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Simple Summary: Flow cytometry has significantly contributed to advances in the under-
standing and diagnosis of immunological and hematological conditions. We are reviewing
in this article the basics of flow cytometry and how key steps in the flow cytometry ex-
perimental workflow could be affected by variability, introduced by the operator and/or
by reagents/devices. We are focusing here on the role of flow cytometry in the diagnosis
of hematological malignancies. We highlight (i) how standardization can improve the
quality of the diagnosis in clinical laboratories and across multiple sites and (ii) ways
to reduce the variability during flow cytometry analysis. The effort of several working
groups is presenting aiming at defining better standards for the use of flow cytometry in
clinical laboratories.

Abstract: Flow cytometry use has significantly increased in clinical laboratories and has
significantly helped improve the diagnosis of leukemias, lymphomas, and follow-up of min-
imal residual disease. Mastering this technique enables the performance of multiparametric
single-cell analysis and increases the odds of identifying abnormal populations. As in
many fields, there is a need to improve the quality of the data generated for accuracy, repro-
ducibility, and trueness. The implementation of solutions reducing variability is achievable
and needed, as the flow cytometry workflow involves many manual steps and items sus-
ceptible to operator bias and human error. Standardization of flow cytometry assays is
sought and already implemented in many clinical hematology laboratories. However, the
clinical community would highly benefit from further efforts in that direction to increase
the comparability of findings across laboratories. This review covers the strengths and
weaknesses of flow cytometry and focuses on the standardization approaches developed,
including recent advances in the field.

Keywords: flow cytometry; leukemia; lymphoma; minimal residual disease; standardization;
validated antibody panels

1. Principles of Flow Cytometry
Flow cytometry has revolutionized the field of hematology [1–3], offering a powerful

tool for the diagnosis, classification, and monitoring of hematological malignancies [4].
This chapter delves into the critical role of flow cytometry in understanding and diagnosing
these complex blood cancers, highlighting its principles, applications, and the advantages
it brings to the clinical setting. Flow cytometry is a technology that allows the rapid
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analysis of multiple physical and chemical characteristics of single cells or particles [5]
as they flow in a fluid stream through a beam of light, typically a laser (Figure 1). Key
parameters measured include cell size (forward scatter or FSC), granularity (side scatter or
SSC), and the expression of specific cell surface and intracellular markers. By labeling cells
with fluorescent antibodies targeting these markers, flow cytometry can provide detailed
information about the phenotype and function of individual cells within a heterogeneous
population [6–8]. Optical filters and mirrors direct this emitted light to the corresponding
detectors. The detection system captures and converts the light signals into electronic
signals that can be analyzed. Software programs collect, process, and display the data in a
format that can be easily interpreted by the user.

Figure 1. Principles of flow cytometry. Instrument setups include calibration, setting of volt-
ages/gains with the unstained control samples, and determination of the compensation values.
Acquisition of the sample after staining is enabled via hydrodynamic focusing aided by the sheath
fluid that enables the alignment of cells into a single stream. The excitation of the individual cells
by lasers induces the fluorescence emission that is detected and converted into an electronic sig-
nal for further analysis. The main components of the flow cytometer are the fluidic, optical, and
electronic systems.

The flow cytometry process involves several steps [9]:

• Cytometer preparation: Experiments require calibration and optimization of cytome-
ter setup (such as compensation) to simplify subsequent analysis.

• Sample preparation: Dedicated protocols are used (e.g., red blood cell lysis) and cells
must be in a single-cell suspension, free from clumps and debris.

• Sample staining: Cells are stained with fluorescently labeled antibodies or dyes that
bind to specific cellular components, such as surface markers, intracellular proteins,
or DNA.
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The acquired data are analyzed to interpret the results [10]:

• Gating: The process of selecting specific cell populations based on their scatter and
fluorescence characteristics. Gating is crucial for identifying and analyzing subpopu-
lations of interest.

• Histograms and Dot Plots: Data are displayed in various formats, such as histograms
(single-parameter plots) and dot plots (dual-parameter plots), to visualize the distri-
bution and relationships of different cell populations.

• Quantitative analysis: The software allows for the semi-quantitative (units are
mean fluorescence intensities) assessment of marker expression, cell counts, and
other parameters.

One of the primary applications of flow cytometry in hematology is immunopheno-
typing, which involves the identification of cell surface and intracellular proteins to classify
cells [11]. This is particularly important in diagnosing different types of leukemia and lym-
phoma [12]. The rise in cytometry started with its use in the diagnosis of leukemia [13], and
with the increased availability of fluorescence-conjugated antibodies, it has significantly
evolved [14].

Flow cytometry offers several advantages that make it an invaluable tool in the
diagnosis and management of hematological malignancies:

• Speed and efficiency (high throughput): Analyze thousands of cells per second,
providing rapid results that are essential for timely diagnosis and treatment decisions
such as for acute leukemias where prompt treatment initiation is critical.

• Multiparametric analysis at the single-cell level: Simultaneously measure multiple
parameters on individual cells for a comprehensive analysis of populations, enhanced
accuracy of diagnosis (distinguish different types of malignancies).

• Quantitative assessment: Provide semi-quantitative data on the expression levels of
markers, which can be useful for monitoring disease progression and response to
therapy (minimal residual disease (MRD)). Quantitative mean fluorescence intensities
(MFIs) can be obtained by calibration against defined binding sites.

• Versatility: This can be applied to a wide range of sample types, including peripheral
blood, bone marrow, and lymph node biopsies.

2. Importance of Flow Cytometry for Hematological Malignancy Diagnosis
2.1. Low Complexity Analysis

Flow cytometry has the advantage of providing high-throughput single information
which enables the identification of aberrant expression profiles and enables deep classifica-
tion of the type and subtype of hematological abnormalities when the normal phenotype is
well established. However, it does not always require numerous markers to show an abnor-
mal profile in a biological sample. A simple DNA content analysis enables us to identify
ploidies in a cell population, e.g., to classify B-ALL [15]. While blasts usually show low
scatter (SSC) and CD45 expression, other cells, may also be dim to intermediate in this gate
(basophils, dendritic cells, hematogones), the addition of additional maturation markers
(eg. CD11b, CD15) or immature cells (eg. CD34, CD117) becomes necessary. The clonality
of mature B-cells can be assessed with the immunoglobulin light chain expression (kappa
and lambda). Neoplastic B-cells express only one class of light chain (kappa or lambda),
while normal B-cells always display a mixed profile. The clonality of mature T-cells is
assessed by measuring the TCR Vβ repertoire or even more simply with constant TCRβ
chain 1 and 2 expressions (TRBC1 and TRBC2). The simple measure of TRBC1/TRBC2
could provide a simpler workflow for the identification of T-cell neoplasms [16].
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2.2. Higher Complexity Analysis

Together with histology, morphological, and other information, multiparametric flow
cytometry enables rapid diagnosis and classification of leukemia/lymphoma. Nowadays,
a series of markers are used for the identification and characterization of leukemias and
lymphomas, and this has been developed by several working groups. The following list of
markers (Table 1) utilized is not an opinion nor a recommendation but a summary of what
has been developed and agreed upon by several groups [17–23] based on the fifth edition
of the World Health Organization (WHO) classification of haematolymphoid tumors [24]
and the Bethesda guidelines [25]. Utilizing standardized panels and protocols can ensure
consistency and accuracy in disease monitoring across different laboratories [26].

Table 1. Markers generally used for the screening of some hematological malignancies.

AML B-Cell
ALL

T-Cell
ALL CLL CML # B-Cell

Lymphoma
T-Cell

Lymphoma

CD13 CD10 CD1a CD5 CD11b CD19 CD2
CD14 CD19 CD2 CD19 CD13 CD20 CD3
CD33 CD20 CD3 CD20 CD14 CD22 CD4
CD34 CD22 CD5 CD23 CD33 CD79a CD5
CD45 CD34 CD7 CD38 CD34 CD5 $,& CD7
CD64 CD45 CD45 CD43 CD45 CD10 * CD8

CD117 TdT TdT CD79b CD23 & CD30 §

HLA-DR CD200 CD30 §

MPO FMC7 BCL2 *
kappa/lambda Cyclin D1 $

# the definitive diagnosis of CML is performed with proving the t(9;22) Philadelphia chromosome translocation
(by FISH), or BCR-ABL1 fusion gene (qRT-PCR). * follicular lymphoma. $ mantle cell lymphoma. & CLL/SLL.
§ anaplastic large cell lymphoma. TdT: terminal deoxynucleotidyl transferase. MPO: myeloperoxidase. TRBC1
and TRBC2 can be used for the assessment of T cell clonality.

2.3. The Limitations and Complementarity of Flow Cytometry

Diagnosing suspected blood neoplasms involves a suite of laboratory techniques. It
often starts with a CBC, and if abnormal, a microscopic examination of blood or bone
marrow smears is performed. Microscopy reveals morphological details but requires
expertise and does not definitively identify cell lineage. Other crucial methods provide more
in-depth information, including bone marrow biopsy, histology, immunohistochemistry,
cytogenetic analysis, and molecular testing [27]. Flow cytometry is a vital complementary
technique. It is faster than immunohistochemistry and allows for simultaneous analysis of
multiple characteristics on single cells, though it needs fresh, viable samples and does not
show cell morphology. Flow cytometry requires careful sample preparation as indicated
for the assessment of blast counts [28]. Cytogenetic and molecular testing is essential for
classifying and staging acute leukemias; flow cytometry alone is not sufficient for this. Flow
cytometry has not been useful for diagnosing Hodgkin lymphoma but recent development
has improved this [29]. Traditional flow cytometry for T-cell clonality (TCR Vβ) is complex,
labor-intensive, and less sensitive, so it is not commonly used in laboratories [30]. For
maturing myeloid neoplasms, diagnosis primarily relies on clinical data, morphology,
and genetic testing; flow cytometry-based diagnosis value is limited despite often finding
abnormal cell phenotypes. For minimal residual disease detection, RT-qPCR for IG/TCR
gene rearrangements is a common method, but it is time-consuming because it requires
developing a specific test for each patient and needs sufficient original sample DNA [31]. It
also cannot detect new subclones. dPCR is often more accurate than RT-qPCR, with higher
amplification efficiency, less affected by inhibitors, and provides absolute quantification.
It is faster than NGS and easier to analyze but requires validation and specific assay
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design [32]. Flow cytometry assays are more rapid than molecular techniques but require
analysis of a high number of cells. Despite some limitations, flow cytometry remains a
crucial complementary tool in the diagnosis of hematological malignancies. While methods
like morphological examination of blood and bone marrow provide vital structural details
and preliminary clues, and techniques such as cytogenetics and molecular testing are
essential for precise classification and risk stratification based on genetic alterations, flow
cytometry excels at rapidly and quantitatively identifying specific cell populations based
on their surface and intracellular protein expression.

3. Pitfalls in Flow Cytometry Analysis
3.1. Overview

Recent advancements in flow cytometry (sensitivity, software, and reagents) have
improved its utility for the diagnosis and monitoring of diseases; however, combining
>8 antibodies in a single tube can introduce technical and interpretative challenges that
are complex. While multiparameter panels facilitate the identification of abnormal cell
populations, the characteristics of neoplastic populations can create potential diagnostic
pitfalls [33]. A thorough understanding of normal phenotypic patterns in states of rest,
recovery, and activation is essential for accurately identifying the abnormal populations
characteristic of hematopoietic neoplasms [34,35]. Additionally, incorporating newer thera-
peutic strategies, particularly targeted therapies, can complicate standard methods for flow
cytometric data analysis [36]. While flow cytometry is a powerful diagnostic tool, there are
challenges and considerations to keep in mind:

• Expertise: The interpretation of flow cytometry data requires specialized training
and expertise. Skilled cytometrists are essential for accurate diagnosis, as biology
and aberrant expression are not always predictable [37,38]. Practitioners must have
a deep understanding of the whole process from panel design, sample preparation,
instrument calibration, and quality control to complex data interpretation. This in-
volves understanding the normal/expected expression of specific antigens during the
development/maturation of hematopoietic cells compared to aberrant/unexpected
expression in the case of leukemia/lymphoma populations [39–42].

• Standardization: Inadequate laboratory performance can have far-reaching conse-
quences for practical medicine, the healthcare system, and ultimately for the patient.
Poor-quality results may lead to incorrect interpretations by clinicians, potentially
worsening the patient’s condition [43]. Hence, standardization of methods and quality
control measures are important to ensure consistency and reliability [44]. Implement-
ing standardization is not necessarily an easy process [43,45] but could be achieved
via (i) establishing a reference system that includes reference methods and materi-
als, (ii) calibrating measurement procedures using the established reference system,
(iii) verifying the comparability of measurements used in patient care, typically by
measuring a set of authentic patient samples to ensure uniformity of results across
different methods, and (iv) simplifying workflows, reducing operator intervention to
remove potential bias and to set the stage for automation.

• Cost and Accessibility: Efforts to reduce costs and improve access are important for
broader implementation [46,47]. Of note, implementing flow cytometry screening for
patient monitoring such as in the case of MRD could reduce the overall healthcare
cost [48]. Hence, a critical analysis of flow cytometry-based assay costs should be
performed with a holistic view of costs for the initial diagnostic, treatment, and follow-
up phases. The number of markers used for diagnosis can be limited by costs for
the patients or the reimbursement policy, which is highly variable depending on the
country or region [49].
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3.2. Validation of Flow Cytometry Assays

Flow cytometry clinical laboratories either develop their own assays (LDTs: lab-
developed tests) or utilize in vitro diagnostic (IVD) assays. Prior to commercialization, IVD
assays are validated and submitted to regulatory bodies and laboratories need simply to
verify they can reproduce the performance of the assay in their laboratory. On the other
hand, LDTs require an extensive validation of the assay performance and other laboratories
willing to utilize the LDT need to perform their own validation. Each component of
the assay should be included in the validation plan. This should include the method,
the reagents, equipment, and supplies used, the number and type of samples used in
each validation experiment, the statistical analysis performed on each experiment as well
as acceptance criteria for each parameter. The performance specifications included in
validation are accuracy (or trueness), precision (reproducibility and repeatability), detection
capability, selectivity, reference range, and sample/reagent stability. Accuracy is defined
as the closeness of agreement between the average values obtained from a large series
of test results when compared to an accepted reference standard. Precision is defined as
the dispersion of replicate measurements when a variable is introduced (operator, runs,
instruments). Selectivity is often defined before the validation step by careful selection of
antibody clones and washing steps required.

4. A Deeper Look into Flow Cytometry Standardization
4.1. The Need for Standardization

The standardization of assays in clinical laboratories has improved the quality of
diagnosis and overall care of patients. In flow cytometry, several types of issues arise when
a new assay is developed. Typical pre-analytical issues in flow cytometry are signs of poor
handling after collection such as clotted or hemolyzed samples [50]. Optimal RBC lysis
(erythrocytes < 10%) was recently shown to be achieved using NH4Cl or VersaLyse®, while
lyse-no-wash protocols have been tested and validated [51]. Similarly, certain samples
may show resistance to red blood cell lysis due to the disease state or therapy such as in
AIDS patients on therapy or patients with liver diseases [52]. Among the fluorescent dyes
developed are tandem dyes, and their decoupling should be avoided. This is an important
aspect to take into consideration when designing the panel [53]. This can be avoided when
dry formulations of premixed antibody cocktails are used while liquid premixes show
significant tandem dye oxidation.

Analytical issues also exist and relate to the state and stability of the cytometer being
used. This includes laser alignment and the choice of the appropriate setting (voltage/gain)
for optimal signal-to-noise ratio. Defining the optimal compensation to mitigate spectral
overlap is an essential piece of the experimental setup [54]. Elimination of doublets and
selection of the events before/after an interruption of the recording can help remove
unwanted events. When performing minimal residual disease monitoring, it is essential to
ensure the cleanliness/stability of the cytometer, as a very low number of cells are searched.

The post-analytical phase heavily relies on expertise in hematological malignan-
cies [55]. Neoplastic populations may mimic a state of maturation or activation but will
exhibit aberrant phenotypic patterns that are absent in healthy individuals. These abnor-
malities can manifest as increased, decreased, or absent antigen expression relative to their
normal counterparts, collectively termed as ‘different from normal” [56]. The foundation
for interpreting flow cytometric data in the identification of hematopoietic neoplasms,
therefore, relies heavily on a comprehensive understanding of normal immunophenotypic
patterns [57]. Aberrant phenotypes may also escape from the expected gating strategy
and additional markers are useful in order not to miss the identification of such cells [58].
Control samples (Figure 2) aid in (i) verifying the antibody cocktail, (ii) checking reagents
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do not exhibit degradation, (iii) ensuring equipment calibration, and (iv) ensuring the
gating strategy and analysis template are correct [59].

Figure 2. Control samples for hematological cases. (A) Representative dot plots of normal control
cells for B-cell neoplasm. (B) Representative dot plots of abnormal control cells for B-cell neoplasm.
Stabilized control cells were stained with CD45, CD19, kappa, lambda, CD10, CD5, CD200, CD34,
CD38 and CD20 from the ClearLLab 10C Panels (B-cell tube shown here).

4.2. Standardization and Harmonization

The WHO provides comprehensive guidelines for the analysis, reporting, and man-
agement of hematological malignancies. These recommendations aim at ensuring accurate
diagnosis, classification, and monitoring of blood cancers. Several groups were involved
in the standardization of flow cytometry experiments for the diagnosis of hematological
malignancies [60,61]. This has become a necessity to counter the drawbacks regarding
confidence in and comparability of this technology. The Clinical and Laboratory Stan-
dards Institute guideline H62 outlines best practices for flow cytometry measurements,
emphasizing quality management, quality assurance (QA), and quality control (QC). This
guideline was developed collaboratively by industry representatives, government agencies
such as the US FDA, the National Institute of Standards and Technology, and professional
experts [62]. The primary objectives of QA and QC are to ensure that instruments and as-
says consistently operate in a qualified state, that new reagent lots are comparable through
testing, and that staff maintain ongoing competency in assay performance [63]. Due to the
variety of reagents used in flow cytometry assays, monitoring reagent continuity is a vital
component of QA and QC.

Some of the recommendations from the various working groups are summarized here:

• Reagent and Instrument Standardization: Use standardized reagents, protocols, and
calibration of flow cytometers to ensure consistent and reproducible results.

• Quality Control: Implement robust quality control measures to monitor instrument
performance and reagent quality regularly.

• Comprehensive Marker Panels: Design antibody panels that cover a broad range
of lineage-specific and differentiation markers to accurately identify and classify
hematological malignancies.

• Disease-Specific Panels: Customize panels based on suspected malignancy, such as
acute leukemia, chronic leukemia, or lymphoma.
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• Sample Preparation: Ensure proper handling and preparation of samples to maintain
cell integrity and viability and prepare single-cell suspensions to avoid clumping and
ensure accurate analysis.

• Data Acquisition: Acquire high-quality data using appropriate laser settings and com-
pensation controls, ensuring proper instrument alignment, and employing rigorous
gating strategies to accurately identify and analyze subpopulations of interest.

• Data Analysis and Interpretation: Data should be analyzed by experienced personnel
who are proficient in flow cytometry techniques and the interpretation of hematolog-
ical malignancies and utilize advanced software tools for comprehensive analysis,
including the identification of MRD.

• Clear Reporting: Provide clear and detailed reports that include information on the
markers used, gating strategies, and interpretation of results.

• Clinical Correlation: Correlate flow cytometry findings with clinical features and
other laboratory results for accurate diagnosis and management.

• Continuous Education and Training: Ensure continuous education and training for
laboratory personnel to stay updated with the latest advancements and best practices
in flow cytometry.

While reproducibility within the same laboratory can be maintained at high standards
this becomes more difficult when an assay is transferred to another laboratory. The commu-
nity has benefited a lot from the guidelines of the International Council for Standardization
of Haematology (ICSH) and the International Clinical Cytometry Society (ICCS) that de-
scribe the rationale for the validation of assays, the avoidance of pre-analytical, analytical,
and post-analytical issues, and assay performance criteria [64,65]. Standardization involves
a comprehensive and detailed series of interconnected methodical steps, supported by
standard operating protocols (SOPs), designed to eliminate any recognized sources of vari-
ation. This includes pre-analytical steps (such as sample preparation and immunostaining),
analytical steps (like instrument setup), and post-analytical steps (including analysis and
interpretation) (Figure 3). In contrast, harmonization refers to an approach where only the
key steps of the entire process are performed in a similar manner, while other parts are
executed using locally preferred methods. Typically, this can refer to harmonizing the set of
markers to apply when testing for a specific condition, and which materials to interrogate.

Figure 3. Flow cytometry workflow in the clinical laboratory. The scenario proposed here depicts a
workflow highly dependent on human intervention. In purple are the steps where gaps exist and
may benefit from standardization.



Cancers 2025, 17, 2045 9 of 21

Generally, while standardization can achieve all the reproducibility goals, harmoniza-
tion can still ensure reproducible interpretation and enumeration. These terms represent a
continuum that can evolve through interlaboratory studies. Harmonization can serve as a
practical and attainable initial step, which may gradually progress into a more comprehen-
sive set of methods that constitute standardization [66]. Several studies detailed below are
shown as examples of standardization and/or harmonization of flow cytometry studies in
the context of hematological malignancies [67–69].

4.3. Implementation of Standardization

Several studies have shown the feasibility and benefits of standardization in multi-
center studies [70,71]. A study has reported the standardization of CD30 measurement
in non-Hodgkin lymphoma by flow cytometry. The results indicate that flow cytometry
agreed with immunohistochemistry (IHC) in 77% of cases. Some of the discrepancies could
be attributed to differences in clones. Notably, flow cytometry was more sensitive than IHC
in 11% of cases, particularly in cases of diffuse large B-cell lymphomas. This was performed
in the context of Brentuximab Vedotin (BV) treatment for lymphoma, a CD30 monoclonal
antibody (Ab)-drug conjugate, where the response is not always correlated to CD30 ex-
pression detected by immunohistochemistry (IHC). Hence, implementing multicenter
standardized flow cytometry for specific CD30 detection could enhance case identification
and broaden the application of BV treatment to various CD30-positive lymphomas [72].
The group behind these findings has also proposed a standardization approach for the
follow-up of MRD in acute lymphoblastic leukemia. Determination of MRD by flow cy-
tometry consists of the identification of aberrant phenotypes such as cross-lineage antigen
expression (myeloid antigens in ALL), asynchronous patterns of expression of maturation
markers (Ig on CD34+ cells), and abnormal levels of expression of individual markers [73].
Some of the limitations in MRD assessment by flow cytometry include the following: (i) the
low number of target cells in the sample to test, (ii) the alike phenotypes between healthy
precursor cells and leukemia cells, (iii) the impact of treatment on the expression of targeted
markers (glucocorticoid therapy on CD10, CD19, CD34 and others), and (iv) the lack of
standardization. Hence, increasing the number of markers for the assessment of MRD
in ALL, when possible, could be a solution to prevent some of these issues. A detailed
description of the recommendations is provided here [74] and updated recently [75]. A
similar approach was proposed for the detection of rare events including CD34+ counting,
monitoring of Paroxysmal Nocturnal Hemoglobinuria, and monitoring of MRD [76].

The European Research Initiative on CLL (ERIC) and the European Society for Clinical
Cell Analysis (ESCCA) have initiated a harmonization project to identify reproducible
criteria and consensus on markers recommended for the diagnosis of CLL [77]. This was
initiated as there is no gold standard for the diagnosis of CLL and some of the characteristics
used (sIg and CD20) show some issues with reproducibility across different laboratories.
The ERIC/ESCCA members classified markers as required or recommended for CLL
diagnosis. More than 14,000 cases from 13 different centers were tested. The consensus for
required diagnostic markers included the following: CD19, CD5, CD20, CD23, kappa, and
lambda. The recommended additional markers potentially useful for differential diagnosis
were as follows: CD43, CD79b, CD81, CD200, CD10, and ROR1. The British Society for
Haematology also engaged in such standardization/recommendation guidelines which
were published recently [15–18] and focused on mantle cell lymphomas and marginal zone
lymphomas. In the case of mantle cell lymphoma, it is recommended to use CD19, CD20,
CD79b, CD5, FMC7, CD200, CD10, CD23, and surface immunoglobulin that could be
complemented with CD22 and ROR1. Other initiatives such as the EuroFlow consortium
have proposed sets of markers and protocols preferentially used in the context of MRD



Cancers 2025, 17, 2045 10 of 21

for chronic lymphocytic leukemia and acute lymphoblastic leukemia, acute leukemia
subtypes, or the analysis of bone marrow samples for acute myeloid leukemia [78–81]. This
extensive effort can be curated here [82]. For some time, the antibody panels proposed
by EuroFlow were unique as they underwent full technical and clinical validation across
various sites and were used as a reference in many clinical laboratories. However, a
significant number of these laboratories have now adapted the workflow/panels to their
settings and sourced reagents from other vendors which has contributed to inconsistency
across different settings.

5. Update on Solutions Improving Resolution and Reducing Variability
5.1. Ready-to-Use Reagents

The burden of validating laboratory-developed tests (LDTs) is both substantial and
complex, involving a spectrum of regulatory, technical, and operational challenges [9]. Lab-
oratories must ensure their assays meet exacting standards of accuracy, precision, specificity,
and sensitivity. This necessitates comprehensive validation protocols, including stringent
analytical and clinical performance evaluations, to confirm test reliability and robustness.
Furthermore, staying up to date with evolving regulatory requirements and technological
advancements adds layers of complexity and resource demands. The financial costs, time
investment, and specialized expertise needed for LDT validation can be considerable, exert-
ing significant pressure on laboratory personnel and resources. Additionally, the obligation
to maintain thorough documentation and rigorous quality assurance measures intensifies
the burden, ensuring that tests consistently yield reliable and reproducible results critical
for patient care. Hence, the development of ready-to-use solutions significantly simplifies
laboratory workflows. Such regulatory-approved solutions may combine reagent cocktail-
ing and stabilization to extend their use in time. The stabilization process can be performed
in various ways including lyophilization [83] and drying [84]. Early studies have reported
the successful identification and phenotypic characterization of abnormal populations
from specimens submitted for routine flow cytometry testing [85]. The ready-to-use dried
cocktail mixes showed 100% agreement with LDTs regarding the absence of abnormal pop-
ulation, and 95.3% agreement with abnormal population identification. The disadvantage
of such ready-to-use solutions is the lack of identification of abnormal populations when
a critical marker is needed but absent in the antibody cocktail. The manual preparation
of LDT panels can lead to errors and is time-consuming, posing significant challenges in
their development, validation, and use. Hence, ready-to-use stabilized reagents should
reduce laboratory indirect costs and improve efficiency and accuracy [86]. Such panels
have been successfully utilized and implemented in the examination of different hemato-
logical malignancies [87–89]. This has shown to also be useful in the context of multicenter
studies [85]. The study of 453 samples in North America and Europe showed that from
198 samples with no malignancy and 255 with an abnormal population the diagnostic
accuracy of ready-to-use dried solutions has proven very good, with a sensitivity of 96%
and specificity of 95% with 98% agreement with LDTs. The use of stabilized reagents has
also been used in the context of immunological assessment of biological samples [66]. It has
proven to reduce significantly the site-to-site variability as demonstrated in the ONE Study
and the Human Immune Phenotyping Consortium [90,91]. The ONE Study validated flow
cytometry panels for analysis of whole blood samples and has been used as a reference
for a subsequent study which was a collection of seven investigator-led, single-arm trials
carried out internationally at eight hospitals in France, Germany, Italy, the UK, and the
USA [92]. As commented by the authors “the assay complexity in combination with a
diversity of equipment, reagents, and many other pre-analytical factors such as specimen
age, staining procedures, compensation, and analytical factors such as subset definition,
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also increases the variability, particularly when comparing results obtained within different
laboratories . . .the consortium developed a robust immune monitoring procedure to profile
peripheral blood cellular phenotype and function of whole blood (WB) leukocytes based
on flow cytometry. . .the results of the performance evaluation of the panels described here
demonstrate highly reproducible SOPs that are applicable in general for use in multicenter
clinical trials.”.

One challenge in the investigation of hematological malignancies is the ability to detect
abnormal populations are samples with low cell counts. The same dried cocktails were
proof-tested after serial dilutions of normal and abnormal samples (final cell concentrations
from 3.0 × 106 to 0.0469 × 106 cells/mL). Across all patients, the antigen expression pattern
remained consistent at all tested cell concentrations [93]. Furthermore, the mean deviation
of the MFI from the value obtained using 3.0 × 106 cells/mL did not exceed 10% for any of
the antibodies. The tests conducted with the lowest cell density yielded identical patterns of
antigen expression in all patients as those performed with the FDA-approved concentration,
demonstrating 100% concordance between the two protocols. A more real-life example
exists: cerebrospinal fluid (CSF) analysis [94]. A study showed the sensitivity of the flow
cytometry method for the analysis of B-ALL in CSF using dried reagents [95]. In conclusion,
the utilization of stabilized ready-to-use cocktails greatly simplifies laboratory workflows
and sustains the desired sensitivity and specificity for the identification and characterization
of hematological malignancies (Figure 4).

Figure 4. Cont.
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Figure 4. Residual cell analysis with flow cytometry. Samples were stained with ready-to-use
stabilized cocktails for the assessment of abnormal marker expression and the maturation stage of
myeloid progenitor cells. (A) Analysis of a blood sample using the Rare Events AML1* DURAClone
tube. (B) Analysis of a blood sample using the Rare Events AML2* DURAClone tube (Beckman
Coulter Life Sciences, Brea, CA, USA). * For research use only. Not for use in diagnostic procedures.

5.2. Minimal Residual Disease: The Reproducibility Perspective

The use of stabilized reagents described above brings reproducibility and ease of use
to the next level. Applying this to rare events enables more accurate tracking of the number
of residual cells in disease evolution. The fact the concentration of antibodies is strictly the
same in a cocktail of dry reagents significantly increases the accuracy of the flow cytometry
analysis during follow-up. Removing the error of manual pipetting by the operators is
crucial. Enumeration and analysis of rare cells in the context of AML in blood or bone
marrow is possible through carefully optimized and titrated antibody combinations. This
has been carried out with the following markers: HLA-DR, CD33, CD34, CD45, CD117,
CD15, CD14, and CD11b for the assessment of abnormal marker expression and with
HLA-DR, CD33, CD34, CD45, CD117, CD38, CD123, and CD45RA for the assessment
of the maturation stage of myeloid progenitor cells (Figure 4). Still, the development of
panels targeting a wider variety of rare cells with CE-IVD and FDA regulatory approvals
is necessary.

5.3. Minimal Residual Disease: The Sensitivity Perspective

Specificity and sensitivity are two important characteristics of diagnostic tests. Sensi-
tivity is probably the most important aspect of minimal residual disease monitoring, as the
aim is to detect very few cells within the pool of leukocytes [96]. A study has compared the
advent of next-generation sequencing and flow cytometry for MRD in myeloma. Authors
used NGS targeting the IGH and IGK genes for clonal characterization and CD117, CD19,
CD138, CD56, CD45, CD38, and κ/λ antibodies for flow cytometry analysis [97]. The
concordance between the two techniques was 92.9%, and discordant cases were all with
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low-level disease near detection limits for both assays. While both techniques show similar
sensitivity, they highlight the need for more sensitive techniques for samples with very
low-level disease.

Recently, the SuperRCA® (Rolling Circle Amplification) assay, a highly sensitive and
specific diagnostic tool used to detect minimal residual disease, was developed [98]. The
SuperRCA® assay employs a unique amplification technique (Figure 5) that enhances the
detection of rare cancer cells by amplifying specific DNA or RNA sequences associated with
the malignancy [99]. This method improves the accuracy of rare cell detection compared
to traditional techniques, potentially allowing for better monitoring of disease status and
guiding treatment decisions to improve patient outcomes [100]. The SuperRCA® assay can
detect 1 mutation out of 100,000 wild-type DNA molecules. With this high sensitivity, the
SuperRCA® assay is a valuable tool in the management of cancer, helping to achieve more
precise and personalized treatment strategies.

Figure 5. Generation of SuperRCA amplification products. DNA sequences of interest in a sample
are first amplified using PCR. The amplified DNA strands are then converted into single-stranded
DNA circles through templated ligation of their 5′ and 3′ ends. Oligonucleotides that facilitate the
circularization reactions subsequently act as primers for Rolling Circle Amplification (RCA) reactions.
The RCA products are then targeted with padlock probes specific to either mutant or wild-type
sequences. Ligated padlock probes, wrapped around the RCA products, subsequently serve as
templates for secondary RCA reactions, which are primed by an added oligonucleotide. For each
initial DNA circle, the reaction produces large clusters of mainly single-stranded DNA objects, known
as SuperRCA products. These SuperRCA products can bind up to a million fluorescence-labeled
hybridization probes, enabling efficient counting through standard techniques such as flow cytometry.
The sensitivity of the assay ranges from 10−4 to 10−6 compared to digital droplet PCR 10−3 to 10−4.

The SuperRCA® assay procedure is ideal for routine use due to its high sensitivity
and simplicity. The 5 h protocol only requires five sequential additions to a DNA sample,
each followed by incubations, before the reaction products are analyzed using a standard
flow cytometer. More than 5 million such objects are generated in each reaction, providing
excellent quantitative precision without the need for specialized equipment beyond a flow
cytometer. While target sequences prone to mutation in tumors, such as GC-rich regions,
can pose challenges for sequence distinction, the SuperRCA® procedure offers broad target
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compatibility. While a risk of mistyping due to polymerase error may exist, the use of a
high-fidelity polymerase keeps this risk below the detection threshold. Rare cell detection
through the SuperRCA® assay might prove to be a useful tool/biomarker assay in drug
development as MRD assessment can be used as a surrogate marker which can expedite
clinical trials and lead to approvals. It can also be used in patient selection/stratification
in order to select patients at high risk or enrich the trial population. For instance, in ALL,
MRD is one of the most significant prognostic factors, independent of patient age, B- or
T-cell origin, or genetic subtype.

6. The Future of Flow Cytometry for Hematological Malignancies
6.1. Spectral Flow Cytometry

Spectral flow cytometry is an advanced technique used in the field of cytometry that al-
lows the detection and analysis of more parameters simultaneously. Unlike traditional flow
cytometry, which relies on discrete bandpass filters to detect signals from fluorochromes,
spectral flow cytometry captures the entire emission spectrum of each fluorochrome across
a wide range of wavelengths [101]. The technique developed in the early years of this
century employs a prism or diffraction grating to disperse emitted light from fluorochromes
across a detector array, typically a series of photomultiplier tubes (PMTs) or avalanche
photodiodes (APDs). This allows for the measurement of a continuous spectrum for each
cell. The collected spectral data are processed using sophisticated unmixing algorithms that
deconvolute the overlapping emission spectra of different fluorochromes. This computa-
tional approach enables the accurate separation and quantification of signals from multiple
fluorochromes, even those with closely overlapping spectra. Autofluorescence presents
a significant challenge in the precise delineation of gates, particularly affecting certain
myeloid and plasma cell populations [102]. Spectral flow cytometry offers the potential to
mitigate these issues and improve gating accuracy, especially in the context of leukemic
and plasma cell analysis [103,104]. Nevertheless, the clinical application of spectral flow cy-
tometry remains limited, and it is not yet clear if these theoretical advantages will translate
into enhanced diagnostic performance. Moreover, the laboratory workflow with spectral
cytometry is more complex making it less suitable for clinical flow cytometry applications
that require straightforward processes. Rigorous validation studies are required, and com-
parisons are made to conventional flow cytometers that have received regulatory approval.
With regulatory clearance and clinical adoption, spectral flow cytometry could pave the
way for the development of sophisticated, high-dimensional assay kits, facilitating their
wider use in clinical diagnostics [105].

6.2. Approaches Requiring Further Developments

While fluorescence-based flow cytometry remains the predominant method, it is not
the only approach available for cell analysis. Alternative techniques such as surface plas-
mon resonance (SPR), surface-enhanced Raman scattering (SERS), and electrical impedance
provide additional methodologies for expanding the range of detectable analytes and
gaining deeper insights into cellular properties beyond fluorescence signals [106]. Sur-
face plasmon resonance (SPR) has been extensively utilized over the past three decades
to measure label-free biomolecular interactions in close proximity to the sensor surface
(within ~300 nm) in real time. This technique allows for the analysis of cells based on
specific properties of interest, with a focus on label-free detection of cellular interactions and
molecular binding events. SPR is traditionally capable of detecting interactions involving
molecules with molecular weights ranging from 1000 Daltons to 500 kilodaltons. Currently,
its primary application is in cell imaging [107].
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Surface-enhanced Raman scattering (SERS) leveraging metal nanoparticles can achieve
signal intensities on par with fluorescence, but with significantly narrower spectral fea-
tures, which allows for an enhanced degree of multiplexing. Raman resonant compounds
adsorbed onto the nanoparticles confer a unique spectral fingerprint to each SERS tag [108].
These tags are subsequently encapsulated in a polymer coating, enabling conjugation to
antibodies or other targeting molecules. The narrow spectral signatures of SERS signals
facilitate the detection of a greater number of distinct probes within a confined region of
the optical spectrum using a single laser and detector, thereby permitting higher levels
of multiplexing and comprehensive multiparameter analysis [109]. Although SERS tags
present distinct advantages as labels for antibodies or other ligands, fluorescent dyes offer
a broader range of applications that SERS tags cannot match. These applications include
pH or ion sensing, enzyme substrates, and viability dyes, among others.

6.3. The Emergence of Assistive Analytical Tools

The generation of standardized multiparametric data at the single-cell level should
improve the diagnosis of neoplasm. However, the amount and complexity of the data
generated can be difficult to handle, even for experienced cytometrists. This is even more
true when large numbers of samples are analyzed retrospectively. To support biologists in
this endeavor several mathematical-based approaches have been developed. For instance,
the visualization of multiple dimensions can be simplified using dimensionality reduction
algorithms such as t-distributed stochastic neighbor embedding (t-SNE) and uniform man-
ifold approximation and projection (UMAP) [110]. The classical manual gating strategy
approach which is biased by the user’s expertise and experience becomes obsolete when
multiple markers are applied and when their expression profile is unknown. Hence, super-
vised and unsupervised approaches can be used to enhance the outcomes of the analysis.
Clustering algorithms such as self-organizing maps (FlowSOM) assist with combining cells
into groups and allow cells to be used as separate groups within visualization plots to
highlight differences between groups.

Artificial intelligence, specifically machine learning (ML) is increasingly being applied
to flow cytometry data in hematological malignancies to improve analysis efficiency and
accuracy, offering practical benefits in the clinical laboratory. For instance, ML algorithms
can automate auto-gating, the process of identifying and quantifying cell populations,
reducing manual effort and variability, as explored in studies on unsupervised pattern
recognition methods for flow data [111]. They are also used to aid in the classification of
malignancy subtypes by recognizing complex immunophenotypic patterns associated with
specific conditions, assisting in differentiating between normal and malignant samples or
classifying different leukemia types [112]. Furthermore, ML holds promise for enhancing
the sensitivity of MRD detection by training models to identify rare aberrant cells among
millions, a challenging task that can be made more robust with advanced analytical ap-
proaches as demonstrated in AML [113] and myelodysplastic syndrome diagnosis and
prognosis [114]. These applications aim to make flow cytometry analysis faster, more
objective, and more powerful for diagnosing and monitoring these diseases.

7. Conclusions
Flow cytometry is essential for diagnosing and managing hematological malignancies,

providing detailed insights into the cellular composition of blood, bone marrow, and other
sample types. The contributions of flow cytometry are as follows: (i) identification of
abnormal populations, (ii) characterization of leukemias and lymphomas, (iii) monitoring
minimal residual disease, (iv) evaluating treatment response, and (v) guiding personalized
medicine. While recent advances in hardware may enable the extension of the number
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of markers used, improved standardization of the whole process is needed to ensure the
quality and reproducibility of the results. In this review, we have covered a non-exhaustive
list of gaps in the use of flow cytometry [115]. The variability introduced during sample
preparation (pre-analytical phase) can be significant. However, solutions exist to minimize
the variability introduced by manual pipetting and ensure better tracking of the whole
process. This includes the use of ready-to-use reagents, the appropriate calibration and
standardization of the analytical phase, and the use of assistive software for the post-
analytical phase [116–118]. Whenever this is not possible, other solutions exist, such as
the automation for cocktailing liquid antibodies and sample preparation [119]. Whichever
is chosen, it should improve the quality of the flow cytometry data generated. Once
these issues are minimized, the use of more advanced technologies such as spectral flow
cytometry could bring value to diagnostic laboratories.
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