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ABSTRACT

Precision oncology has come a long way, largely thanks to our growing understanding of the molecular changes that drive cancer. By identifying
these alterations, researchers and clinicians can now tailor treatments more effectively, offering what’s often called the right drug for the right
patient at the right dose and at the right time. This approach has opened new possibilities in how we classify diseases, design clinical trials and use
biomarkers and health technology to guide decisions. Modern tools like next-generation sequencing (NGS), RNA analysis and immune profiling have
made it possible to analyse tumours and even detect genetic material like cell-free DNA from blood samples. These technologies help identify
specific mutations or markers that could influence treatment. However, while the potential is enormous, there are still some challenges. For
example, interpreting large volumes of genetic data can be tricky and there’s always the risk of false positives or unexpected findings. Plus, whole-
genome sequencing and transcriptome profiling can still be expensive and time-consuming. To keep pace, regulatory agencies like the FDA in the U.
S. and the EMA in Europe have put frameworks in place to ensure that precision therapies are developed responsibly. The FDA, for instance,
encourages simultaneous development of diagnostics and treatments. Meanwhile, the UK’s MHRA has launched initiatives like the Precision
Medicine Catapult to speed up innovation and translation from lab to clinic. Looking ahead, scientists are exploring even more refined strategies,
such as functional precision oncology. Instead of relying solely on genetic sequencing, this approach incorporates real-time data about how tumours
behave and respond to drugs, offering a more dynamic and personalised way to choose the most effective treatment.
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INTRODUCTION

Precision medicine, also known as personalised medicine, stands out
compared to traditional medicine by adapting treatment individually[1].
Traditional medicine is evidence-based medicine, which is considered a
‘one-size-fits-all’ (1-of-n) approach, which shows that the treatment is
used for a large group of people with the same disease [2]. Alternatively,
Precision medicine shows a ‘one-size-fits-one’ (n-of-1) approach where
the treatment is provided individually for better outcomes, as shown in
fig. 1 [3]. Precision medicine is commonly referred to as giving the right
drug to the right patient at the right dose at the right time. In precision
medicine, biomarkers are found and validated to determine how a
patient will react to treatments. Cancer has a range of cell types and
clinical design involves discovering and continuously testing predictive
biomarkers for drug reactions to improve clinical trials and regulatory
approval, as well as selecting therapies according to best practices [4].
The cause of cancer worldwide is projected to be 14 million in 2012 and
24 million in 2030 for which no country has a proper treatment to solve
[5]. To prevent cancer, one must have a diverse perspective, ranging
from sub-microscopy to micropolitics and identify the significance of
molecular profiling and the biological background of the study, which
leads to precision medicine [6]. To proceed with precision medicine also
has major regulatory consequences; additionally, new clinical designs to
recognise, confirm and targeted therapies need more knowledge of
regulatory committees in institutions and the USFDA to establish that a
useful approach reaches people beneficially without compromising their
safety [7]. Regulatory body plays a major role in assessing the safety,
efficacy and quality of personalised medicine and also in the timely
approval of novel therapies for patients. For therapeutic decision-making
on biomarker data, the FDA and EMA play a major role [8, 9].

Advances in precision medicine in oncology

The new cancer treatment is improving rapidly because of advances
in DNA sequencing technology. The technical improvement has more
knowledge on understanding cancer biology in terms of whole

genome sequencing (WGS), targeted therapies, genotyping and
bioinformatics. WGS is the core technology that supports the
sequencing of cancer genomes. First-generation sequencing or
Sanger sequencing (order of nucleotides in DNA sequencing) has
been the chief method of DNA sequencing for 30 years. It is a
successful technique, but the cost and improper output have led to
the evaluation of Next-Generation Sequencing (NGS) as shown in fig.
2 [10]. NGS is a novel technique, primarily launched on the market
by 454 life Sciences in 2005. The establishment of NGS has made it
possible for screening a wide set of genes in one complete test, to
recognise changes in the inadequate biopsy tissue, which is an
inaccessible procedure [11]. Precision medicine in the treatment of
cancer may be attained through analysis known as a liquid biopsy.
The word liquid biopsy was introduced by Pantel and Alix-
Panabieres to have knowledge of circulating tumor nucleic acid
present in exosomes and particulars of platelets associated with
cancer. An apparatus that permits the application of personalised
therapy strategies is the liquid biopsy. Liquid biopsies are used as an
instrument that is progressively being studied to record cancer
development at once and lead to comprehensive work. The latest
study has marked the use of liquid biopsies, concentrating mainly on
inventions and their systematic and clinical strength. The section
that consists of the liquid biopsies is circulating tumor cells,
circulating tumor nucleic acids, free cells contained in exosomes and
micro vesicles [12]. However, the clinical application of liquid
biopsies faces technical and analytical limitations. The sensitivity is
highly dependent on the analyte (e. g, cfDNA, CTCs), tumor stage
and cancer type. Key challenges include variable detection
thresholds, stringent pre-analytical sample handling requirements
and the current inability to reliably detect certain structural variants
using cfDNA [10]. A detailed overview of the performance
characteristics and considerations for different liquid biopsy
components is provided in table 6. In targeted therapies, notable
examples include treatments for KRASG12C mutations, which were
previously thought to be undruggable, as well as therapies targeting
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Exon 20 insertions and RET mutations and methods for delivering
chemotherapies more precisely, such as the use of antibody-drug
conjugates. These are specialized drugs that can deliver
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chemotherapy directly to cancer cells, particularly in lung cancer,
enhancing treatment effectiveness while minimizing damage to
healthy cells [13].
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Fig. 1: Unlike traditional therapies that affect both healthy and cancerous cells, precision treatment specifically targets tumor-specific
molecular alterations, minimising harm to normal tissue
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Fig. 2: Nucleic acid extraction, library preparation, sequencing, data analysis and interpretation

Table 1: Comparison of next-generation sequencing (NGS) platforms

Platform Read length and Detection Error rate Cost per sample Input Notes Reference
throughput sensitivity (approx.) requirements
[llumina Shortread; up to 6 Detects SNVs down 0.1-1% $500-1,200 10-50 ng DNA Clinical gold [11]
(NovaSeq, Next Tb/run to 1% VAF standard
Seq)
Ion Torrent Short read; 1-5% VAF 1-2% $400-800 10-20 ng DNA Faster, indel [10]
(PGM, Proton) semiconductor error-prone
sequencing
Oxford Long-read (10 kb-1 Mb) Detects SVs>95% 5-15% $600-900 50-200 ng DNA Real-time [14]
Nanopore (improving) sequenci-ng
PacBio HiFi Long-read, Q30+ SNVs, SVs, phasing <1% $800-1,500 2100 ng DNA High accuracy; [15]
costly
Hybrid [llumina+Nanopore/Pac Combines SNV+SV <1% >$1,000 Multiple inputs Used in [16]
Approaches Bio detection comprehensive
profiling
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The tumor elements consist of Circulating Tumor Cells (CTC), cell-free
DNA (cfDNA), proteins, metabolites, extracellular vesicles and cell-free
RNA (cfRNA) [14]. Tissue biopsy is commonly considered a main
technique for the prognosis and prevention of many diseases. Tissue
biopsy is used to study only mutations, whereas liquid biopsy shows
on-time challenges, such as struggling to obtain them in the same
location itself, the lack of noticeable tumor and the fundamental clinic-
related method and deficiencies in routine testing. In 2013, the USFDA
approved the first liquid biopsy test, the Cell search CTC enumeration
platform (K073338-FDA), capable of detecting modern tumor cells in
breast, colon and prostate cancer based on CTC count. All these novel
techniques lead to a new place for research known as omics. The
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omics, which is known for the extensive study of the capacity,
connection and activity of diverse molecules in cells of an organism
[16]. Identification of actionable mutation and biomarker in clinical
decision making such as (v-raf murine sarcoma viral oncogene
homolog B1) BRAF V600 mutation for melanoma, (Epidermal Growth
Factor Receptor) EGFR and (Anaplastic Lymphoma Kinase) ALK for
lung cancer, (Human Epidermal Growth Factor Receptor 2) HER2
overexpression for breast cancer and (Kirsten Rat sarcoma oncogene
homologue) KRAS mutation for colorectal cancer [17]. The main aim of
personalised medicine is to acquire support from potential therapeutic
targets for treatment selection. The biomarkers used in personalised
medicine offer a way for companion diagnostics [18].

Table 2: Analytical sensitivity, pre-analytical considerations and detection thresholds of precision oncology tools

Biomarker/Tool Typical sensitivity Detection Key pre-analytical Key limitations References
threshold considerations
cfDNA (NGS) 70-85% (advanced); VAF 0.1-0.5% Plasma separation within 2 h; Low tumor shedding in early stages; [19]
40-50% (early-stage) EDTA tubes; -80 °C storage challenges detecting structural variants.
CTCs (Cell 40-70% (cancer-type 21 CTC/7.5 ml EpCAM-based enrichment Misses epithelial-mesenchymal transition [20]
Search) dependent) blood (EMT) CTCs; low abundance.
cfRNA 60-75% (for fusion Requires intact Rapid stabilization critical High RNA fragility; lack of standardized [21]
detection) RNA (RIN>7) protocols.
Exosomal Variable; lower in Not standardized  Isolation method highly variable Technical heterogeneity; clinical utility still [22]
DNA/RNA early-stage (e. g, ultracentrifugation, under investigation.
precipitation)
CAR-T Therapy N/A N/A Patient-specific T-cell apheresis Manufacturing Bottlenecks: Vein-to-vein [23]

time: 3-5 w. Cost: $375,000-$600,000 USD.
Failure rate: ~5-10%.
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Targeted therapies and immunotherapies

Targeted therapy stops the pathway, which is important for cancer
growth and maintenance, which increases the life span of the cancer
patients by offering more precise interventions with potentially
fewer side effects compared to traditional chemotherapy [24].
Where the immunotherapy seeks to stimulate a host immune
response that results in sustained, long-term tumor destruction. The
protein Imatinib, which is a tyrosine kinase inhibitor of Abelson
Kinase (ABL), is present in aberrantly activated form in Chronic
Myeloid Leukaemia (CML) due to a chromosomal translocation,
which leads to the Breakpoint Cluster Region (BCR)-ABL fusion. The
favourable outcome of imatinib in CML treatment has paved the way
for the introduction of molecular targeted therapies in cancer [25].
The monoclonal antibody trastuzumab, which is used in targeted
therapy for the treatment of breast cancer in which Human
Epidermal Growth Factor Receptor 2 (HER2) is overexpressed,
affects approximately 20-30% of breast cancer patients [26]. The

checkpoint inhibitors, such as those targeting Programmed Cell
Death Protein 1 (PD1), manage to modulate the immune response.
Manifestation of PD1 on T-cells allows tumor cells to evade anti-
tumor immunity by suppressing T-cell activity; thus, blocking of PD1
is the main immunotherapeutic tactic for cancer. Humanised
monoclonal anti-PD1 antibody Pembrolizumab (Keytruda) was
examined in various cancers across multiple cancers, which was
approved by the USFDA for the treatment of advanced cancer [17] in
2014 initially for advanced melanoma, later expanding to non-small
cell lung cancer (NSCLC) [27]. Based on end results, related T cells
have developed to indicate a Chimeric Antigen Receptor (CAR)
particular for Cluster of Differentiation 19 (CD19) B lymphocyte
molecule, which has been approved by the USFDA for the prognosis
of refractory pre-B cell acute lymphoblastic leukaemia and diffuse
large B cell lymphatic leukaemia. CAR T cells are the earliest gene
transfer therapy to obtain market approval by the USFDA in 2017, as
shown in fig. 3. Despite their remarkable efficacy, the widespread
adoption of CAR-T therapies is constrained by significant
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manufacturing bottlenecks. The process is complex and autologous
(patient-specific), leading to long production timelines, high costs
and potential manufacturing failures, which can limit patient access
[32-34]. These quantitative challenges are summarized alongside
liquid biopsy limitations in table 4.

Immunotherapy section only covers PD-1/PD-L1, CAR-T. No
LAG-3/TIGIT or TME-driven resistance mechanisms

Immunotherapy has transformed cancer treatment by activating the
immune system against tumors. Foundational approaches such as
PD-1/PD-L1 and CTLA-4 inhibitors (e. g, Pembrolizumab,
Ipilimumab) have achieved durable responses across multiple
cancers. CAR-T cell therapies, like Tisagenlecleucel, further
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exemplify precision immunotherapy by engineering patient T cells
to target tumor-specific antigens.

Beyond these established strategies, next-generation immune
checkpoints such as LAG-3 and TIGIT are emerging to address
resistance and non-responding populations. The FDA-approved
combination of Relatlimab (anti-LAG-3) with Nivolumab validates
LAG-3 as a therapeutic target, while anti-TIGIT agents like
Tiragolumab show potential in PD-L1-high tumors. Additionally, the
tumor microenvironment (TME), comprising immune and stromal
components, plays a crucial role in modulating response and
resistance to immunotherapy, emphasizing the need for integrated
strategies targeting both immune checkpoints and TME-driven
pathways.

Table 3: Expanding the immunotherapy landscape beyond PD-1 and CAR-T

Targe Mechanism of action Example agent(s) Key indication/status Significance

t

PD- Blocks inhibitory signal on T-cells, Pembrolizumab, Nivolumab,  Approved for multiple Foundation of modern immunotherapy; provides

1/PD- restoring anti-tumor activity. Atezolizumab cancers (e. g, melanoma, durable responses in a subset of patients [28].

L1 NSCLC).

CTLA- Blocks inhibitory signal on T-cells, Ipilimumab Approved for melanoma. First checkpoint inhibitor to show survival benefit

4 primarily in lymphoid tissue; promotes in melanoma; often used in combination with PD-1
T-cell activation. inhibitors [29]

CAR-T  Genetically engineered T-cells targeting Tisagenlecleucel (anti-CD19), Approved for B-cell ALL, Pioneering personalized cell therapy for

Cells specific tumor antigens. Idecabtagenevicleucel (anti- DLBCL, Multiple Myeloma. hematologic malignancies; demonstrates potential

BCMA) for long-term remission [25]

LAG-3 Co-inhibitory receptor; dual blockade Relatlimab+Nivolumab Approved for advanced First approved LAG-3 inhibitor; provides a new
with PD-1 enhances T-cell melanoma. combination strategy to overcome PD-1 resistance
reinvigoration. [30]

TIGIT Inhibitory receptor on T/NK cells; Tiragolumab+Atezolizumab Phase III trials in NSCLC A promising but complex target; highlights need
blockade may enhance anti-tumor (mixed outcomes). for biomarker-driven selection and combination
immunity. strategies [31]

TME- Counteracts immunosuppressive factors Anti-CD73, Anti-TGF-f, CSF- Mostly in preclinical /early Critical for overcoming resistance to existing

Target  inthe tumor microenvironment. 1R inhibitors clinical trials. immunotherapies; represents the next frontier in

ing immuno-oncology [32]
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Fig. 4: The main difference between one-fits-all treatment vs Al-driven precision medicine for the benefit of human beings

Al in precision cancer

Novel medicine has stepped into precision, prevention and
personalization rather than developing treatment for the whole
population and making the same medical decisions based on a few
physical traits. Artificial Intelligence (AI) is a pivotal technology that
brought this technique to everyday practice and cultural
transformation, as shown in fig. 4 [33]. By using Al, healthcare
professionals have come to a result that can detect diseases like cancer
or cardiovascular disorders by producing more accurate diagnosis
methods. Analytics and insights, shared expertise, data and security
are the three main elements for the implementation of artificial

intelligence in healthcare [34]. Adoption of Al in the real world, its
ability to function accurately in a reliable, safe and generalizable
manner is critical as its accuracy [35]. Deep neural networks (DNNs)
excel in classifying large medical images, histopathology images and
achieving high AUC scores in controlled research settings. However,
the real-world clinical application of these models faces challenges,
including potential biases in training datasets and current regulatory
hurdles that must be addressed for broader implementation. Al is also
advancing in early cancer detection via liquid biopsies. Furthermore,
Al is playing an increasingly pivotal role in drug discovery by
identifying novel therapeutic targets and optimizing clinical trial
designs for precision oncology therapies [36].
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Table 4: Comparative analysis of regulatory frameworks and emerging challenges in precision medicine

Aspect United states (US) European union (EU) Japan
Expedited Programs Fast Track, Breakthrough Therapy, PRIME (Priority Medicines), Conditional Sakigake Designation, Conditional
Accelerated Approval, Regenerative Marketing Authorization Early Approval System

Approval Mechanism

Key Challenge:
Confirmatory
Evidence

Key Challenge:
Diagnostics and IVDR

Key Challenge: Test
Standardization

Focus Area

Medicine Advanced Therapy (RMAT)
Accelerated Approval based on surrogate
endpoints; requires confirmatory trials.
Risk of withdrawal if post-market trials
fail (e. g, several oncology indications
have been withdrawn).

Evolving oversight of Laboratory
Developed Tests (LDTs) creates
regulatory uncertainty.

Discordance rates between different CDx
assays (e. g., IHC vs. NGS) can complicate
treatment decisions.

Tumor-agnostic therapies, Real-World
Data (RWD) utilization, evolving LDT
regulation.

Conditional Approval with post-marketing
obligations; requires confirmatory data.
Similar risk: mandatory post-authorization
efficacy studies must confirm benefit to
maintain conditional approval.

IVDR (2017/746) significantly increases
evidence requirements for CDx, threatening
test availability and viability.

Lack of harmonization across member
states and between notified bodies can lead
to variable test performance.

Biomarker-driven therapies, omics, cross-
border genomic analysis, adapting to IVDR
implementation.

Conditional, time-limited approval with
reassessment.

Re-assessment required; product may
be withdrawn if efficacy not confirmed
within the designated review period.
PMDA oversight is established, but the
impact of IVDR equivalence on market
strategy for global companies is a key
consideration.

Efforts towards Comprehensive
Genomic Profiling (CGP) aim to
standardize, but platform-specific
differences persist.

Advanced genomic diagnostics, Real-
World Evidence (RWE) and innovative
biomarker integration.

Global regulatory authorities in the US, EU and Japan have introduced
accelerated pathways to expedite the approval of precision oncology
therapies and companion diagnostics. Despite these efforts, practical
challenges remain. A key issue is the withdrawal of approvals when
post-marketing confirmatory trials fail to demonstrate clinical benefit,
emphasizing the risks of expedited approvals and the need for
stronger post-market surveillance [37]. The European Union’s in vitro
Diagnostic Regulation (IVDR) further intensifies scrutiny and evidence
requirements for diagnostics, aiming to improve safety and clinical
validity. However, its stringent standards may delay market entry,
limit access to essential biomarker tests and create bottlenecks for
new targeted therapies [38].

Additional challenges include assay discordance and regulatory
ambiguity around Laboratory Developed Tests (LDTs). Variability
between testing platforms, such as next-generation sequencing (NGS)
and immunohistochemistry (IHC)can lead to inconsistent biomarker
results, complicating clinical decisions and underscoring the need for
standardized testing guidelines [39]. Meanwhile, evolving FDA oversight
of LDTs introduces uncertainty for laboratories and clinicians relying on
these tests for emerging biomarkers lacking approved companion
diagnostics, potentially slowing innovation and clinical translation [40].

Innovation and collaboration

The theory of basket trials is that a diagnosis based on tumor cell
modification will be beneficial, independent of the organ where the
disease develops. This increases the trial's ability to register
participants depending on cancer cell mutation and tumor Kinds.
Basket trials have gained significant regulatory attention,
particularly from agencies like the FDA and EMA, adapting

frameworks to evaluate these histology-agnostic designs through
initiatives like master protocols, which streamline the assessment of
multiple therapies or commitment to advancing precision cancer
medicine. As opposed to basket trials, which are histology-agnostic
designs, umbrella trials try to pair patients with the same tumor
subtype (lung adenocarcinoma) with various targeted treatments;
these patients are usually selected based on the biomarker that the
treatments are targeting [41]. Real-World Data (RWD) serves as the
foundation for Real World Evidence (RWE) and can be obtained
from a variety of sources, including patient registries, Healthcare
databases, claims databases, patient networks and wearable-
generated data, as well as electronic health records (EHRs). Both
RWD and RWE are major keys for regulatory agencies, while RWE
obtained from observational studies is increasingly accepted for
post-approval safety monitoring and provides a response to
pharmacoeconomic questions. RWE provides sufficient proof for
regulatory 22, particularly in precision oncology, where traditional
randomised controlled trials (RCTs) may be infeasible due to a small
patient population with aspecific genetic profile [42]. An approach
for creating plans to quickly progress therapeutic advances in cancer
research is the use of public-private partnership (PPP) which should
be for the benefit of the public, especially if public funds are involved
and should tackle an unmet need or scientific objective that neither
party can handle on their own or that is better served by working
together. PPP helps to enlarge the total investment in cancer
research by promoting the merging of resources, reducing financial
burdens and mitigating risk for patientsthrough shared expertise
and infrastructure. Initiatives like the Cancer Moonshot and the
Innovative Medicine initiative illustrate the power of collaboration
in advancing precision oncology and improving cancer care [43].
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Table 5: Approved precision oncology therapies and companion diagnostics

Drug name Target/Biomarker = Companion Regulatory body Indication Notes
diagnostic (CDx) and approval year
Trastuzumab HER2 HER2 IHC/FISH Test FDA (1998); EMA HER2-positive One of the first targeted therapies;
(Herceptin) overexpression (2000) breast cancer CDx co-approval set a precedent
for precision oncology.
Imatinib BCR-ABL fusion Philadelphia FDA (2001); EMA Chronic Myeloid  Pioneered targeted therapy for
(Gleevec) chromosome test (2001) Leukemia (CML)  specific genetic mutations.
Pembrolizumab  PD-L1 PD-L1IHC Test/MSI-  FDA (2017-tissue- Multiple cancers  First tissue-agnostic approval
(Keytruda) expression/MSI- H Test agnostic for MSI-H); (e. g, NSCLC, based on biomarker, not tumor
H/dMMR EMA (2018) colorectal) location.
Larotrectinib NTRK gene fusion NGS-based tests for FDA (2018); EMA Solid tumors Tissue-agnostic approval;
(Vitrakvi) NTRK fusion (2019) with NTRK highlights importance of NGS in
fusion precision diagnostics.
Olaparib BRCA1/2 mutations =~ BRCA mutation test FDA (2014 for Ovarian, breast, Emphasizes role of genetic testing
(Lynparza) (e. g., Myriad ovarian); EMA prostate cancers  inidentifying eligible patients.
BRACAnalysisCDx) (2014)

Targeted therapy inhibits specific molecular pathways that are
crucial for cancer growth and maintenance [15], thereby increasing
the lifespan of cancer patients by offering more precise
interventions. While these therapies often avoid the broad cytotoxic
side effects associated with traditional chemotherapy (such as
severe neutropenia and alopecia), they are associated with a distinct
and often significant profile of mechanism-based toxicities. The
promise of fewer side effects requires qualification; for instance,
kinase inhibitors frequently cause high rates of dermatological (e. g.,
rash, hand-foot syndrome), gastrointestinal (e. g, diarrhea)
metabolic (e. g, hyperglycemia, hyperlipidemia) adverse events.

Severe (Grade =3) adverse events are not uncommon, as illustrated
in table 6.

Furthermore, the application of targeted therapies is limited by the
prevalence of actionable biomarkers. A minority of patients with a
specific cancer type often harbor the required mutation and access is
further constrained by the availability and reimbursement of companion
diagnostics. For example, while EGFR mutations are a cornerstone of
lung cancer treatment, they are present in only approximately 10-15% of
Western patients with non-small cell lung cancer (NSCLC) [A2]. This
highlights that targeted therapies, despite their efficacy in eligible
subpopulations, are not a universally applicable solution.

Table 6: Spectrum of severe toxicities and patient eligibility for select targeted therapies

Drug class/Example Primary Common severe (Grade 23) adverse Approximate biomarker eligibility in relevant
target events (>10% unless noted) cancer type

EGFR Inhibitors (e. g, EGFR Diarrhea (5%), Rash (5%), Interstitial Lung ~15% of unselected NSCLC in North

Osimertinib) Disease (3%) America/Europe (EGFR mutations) [44]

BRAF/MEK Inhibitors (e. g., BRAF V600OE  Pyrexia (6%), Fatigue (5%), Elevated Liver ~40% of Cutaneous Melanoma (BRAF V600

Dabrafenib+Trametinib) Enzymes (ALT/AST 11%) mutations) [45]

KRAS G12C Inhibitors (e. g., KRAS G12C Hepatotoxicity (ALT increase 15%), ~13% of Lung Adenocarcinomas (KRAS G12C

Sotorasib) Diarrhea (10%), Nausea (2%) mutation) [46]

CDK4/6 Inhibitors (e. g., CDK4/6 Neutropenia (66%), Leukopenia (31%) ~70% of Metastatic Breast Cancer (HR+/HER2-

Palbociclib) phenotype) [47]

BTK Inhibitors (e. g., BTK Hypertension (14%), Atrial Fibrillation Indicated for specific B-cell malignancies (e. g,

Ibrutinib) (6%), Bleeding (2%) CLL, MCL) [48]

Economic and access considerations

Despite the transformative potential of precision oncology, its
widespread adoption faces significant economic and accessibility
hurdles. The development of therapies for small, biomarker-defined
populations often results in high per-patient costs, creating challenges
for healthcare reimbursement systems. Health technology assessment
bodies frequently evaluate these therapies using cost-per-QALY
thresholds and many precision oncology drugs exceed accepted
benchmarks, leading to restricted coverage and delayed patient access.

Furthermore, equitable access to these advances is not guaranteed.
A genomic divide exists, with disparities observed across
geographic, socioeconomic and racial lines. Patients in low-resource
settings and from underrepresented minority groups are less likely
to receive genomic testing or be enrolled in the clinical trials that are
the gateway to novel therapies. The underrepresentation of diverse
populations in genomic databases also risks perpetuating biases in
biomarker discovery and Al algorithm development. Addressing
these issues of cost-effectiveness and health equity through
innovative funding models, policy interventions and inclusive
research practices is essential to ensure that the promise of
precision medicine reaches all patients in need.

CONCLUSION

Precision medicine is redefining the landscape of cancer care by
enabling treatments that are tailored to the unique genetic and

molecular profiles of individual patients. Innovations such as next-
generation sequencing, liquid biopsies and targeted therapies are not
only improving diagnostic accuracy but also enhancing therapeutic
outcomes. While challenges such as high costs, data complexity and
regulatory constraints persist, the collaborative efforts of global
regulatory agencies, healthcare providers and researchers are
accelerating the safe and effective integration of precision approaches
into clinical practice. As artificial intelligence, real-world evidence and
integrative omics technologies continue to advance, the future of
oncology is poised to become increasingly personalized, leading to
more effective, efficient and patient-centric care.
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