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ABSTRACT

Measurable residual disease (MRD) has become a cornerstone of modern acute myeloid leukemia
(AML) management, fundamentally transforming disease monitoring, prognostic stratification, and
therapeutic decision-making. Although conventional morphologic assessment remains the standard
for evaluating remission, it lacks the sensitivity required to detect low levels of persistent leukemia
that frequently precede clinical relapse. Over the past decade, remarkable advances in
immunophenotypic, molecular, and genomic technologies have substantially improved the
accuracy and clinical utility of MRD assessment. Multiparameter flow cytometry and quantitative
real-time polymerase chain reaction continue to represent the most widely implemented approaches
in routine practice, while digital droplet polymerase chain reaction and error-corrected next-
generation sequencing provide enhanced analytical sensitivity for molecular monitoring. More
recently, single-cell sequencing, multi-omics technologies, liquid biopsy, and artificial
intelligence—based analytical platforms have emerged as promising strategies for characterizing
clonal evolution, leukemia stem cell persistence, treatment resistance, and individualized relapse
risk. These innovations are driving the transition from static disease assessment toward dynamic
precision monitoring throughout the entire treatment course, including induction therapy,
consolidation, allogeneic hematopoietic stem cell transplantation, and post-transplant surveillance.
Nevertheless, important challenges remain, including assay standardization, optimal MRD
thresholds, discrimination between residual leukemia and clonal hematopoiesis, interlaboratory
reproducibility, cost, and integration of multiple diagnostic platforms into routine clinical
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workflows. This review provides a comprehensive overview of the biological basis of MRD,
critically examines current and emerging detection technologies, summarizes their clinical
applications and limitations, and discusses future directions for MRD-guided precision medicine
in AML. The continued integration of highly sensitive molecular diagnostics, single-cell and multi-
omics profiling, liquid biopsy, and artificial intelligence is expected to redefine risk-adapted
therapeutic strategies and further improve long-term outcomes for patients with AML.

Keywords: Acute myeloid leukemia; Measurable residual disease; Multiparameter flow cytometry;
Molecular monitoring; Digital droplet polymerase chain reaction

INTRODUCTION

Acute myeloid leukemia (AML) is a biologically heterogeneous hematologic malignancy
characterized by the clonal proliferation of immature myeloid progenitor cells in the bone marrow,
peripheral blood, and occasionally extramedullary tissues. Despite remarkable advances in
genomic characterization, risk stratification, and therapeutic approaches—including targeted
agents, venetoclax-based regimens, and allogeneic hematopoietic stem cell transplantation (allo-
HSCT)—disease relapse remains the leading cause of treatment failure and mortality in AML.
Although a substantial proportion of patients achieve complete remission (CR) according to
conventional morphologic criteria (<5% bone marrow blasts), many continue to harbor residual
leukemic cells below the detection threshold of light microscopy. This subclinical disease, known
as measurable residual disease (MRD), has emerged as one of the strongest independent predictors
of relapse, overall survival, and treatment response [1].

Over the past decade, MRD assessment has transformed the clinical management of AML from
a purely morphology-based approach to one driven by highly sensitive molecular and
immunophenotypic techniques. International cooperative groups, including the European
LeukemiaNet (ELN), have incorporated MRD evaluation into AML treatment recommendations
because of its powerful prognostic value across different disease subtypes, age groups, and
therapeutic settings. Increasing evidence indicates that MRD status provides information beyond
conventional cytogenetic and molecular risk classification, enabling clinicians to identify patients
at high risk of relapse even after achieving morphologic remission. Consequently, MRD is
increasingly used to guide post-remission therapy, determine the optimal timing of allogeneic
transplantation, monitor treatment efficacy, evaluate novel therapeutic agents, and detect
impending relapse before clinical manifestation [2].

The development of advanced technologies has dramatically improved the sensitivity and
specificity of MRD detection. Multiparameter flow cytometry (MFC) remains the most widely
applicable platform because of its broad applicability across AML subtypes and rapid turnaround
time. Molecular approaches, including quantitative real-time polymerase chain reaction (qPCR),
digital droplet PCR (ddPCR), and next-generation sequencing (NGS), have further expanded the
ability to detect leukemia-associated genetic abnormalities with sensitivities reaching 1074-107.

More recently, single-cell sequencing, error-corrected sequencing, and circulating tumor DNA
(ctDNA) analysis have emerged as promising tools capable of dissecting clonal evolution and
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identifying resistant leukemic subclones with unprecedented precision. Artificial intelligence (Al)
and machine learning algorithms are also beginning to enhance MRD interpretation by integrating
multidimensional clinical, genomic, and immunophenotypic datasets to improve risk prediction
and individualized therapeutic decision-making [3].

Despite these technological advances, several important challenges remain. AML is
characterized by remarkable genetic and immunophenotypic heterogeneity, and no single MRD
assay is universally applicable to all patients. The selection of appropriate biomarkers, variability
in assay sensitivity, lack of international standardization across laboratories, persistence of age-
related clonal hematopoiesis, and difficulties distinguishing residual leukemia from regenerating
hematopoiesis continue to complicate MRD interpretation. Moreover, the optimal MRD thresholds,
timing of assessment, and integration of different MRD methodologies into routine clinical practice
remain active areas of investigation. Harmonization of laboratory protocols and consensus
reporting standards are therefore essential to maximize the clinical utility of MRD-guided
management worldwide [4].

Beyond its established prognostic role, MRD is rapidly evolving into a surrogate endpoint in
clinical trials and a cornerstone of precision medicine in AML. Regulatory agencies increasingly
recognize MRD as an important biomarker for evaluating therapeutic efficacy, while humerous
ongoing studies are investigating MRD-directed treatment adaptation, including escalation or de-
escalation of therapy, preemptive interventions before overt relapse, maintenance strategies, and
individualized transplantation decisions. As novel immunotherapies, targeted therapies, and
cellular therapies continue to reshape AML treatment, accurate MRD monitoring will become
increasingly indispensable for optimizing long-term patient outcomes [5].

In this review, we provide a comprehensive and up-to-date overview of measurable residual
disease in acute myeloid leukemia. We summarize the biological basis of MRD, critically compare
current detection technologies—including multiparameter flow cytometry, molecular assays,
digital PCR, next-generation sequencing, and emerging single-cell approaches—and discuss their
respective advantages, limitations, and clinical applications. We further examine the role of MRD
in risk stratification, therapeutic decision-making, transplantation, relapse surveillance, and clinical
trial design. Finally, we highlight current challenges, international standardization efforts, and
future directions, including artificial intelligence, integrated multi-omics, liquid biopsy
technologies, and precision MRD-guided therapeutic strategies that are expected to shape the next
generation of AML management.

BIOLOGICAL BASIS OF MEASURABLE RESIDUAL DISEASE IN ACUTE
MYELOID LEUKEMIA

Definition of Measurable Residual Disease

Measurable residual disease (MRD), previously referred to as minimal residual disease, describes
the persistence of leukemic cells below the detection limit of conventional morphologic
examination after treatment. While complete remission (CR) in acute myeloid leukemia (AML) is
traditionally defined by the presence of fewer than 5% blasts in the bone marrow together with
recovery of peripheral blood counts and the absence of extramedullary disease, this morphologic
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definition does not necessarily indicate eradication of leukemia. Indeed, conventional light
microscopy can detect only one leukemic blast among approximately 20 normal hematopoietic
cells, corresponding to a sensitivity of approximately 1072, Consequently, a substantial number of
patients considered to be in morphologic remission harbor millions of residual leukemic cells
capable of driving disease recurrence [6].

MRD represents a dynamic biological state rather than merely a laboratory measurement. It
reflects the balance between residual leukemic burden, immune surveillance, treatment efficacy,
and the biological fitness of resistant leukemic clones. Numerous studies have consistently
demonstrated that MRD positivity is associated with significantly higher cumulative incidence of
relapse, inferior relapse-free survival (RFS), event-free survival (EFS), and overall survival (OS),
regardless of age, cytogenetic risk, or treatment modality. Consequently, MRD has become one of
the most powerful prognostic biomarkers in AML and is increasingly incorporated into clinical
decision-making and therapeutic response assessment [7].

Leukemia Stem Cells as the Biological Origin of MRD

The persistence of MRD is largely attributed to leukemia stem cells (LSCs), a rare population of
self-renewing malignant cells capable of initiating and sustaining leukemia. Unlike the rapidly
proliferating leukemic blasts eliminated by conventional chemotherapy, LSCs often remain
guiescent within specialized bone marrow niches, allowing them to escape the cytotoxic effects of
cell cycle-dependent therapies. Several biological characteristics contribute to the remarkable
resistance of LSCs, including enhanced DNA repair capacity, altered apoptotic signaling, metabolic
reprogramming, increased drug efflux transporter expression, and protective interactions with the
bone marrow microenvironment. Furthermore, LSCs exhibit substantial phenotypic and molecular
heterogeneity, enabling adaptation under therapeutic pressure and facilitating disease evolution [8].

Recent advances in single-cell sequencing have revealed that residual disease frequently
originates from minor subclones present at diagnosis rather than from the dominant leukemic
population. These resistant subclones may expand during remission, eventually leading to overt
hematologic relapse. This evolutionary process underscores the importance of highly sensitive
MRD monitoring capable of detecting emerging resistant clones before clinical progression
becomes apparent [9].

Clonal Evolution During AML Treatment

AML is characterized by remarkable genetic diversity and continuous clonal evolution. At
diagnosis, multiple genetically distinct subclones often coexist within the same patient. Intensive
chemotherapy selectively eliminates treatment-sensitive populations while allowing resistant
clones to survive and gradually dominate the leukemic landscape [10].
Clonal evolution generally follows two principal patterns. In linear evolution, the dominant
diagnostic clone acquires additional mutations during therapy, producing progressively resistant
progeny. In branching evolution, previously minor subclones survive initial treatment and
subsequently expand independently, resulting in genetically distinct relapse disease. Modern next-
generation sequencing studies have demonstrated that relapse-associated mutations frequently
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involve signaling pathways, epigenetic regulators, transcription factors, and tumor suppressor
genes, highlighting the dynamic nature of AML under therapeutic pressure [11].

Understanding clonal evolution is essential for accurate MRD interpretation because molecular
abnormalities detected after treatment may represent either persistent leukemia or benign age-
related clonal hematopoiesis. Integrating molecular findings with immunophenotypic and clinical
information is therefore crucial for distinguishing clinically significant residual leukemia from non-
malignant clonal populations.

Bone Marrow Microenvironment and MRD Persistence

The bone marrow microenvironment plays a critical role in protecting residual leukemic cells
from chemotherapy-induced apoptosis. Leukemia cells interact closely with mesenchymal stromal
cells, endothelial cells, osteoblasts, immune cells, extracellular matrix proteins, and cytokine
networks that collectively establish a protective niche promoting cell survival and therapeutic
resistance [12].

Adhesion molecules such as CXCR4, VLA-4, CD44, and E-selectin facilitate retention of
leukemic cells within these specialized niches, where hypoxic conditions, inflammatory cytokines,
and metabolic adaptations further enhance resistance to chemotherapy. Moreover, immune escape
mechanisms—including increased expression of programmed death ligand-1 (PD-L1), reduced
antigen presentation, expansion of regulatory T cells, and dysfunction of natural killer cells—allow
residual leukemic cells to evade immune-mediated elimination.

Targeting these interactions has emerged as an attractive therapeutic strategy. Novel agents
disrupting CXCR4 signaling, inhibiting anti-apoptotic proteins such as BCL-2, or modulating
immune checkpoints may improve eradication of MRD and reduce relapse risk [13].

Clinical Significance of MRD

The prognostic importance of MRD has been consistently validated across multiple independent
clinical trials. Patients achieving MRD negativity after induction or consolidation therapy
experience significantly lower relapse rates and substantially improved long-term survival
compared with those who remain MRD positive. Importantly, MRD provides prognostic
information independent of established ELN genetic risk classification, suggesting that treatment
response may outweigh baseline risk in determining long-term outcomes. MRD assessment has
become increasingly valuable throughout the AML treatment continuum [14]. During induction
therapy, early MRD clearance reflects chemosensitivity and predicts favorable outcomes.
Following consolidation, MRD status assists in selecting candidates for allogeneic hematopoietic
stem cell transplantation. After transplantation, serial MRD monitoring enables preemptive
therapeutic interventions before overt hematologic relapse occurs. In the era of targeted therapies
and immunotherapy, MRD has also emerged as a surrogate endpoint for evaluating treatment
efficacy in clinical trials and accelerating drug development [15].

Nevertheless, MRD should not be interpreted as a binary laboratory result alone. Its clinical
significance depends on multiple factors, including disease biology, the detection method
employed, analytical sensitivity, timing of assessment, and the specific molecular or
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immunophenotypic marker evaluated. Consequently, contemporary AML management
increasingly favors integrated MRD assessment that combines multiparameter flow cytometry,
molecular diagnostics, and genomic profiling to provide the most comprehensive evaluation of
residual disease [16].

Technologies for Measurable Residual Disease Detection in Acute Myeloid Leukemia

The accurate detection of measurable residual disease (MRD) has become a cornerstone of modern
acute myeloid leukemia (AML) management. Over the past two decades, remarkable technological
advances have enabled the identification of leukemic cells at levels far below the detection limit of
conventional morphology, substantially improving risk stratification, treatment monitoring, and
relapse prediction. Contemporary MRD assessment relies on several complementary
methodologies, each exploiting distinct biological characteristics of leukemia, including aberrant
immunophenotypes, recurrent genetic alterations, and genomic signatures [17].

An ideal MRD assay should possess high analytical sensitivity and specificity, broad
applicability across AML subtypes, rapid turnaround time, reproducibility, standardized protocols,
and the ability to distinguish residual leukemia from normal hematopoietic regeneration or age-
related clonal hematopoiesis. Unfortunately, no single technology fulfills all these requirements.
Consequently, international guidelines increasingly recommend selecting the MRD method
according to each patient's biological characteristics and, whenever feasible, integrating multiple
approaches to maximize diagnostic accuracy [18].

Current MRD technologies include multiparameter flow cytometry (MFC), quantitative real-
time polymerase chain reaction (RT-gPCR), digital droplet PCR (ddPCR), next-generation
sequencing (NGS), single-cell sequencing, and emerging liquid biopsy platforms. More recently,
artificial intelligence (Al)-based analytical tools have begun enhancing interpretation by integrating
multidimensional immunophenotypic, molecular, and clinical datasets. Figure 1 illustrates the
principal MRD detection technologies currently available for AML and their relative analytical
sensitivities [19].

MULTIPARAMETER FLOW CYTOMETRY

Multiparameter flow cytometry (MFC) remains the most widely implemented MRD detection
technique in AML because it is applicable to approximately 90-95% of newly diagnosed patients
and provides rapid results independent of specific molecular abnormalities. MFC identifies residual
leukemic cells through abnormal expression patterns of surface and intracellular antigens, referred
to as leukemia-associated immunophenotypes (LAIPs), or by recognizing cells that differ from
normal hematopoietic maturation pathways using the "different-from-normal” (DfN) approach.
Modern flow cytometers simultaneously analyze 8-12 colors, while next-generation instruments
routinely measure 18-40 parameters, allowing comprehensive immunophenotypic characterization
of millions of individual cells within minutes [20].
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IMMUNOPHENOTYPIC STRATEGIES
Two principal strategies are currently employed for flow cytometric MRD assessment.

Leukemia-Associated Immunophenotype (LAIP)
The LAIP approach identifies aberrant antigen combinations present at diagnosis and tracks these
unique immunophenotypic signatures throughout treatment. Common abnormalities include
asynchronous antigen expression, lineage infidelity, overexpression, underexpression, and absence
of lineage-specific markers [20].
Examples include:

CD34*/CD117*/CD7*

CD34%/CD56*

CD33 overexpression

Aberrant CD19 expression

Abnormal HLA-DR patterns
Because each patient's immunophenotype is established at diagnosis, LAIP analysis provides
highly individualized MRD monitoring.

Different-from-Normal (DfN)
Rather than relying on diagnostic samples, the DfN strategy compares post-treatment cells with
established patterns of normal hematopoietic maturation. Leukemic cells are identified by deviation
from normal differentiation trajectories.
Advantages include:

Applicable when diagnostic samples are unavailable

Detects immunophenotypic evolution

Reduces dependence on baseline characterization
Many European laboratories now combine LAIP and DfN strategies to improve sensitivity and
reduce false-negative results [21].

Analytical Performance
Modern standardized MFC typically achieves analytical sensitivities between 102 and 1073,
depending on:

Number of acquired events

Instrument configuration

Antibody panel design

Laboratory expertise

Sample quality
Acquisition of more than 500,000-1,000,000 viable leukocytes is generally recommended for
reliable MRD quantification [22].
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Clinical Applications
Flow cytometric MRD has demonstrated prognostic significance in virtually every therapeutic
stage of AML.
It is currently used to:

Evaluate induction response

Assess consolidation efficacy

Guide allogeneic HSCT decisions

Predict post-transplant relapse

Monitor maintenance therapy

Detect molecular relapse before hematologic recurrence
Numerous studies have shown that MRD positivity after induction chemotherapy increases relapse
risk by two- to five-fold compared with MRD-negative patients.

Advantages
Applicable to nearly all AML patients
Rapid turnaround (<24 hours)
Detects viable leukemic cells
Independent of molecular mutations
Relatively inexpensive
Widely available worldwide

Limitations
Several challenges remain:
Immunophenotypic shifts during therapy
Requirement for expert interpretation
Inter-laboratory variability
Lower sensitivity than molecular techniques
Difficulty distinguishing regenerating marrow from leukemia
Lack of complete international standardization
Consequently, the European LeukemiaNet recommends standardized antibody panels, harmonized
gating strategies, and experienced operators for clinical MRD assessment [23].

QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION (RT-QPCR)
Quantitative real-time polymerase chain reaction (RT-gPCR) represents the molecular gold
standard for MRD assessment in AML patients harboring leukemia-specific genetic abnormalities.
Unlike flow cytometry, which detects abnormal immunophenotypes, RT-qPCR quantifies
leukemia-associated fusion transcripts or gene mutations with exceptional analytical sensitivity.
The technique amplifies target DNA or complementary DNA (cDNA) during successive PCR
cycles while continuously measuring fluorescence generated by sequence-specific probes or DNA-
binding dyes. The accumulation of fluorescent signal is directly proportional to the amount of target
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nucleic acid, enabling accurate quantification of residual leukemic burden over a dynamic range
spanning several orders of magnitude [24].

Under optimal laboratory conditions, RT-qPCR routinely achieves sensitivities of 10~ to 107°,
corresponding to the detection of one leukemic cell among 10,000 to 1,000,000 normal cells,
making it substantially more sensitive than conventional morphology and generally superior to
standard flow cytometry Figure 1 [24].

Molecular Targets
RT-gPCR is applicable only to patients carrying stable molecular markers suitable for longitudinal
monitoring. The most clinically validated targets include:

Fusion Genes

RUNX1::RUNX1T1

CBFB::MYH11

PML::RARA

BCR::ABL1 (rare AML)
These recurrent fusion transcripts are highly stable during disease evolution and represent ideal
MRD biomarkers.

Gene Mutations
Mutation-based monitoring includes:
NPM1 mutation
WT1 overexpression
Selected FLT3 mutations
Rare patient-specific mutations
Among these, NPM1-mutated AML has become one of the best-established indications for
molecular MRD monitoring because mutation persistence strongly predicts relapse [25].

Clinical Utility
RT-gPCR plays an essential role throughout AML treatment.
Major clinical applications include:
Confirmation of deep molecular remission
Early relapse detection
Selection of transplant candidates
Post-transplant surveillance
Evaluation of targeted therapies
Monitoring maintenance treatment
Serial molecular measurements frequently detect relapse several months before hematologic
recurrence, creating opportunities for preemptive therapeutic intervention.
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Strengths
Extremely high sensitivity
Excellent reproducibility
Quantitative assessment
Standardized international protocols
Proven prognostic significance
Recommended by ELN guidelines

Limitations
Despite its outstanding analytical performance, RT-gPCR has several important limitations.
Only approximately 40-50% of AML patients possess suitable molecular targets for RT-qPCR
monitoring [26]. Furthermore:

New mutations may emerge during clonal evolution.

Some mutations disappear despite persistent leukemia.

RNA quality influences assay performance.

Standardization for several targets remains incomplete.

Multiple assays may be required in genetically complex AML.
Accordingly, RT-gPCR is generally combined with flow cytometry or genomic sequencing to
maximize overall MRD detection.

DIGITAL DROPLET POLYMERASE CHAIN REACTION (DDPCR)

Digital droplet polymerase chain reaction (ddPCR) is an advanced third-generation PCR
technology that enables highly sensitive and absolute quantification of nucleic acids without the
need for external calibration curves [27]. Unlike conventional quantitative real-time PCR (RT-
gPCR), which estimates target abundance based on fluorescence kinetics during amplification,
ddPCR partitions each biological sample into approximately 20,000 nanoliter-sized droplets, each
functioning as an independent PCR reaction. Following amplification, droplets are classified as
either positive or negative according to fluorescence intensity, and Poisson statistical analysis is
subsequently applied to determine the absolute number of target molecules [28].

This digital partitioning markedly reduces amplification bias and improves analytical precision,
particularly when detecting very low-frequency mutations associated with measurable residual
disease (MRD). Under optimized laboratory conditions, ddPCR achieves sensitivities approaching
107° to 107, comparable to or exceeding those of RT-qPCR for selected molecular targets [29].

Molecular Targets
The principal advantage of ddPCR lies in its ability to quantify rare mutant alleles with exceptional
precision. Common MRD targets include:

NPM1 mutations

FLT3 internal tandem duplication (FLT3-1TD)

IDH1 and IDH2 mutations

KIT mutations
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RUNX1::RUNX1T1

CBFB::MYH11

PML::RARA

Patient-specific mutations identified through genomic sequencing
Unlike RT-gPCR, ddPCR permits direct absolute quantification of mutant allele frequency,
eliminating dependence on standard reference curves and minimizing inter-laboratory variability
[30].

Clinical Applications

Growing clinical evidence supports the incorporation of ddPCR into AML MRD monitoring across
multiple therapeutic settings. Persistent or rising mutation levels detected by ddPCR following
induction or consolidation chemotherapy are strongly associated with impending relapse and
inferior long-term survival [31]. Furthermore, ddPCR has demonstrated utility in monitoring
patients undergoing targeted therapies directed against IDH1, IDH2, and FLT3, where small
fluctuations in mutant allele burden may precede hematologic progression [32].

Several studies have also shown that ddPCR can identify residual leukemic clones months before
clinical relapse, thereby providing an opportunity for preemptive intervention, including
maintenance therapy or allogeneic hematopoietic stem cell transplantation [33].

Advantages
Compared with conventional molecular assays, ddPCR offers several important advantages:
Absolute quantification without standard curves.
Superior precision for low-frequency mutations.
High analytical sensitivity (10°—107°).
Excellent reproducibility.
Reduced susceptibility to PCR inhibitors.
Lower inter-assay variability.
Cost-effective for longitudinal monitoring of predefined mutations.

Limitations

Despite its excellent analytical performance, ddPCR has several limitations that currently restrict
universal implementation.

First, each assay is designed to detect predefined mutations; therefore, ddPCR cannot identify novel
genetic alterations or monitor patients lacking suitable molecular targets. In addition, multiplexing
capacity remains lower than that of next-generation sequencing, making comprehensive genomic
surveillance impractical. Finally, assay development and validation are required for each molecular
target, limiting widespread standardization across institutions.

Consequently, ddPCR is best viewed as a complementary technology positioned between RT-
gPCR and next-generation sequencing, combining high analytical sensitivity with excellent
guantitative accuracy for selected mutations [34].
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Figure 1. Workflow of digital droplet PCR for measurable residual disease assessment in AML.

NEXT-GENERATION SEQUENCING (NGS)

Next-generation sequencing (NGS) has fundamentally transformed the molecular characterization
of acute myeloid leukemia by enabling simultaneous analysis of hundreds to thousands of genomic
regions within a single experiment. Unlike targeted PCR-based techniques that interrogate
predefined mutations, NGS provides comprehensive profiling of the mutational landscape,
allowing simultaneous detection of multiple leukemia-associated genetic alterations involved in
disease initiation, progression, and relapse [35].

Recent advances in sequencing chemistry, molecular barcoding, and error-correction algorithms
have substantially improved analytical sensitivity, enabling reliable MRD detection at variant allele
frequencies below 0.01% (10~*) and, with error-corrected sequencing approaches, approaching 10~
to 107,
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NGS Approaches in AML
Several sequencing strategies are currently employed for MRD monitoring Figure 2, Table 1[36].

Targeted Gene Panels
The most commonly used clinical approach employs targeted sequencing panels containing
recurrent AML-associated genes, including:

NPM1

FLT3

DNMT3A

TET2

ASXL1

IDH1

IDH2

RUNX1

TP53

CEBPA

KIT

NRAS

KRAS
Targeted panels provide high sequencing depth while maintaining reasonable cost and turnaround
time.

Error-Corrected Sequencing

Conventional NGS is limited by intrinsic sequencing error rates ranging from 0.1% to 1%. Error-
corrected sequencing (ECS), incorporating unique molecular identifiers (UMIs) and duplex
sequencing technologies, dramatically reduces background error rates, thereby permitting accurate
identification of extremely rare leukemic variants [37].

This approach has become increasingly important for MRD assessment because residual leukemia
often exists at variant allele frequencies below the detection threshold of standard sequencing
methods.

Whole-Exome and Whole-Genome Sequencing

Although currently used primarily in research settings, whole-exome sequencing (WES) and
whole-genome sequencing (WGS) provide comprehensive characterization of clonal architecture
and genomic evolution throughout disease progression.

These approaches facilitate discovery of novel resistance mutations, structural variants, and
mutational signatures associated with therapeutic failure [38].

Clinical Applications
NGS has expanded the concept of MRD beyond simple detection of residual leukemia to
comprehensive characterization of clonal evolution [39].
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Major clinical applications include:

Molecular risk stratification.

Longitudinal monitoring of clonal dynamics.

Detection of emerging resistant clones.

Assessment of targeted therapy response.

Prediction of post-transplant relapse.

Identification of actionable mutations at recurrence.

Evaluation of measurable residual disease in genetically heterogeneous AML.
Unlike single-target PCR assays, NGS simultaneously monitors multiple mutations, providing a
broader representation of residual disease biology [40].

Advantages
Major strengths include:
Comprehensive genomic profiling.
Simultaneous analysis of numerous mutations.
Identification of emerging resistant clones.
Excellent applicability for personalized medicine.
Ability to investigate clonal evolution.
Increasing compatibility with artificial intelligence—based risk prediction.

Limitations

Several important challenges remain.

The persistence of mutations in DNMT3A, TET2, and ASXL1 (collectively referred to as DTA
mutations) frequently reflects age-related clonal hematopoiesis rather than residual leukemia,
potentially leading to false-positive MRD interpretation. Furthermore, sequencing costs,
bioinformatics infrastructure, data interpretation, and laboratory standardization remain significant
barriers to routine implementation [41].

Current international recommendations therefore advise interpreting NGS results in conjunction
with flow cytometry, molecular biomarkers, and clinical context rather than as isolated findings.
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Figure 2. Progressive evolution of measurable residual disease technologies in AML, illustrating increasing

analytical sensitivity and biological resolution.

Table 1. Comparison of Current MRD Detection Technologies in AML

Technology Sensitivity Applicability Major Strength Main Limitation
Morphology 102 100% Simple Poor sensitivity
Flow cytometry 1073-1073 90-95% Broad applicability Requires expertise
RT-qPCR 1074-107¢ 40-50% Very high sensitivity Limited molecular targets
ddPCR 1075-107° Selected mutations Absolute quantification ~ Mutation-specific assays
Targeted NGS 104103 70-90% Comprehensive profiling  Higher cost, bioinformatics
Error-corrected NGS ~ 1075-107° Expanding Ultra-sensitive Limited availability
Single-cell sequencing 107¢ (research) Research Clonal architecture Very expensive
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SINGLE-CELL SEQUENCING AND MULTI-OMICS TECHNOLOGIES

The emergence of single-cell sequencing (SCS) and multi-omics technologies has revolutionized
the understanding of measurable residual disease (MRD) in acute myeloid leukemia (AML). Unlike
conventional MRD assays that analyze pooled populations of leukemic cells, single-cell
technologies interrogate the molecular characteristics of individual cells, enabling unprecedented
resolution of clonal architecture, intratumoral heterogeneity, lineage relationships, and mechanisms
of therapeutic resistance [41].

Conventional MRD methods—including multiparameter flow cytometry (MFC), quantitative PCR,
digital droplet PCR, and bulk next-generation sequencing (NGS)—provide highly sensitive
guantification of residual leukemia but average signals across millions of cells [42]. Consequently,
rare resistant subclones, transitional cellular states, and evolutionary trajectories may remain
undetected. Single-cell technologies overcome these limitations by simultaneously profiling
genomic, transcriptomic, epigenomic, proteomic, and chromatin accessibility information at the
individual cell level, thereby offering a comprehensive view of residual leukemia biology [43].
Recent studies have demonstrated that relapse frequently originates from small populations of
leukemia stem cells (LSCs) or minor resistant clones that survive induction chemotherapy despite
complete morphologic remission. These rare populations often account for less than 0.01% of total
bone marrow cells, making them difficult to identify using conventional bulk analytical methods.
Single-cell multi-omics has therefore emerged as one of the most promising platforms for precision
MRD assessment and personalized AML management [44].

Principles of Single-Cell Sequencing
Single-cell sequencing begins with the isolation of individual cells from bone marrow or peripheral
blood specimens using fluorescence-activated cell sorting (FACS), microfluidic droplet platforms,
or nanowell technologies. Each isolated cell undergoes independent molecular processing, allowing
sequencing of its DNA, RNA, chromatin accessibility, protein expression, or combinations thereof.
Unlike bulk sequencing, which reports an average mutational profile, single-cell sequencing
reconstructs the molecular characteristics of every analyzed leukemic cell individually, thereby
revealing previously hidden cellular diversity Figure 3 [45].
The general workflow includes:

Bone marrow aspiration

Mononuclear cell isolation

Single-cell capture

Cell barcoding

Library preparation

High-throughput sequencing

Bioinformatics analysis

Clonal reconstruction

MRD interpretation
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Figure 3. General workflow of single-cell sequencing for measurable residual disease detection in acute
myeloid leukemia.

Single-Cell DNA Sequencing (ScCDNA-seq)
Single-cell DNA sequencing provides direct characterization of the genomic landscape of
individual leukemic cells. This technology enables identification of:

Driver mutations

Passenger mutations

Copy number alterations

Chromosomal abnormalities

Clonal hierarchy

Evolutionary relationships
Unlike bulk NGS, scDNA-seq determines whether multiple mutations coexist within the same
leukemic clone or occur in independent subclones, providing valuable information regarding
disease evolution and therapeutic resistance [46].
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For MRD monitoring, sScDNA-seq can detect residual leukemic clones carrying actionable
mutations even when they represent only a minute fraction of the total hematopoietic population
[47].

Single-Cell RNA Sequencing (scRNA-seq)
Among current single-cell technologies, single-cell RNA sequencing (sScCRNA-seq) has become the
most widely applied platform in AML research [48].
Rather than identifying DNA mutations alone, scRNA-seq measures global gene expression
profiles for thousands of individual cells simultaneously, allowing investigators to characterize:

Leukemia stem cells

Differentiation trajectories

Cell cycle states

Chemotherapy-resistant populations

Immune microenvironment

Cytokine signaling

Metabolic reprogramming
Importantly, scRNA-seq distinguishes residual leukemic blasts from regenerating normal
hematopoietic progenitors despite similar surface immunophenotypes.
Recent studies have demonstrated that residual leukemia stem cells exhibit transcriptional
programs enriched for oxidative phosphorylation, inflammatory signaling, and anti-apoptotic
pathways, providing potential therapeutic targets for MRD-directed treatment [49].

Single-Cell ATAC Sequencing
Single-cell Assay for Transposase Accessible Chromatin sequencing (SCATAC-seq) evaluates
chromatin accessibility throughout the genome [50].
This technology identifies:

Active regulatory elements

Enhancers

Promoters

Transcription factor binding sites

Epigenetic reprogramming
By analyzing chromatin accessibility rather than DNA sequence, SCATAC-seq reveals regulatory
mechanisms responsible for treatment resistance and leukemic persistence.
Integration of SCATAC-seq with sScRNA-seq enables direct linkage between chromatin remodeling
and transcriptional activation within individual residual leukemic cells [51].

Single-Cell Proteomics
Recent technological advances have enabled simultaneous quantification of surface proteins
together with transcriptomic profiles.
Representative platforms include:
CITE-seq
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REAP-seq

CyTOF (mass cytometry)

Imaging mass cytometry
These methods combine antibody-based protein detection with next-generation sequencing,
allowing integrated immunophenotypic and molecular characterization of residual leukemia.
Such multimodal analyses improve identification of leukemia stem cells and distinguish them from
normal hematopoietic progenitors with greater precision than flow cytometry alone Figure 4.

Multi-omics Integration
The concept of multi-omics refers to the simultaneous integration of multiple molecular layers
derived from the same biological specimen.
These include:
Omics Platform Biological Information
Genomics DNA mutations
Transcriptomics RNA expression
Epigenomics DNA methylation & chromatin accessibility
Proteomics Protein expression
Metabolomics Cellular metabolism

Immunomics Immune-cell composition

Rather than interpreting each dataset independently, integrated computational approaches combine
these complementary data to construct comprehensive molecular maps of residual leukemia.
Multi-omics has significantly improved understanding of:

Leukemia stem-cell biology

Clonal evolution

Drug resistance

Immune escape

Relapse mechanisms

Personalized therapeutic targets
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Figure 64. Integration of genomic, transcriptomic, proteomic, epigenomic, and metabolomic information
provides a comprehensive characterization of measurable residual disease and supports precision medicine
in AML.

Clinical Applications
Single-cell multi-omics has expanded the clinical utility of MRD beyond simple disease
guantification.
Current applications include:

Identification of leukemia stem cells

Detection of therapy-resistant subclones

Reconstruction of clonal evolution

Monitoring response to targeted therapies

Prediction of relapse

Identification of immune escape mechanisms

Personalized treatment selection

Discovery of novel therapeutic targets
Several recent clinical studies have demonstrated that residual leukemia stem-cell signatures
identified by sScRNA-seq predict relapse more accurately than conventional MRD methods alone.

Advantages
Single-cell technologies offer several unique advantages over conventional MRD assays:
Ultra-high biological resolution.
Identification of rare resistant clones.
Characterization of leukemia stem cells.
Simultaneous genomic and transcriptomic profiling.
Reconstruction of clonal evolution.
Analysis of tumor microenvironment.
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Discovery of novel biomarkers.
Precision therapeutic guidance.

Current Limitations
Despite remarkable scientific advances, several obstacles currently limit routine clinical
implementation.
Major limitations include:

High sequencing costs.

Complex laboratory workflows.

Large computational requirements.

Sophisticated bioinformatics pipelines.

Lack of standardized protocols.

Limited inter-laboratory reproducibility.

Long turnaround time.

Small numbers of cells analyzed compared with flow cytometry.

Regulatory and quality-control challenges.
Consequently, single-cell sequencing remains primarily a research tool, although rapid reductions
in sequencing costs and improvements in computational analysis are expected to facilitate broader
clinical adoption over the coming decade.

CONCLUSIONS

Measurable residual disease (MRD) has fundamentally transformed the management of acute
myeloid leukemia (AML), evolving from a research concept into an indispensable component of
precision hematology. Accumulating evidence consistently demonstrates that MRD is one of the
strongest independent predictors of relapse, treatment response, and long-term survival, providing
prognostic information beyond conventional morphologic assessment and baseline genetic risk
classification. As a result, MRD assessment is increasingly integrated into clinical decision-making
throughout the AML treatment continuum, from post-induction response evaluation to post-
transplant surveillance and the selection of maintenance therapies.

Rapid technological advances have greatly expanded the capabilities of MRD detection.
Multiparameter flow cytometry remains the most broadly applicable method in routine clinical
practice, while molecular techniques such as RT-gPCR and digital droplet PCR offer exceptional
sensitivity for patients with suitable genetic markers. Next-generation sequencing has broadened
MRD assessment by enabling simultaneous monitoring of multiple leukemia-associated mutations
and providing valuable insights into clonal evolution. More recently, single-cell sequencing, multi-
omics technologies, and liquid biopsy have revealed the biological complexity of residual leukemia
at an unprecedented resolution, uncovering rare leukemia stem cells, resistant subclones, and
dynamic interactions with the bone marrow microenvironment. Although many of these emerging
technologies are still transitioning from research laboratories to clinical practice, they are expected
to redefine future approaches to MRD monitoring.
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Artificial intelligence represents another major advancement that is likely to reshape MRD
assessment. By integrating multidimensional datasets—including flow cytometry, genomics,
transcriptomics, liquid biopsy, and clinical information—AI has the potential to improve diagnostic
accuracy, automate complex analyses, predict relapse more precisely, and support individualized
therapeutic decisions. However, the successful implementation of Al in clinical hematology will
depend on robust prospective validation, standardized analytical pipelines, transparent algorithms,
and close collaboration between clinicians, molecular biologists, bioinformaticians, and data
scientists.

Despite remarkable progress, several challenges remain before MRD-guided precision medicine
can be fully realized. Differences in assay sensitivity, lack of universal standardization, inter-
laboratory variability, interpretation of persistent clonal hematopoiesis, and uncertainty regarding
optimal MRD thresholds continue to limit widespread harmonization. Furthermore, no single MRD
platform is universally applicable to all patients with AML, emphasizing the need for
complementary approaches tailored to disease biology and clinical context. Future international
efforts should focus on developing standardized reporting systems, harmonized laboratory
protocols, and evidence-based guidelines that facilitate the integration of emerging technologies
into routine patient care.

Looking ahead, the future of MRD assessment is likely to shift from isolated laboratory
measurements toward comprehensive, dynamic, and personalized disease monitoring. The
integration of molecular diagnostics, single-cell multi-omics, liquid biopsy, artificial intelligence,
and real-time clinical data may ultimately enable continuous surveillance of residual leukemia,
allowing clinicians to anticipate relapse before overt clinical progression and adapt therapy
according to each patient's evolving disease biology. Such an approach has the potential not only
to improve survival but also to reduce treatment-related toxicity by supporting truly individualized
therapeutic strategies.
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