, which stem from chronic conditions like obesity, diabetes, and hypertension. Cardiovascular 

professionals encourage healthy lifestyles for primary and secondary prevention to avoid future cardiovascular 

diagnoses [25].     

3.3 Pharmacogenomics:       
  Pharmacogenomics studies the relationship between genomic variations and drug effects. While 
pharmacogenetics focuses on the impact of single genes, pharmacogenomics helps guide drug discovery, 

development, and personalized treatment. It assists doctors in selecting drugs based on patients' genetic profiles, 

reducing adverse drug reactions (ADRs), and optimizing drug dosages. The Human Genome Project revealed 
that humans have about 20,500 genes, with 99.5% being identical across individuals [26].     

  The 0.5% genetic variation among individuals affects traits like eye color, blood type, and disease 
susceptibility. Structural variations (SV) such as deletions, insertions, and copy number variations (CNV) also 

play a role. Pharmacogenomic testing enables personalized treatment, optimizing drug therapies and 

concentrations based on genetic profiles, improving effectiveness and reducing adverse effects. However, 
challenges remain, including lack of standardized testing, limited education, and ongoing regulatory and ethical 

concerns [26].     

 3.4 Rare Diseases:      
  Historically, rare diseases (RDs) were often considered hopeless, affecting about one in ten people with 

over 10,000 known conditions. Genomic sequencing (GS) is now a first-line tool for diagnosing RDs, potentially 
reducing diagnostic delays. Advances like CRISPR have enhanced precision medicine, enabling genetic 

modifications for disease modeling and patientspecific treatments. In rare diseases, GS can expedite the shift to 
precision therapeutics, targeting the root cause of conditions. Lessons from precision medicine in rare diseases 

are also benefiting fields like oncology [27].    

4.0 Technological Advances:      
4.1 Genomic Sequencing:       
  New technologies, such as liquid biopsies, are rapidly advancing precision medicine. Liquid biopsies 
analyze cells, DNA, RNA, proteins, or vesicles from blood to provide insights into tumor biology and metastasis.  

Advances in DNA sequencing, offering high accuracy at reduced costs, are making personalized treatments based 

on genetic variations increasingly feasible [29].     
  Genomic sequencing technologies have advanced significantly, with next-generation sequencing (NGS) 

now able to rapidly and affordably sequence large numbers of genes. While its clinical utility in precision 
medicine, especially in oncology, remains debated, NGS allows for treatments tailored to molecular alterations. 

Initially, Sanger sequencing was the gold standard, but it was expensive and impractical for sequencing multiple 

targets. Today, NGS can sequence an entire human genome in days for a few thousand dollars, depending on the 
application (Refer to fig6) [30].     

 
Figure 6: Genomic Sequencing 

4.2 CRISPR and Gene Editing:      
     CRISPR is a powerful gene-editing tool originally part of a bacterial immune response, allowing precise 
modifications of genes. It has revived interest in gene therapy, which aims to treat diseases like cancer and genetic 

disorders. CRISPR-Cas9 enables targeted gene modifications using RNA guide sequences, with new high-fidelity 

versions reducing off-target effects. Gene therapy can be delivered via viral methods (lentivirus, adenovirus) or 
non-viral methods (lipid-mediated transfection, electroporation). The technology holds promise for more accurate 

and permanent treatments, though challenges remain in delivery methods and potential side effects [29].      
  CRISPR-Cas9, derived from bacterial adaptive immunity, enables precise genome editing. In 2012, 

researchers demonstrated that Cas9 recognizes target sites using a guide RNA (gRNA) and a conserved PAM 

sequence. This system has been optimized for genome engineering, offering flexibility by allowing the same 
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gRNA to target various sites. To improve specificity, innovations like Cas9 nickases and truncated gRNAs have 
been developed, reducing off-target effects by requiring two adjacent nicks or enhancing sensitivity at target sites. 

Tools like E-CRISP aid in easier target site selection and gRNA construction (Refer to fig7) [32].     

 

 
Figure 7: CRISPR and Gene Editing 

4.3 Artificial Intelligence (AI):      
  Artificial Intelligence (AI) is foundational for precision medicine, offering precise and accurate healthcare 

solutions. Over the last decade, AI has grown significantly, enabling smart product designs, innovative services, 
and new business models. AI is categorized into artificial narrow intelligence (ANI), artificial general 

intelligence, and artificial superintelligence, with ANI expected to dominate in the near future. ANI supports 
physicians by analysing data, identifying correlations, and aiding decision-making. AI and machine learning 

(ML) enhance drug design by improving understanding of disease pathology, predicting therapeutic targets, and 

analysing drug efficacy. While promising, AI also raises ethical concerns regarding safety, privacy, and human 
rights [19].

 Data safety and privacy are crucial for AI-driven precision medicine. As data collection and integration 

grow, trust hinges on robust privacy measures. A secure ecosystem for data storage, management, and sharing is 
essential, requiring advanced technologies, collaborations, updated regulations, and innovative business models 

(Refer to fig8) [31].       

 

 
Figure 8:  Artificial Intelligence (AI) 

5.0 Challenges And Limitations     

5.1 Cost and Accessibility:      
  Precision medicine (PM) enables targeted, cost-effective treatments for patient subpopulations, improving 

outcomes. However, its cost-effectiveness remains uncertain, necessitating evaluations to guide policy decisions 
on reimbursement, research, and investment in solidarity-based health systems [33].   Challenges in evaluating the 

economic efficiency (EE) of precision medicine (PM) include limited real-world evidence on long-term effects, 

underreporting of unintended outcomes, variable costs across settings, and neglect of patient autonomy and 
behavior changes. Randomized controlled trials often fail to capture individualized effects, complicating EE 

assessments [34].
     

Economic evaluations "identify, measure, value and compare the benefits to the costs of the alternatives being 

considered" both in terms of cost and outcomes, and combine them in analytical models to determine the cost per 
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quality-adjusted life year (QALY)gained through a specific intervention compared with a standard of care. Most 
of the previous systematic reviews incorporated inconclusive evidence relating the cost-effectiveness of PM, 

mainly due to the poor quality of the studies included. The main points of criticism in this respect had been 

inadequate sensitivity analyses, poor methodology in most cases, inconsistencies based on lack of clinical 
evidence and poor quality of data entering into economic models, besides heterogeneity between study designs, 

models and populations [33].     

5.2 Data Privacy and Security:      
  Healthcare data, including sensitive patient and carer information, must be protected to ensure privacy 

and trust. Data breaches can lead to personal and professional harm, such as bullying or job loss. Public trust is 
crucial as they are the primary source of data; without it, precision health systems lose effectiveness. Strict 

adherence to security, ethical, and regulatory standards is essential for safeguarding healthcare data and enabling 
the benefits of precision health [35].      

  Precision health relies on rapidly growing health data, fueled by EHRs, medical imaging, and IoMT 

devices like wearables. The data lifecycle includes generation, collection, processing, storage, management, 
analytics, and inference. Data analytics transforms raw data into actionable insights, supporting evidence-based 

healthcare while safeguarding Protected Health Information (PHI) [36].      

5.3 Regulatory Issues:      
  Regulatory issues in tissue bio resources include the underuse of bio specimens, despite donor 

expectations for research utility. Adhering to best practices from ISBER, NCI, CTRNet, ISO, and CAP ensures 
high-quality tissues for biomedical research. While IRB approval is required, human tissues for research lack 

comprehensive regulatory oversight compared to those used directly in precision medicine (Refer to fig9) [37].     
 

 
Figure 9: Regulatory Issues 

    

 5.4 Equity:       
  Achieving equity in precision medicine requires scientists and clinicians to oppose misuse of genetic 
science to propagate biased racial group views. While distinct, precision medicine and eugenics share parallels, 

emphasizing genetics for societal improvement. The Precision Medicine Initiative must align with the U.S. 
Constitutional mandate of equal protection under the law [38].     
6.0 Ethical and Legal Considerations     

6.1 Informed Consent:      
       Informed consent in precision medicine involves voluntary authorization by a patient or substitute 

decision-maker. Challenges include future data use, result disclosure, and genetic information considerations. 
Paediatric consent is case-specific, with minors providing assent and guardians or authorized adults making 

decisions. A two-step process, such as consenting to genetic screening after initial diagnostic consent, may 

support informed decision-making  
[39].     
6.2 Genetic Discrimination:      
      Genetic discrimination is the unfair treatment of individuals or families based on perceived genetic 

differences from the "normal" human genotype [40]. Genetic discrimination (GD) involves unfair treatment based 
on genetic differences, impairing human rights, freedoms, and dignity. Similar to other forms of discrimination, 

GD can lead to exclusion, limited opportunities, and psychological, social, and economic harm. To address this 

issue, the Genetic Discrimination Observatory (GDO) was established in 2018 to research and develop solutions 
[41].
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  For nearly 30 years, concerns about genetic discrimination (GD) have involved medical professionals, 
advocacy groups, and academia. In 2001, the American College of Medical Genetics and Genomics emphasized 

strategies to prevent GD. Genetic information can enhance research and diagnoses but may also lead to 

discrimination, such as unequal treatment based on genetic risks. The Genetic Information and Non-
discrimination Act (GINA) protects against workplace and health insurance discrimination but has limitations. 

Issues of distributive justice arise when access to genetic testing benefits is unequal, requiring fair allocation of 
resources and burdens [42].     

6.3 Patient Privacy:      
  Healthcare providers must protect patient confidentiality and medical records by implementing best 
practices for data security, especially with the rise of electronic health information. Providers should secure 

networks, avoid compromising password security, and use automatic logoffs. Patients should be educated on 
protecting their privacy and preventing identity theft. Laws like HIPAA and the HITECH Act provide legal 

frameworks to safeguard patient data. Collaboration between patients and healthcare workers is crucial to prevent 

data misuse and breache [43].     

7.0 Current and Future Trends     

7.1 Personalized Vaccines:      
  Personalized cancer vaccines, such as sipuleucel-T for prostate cancer and emerging mRNA vaccines for 

melanoma and pancreatic cancer, show promise but face challenges in improving efficacy and reducing toxicity. 

These vaccines are customized based on an individual's tumor, genetic makeup, immune response, and health 
status, aiming for more effective outcomes with fewer adverse reactions compared to conventional vaccines, 

which typically generate a uniform immune response across individuals [46].     
      Personalized cancer vaccines start with patient profiling, including genomic analysis, immune response 

assessment, and biomarker identification. In February 2023, the FDA granted breakthrough designation to a 

personalized mRNA vaccine combined with a monoclonal antibody targeting PD-1 for treating high-risk stage 
III/IV melanoma patients, based on the unpublished KEYNOTE-942 phase 2b trial [44].     

      Hepatocellular carcinoma (HCC) has a poor prognosis, with only 1 in 10 patients surviving five years. A 
Phase I study from the Kimmel Cancer Centre showed that combining a personalized antitumor vaccine with a 

PD-1 inhibitor improved survival in HCC patients, offering a potential new treatment approach (Refer to fig10) 
[45].     
 

 
Figure 10: Personalized Vaccines 

7.2 Multi-Omics Approach:      
      Next-generation sequencing (NGS) has revolutionized genomics, epigenomic, and transcriptomic by enabling 
high-throughput sequencing. However, it generates massive amounts of data (e.g., 200 Gb per whole genome), 

which can be challenging to interpret and requires significant bioinformatics tools for analysis [48].     

 Multi-omics integrates clinical and patient-specific omics data (e.g., genomics, metabolomics, and proteomics) 
to develop personalized therapeutic strategies. It helps identify biomarkers and disease mechanisms for tailored 

treatments. Despite significant advancements in omics for diseases like cardiovascular disease, challenges remain 
in effectively combining and leveraging multi-omics data. The goal is to use network medicine to understand 

disease heterogeneity and guide precision medicine based on individual patient profiles [48].     
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7.3 Future of Drug Development:      
           Drug development is becoming increasingly costly and inefficient, but focusing on patient needs rather 

than just drug details or disease specifics could improve efficiency. Genomics plays a crucial role in personalized 

medicine by enabling patient stratification based on genomic differences. This requires changes in clinical trial 
design and drug development business models. While randomized controlled trials remain the gold standard, 

alternative approaches are being explored to accommodate at-risk populations. Advances in genomics and 
biomarker testing, alongside evidence-based therapeutics, are driving the industry toward a more efficient and 

patient-centered drug discovery process (Refer to fig11) [60].
      

 
Figure 11: Future of Drug Development 

      Biomarkers will play a key role in highlighting patient differences, shifting drug discovery from mass-
market products to targeted treatments. This shift will create commercial opportunities in target identification, 

diagnostics, clinical trials, outcomes data, product launch, and market expansion, benefiting drug development 
[69].

 Early trials in molecularly selected patient populations can accelerate proof of concept and improve clinical  
outcomes, enabling smaller Phase 3 trials and higher success rates. However, biomarker analysis and diagnostic 

development may increase costs, with some failed drug programs due to incorrect biomarker selection [61].     
      The pharmaceutical industry's R&D is crucial for discovering new therapies, but the drug development 

process is lengthy and expensive. Economic estimates related to pharmaceutical innovation, including costs, 

influence policy decisions, such as healthcare financing reforms and changes in intellectual property laws, which 
may impact R&D activities  
[62].      
  Precision medicine in cancer focuses on sequencing tumors to identify driver mutations and targeting 

therapies accordingly. Early successes led to collaborations between pharmaceutical companies and academic 
groups to speed up drug development. However, challenges in using patient-derived xenografts (PDXs) as 

preclinical models include issues with the tumor microenvironment and the need for immune reconstitution, 
prompting the development of alternative models [63]. 

     

      Personalized health monitoring, especially for chronic diseases and aging populations, benefits from deep 

learning (DL) for accurate, timely predictions. Smart medical gadgets collect patient data (heart rate, blood 
pressure, blood flow), which is stored in medical repositories. This data is then processed via machine learning, 

where the collected data acts as testing data to generate predictions [67].     
      Digital therapeutics (DTx) are evidence-based, software-driven interventions for the prevention and 

treatment of medical conditions. They focus on modifying patient behavior and remote monitoring to improve 

health outcomes. DTx is emerging as a promising solution in an era of costly and inefficient drug development, 
aiming for better and more sustainable health results [65].     

  Tumor biomarker tests are used to detect or quantify changes in tumor biomarkers for various purposes, 
including risk stratification, screening, diagnosis, prognosis, predicting therapeutic effectiveness, and follow-up. 

These tests, often immunologically based, help distinguish between benign and malignant tissues or identify the 

type of cancer, such as epithelial versus hematopoietic or mesenchymal. Developing and validating these tests 
requires addressing critical issues, particularly defining their intended use [66]. 

     

  CRISPR/Cas9 is a powerful gene-editing technology that allows for the correction of genetic errors and 
the manipulation of genes in cells and organisms. It holds promise for treating genetic diseases through 

preimplantation genetic modification, but germline modifications, which are permanent, raise ethical concerns, 

particularly regarding potential non-therapeutic genetic enhancements. The legal boundaries for the use of 
CRISPR/Cas9, especially for germline editing, are still being debated [68].     
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7.4 Clinical Trials:      
  Clinical trials are research studies that assess the safety and efficacy of investigational agents, devices, or 

biologics in human volunteers. These agents undergo a multi-phase process before receiving approval from 

regulatory bodies like the USFDA [50].     

7.4.1 Clinical trial design:     
  The shift to precision medicine in cancer treatment has led to changes in clinical trials. Targeted drugs are 
tested on the patient populations most likely to benefit. For example, basket trials evaluate drugs based on their 

mechanism of action, rather than the type of cancer they target [49]. Traditional cancer clinical trials include Phase 

I (safety and activity), Phase II (efficacy and toxicity), Phase III (comparison with standard therapy), and Phase 
IV (post-marketing surveillance). Advancing a drug to Phase III can cost millions to billions of dollars [51].     
7.4.2 Tumour-agnostic/gene-specific basket trials:     
         Tumor-agnostic/gene-specific basket trials test drugs targeting common gene defects across different 

cancers, with examples including pembrolizumab for dMMR/MSI-H, larotrectinib/entrectinib for NTRK fusions, 

and pembrolizumab for TMB-H tumors [51].     

7.4.3 Umbrella trials:      
        Umbrella trials evaluate multiple treatments based on genetic/biomarker subsets within the same cancer 
type, but face challenges in rare diseases due to small molecular subsets and limited patient enrolment [51].     

 7.4.4 Platform trials:     
         Platform trials are master protocols that allow the evaluation of multiple hypotheses and treatments within 
a single trial, enabling faster and more cost-effective results. However, they are complex to design and implement 

due to administrative and logistical challenges [51].     

7.4.5 Telescope design:      
        Telescope design combines learning and confirmatory phases (I, II, III) into one trial, allowing 

simultaneous analysis of both stages, which reduces the drug development timeline and lowers costs (Refer to 
fig12) [51].     

     

 
Figure 12: Telescope design 

  

7.4.6 Home-based trials:     
       Home-based trials use telemedicine to conduct clinical trials remotely, allowing patients, especially those 

unable to travel, to participate from home. These trials improve patient recruitment, increase enrolment rates, and 

provide more representative populations for studies [51].     

8.0 Global Perspectivess   

8.1 Worldwide Implementation:      
        Over the past two decades, personalized or precision medicine (PM) has advanced significantly with high-

throughput genomic technologies. Initially used for research, these technologies now serve as potent diagnostic 

tools in clinics. Targeted therapies, especially for cancer and rare diseases, have driven a shift from "one-size-
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fits-all" to more personalized diagnostics and treatments [54].  In Europe, countries like England, France, Denmark, 
and Spain adopted national strategies for precision medicine (PM), while countries like Sweden, Germany, and 

Italy, with regionally organized healthcare, saw healthcare professionals drive bottom-up initiatives to build 

competence networks and ensure equal access to PM [52].
     

      The German Network for Personalized Medicine (DNPM) was initiated in BadenWürttemberg with 

regional Centres for Personalized Medicine in university hospitals, focusing on harmonized diagnostics, decision-
making, and equal drug access. Similarly, Genomic Medicine Sweden (GMS), launched in 2017, is a bottom-up 

effort involving a multiprofessional team to implement genomically-based precision medicine in Swedish 

healthcare (Refer to fig13) [54].      

 
Figure 13: Worldwide Implementation 

      Genomic Medicine Sweden (GMS) established regional Genomic Medicine Centres in Swedish university 

hospitals to implement genomic-based diagnostics and spread precision medicine for rare diseases, cancer, and 
complex conditions. A National Genomic Platform facilitates data storage and sharing nationally and 

internationally. In Japan, the SCRUM-Japan cancer genome screening project promotes precision cancer 
screening and treatment through collaboration between research, government, and pharmaceutical agencies [53].     

      In the USA, clinical laboratories use NGS-based tests, from targeted hotspot panels to comprehensive 

genome-scale platforms, in CLIA-approved labs. These tests, which may include laboratory-developed tests not 
FDA-approved, assist in diagnosis, prognosis, and treatment choices. They support FDA-approved drugs, off-

label treatments, and targeted therapies in clinical trials for various tumor types [55].     

8.2 Collaborative Efforts:      
          Founded in 2016, the Global Genomic Medicine Collaborative (G2MC) is a U.S.based, not-for-profit 

organization aimed at advancing genomic medicine globally. It emerged from a 2014 meeting of genomic leaders 
and fosters international collaborations in education, policy, pharmacogenomics, and evidence generation. The 

UK's 100,000 Genome Project, through Genomics England, serves as an example of public-private partnership 
in genomic medicine, ensuring quality control and collaboration. G2MC works with organizations like GA4GH 

to support coordinated global efforts in genomic medicine [57].      

     The STRIPE Initiative is a collaborative effort aimed at advancing pharmacogenomics by standardizing 
laboratory practices. It brings together diverse stakeholders, including geneticists, clinicians, and bio 

informaticians, to foster consensus and drive progress in precision medicine, ensuring a holistic approach to 
addressing its complex challenges [56].

       The "Integrating China in the International Consortium for Personalized 

Medicine" project, funded by the International Consortium for Personalized Medicine, aims to educate healthcare 

professionals and empower citizens. It focuses on bridging precision medicine barriers between the EU and 
China, fostering collaboration for a sustainable healthcare system [59].      

  The "Integrating China in the International Consortium for Personalized Medicine" (IC2PerMed) aims to 
develop a shared strategy for precision medicine (PM) research, innovation, and application between the EU and 

China. The initiative focuses on using Big Data and digital tools to improve sustainability and healthcare quality. 

IC2PerMed held three workshops to identify priority areas in PM, involving 47 experts (37 from the EU and 10 
from China), based on critical factors from the 'ICPerMed Vision for 2030' and policy mapping [58].     

 9.0 Conclusion:     
  This review highlights the transformative potential of precision medicine in advancing personalized 

healthcare. By focusing on the unique characteristics of each patient, including genetic, environmental, and 

lifestyle factors, precision medicine offers tailored treatment strategies that improve outcomes and minimize 
adverse effects. However, to fully harness its benefits, it is essential to navigate challenges related to data 
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integration, ethical considerations, and equitable access. Continued innovation and collaboration across 
disciplines will be vital in overcoming these obstacles and ensuring that precision medicine becomes an integral 

part of healthcare, ultimately leading to better patient care and improved public health.     
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