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Abstract

Leukaemia development, or leukemogenesis, is a multifactorial process driven by a complex interplay
of environmental, genetic, and epigenetic factors. Despite substantial advancements in technology and
medicine, which have enhanced our understanding of the contributing factors, early and accurate
diagnosis remains a major challenge due to the overlapping clinical features shared by the various
leukaemia subtypes. This study explores the molecular and cellular mechanisms underlying
leukemogenesis, while also addressing the difficulties in distinguishing between leukaemia subtypes.
Furthermore, it reviews the current diagnostic procedures and evaluates the role of emerging
technologies and tools that hold promise for improving diagnostic precision. The inherent variability
of leukaemia, combined with its numerous subtypes, makes accurate diagnosis exceedingly difficult,
even considering recent strides in elucidating the molecular pathways involved in leukemogenesis. The
presence of measurable residual disease (MRD) further complicates the assessment of treatment
response and the prediction of relapse. Additionally, substantial inter- and intratumorally heterogeneity
adds layers of complexity in identifying consistent diagnostic biomarkers. One of the most significant
challenges lies in the identification of reliable biomarkers capable of distinguishing between patients
who respond to therapy and those who do not. Recent advances in next-generation sequencing (NGS)
and genomic profiling have greatly expanded our knowledge of the genetic underpinnings of leukaemia,
yet translating these findings into clinical practice remains problematic. The challenge persists in
applying these discoveries effectively within the diagnostic and therapeutic landscape. This abstract
underscore the urgent need for continued research aimed at developing more precise, personalized
diagnostic tools. Such advancements are critical not only to enhance early diagnosis but also to improve
treatment outcomes and enable more effective management of leukaemia patients
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INTRODUCTION

The abnormal growth of white blood cells,
leading to impaired production of normal blood
cells, is the defining characteristic of leukaemia, a
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category of hematologic cancers. Leukaemia can be
classified into two primary types: acute leukaemia,
which includes acute myeloid leukaemia (AML)
and acute lymphoblastic leukaemia (ALL), and
chronic leukaemia, which encompasses chronic
myeloid leukaemia (CML) and chronic lymphocytic
leukaemia (CLL). Leukemogenesis, the process of
leukemic  transformation,  disrupts  normal
haematopoiesis through a complex series of genetic
and cellular events. Due to the clinical and genetic
heterogeneity of the disease, diagnosing leukaemia

© STM Journals 2025. All Rights Reserved

11



Understanding Leukemogenesis: Challenges and Advancements in Diagnostic Approaches Yadav et al.

at an early stage remains a significant challenge. This study examines the underlying causes of
leukemogenesis and explores the diagnostic challenges associated with leukaemia. A key advancement
in understanding leukemogenesis, as well as lymphomagenesis and carcinogenesis in general, has been
the elucidation of mechanisms involving chromosome translocations. An important step in this progress
was the identification of genes at translocation breakpoints, with the oncogenes MYC and ABL being
among the first to be recognized. This discovery confirmed the critical role of chromosome
translocations in cancer development, particularly the 8;14 translocation associated with Burkitt’s
lymphoma and the 9;22 translocation linked to chronic myeloid leukaemia (CML). It also established
the importance of oncogenes in human cancer development, providing compelling evidence to those
who had previously questioned their relevance, as these genes were originally cloned from experimental
mouse tumours [1]. The identification of these genetic abnormalities highlighted the significance of
oncogenes in leukaemia and cancer more broadly. This breakthrough significantly advanced the
understanding of leukemogenesis and paved the way for the development of targeted therapeutic
strategies. Despite these significant advancements, the complex and diverse nature of leukaemia, along
with its numerous subtypes, continues to pose challenges in achieving early, accurate diagnosis and
effective treatment.

MECHANISM OF LEUKEMOGENESIS
Genetic Mutations

Genetic changes that favour limitless proliferation, poor differentiation, and evasion of apoptosis are
the primary drivers of leukaemia’s development. Chromosome translocations that alter normal
signalling pathways are responsible for generating oncogenic fusion proteins. This is the case with acute
promyelocytic leukaemia (APL) with PML-RARA and chronic myeloid leukaemia (CML) with BCR-
ABLL. Point mutations in AML, such as FLT3 and NPM1, are responsible for enhancing cell survival
and proliferation. On the other hand, deletions of tumour suppressors, such as TP53 in this instance,
allow for genomic instability. When epigenetic regulators, like DNMT3A get changed, it can lead to an
abnormal methylation pattern and pre-leukemic disorders. There are times when these mutations act in
ways that can’t coexist. Because of this, they work together in clonal evolution to make the disease
harder to treat and make it get worse. Tyrosine kinase inhibitors and other targeted medicines emerged
due to their relationship with haematological dysregulation. Furthermore, they function as prognostic
markers, paving the way for the development of precision medicine applications that enhance treatment
outcomes across various leukaemia subtypes [2].

Epigenetic Dysregulation

Epigenetic dysregulation significantly disrupts hematopoietic differentiation, proliferation, and
apoptosis by altering gene expression without modifying the DNA sequence itself, making it a key
driver in leukemogenesis. While global hypomethylation promotes genomic instability, specific DNA
methylation alterations, such as hypermethylation of tumour suppressor genes, like CDKN2A, lead to
gene silencing. Additionally, dysregulated histone modifications, including uncontrolled acetylation
and methylation, contribute to changes in chromatin structure and transcriptional activity, further
promoting leukemic transformations. Mutations in critical epigenetic regulators, such as DNMT3A and
TET2 disrupt DNA methylation and demethylation processes, fostering a pre-leukemic state. Likewise,
mutations in histone modifiers, like ASXL1, impair proper differentiation, while alterations in
IDH1/IDH2 lead to the production of oncometabolites that promote hypermethylation. Non-coding
RNAs, particularly miRNAs, such as miR-155, are also implicated in leukemia by driving clonal
expansion and dysregulating gene expression. The severe consequences of epigenetic dysregulation in
leukemia include resistance to therapy, uncontrolled cell proliferation, and impaired differentiation.
However, these changes offer potential therapeutic targets. Drugs that modulate epigenetic mechanisms,
such as histone deacetylase inhibitors, like panobinostat, can restore normal chromatin structure and
gene expression. DNA methyltransferase inhibitors, including azacitidine, can reverse
hypermethylation, while IDH inhibitors selectively target mutations causing abnormal methylation
patterns. By addressing these specific epigenetic alterations, therapies can potentially eradicate
leukemic cells and restore normal hematopoietic function. A deeper understanding of these processes
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enhances our insight into leukemia development and paves the way for more precise and effective
therapeutic strategies, offering hope for improved outcomes in patients [3].

MICROENVIRONMENT INFLUENCE

The bone marrow microenvironment plays a crucial role in leukemogenesis by creating a niche that
enables leukemic cells to survive, proliferate, and resist treatment. This complex microenvironment is
composed of stromal cells, endothelial cells, extracellular matrix components, and a wide array of
cytokines, all of which mediate interactions between hematopoietic cells through signalling pathways
and adhesion molecules. Leukemic cells exploit these interactions to drive their growth and resistance.
For example, they frequently bind to stromal cells via molecules, like VLA-4 and CXCR4, enhancing
survival signalling, protecting against apoptosis, and conferring resistance to chemotherapy. Stromal
cells further contribute to leukaemia progression by secreting cytokines, such as IL-6, VEGF, and TGF-
B. These cytokines promote angiogenesis, immune suppression, and the proliferation of leukemic cells,
collectively creating a protective and growth-favouring microenvironment [4]. This niche shields
leukemic cells from immune surveillance and helps them persist despite therapeutic interventions.
Hypoxia within the bone marrow is another critical factor that contributes to leukemogenesis. In low
oxygen conditions, hypoxia-inducible factors (HIFs) are stabilized, leading to the activation of genes
involved in metabolism and cell survival. This hypoxic environment not only promotes angiogenesis
but also provides an ideal niche for leukemic stem cells (LSCs), which may enter a dormant, drug-
resistant state. Furthermore, leukemic cells manipulate the microenvironment by releasing metabolites
and exosomes that disrupt normal haematopoiesis and immune function, further tipping the balance in
favour of leukemic expansion. The presence of leukemic cells within the osteoblast microenvironment
further complicates treatment strategies. Targeting the tumour directly becomes more challenging, as
the supporting matrix remains largely unaltered, hindering the effectiveness of therapeutic approaches.
As aresult, new strategies targeting the interactions between leukemic cells and their microenvironment
are gaining increasing attention. Researchers are exploring the potential of CXCR4 antagonists and HIF
pathway inhibitors to overcome microenvironment-induced resistance and improve therapeutic
efficacy. These approaches offer promising new avenues for the development of more effective
leukaemia treatments. A deeper understanding of the bone marrow microenvironment and the ability to
address its role in leukemogenesis holds tremendous promise for improving treatment outcomes and
overcoming resistance mechanisms in leukaemia (Table 1) [5].

Table 1. Microenvironment influence.

Stromal Cells
(BMSCs)

support and secrete
cytokines that
influence

proliferation, and
differentiation of
leukemic cells.

to chemoresistance
and create a
supportive niche for

Microenvironment Role in Impact on Leukemic | Effects on Tumor Potential

Factor Leukemogenesis Cells Progression and Therapeutic
Treatment Strategies

Bone Marrow Provide structural Modulate survival, BMSCs contribute Targeting BMSC-

leukemia
interactions using
small molecules or

hematopoiesis. leukemic cells. monoclonal
antibodies.
Extracellular Matrix | ECM components, Alter adhesion, Modulates cell- ECM-targeting
(ECM) such as collagen, migration, and matrix interactions, | therapies,
fibronectin, and invasiveness of influencing cell including
laminin contribute to | leukemic cells. proliferation and inhibitors of
tissue architecture. resistance to ECM-modifying
apoptosis. enzymes.
Tumor-associated Secrete cytokines, TAMs suppress Promote leukemia Reprogramming
Macrophages like IL-10, TGF-B, immune responses progression, tissue TAMs or
(TAMSs) and VEGF, that and foster an remodeling, and inhibiting
promote tumor immunosuppressive metastasis; limit the | macrophage
growth and microenvironment. immune response. recruitment to the
metastasis. tumor site.

T lymphocytes
(Tregs)

Regulatory T cells
suppress anti-tumor
immunity and

Inhibit effector T cell
responses, enhancing

leukemic cell survival.

Enhance tumor
immune evasion,

Targeting Tregs to
reinvigorate anti-

© STM Journals 2025. All Rights Reserved

13




Understanding Leukemogenesis: Challenges and Advancements in Diagnostic Approaches

maintain immune
homeostasis.

leading to treatment
resistance.

leukemic immune
responses.

Hypoxia

Low oxygen levels
in the tumor
microenvironment
activate hypoxia-
inducible factors
(HIFs).

Hypoxia induces
metabolic changes,
angiogenesis, and
chemoresistance in
leukemic cells.

Hypoxia promotes
genetic instability,
chemoresistance,
and disease relapse.

Hypoxia-targeted
therapies, such as
HIF inhibitors or
vascular
normalization.

Angiogenesis

Blood vessels supply
nutrients and oxygen

New blood vessels
provide a supply of

Tumors with
increased

Anti-angiogenic
therapies to inhibit

to the growing nutrients, aiding in vascularization may | blood vessel
tumor. tumor growth and grow faster and formation in
survival. metastasize. leukemia.
Adipocytes (Fat Adipocytes secrete Alter leukemic cell Increased adiposity | Targeting

cells)

pro-inflammatory
cytokines (e.g.,
TNF-0, IL-6) that
influence leukemia.

metabolism, induce
resistance to
chemotherapy, and
promote cell survival.

can drive leukemia
progression and
therapy resistance.

adipocyte-secreted
factors or altering
fat cell-leukemic
cell interactions.

Fibroblasts Secrete growth Support leukemic cell | Fibroblasts help Inhibiting
factors, such as survival, proliferation, | create a niche that fibroblast-
PDGF and FGF that | and resistance to protects leukemia mediated
stimulate leukemia apoptosis. from chemotherapy- | pathways or using
cell growth. induced cell death. fibroblast-
targeting
therapies.
Inflammatory Chronic Pro-inflammatory Chronic Targeting

Cytokines

inflammation in the
microenvironment
promotes leukemia

cytokines, such as IL-
6, IL-1pB, and TNF-a
can drive

inflammation leads
to genetic instability
and promotes

inflammatory
cytokine pathways
to reduce leukemic

initiation and leukemogenesis. leukemic cell progression.
progression. survival.
Immune Checkpoint | Immune checkpoints | Leukemia cells Immune evasion Immune
Proteins (e.g., PD- are exploited by upregulate PD-L1 to mechanisms limit checkpoint
1/PD-L1) leukemia cells to suppress T cell- the efficacy of inhibitors to
evade immune mediated immunity. immunotherapies. restore anti-tumor
detection. immunity.
Exosomes and Membrane-bound Facilitate Exosomes mediate Targeting
Microvesicles vesicles carry communication metastasis, drug exosome

signaling molecules
and genetic material.

between leukemic
cells and stromal
cells, promoting
tumor growth.

resistance, and
immune escape.

production or
uptake in leukemia
cells.

Explanation of Key Microenvironmental Factors

Yadav et al.

1.

Bone Marrow Stromal Cells (BMSCs): These cells provide the necessary support for
hematopoiesis and leukemia progression. They can act as a protective niche for leukemic cells,
aiding in their survival and resistance to treatments.

Extracellular Matrix (ECM): ECM components play a crucial role in maintaining tissue structure
and providing signals that affect cell migration, adhesion, and invasion. Disruption of ECM
integrity can promote leukemic cell metastasis.

Tumor-Associated Macrophages (TAMs): These macrophages often acquire a pro-tumoral
phenotype and suppress the immune response, making the microenvironment more conducive to
leukemia progression.

Hypoxia: Low oxygen levels in the tumor microenvironment can activate signaling pathways that
allow leukemic cells to adapt to stress, promoting survival under conditions that would otherwise
induce cell death.

Angiogenesis: Tumors require an increased blood supply to sustain growth. Angiogenesis in the
leukemia microenvironment contributes to tumor expansion and the delivery of nutrients but also
facilitates metastatic spread.
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6. Adipocytes: These fat cells influence leukemia by secreting factors that promote inflammation
and increase resistance to chemotherapy. The role of adiposity in leukemia progression is an
emerging area of research.

7. Fibroblasts: These cells in the bone marrow can secrete growth factors that promote leukemia
cell growth. Their presence in the microenvironment supports leukemia and contributes to its
resistance to therapy.

8. Inflammatory Cytokines: Chronic inflammation in the leukemia microenvironment can accelerate
disease progression and is associated with poor prognosis. Targeting inflammatory cytokines
could offer therapeutic potential.

9. Immune Checkpoint Proteins: Leukemic cells exploit immune checkpoints, like PD-1/PD-L1, to
evade immune detection. Blocking these pathways can enhance the immune system’s ability to
recognize and destroy leukemia cells.

10. Exosomes and Microvesicles: These vesicles mediate intercellular communication and may carry
tumor-specific genetic material, contributing to leukemia progression, metastasis, and drug
resistance.

CLONAL EVOLUTION

In the process of leukemogenesis, clonal evolution is a key mechanism that occurs when genetic and
epigenetic alterations drive consecutive rounds of mutations. These mutations gradually favour the
survival and proliferation of unique cell populations, sometimes known as clones. In the early stages of
an illness, changes in genes, like DNMT3A, TET2, or ASXL1 in hematopoietic stem cells (HSCs),
make the cells divide more quickly while also losing the ability to differentiate. This leads to the
formation of pre-leukemic haplotypes. Leukemic transformation occurs when these clones continue to
acquire further mutations in critical genes, such as TP53, FLT3, or NPM1, ultimately leading to the
transformation. The progression of the disease results in the formation of a hierarchical structure of
clones, each of which possesses a diverse set of genetic defects. Most robust and likely to survive clones
dominate and drive disease progression. The fact that leukaemia is clonally diverse poses a significant
challenge in effectively targeting all leukemic cells with a single therapeutic method. The selective
pressure of therapy continues to drive clonal evolution, which results in the development of resistant
clones over the course of time. There is a possibility that these resistant clones have mutations that give
medication resistance or promote cell survival. For example, these changes could be in the FLT3 or
TP53 genes. It is also possible for sub clones that were undetected prior to treatment to expand after
treatment, which can result in a relapse. The dynamic nature of clonal evolution complicates the
treatment landscape as leukemic cells constantly adapt to therapeutic interventions [6]. It is becoming
increasingly important to make use of contemporary methods, such as minimal residual disease (MRD)
monitoring and single cell sequencing to detect and track these resistant clones. These cutting-edge
technologies enable a more in-depth understanding of the clonal architecture, enabling doctors to
identify sub clones potentially responsible for relapse or increased resistance. Therapies that focus on
multiple pathways or the leukemic stem cell pool — where the most resistant and adaptable clones live
— are becoming more realistic ways to lower the risk of relapse and improve long-term outcomes. This
is due to the complexity of clonal evolution. To create personalized and potentially curative medicines
for leukaemia, it is vital to have a full understanding of clones’ evolution. Clinicians can design
treatment approaches that target the developing landscape of the disease by identifying the specific
genetic profiles and vulnerabilities of resistant clones. This provides hope for the development of
medicines that are more effective and more long-lasting [7].

ABNORMAL SIGNALING PATHWAYS

Abnormal signalling pathways play a significant role in leukemogenesis, affecting the processes of
growth, survival, and differentiation. When it comes to chronic myelogenous leukaemia (CML), the
BCR-ABL1 fusion gene is responsible for activating tyrosine kinase pathways. On the other hand, when
it comes to acute myelogenous leukaemia (AML), mutations in FLT3 are responsible for driving
oncogenic signalling. When these mutations occur, they cause effectors, like STAT5 and AKT, to
remain activated for an extended period, which in turn contributes to uncontrolled cell proliferation.
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Some signalling pathways, like those involving Notch in T-ALL and PI3BK/AKT/mTOR in AML, are
not working properly. This makes it easier for leukemic cells to divide and stay alive, which encourages
the disease to get worse. These aberrant pathways, which disrupt normal regulatory processes and
frequently occur in conjunction with other mutations, exacerbate the complexity and course of the
disease [8]. Tyrosine kinase inhibitors (TKIs) have greatly improved patient outcomes, especially in
chronic myelogenous leukaemia (CML). They do this by precisely targeting the BCR-ABL1 pathway
and similar changes in other blood cancers. Patients have benefitted from this advancement. On the
other hand, the development of resistance to TKIs brings to light the requirement for more all-
encompassing therapeutic approaches. Innovative techniques are required to address the underlying
signalling dysregulation that is present in leukaemia. These approaches must not only target the major
oncogenic pathways, but they must also target the resistant clones and alternate signalling routes that
contribute to the persistence of the disease. Researchers are investigating recent developments in
targeting these aberrant pathways to overcome resistance and improve long-term outcomes. These
advancements include the use of combination treatments and inhibitors in the next generation. It is
possible that if we can understand and modulate the intricate network of signalling disturbances that
occur in leukaemia, we will be able to develop treatments that are more effective and long-lasting,
which would ultimately result in more accurate and individualized treatments for patients [9].

Immune Evasion

The disruption of normal processes of proliferation, survival, and differentiation of hematopoietic
cells plays a crucial role in the pathogenesis of leukemia, with abnormal signalling pathways
significantly contributing to disease progression. Mutations in critical genes, such as BCR-ABL1 in
chronic myelogenous leukemia (CML), FLT3 in acute myelogenous leukemia (AML), and Notch in T-
cell acute lymphoblastic leukemia (T-ALL), activate signaling cascades that lead to excessive cellular
growth and resistance to apoptosis. These mutations, which include the activation of tyrosine kinase
pathways, like STAT5 and AKT, promote the survival and proliferation of leukemic cells, further
contributing to the development of leukemia and creating a microenvironment that fosters uncontrolled
cell proliferation and resistance to treatment. Resistance to targeted therapies, such as tyrosine kinase
inhibitors (TKIs) in CML and FLT3 inhibitors in AML, underscores the need for more effective
approaches that target these signalling pathways. In CML, the BCR-ABL1 fusion gene activates
pathways, like JAK/STAT and PI3K/AKT, leading to leukemic cell survival, while mutations in FLT3
in AML activate similar pathways, worsening prognosis. In T-ALL, mutations in Notch signaling
enable leukemic T cells to proliferate uncontrollably [10]. The PISBK/AKT/mTOR pathway also plays a
significant role in AML, enhancing cell survival and contributing to therapy resistance. Current
therapies, such as TKIs and FLT3 inhibitors, have shown promise but face challenges due to resistance
mechanisms, prompting the development of combination therapies or alternative strategies to target
leukemic stem cells and additional signaling networks. Understanding the complex molecular
mechanisms behind these signaling disruptions is critical for developing personalized and effective
treatments for leukaemia [11].

CHALLENGES IN DIAGNOSIS
Disease Heterogeneity

A precise diagnosis of leukaemia is difficult to achieve due to the heterogeneity of the disease, which
manifests itself in a variety of genetic, molecular, and clinical manifestations. Acute leukaemia’s, such
as myeloid and lymphoblastic leukaemia, as well as chronic leukaemia’s, such as myeloid and
lymphocytic leukaemia, are examples of the classification of cancers that are included in the umbrella
word “leukaemia.” The mutations and clinical features of each type of cancer are unique to the disease.
It is possible for clinical symptoms and genetic abnormalities, such as mutations in FLT3, NPM1, or
TP53 in AML, to differ even within the same subtype of the disease. This variety makes it challenging
to categorise subtypes, thereby influencing the tolerance of therapy. Anaemia, fever, and weariness are
examples of overlapping symptoms that complicate diagnosis. As a result, it is necessary to recall the
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need for advanced instruments. The usual methods, like as morphology and cytogenetics, frequently
fail to recognise this problem. Therefore, extensive genetic profiling and immunophenotyping are
essential to address heterogeneity and guide treatment [12].

Overlapping Clinical Features

Leukemia has overlapping clinical indicators that make diagnosis hard because symptoms, e.qg., fever,
anemia, exhaustion, and bruises are non-specific and like other diseases. Especially in the early stages
when symptoms are mild, this resemblance may make it more complex to diagnose leukemia.
Splenomegaly, the slowly progressing leukemia might mimic other diseases, while bone pain in acute
leukemia may as well imitate arthritis. Additional delve is crucial for lab results that are not unique to
leukemia, e.g., anemia, leukocytosis and thrombocytopenia. To accurately differentiate leukemia and
identify specific subtypes and mutations, modern diagnostic techniques including flow cytometry,
molecular diagnostics, and cytogenetics are needed. This ensures an accurate, precise and timely
diagnosis for successful treatment [13].

Limitations of Traditional Diagnostic Tools

Classical methods, like flow cytometry, cytogenetics, and morphology, are examples of diagnostic
approaches that have low sensitivity and specificity when it comes to diagnosing leukemia. Even though
immunophenotyping is a valuable application of flow cytometry, it often leads to the incorrect
misdiagnosis of underlying genetic abnormalities that are presumably relevant to diagnosis and
prognosis. Because of these procedures, the second strategy is also challenging when it comes to
isolating rare leukemic clones and determining the lowest amount of residual disease. The adoption of
more modern techniques, like as single-cell analysis and next-generation sequencing (NGS), would be
required to get a more accurate diagnosis. This is since existing approaches are not adequate for
capturing the full complexity of leukemia heterogeneity [14].

Minimal Residual Disease (MRD) Detection

While it poses many problems, the detection of MRD is critical for monitoring response to therapy
and predicting relapse in leukemia. Although used extensively, conventional methods, including flow
cytometry and quantitative PCR (qPCR), are often not sensitive enough to detect minimal residual
disease, especially in heterogenous subclones. In addition, these approaches often fail to detect new
mutations that may be related to drug resistance. Even a few remaining cells may trigger a relapse,
hence MRD assessment requires precise and reliable methods. Advanced technologies, such as digital
PCR and next-generation sequencing (NGS), allow the detection of some genetic markers and thus
enhance the sensitivity and specificity of detection. Precise MRD monitoring is vital for patients with
leukemia to obtain a better long-term outcome and evaluation of remission and for the customization of
therapy [15].

Socio Economic and Resource Barriers

Socio-economic and resource constraints severely restrict the diagnosis of leukaemia, particularly in
regions with moderate and low incomes. Flow cytometry and next-generation sequencing are examples
of advanced diagnostic technologies that are not easily accessible, and many of these continue to be
extremely expensive and difficult to obtain. If you rely on inexact and fundamental diagnostic
procedures, like morphology, you run the risk of experiencing delays in diagnosis or perhaps
encountering an incorrect one. The disparities in healthcare accessibility, educational levels, and
budgetary restraints further complicate a rapid diagnosis. These impediments make the situation even
more difficult. It will be extremely necessary for worldwide initiatives to improve resource allocation,
better diagnostic technologies, and educate medical personnel to erase these problems and ensure that
everyone has equitable access to a diagnosis of leukaemia that is trustworthy and accurate [16].
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ADVANCES AND EMERGING SOLUTIONS

The following are the current advances in the diagnosis of Leukemogenesis Next- Generation
Sequencing (NGS) Next-generation sequencing, often known as NGS, influences the diagnostic process
for leukaemia. With a high level of sensitivity and precision, it provides profound insights into genetics.
This technique identifies the genetic mutations, translocations, and copy number variations that are
responsible for the progression of leukaemia. It aids in both the diagnostic process and the classification
of subtypes. Furthermore, NGS makes it possible to classify patients according to their likelihood of
developing acute leukemia by identifying markers, such as alterations in FLT3, NPM1, and TP53. This
aids in the development of treatment plans. Furthermore, NGS is necessary for the detection of MRD.
This methodology assists in identifying both low-level leukaemia clones and recurrence markers. The
use of next-generation sequencing (NGS) in clinical settings is becoming increasingly common, which
paves the way for leukemia treatment that is more targeted and successful. The NGS, on the other hand,
is expensive and requires specialized knowledge [17].

Liquid Biopsies

Cytogenetics is unable to discover abnormalities or mutations, but next-generation sequencing (NGS)
can. Additionally, next-generation sequencing makes it possible to categorize risk by identifying
indicators, such as alterations in FLT3, NPM1, and TP53 in acute leukemia. This allows for the
development of personalised treatment strategies. In addition, NGS is an essential component in the
process of detecting MRD. By doing so, medical professionals can align the indicators of the disease’s
return with the low-level leukemia clone. As the use of next-generation sequencing (NGS) expands in
clinical settings, it creates opportunities for tailored and effective leukaemia treatment. On the other
hand, using NGS calls for specialized knowledge and comes with a significant financial investment
[18].

Artifial Intelligence (A.1) in Diagnosis

The diagnosis of leukemia is undergoing a dynamic transformation because of Al’s ability to analyze
complex datasets derived from imaging, genomic, and clinical sources with increased speed and
accuracy. Al algorithms, such as machine learning models can improve the detection of genetic
mutations, subclonal diversity, and various types. These algorithms can recognize hidden patterns in
next-generation sequencing (NGS) data as well as flow cytometry results. Additionally, it improves the
accuracy of the interpretation of bone marrow smear images, which in turn reduces the likelihood of
errors caused by human intervention. Artificial intelligence-powered predictive models support risk
stratification, aiding in the identification of high-risk patients for targeted medicines. In addition to this,
artificial intelligence allows for the monitoring of illness progression and minimal residual disease
(MRD) in real time. By incorporating data from multiple omics, Al provides a comprehensive
diagnostic perspective that tailors treatment approaches to each patient’s specific requirements, thereby
reducing diagnostic delays and enhancing patient outcomes (Table 2) [19].

Table 2. Summarizing recent advancements in Artificial Intelligence (A.1) in medical diagnosis.
It includes notable technologies, their applications, and some examples of research
or commercial systems.

Technology Application Description Recent Advancements/Examples
Deep Learning | Medical Imaging | Uses neural networks to analyze | — Google Health’s Al (2024):
(DL) Diagnosis medical images (X-rays, MRIs, | Achieved higher accuracy in breast

CT scans) for early detection of | cancer detection from mammograms
diseases like cancer, brain | than radiologists.

disorders, and fractures. — FDA-approved Al models for
detecting diseases, such as diabetic
retinopathy and lung cancer.
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Natural Electronic Health | NLP algorithms process patient | — IBM Watson Health: Improves

Language Record (EHR) | records and free-text notes to | decision-making by  extracting

Processing (NLP) | analysis extract meaningful insights for | insights from medical texts.
diagnosis. — Clinical BERT: A transformer

model for  predicting disease
outcomes from clinical notes.

Predictive Predicting disease | Machine learning models predict | — Sepsis prediction models: Various
Analytics progression  and | patient outcomes, including the | A.l. models predict the onset of
outcomes likelihood of disease recurrence | sepsis in ICU patients to provide

or progression. early intervention.

— Al in predicting heart failure:
Models assess risk based on
biomarkers, clinical data, and

imaging.
Al-based Genetic disorders, | Al systems analyze genomic data | — Deep Genomics: Uses Al for drug
Genomic cancer genomics to identify mutations, predict | discovery and understanding genetic
Diagnosis disease  risks, and  tailor | mutations.
personalized treatments. — Tempus: Al platform for analyzing
genomic data in cancer diagnosis and
treatment.
Al-assisted Tumor Detection, | Al tools analyze tissue slides to | — Paige.Al: FDA-approved system
Pathology Cell Classification | detect cancerous cells and | for detecting prostate cancer.
classify various cell types. — DeepMind’s Al: Detects eye

diseases from retinal scans.
Al in Cardiology | Heart disease | Al models analyze ECG data and | — Zebra Medical Vision: Al detects

diagnosis, cardiac imaging to identify heart | heart disease using radiology images.
arrhythmia conditions, such as arrhythmias, | — Eko Health’s Al: Automated
detection heart attacks, etc. stethoscope-based diagnostic system
for heart and lung conditions.
Al in | Skin Cancer | Al algorithms analyze images of | — SkinVision: A mobile app for
Dermatology Detection, skin lesions and moles to | detecting skin cancer from images.

Dermatological diagnose skin conditions, | — Google’s Al model: Diagnoses skin

Imaging including melanoma. cancer with comparable accuracy to
dermatologists.

Al in | Retinal  Disease, | Al-powered tools analyze retinal | — IDx-DR: FDA-approved Al for
Ophthalmology Glaucoma, images for detecting conditions | diabetic retinopathy diagnosis from

Diabetic like diabetic retinopathy and | retinal scans.

Retinopathy glaucoma. — Google’s DeepMind: Al system
for detecting eye diseases with high
accuracy.

Al in Neurology Alzheimer’s, A.l. assists in  diagnosing | — Lunit’s Al: Helps detect brain

Parkinson’s, neurological disorders by | tumors and abnormal brain activity.

Stroke Diagnosis analyzing brain scans and patient | — Al-driven early detection of

data. Alzheimer’s: Detects early
biomarkers before clinical symptoms
emerge.
Al in | Tailored Treatment | Al systems combine patient data | — Tempus Al: Personalizes cancer
Personalized Plans (genomics, clinical) to design | treatments based on genomic data.
Medicine personalized treatment regimens. | — PathAl’s Al for Personalized

Oncology: Identifies the most
effective treatment options for cancer
patients.

Key Trends

1. Accuracy and Efficiency: Many A.l. models now outperform human clinicians in specific tasks,
like image analysis, allowing for faster and more accurate diagnoses.

2. FDA Approvals: A growing number of A.l. systems are being approved by regulatory bodies,
signaling the increasing confidence in A.1.’s role in healthcare.

3. Integration with EHR: Al is being increasingly integrated with Electronic Health Records to
provide more comprehensive and efficient diagnoses based on the vast array of patient data
available.
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4. Real-time Monitoring and Predictive Analytics: Predictive tools are advancing, with A.l. systems
being able to anticipate critical events (e.g., sepsis, stroke) before they occur, helping clinicians
act earlier.

These advancements are revolutionizing diagnostic capabilities, enabling more personalized, timely,
and accurate care.

SINGLE CELL TECHNOLOGIES

Single-cell technologies, such as single-cell RNA sequencing (SCRNA-seq), have had a direct impact
on the research and diagnosis of leukaemia, particularly in the field of cellular diagnostics. Through
monitoring individual cells, it is possible to determine the specific clonal architectures, functional states,
and gene expression profiles that are present within groups of leukemic cells. Single-cell analysis
reveals infrequent subclones or leukemic stem cells, often overlooked in bulk sequencing [20-22].
These cells are responsible for the continuation of disease progression and the failure of treatment.
These are also helpful in mapping the interaction of leukemic cells with the environment of the bone
marrow, which would shed light on immune evasion and survival strategies. These devices have
facilitated the discovery of unique biomarkers that guide personalised treatment, thereby bolstering
precision medicine. As single-cell technologies become more readily available, they will play a more
significant role in the improvement of leukaemia diagnoses, prognostics, and treatment options [23—
25].

Future Directions and Recommendations

The future of leukaemia care will increasingly revolve around the integration of various approaches
aimed at improving diagnosis, treatment, and understanding of leukemogenesis. Collaborative efforts
across disciplines will be essential for identifying leukaemia subtypes, pinpointing novel therapeutic
targets, and assessing associated risk factors. Advances in technologies, such as single cell sequencing
and cutting-edge imaging techniques will provide deeper insights into tumour heterogeneity, clonal
evolution, and the molecular dynamics of leukaemia. These innovations are poised to enhance our
ability to personalize treatments and predict disease outcomes more accurately. A key focus will be the
standardization of global diagnostic protocols for leukaemia, ensuring consistency and accuracy in
diagnosis across diverse healthcare settings, particularly in regions with limited resources [26-28].
Standardized protocols will help bridge diagnostic gaps and ensure equitable access to appropriate
treatments worldwide. Furthermore, the integration of real-time monitoring technologies, such as liquid
biopsies and artificial intelligence-driven analytics, will play a pivotal role in the ongoing management
of leukaemia patients. These tools will enable clinicians to track disease progression, monitor minimal
residual disease (MRD), and detect early signs of relapse. Such advancements will not only facilitate
timely treatment adjustments but also improve early detection and intervention, leading to better long-
term outcomes. The continued development of precision medicine will focus on targeting specific
aberrant signalling pathways in leukaemia, enabling more effective and individualized therapies.
Collaborative efforts between researchers, clinicians, and policymakers will be critical in driving
innovation and addressing challenges related to the accessibility and affordability of these advanced
treatments. In addition to targeting the disease, future must also prioritize comprehensive monitoring
and survivorship care to ensure that patients remain in remission and experience an improved quality
of life after treatment. By combining scientific advancements with a focus on patient wellbeing, the
future of leukemia care will be marked by more precise, equitable, and effective strategies for diagnosis,
treatment, and long-term care [29, 30].

CONCLUSIONS

Leukemogenesis is a complicated and multifactorial process that is triggered by genetic abnormalities
and epigenetic dysregulation. Aberrant signalling pathways and the body’s microenvironment
accomplish this. The normal process of haemopoiesis is messed up, which leads to uncontrolled
proliferation, poor differentiation, and immune system evasion. Even though these things are better
understood, the fact that illnesses show up in different ways and overlap in some ways, as well as the
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limitations of standard diagnostics, still make it hard to make an early and correct diagnosis. These
technologies involve next-generation sequencing (NGS), artificial intelligence, and single-cell
technology, but they will revolutionise diagnosis since they are able to provide deeper molecular and
cellular insights in leukaemia. In the future, treatment for leukaemia will concentrate on using the most
recent diagnostic and therapeutic methods to achieve better outcomes. Implementing personalised
medicines, real-time condition monitoring, and multi-omics techniques could resolve today’s
challenges. Inequalities in socioeconomic status and access to resources need to be addressed to
guarantee equitable access to these improvements. Maintaining collaboration between scientists,
medical professionals, and politicians will be the driving force behind the advancement of early
detection, treatment that is both effective and efficient, and improved long-term patient outcomes. These
improvements are bringing professionals in the field closer to providing accurate and thorough care to
patients with leukaemia.
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