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Abstract

Flow cytometry has evolved from early photoelectric cell-counting methods into a sophisticated, high-dimensional
single-cell platform that is indispensable in biomedical research and clinical laboratories. Its historical development
reflects the integration of diverse technological modalities, including hydrodynamic focusing, light scattering, fluo-
rescence, monoclonal antibody technology, laser optics, digital electronics, and computational analysis. Conventional
flow cytometry remains a cornerstone of immunophenotyping, the diagnosis of hematological malignancies, measur-
able residual disease assessment, transplantation immunology, selected infectious disease immune monitoring, and
translational drug and vaccine development. Technological advances, including spectral flow cytometry, imaging flow
cytometry, mass cytometry, microfluidic platforms, large-particle cytometry, and nanoparticle flow cytometry, have
expanded its analytical scope beyond intact cells to include organoids, extracellular vesicles, and complex immune
environments. The current challenge lies not only in acquiring multiparametric data but also in ensuring the repro-
ducible design, validation, interpretation, reporting, and clinical integration of these datasets. Future developments are
expected to prioritize full-spectrum acquisition, artificial intelligence-supported automated analysis, miniaturization
for point-of-care use, standardized quality management, and the integration of multimodal approaches with genomic,
proteomic, metabolomic, and imaging techniques. This review summarizes the past, present, and future of flow cytom-
etry, highlighting its system architecture, analytical workflows, current platforms, clinical and research applications,
quality requirements, limitations, and emerging role in precision diagnostics.
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low cytometry is an advanced analytical method that en-

ables rapid, high-throughput, multiparametric evaluation
of the physical and biological properties of cells and parti-
cles at the single-cell level. Unlike conventional biochemical
assays, which average signals from heterogeneous popula-
tions, flow cytometry records each individual cell or particle
and therefore provides a more detailed analysis. This capacity
for discrete event analysis enables heterogeneous samples
to be decomposed into biologically and clinically significant
subpopulations, facilitating the detection, quantification, and
phenotypic characterization of rare populations [1-3].

To understand the analytical capabilities and historical de-
velopment of flow cytometry, it is first necessary to delin-
eate the system architecture and signal-generation princi-
ples that transform a cellular suspension into quantitative
multiparametric data.

Principles, System Architecture, and Signal Gener-
ation in Flow Cytometry

The analytical power of flow cytometry depends on the co-
ordinated operation of fluidic, optical, detection, electronic,
and software-based signal-processing systems (Fig. 1). The flu-
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idic system transports the sample to the interrogation points
and aligns the cells in a single file. This is typically achieved
through laminar sheath flow and hydrodynamic or acoustic
focusing. Controlled alignment is essential because reliable
signal generation requires each cell to intersect the excitation
beam individually and reproducibly. Consequently, distur-
bances in sample quality, cell aggregation, flow stability, pres-
sure regulation, or nozzle geometry can directly affect event
rate, coincidence, sensitivity, and data quality [4, 5].

The optical system provides excitation and signal-collection
capabilities. Lasers with well-defined wavelengths, typically
ranging from violet to near-infrared, excite endogenous flu-
orophores and fluorochrome-conjugated probes. Forward
scatter is commonly used as a relative indicator of cell size,
whereas side scatter reflects internal complexity or granu-
larity. Fluorescence signals indicate the presence or intensity
of surface antigens, intracellular proteins, nucleic acids, via-
bility dyes, enzyme substrates, calcium indicators, cytokines,
phosphoproteins, and other functional probes. The efficiency
with which emitted light is separated and transmitted to ap-
propriate detection channels is determined by optical com-
ponents, including lenses, collection optics, dichroic mirrors,
band-pass filters, optical fibers, and detector arrays [4-6].

The detection and electronic modules convert optical signals
into digital data. Photomultiplier tubes, photodiodes, ava-
lanche photodiodes, and other detector technologies trans-
form scattered light or fluorescence signals into electrical
pulses. These pulses are then amplified, filtered, digitized, and
stored as list-mode data. Pulse area, height, and width provide
information that can be used to quantify signal intensity, dis-
criminate doublets, and improve the reliability of downstream
gating. Consequently, the final dataset is not an image of a cell
but a structured digital representation of multiple physical and
fluorescence-derived variables measured for every event [1-6].

A distinguishing feature of flow cytometry is its capacity to
integrate cellular phenotypes and functions within a unified
analytical framework. A carefully designed panel used in a
single tube can combine multiple biological markers, in-
cluding lineage indicators, maturation markers, activation
antigens, intracellular transcription factors, viability stains,
proliferation tracers, cytokines, and signaling readouts. This
multiparametric structure is particularly valuable in immu-
nology, hematology, oncology, transplantation, infectious
diseases, cardiovascular research, cell and gene therapy, vac-
cine development, and translational biomarker discovery.
The method is compatible with various biological samples,
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Figure 1. Main components and signal-generation pathways of a flow cytometer.
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including peripheral blood, bone marrow, body fluids, cul-
tured cells, tissue-derived single-cell suspensions, microor-
ganisms, extracellular vesicles, and other particles within the
analytical limits of the instrument [1, 7, 8].

Flow cytometry generates high-dimensional, event-based
data, and its interpretation requires a structured analytical
workflow. To convert raw signals into biologically and clin-
ically meaningful results, several processes must be imple-
mented, including gating, compensation, spectral unmix-
ing, data transformation, quality control review, and expert
interpretation.

Workflow and Analytical Process

Flow cytometric analysis follows a sequential workflow that
begins with instrument setup and ends with clinically or ex-
perimentally interpretable reporting. Before sample acquisi-
tion, the instrument should undergo preparatory procedures,
including system startup, fluidics inspection, laser and detec-
tor verification, and daily quality control. This step ensures
that the optical, fluidic, and electronic components function
within acceptable analytical limits. Quality control (QC) is then
performed using standardized QC beads or equivalent ref-
erence materials to verify instrument performance, monitor
detector sensitivity, assess coefficients of variation, and doc-
ument day-to-day stability (Fig. 2) [1, 7, 9].

After instrument readiness is confirmed, prepared and stained
samples are loaded into the cytometer. During acquisition,
cells are hydrodynamically focused and pass through the la-
ser interrogation point in single file. Each cell generates three

main signal types: forward scatter, side scatter, and fluores-
cence. These signals are determined by the physical charac-
teristics of the cell and by the specific fluorochrome-labeled
markers present. The optical signals are detected, convert-
ed into electronic pulses, digitized, and recorded as distinct
events. The resulting dataset is then processed through com-
pensation or spectral unmixing, signal transformation, exclu-
sion of debris, doublets, and nonviable cells, and application
of predefined gating strategies [1, 7, 10, 11].

Following data processing, quantitative analysis is performed to
identify target populations, determine marker expression, calcu-
late frequencies or absolute counts, and compare samples or ex-
perimental groups when required. Analytical findings must then
be reviewed and validated by assessing gating accuracy, result
consistency, QC compliance, and biological or clinical plausibili-
ty. In the final step, validated results are reported with appropri-
ate plots, numerical data, interpretative comments, and relevant
methodological information. Data files and analysis outputs are
archived or exported in accordance with established laboratory
policy. This structured workflow integrates instrument perfor-
mance, sample quality, data acquisition, analysis, validation, and
reporting, thereby ensuring reproducible and clinically reliable
results. From a laboratory medicine perspective, the reliability of
results also depends on multiple preanalytical variables, includ-
ing anticoagulant selection, specimen transport conditions, the
interval between collection and analysis, sample preparation,
and antibody titration [1, 7, 10-13].

With this operational framework in mind, the historical devel-
opment of flow cytometry can be understood as a stepwise
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Table 1. Selected milestones in the development of flow cytometry

Era Representative developments Conceptual impact

1930-1960s Photoelectric cell counting, fluorescent antibody methods, Established the principles of single-particle alignment,
impedance-based cell sizing, hydrodynamic focusing optical/electrical detection, and antigen-specific labeling

1960-1970s Cell spectrophotometry, electronic separation, laser Converted flow-based counting into analytical and
illumination, fluorescence-activated cell sorting preparative cytometry

1980-1990s Commercial multi-laser instruments, multicolor Enabled routine clinical and research use
immunophenotyping, computerized acquisition

2000-2010s Violet lasers, tandem dyes, high-parameter panels, Expanded immune profiling and rare-population detection

digital electronics, early spectral concepts

2020s and beyond  Full-spectrum cytometry, Al-supported analysis,

microfluidics, nanoparticle cytometry, multimodal

single-cell workflows

Moves cytometry toward precision medicine and inte-
grated diagnostics

improvement in the same core domains: fluidic alignment,
optical interrogation, signal detection, cell sorting, and com-
putational data analysis.

Past: From Cell Counting to High-dimensional
Cytometry

The conceptual origins of flow cytometry can be traced to the
early twentieth-century need to count and classify cells in sus-
pension rapidly and objectively (Table 1). In 1934, Moldavan de-
scribed a photoelectric technique for enumerating microscopic
cells, introducing the concept that cells could be aligned in a
fluid stream and detected in succession [14]. In the 1940s, pho-
toelectronic counters for colloidal particles demonstrated the
feasibility of using light-scattering signals to detect and classify
particles in a fluid environment [15]. Concurrently, the fluores-
cent antibody methods established by Coons and Kaplan laid
the immunochemical foundation for antigen-specific cell iden-
tification [16]. The Coulter principle, based on electrical imped-
ance fluctuations generated by particles traversing an aperture,
introduced another analytical approach for cell counting and siz-
ing and directly influenced the automation of hematology [17].

Afurther milestone was Crosland-Taylor’s development of con-
trolled particle alignment along a defined optical axis, which
established an important fluidic basis for reproducible optical
interrogation [18]. This was a significant technical advance. In
the 1960s, rapid cell spectrophotometry and electronic cell
separation shifted flow-based measurements from simple
counting to more sophisticated analytical frameworks. Ka-
mentsky et al. [19] introduced ultrarapid spectrophotometric
cell analysis, enabling the measurement of spectrophotomet-
ric properties and nucleic acid-related cellular characteristics
at the single-cell level. Fulwyler subsequently demonstrated
the electronic separation of biological cells by volume, while
Sweet'’s electrostatic deflection principle provided an import-
ant engineering basis for droplet-based sorting [20, 21]. These
advances contributed to the transition from cell counting to
analytical and preparative cytometry.

The 1970s were a period of major transformation driven by
the convergence of analysis and sorting. Bonner et al. [22]
described fluorescence-activated cell sorting (FACS), which

integrated the optical recognition of labeled cells with drop-
let formation and electrostatic deflection. The ability to iden-
tify, isolate, and recover viable subpopulations transformed
flow cytometry from a descriptive analytical technique into
an experimental platform. Subsequently, Herzenberg et al.
[23] popularized the term "FACS" as a method for isolating
immunologically defined lymphocyte subsets. The advent of
two-colorimmunofluorescence and early multiparameter sys-
tems enabled researchers to perform simultaneous measure-
ments of cell lineage and functional markers [24].

From the late 1970s through the early 1990s, major advanc-
es in instrumentation and technology made flow cytometry
widely accessible in clinical and research laboratories. These
developments included commercial instruments, argon lasers,
advanced photomultiplier tubes, improved optical filters, and
computerized data acquisition systems. Multilaser instruments
increased panel complexity, while digital data handling en-
abled more reproducible compensation, gating, and storage
of list-mode data. The subsequent introduction of violet lasers,
tandem dyes, quantum dot nanocrystals, and increasingly
bright fluorochromes supported 11-color, 17-color, and high-
er-parameter immunophenotyping. In this historical arc, flow
cytometry evolved from a cell-counting method into a mul-
tifaceted tool for immune system mapping, cancer diagnosis,
rare-population detection, and therapeutic guidance [24-271].

Present: Flow Cytometry Platforms,
Applications, and Challenges

Contemporary flow cytometry encompasses a diverse range
of analytical platforms, driven by advances in fluidics, laser
optics, fluorochrome chemistry, detector technology, digital
electronics, and computational data analysis. Despite differ-
ences in optical design, labeling strategy, detection prin-
ciple, throughput, and data architecture, these platforms
share a common analytical logic: the interrogation of single
cells or particles and the transformation of optical, fluores-
cence-based, image-based, or mass-based signals into quan-
titative, multiparametric data [2-8, 27, 28].

This technological diversity is best conceptualized as a flow
cytometry ecosystem rather than as a collection of isolated
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Al: artificial intelligence; EQA: external quality assessment; 1SO:
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instruments. As shown in Figure 3, contemporary flow cy-
tometry integrates core technological components, analytical
platforms, standardized workflows, clinical and translational

applications, research assays, computational analysis, quality

management, and downstream multimodal approaches. With-
in this ecosystem, instrument architecture, sample preparation,
data acquisition, interpretation, validation, biosafety, training,

and integration with single-cell a

are closely interconnected. Accordingly, the current role of flow

nd multi-omics technologies

Table 2. Current cytometry platforms, major strengths, and limitations

International Organization for Standardization; MRD:

measurable residual disease; QC: quality control;

cytometry extends beyond signal acquisition and requires the
coordinated use of platform-specific capabilities within clini-
cally and biologically meaningful analytical frameworks [7, 27].

Current flow cytometry platforms and technologies

Conventional flow cytometry: The clinical backbone

Conventional flow cytometry remains the most widely used
platform in clinical and research laboratories worldwide (Table

Platform

Current strength

Main limitation

Conventional flow cytometry
Spectral flow cytometry

Cell sorting
Imaging flow cytometry
Microfluidic/portable cytometry

Mass cytometry
Nanoparticle cytometry

Robust, widely available, clinically familiar

High-dimensional panels and autofluorescence
extraction

Viable isolation of defined populations
Morphology plus phenotype in high throughput
Low sample volume and point-of-care potential

High multiplexing without fluorescence overlap
Extracellular vesicle and nanoscale particle analysis

Compensation, spectral overlap, limited panel
complexity

Unmixing complexity and reference quality
requirements

Biosafety, aerosol control, operator dependence
Large data volume and analysis complexity

Lower multiplexing and sensitivity in many
systems

Destructive analysis and no live sorting

Calibration, background, and standardization
difficulties
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2). Cells are labeled with fluorochrome-conjugated antibodies
or probes, hydrodynamically focused, and excited by one or
more lasers. Detectors and band-pass filters capture forward
scatter, side scatter, and fluorescence signals. Conventional
instruments commonly support multicolor immunopheno-
typing, cell cycle assessment, apoptosis assays, proliferation
monitoring, intracellular cytokine staining, phosphoprotein
analysis, and routine clinical diagnostic workflows. Owing
to its robustness, accessibility, and established interpretive
frameworks, conventional flow cytometry remains the foun-
dation of diagnostic immunophenotyping and many transla-
tional applications [2-8].

Spectral flow cytometry and high-dimensional im-
munophenotyping

spectral flow cytometry is one of the most important recent
advances in this field. Instead of assigning emitted light to a
limited number of filtered channels, spectral systems collect
the complete emission fingerprint across a broad wavelength
range and use reference spectra and mathematical unmixing
to resolve fluorochromes. This strategy enhances panel flexi-
bility, facilitates more precise discrimination of fluorochromes
with overlapping emission spectra, and enables autofluores-
cence to be treated as a distinct spectrum. Spectral flow cy-
tometry allows higher-dimensional immunophenotyping,
particularly in immune monitoring, rare-population detec-
tion, tumor microenvironment analysis, and clinical panels
requiring the simultaneous measurement of multiple lineage
and functional markers [28-30].

Cell sorting cytometry: From analysis to isolation

Cell sorting extends cytometric analysis from measure-
ment to the physical isolation of specific cell populations.
In droplet-based sorters, cells undergo optical analysis, are
enclosed in droplets, charged according to predefined gates,
and electrostatically deflected into collection tubes or plates.
High-purity sorting is used in stem cell biology, functional
immunology, single-cell sequencing workflows, clustered
regularly interspaced short palindromic repeats (CRISPR)
screening, tumor cell isolation, and manufacturing-related
processes in cell and gene therapy. However, this process
requires careful attention to biosafety, sterility, aerosol con-
tainment, viability preservation, instrument optimization,
and operator expertise [9, 13, 31].

Imaging, microfluidic, and portable cytometry

Imaging flow cytometry combines quantitative analysis with
microscopic imaging. It acquires high-throughput images of
cells together with fluorescence and scatter measurements.
This methodological framework enables the analysis of cellu-
lar phenomena such as cell shape, nuclear morphology, apop-
tosis, mitosis, internalization, nuclear translocation, cell-cell
interaction, and subcellular localization. Its value is greatest
when intensity alone is insufficient and the spatial distribution
of the signal has biological significance [32, 33].

Concurrently, microfluidic cytometry and magnetic or
impedance-based cytometric systems have emerged as
compact platforms for low-volume analysis and point-of-
care testing. These systems are attractive for focused immune
monitoring, infectious disease applications, emergency set-
tings, and resource-limited environments. However, com-
pared with central laboratory cytometers, many remain lim-
ited in parameter number, optical sensitivity, throughput,
and standardization [34-37].

Large-particle, mass, and nanoparticle cytometry

Several contemporary and emerging platforms have extended
cytometry beyond conventional single-cell immunopheno-
typing. Large-particle cytometry enables the analysis and
sorting of large cells, adipocytes, and model organisms in
the micrometer-to-millimeter range [38, 39]. Mass cytome-
try replaces fluorochromes with metal isotope tags and uses
time-of-flight mass spectrometry after inductively coupled
plasma ionization. Its primary advantage is the avoidance of
fluorescence spectral overlap, enabling highly multiplexed
single-cell proteomic profiling [40, 41]. Recent advances, such
as nanoparticle flow cytometry and high-sensitivity scatter/
fluorescence approaches, have enabled the analysis of ex-
tracellular vesicles and other nanoscale particles, which had
previously been difficult to examine using conventional cy-
tometers [2-7, 42]. Collectively, these platforms illustrate the
progression of cytometry from immunophenotyping to the
broader fields of single-cell and single-particle science.

This technological diversity forms the basis for the broad clini-
cal, translational, and research applications of flow cytometry.

Clinical and translational applications

The most mature clinical application of this technology
is immunophenotyping [42, 43]. Flow cytometry defines
hematopoietic and immune cell populations using combi-
nations of cluster of differentiation (CD) antigens, intracellu-
lar markers, maturation patterns, and functional readouts. In
routine laboratories, CD45-based gating and lineage mark-
ers such as CD3, CD4, CD8, CD19, CD20, CD16/56, CD14, and
CD34, together with disease-specific aberrant patterns, sup-
port diagnosis, classification, and monitoring. Clinical value is
greatest when panel design, antibody titration, sample pro-
cessing, instrument setup, compensation or unmixing, gating
strategy, and interpretive reporting are harmonized [1-7, 43].

The diagnosis of hematological malignancies illustrates the
diagnostic power of multiparameter flow cytometry (MFC).
In acute leukemias, chronic lymphoproliferative disorders,
plasma cell neoplasms, and lymphomas with accessible cell
suspensions, flow cytometry helps define lineage, maturation
arrest, aberrant antigen expression, and clinically relevant
subclones [45-50]. Measurable residual disease (MRD) assess-
ment requires much higher sensitivity than diagnostic im-
munophenotyping and depends on large-event acquisition,
validated antibody panels, carefully controlled backgrounds,
standardized analyses, and expertise in distinguishing regen-
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erating hematopoiesis from residual neoplastic cells. In acute
leukemia and multiple myeloma, MRD detection by flow cy-
tometry is increasingly used to evaluate response depth, re-
fine relapse risk, and support therapeutic decisions [51, 52].

Flow cytometry is also becoming a practical tool for cell and
gene therapy, where identity, purity, viability, potency-relat-
ed markers, activation state, and contaminating populations
must be measured during development, release testing, and
post-infusion monitoring [53]. Targeted therapies have cre-
ated new opportunities and challenges. Therapeutic mono-
clonal antibodies can alter target antigen assessment or im-
mune-cell profiles, whereas chimeric antigen receptor T-cell
(CAR-T-cell) therapy requires assays that document target an-
tigen expression, CAR-T expansion, persistence, exhaustion,
and residual malignant populations [54, 55].

In solid tumors, flow cytometry contributes to the analysis of
tumor-infiltrating lymphocytes, regulatory T cells, myeloid-de-
rived suppressor cells, macrophage phenotypes, circulating
tumor cells, and extracellular vesicles [8,42]. Although tis-
sue dissociation can alter marker expression and cause loss
of spatial information, multiparameter cytometry provides
functional and phenotypic details that complement histopa-
thology and spatial methods. Tumor-derived exosomes and
programmed death-ligand 1 (PD-L1)-positive extracellular
vesicles are increasingly being investigated as mediators of
immune escape and potential liquid biopsy biomarkers [56].

Additional clinical applications include transplantation-re-
lated immune-cell phenotyping, infectious disease immune
monitoring, and cardiovascular or thromboinflammatory re-
search [57-59]. In transplantation, flow cytometry can char-
acterize immune-cell phenotypes and cytokine-production
profiles associated with rejection-related immune states [57].
In infection-related workflows, cytometry can support select-
ed immune-monitoring applications, particularly CD4+ T-cell
assessment and experimental host-response assays [58]. In
cardiovascular research and emerging diagnostics, platelet
activation, platelet-leukocyte aggregates, and related throm-
boinflammatory markers are measurable by flow cytometry,
although broader clinical standardization is still needed [59].

Research applications beyond routine phenotyping

In research laboratories, flow cytometry is valued because
it can connect phenotypes with cellular behavior. Cell cycle
analysis uses DNA-binding dyes such as propidium iodide,
4’ 6-diamidino-2-phenylindole (DAPI), 7-aminoactinomycin
D (7-AAD), and Hoechst dyes to assign cells to the G0/G1, S,
and G2/M phases and to detect aneuploidy, sub-G1 events,
or treatment-induced changes in proliferative status. Dye-di-
lution assays using carboxyfluorescein succinimidyl ester
(CFSE), cell trace violet, or related probes follow generation-
al proliferation because fluorescence intensity is halved with
each cell division. These methods are widely used in T-cell
activation studies, vaccine research, stem cell biology, cancer
pharmacology, and toxicology [13, 60].

Functional immune monitoring has become a defining re-
search application. Intracellular cytokine staining identifies
antigen-specific or stimulus-induced cytokine production
at single-cell resolution, whereas phospho-flow cytometry
measures rapid activation of signaling pathways such as the
Janus kinase-signal transducer and activator of transcrip-
tion (JAK-STAT) pathway, mitogen-activated protein kinase
(MAPK) pathway, phosphoinositide 3-kinase—protein kinase
B (PI3K-AKT) pathway, nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-kB), and T-cell receptor path-
ways. These approaches are especially useful when small
functional subsets are masked in bulk assays. They support
vaccine immunogenicity studies, autoimmune and inflam-
matory disease research, immunotherapy monitoring, and
early drug development, where mechanism of action, target
engagement, and off-target effects must be assessed before
large clinical studies [13, 42].

Apoptosis and cell death assays illustrate the advantages of
multiparametric analysis. Annexin V binding identifies exter-
nalized phosphatidylserine, viability dyes distinguish mem-
brane integrity, mitochondrial dyes measure membrane
potential, and intracellular markers can capture caspase ac-
tivation or DNA fragmentation. By combining these markers
with lineage or activation antigens, researchers can determine
which cell subset is dying, at which stage, and in response to
which stimulus. Imaging flow cytometry adds morphological
confirmation, allowing apoptosis, necrosis, mitosis, and nucle-
ar translocation events to be discriminated within the same
analytical framework [32, 61-63].

Further research applications include the generation of puri-
fied or index-linked cellular material for downstream assays.
Sorting rare populations, depositing single cells into plates,
and index sorting before sequencing permit a direct link be-
tween cytometric phenotype and transcriptomic or genomic
profile [64, 65]. This bridge is increasingly important because
flow cytometry can rapidly enrich biologically meaningful
populations, whereas sequencing technologies can define
transcriptional programs, clonal architecture, and receptor
repertoire. The most informative studies will be those in which
cytometry is used not as an isolated measurement but as part
of a planned single-cell experimental ecosystem that includes
other techniques. The expansion of flow cytometry into clin-
ical diagnostics, translational studies, and high-dimensional
research applications has made quality assurance, standard-
ization, and reproducible data interpretation central require-
ments in this field [1-7].

Quality, standardization, and data interpretation

the central challenge of contemporary cytometry no longer
lies in parameter generation alone but in producing interpre-
table, comparable, and clinically actionable results. Prean-
alytical variation is influenced by numerous factors, includ-
ing specimen type, anticoagulant, transport time, ambient
temperature, cell viability, red-cell lysis, fixation conditions,
stimulation conditions, and sample stability. Analytical vari-
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ation encompasses laser alignment, detector performance,
voltage or gain settings, compensation or unmixing matrix
quality, antibody clone and fluorochrome selection, lot-to-
lot variation, reagent titration, nonspecific binding, autoflu-
orescence, spectral spread, doublets, debris, and rare-event
statistics [13, 44, 66-68].

Panel design has evolved into a distinct discipline. Bright fluo-
rochromes should be used for dim or critical antigens, where-
as highly expressed markers can be paired with less bright flu-
orochromes. Spreading error and autofluorescence should be
minimized, and controls should match the analytical question.
Appropriate controls include single-stain controls, fluores-
cence-minus-one controls, biological controls, viability dyes,
doublet discrimination, and standardized gating templates
[65]. In spectral flow cytometry, high-quality single-stain ref-
erences and verification of unmixing performance are essen-
tial [28, 66]. For MRD and rare-event assays, the lower limit of
detection depends on event number, background, sample
quality, and analytical reproducibility rather than solely on the
theoretical sensitivity of the instrument [51, 52, 68].

Clinical implementation requires rigorous validation proce-
dures to ensure reliability and relevance. Each laboratory must
define the intended use, specimen requirements, reportable
populations, analytical sensitivity and specificity when appli-
cable, precision, carryover, interference, stability, reference or
decision intervals, and acceptance criteria. Standard operat-
ing procedures should include instrument setup, daily quality
control, reagent management, gating hierarchy, review pro-
cess, result reporting, and corrective actions. External quality
assessment (EQA) and interlaboratory harmonization (ILH) are
particularly important because the clinical significance of a cy-
tometric result depends on both numerical output and expert
interpretation [3, 65, 68].

Limitations and unresolved problems

Several important limitations remain despite the analytical
strength of flow cytometry. The method requires single-cell
or single-particle suspensions. Consequently, tissue architec-
ture and spatial context are partially compromised unless the
process is integrated with imaging or spatial technologies.
Enzymatic dissociation can alter surface antigen expression,
selectively lose fragile populations, or induce activation arti-
facts. Preanalytical handling of fragile cells, platelet-derived
particles, extracellular vesicles, and bacteria must be special-
ized, as protocols optimized for leukocytes cannot simply be
transferred to nanoscale or microbial targets [3, 67, 69].

High-dimensional cytometry creates a series of interpre-
tive challenges. Manual gating is transparent and clinical-
ly familiar; however, its performance depends on operator
expertise and may not be optimal for rare populations or
complex panels [70]. Unsupervised algorithms can reveal
hidden structures, but they may also generate clusters that
are statistically distinct yet clinically irrelevant. Batch effects,
spectral spread, compensation errors, inconsistent controls,
and insufficient event numbers can generate patterns that

appear biological but are technical in origin. Consequently,
computational analysis must be integrated with experimen-
tal design, biological validation, and clinically anchored in-
terpretation [69-71].

Cost and workforce limitations are also significant. Sophisticat-
ed instruments require trained staff, preventive maintenance,
biosafety infrastructure, reagent validation, and continuing
personnel education. In many settings, the availability of a cy-
tometer is not the limiting factor; rather, the critical issue is the
ability to design, validate, troubleshoot, and interpret assays.
Therefore, the credibility of cytometry in clinical laboratories
will depend on harmonized training, multidisciplinary con-
sultation, and reports that translate complex immunopheno-
typic patterns into clear diagnostic or management-relevant
statements [65, 71, 72].

Future: Automation, Al, Portability, and
Multimodal Integration

The future of flow cytometry will be shaped by four overlap-
ping directions: higher-dimensional acquisition, intelligent
analysis, decentralization, and integration with other sin-
gle-cell technologies. Full-spectrum flow cytometry will con-
tinue to expand clinical and translational panels. However,
the practical limit will be determined by reagent quality, bio-
logical interpretability, spectral spread, standardization, cost,
and user training rather than by parameter number alone. The
integration of lineage, activation, exhaustion, proliferation,
metabolic, signaling, and viability markers into a unified as-
say represents a significant advance. This integration enables
a transition from enumeration to functional immune profiling
and provides a more comprehensive approach to immune as-
sessment [2-7, 28-30, 66].

Automation will influence each stage of the workflow. Robot-
ic sample preparation, standardized staining modules, auto-
mated instrument setup, digital quality-control dashboards,
template-based analysis, and automated report generation
can reduce operator-dependent variation. The literature in-
dicates that artificial intelligence (Al) and machine learning
(ML) are particularly promising for pattern recognition in
leukemia and lymphoma immunophenotyping, MRD detec-
tion, high-dimensional clustering, anomaly detection, and
decision support. Nevertheless, clinical Al cannot be treat-
ed as a black box. Curated training data, external validation,
locked and version-controlled algorithms, transparent per-
formance metrics, bias assessment, audit trails, and human
oversight are essential. Artificial intelligence should support,
but not replace, cytometry expertise and clinicopathological
correlation [7, 66, 68, 72].

Portable and microfluidic cytometers have the potential to
bring selected assays closer to patients. Low-volume cartridg-
es, magnetic enrichment, impedance detection, and compact
optics are promising for immune status monitoring, infectious
disease triage, emergency settings, and resource-limited en-
vironments. The probable near-term model is not complete
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replacement of central laboratory cytometry but rather tiered
testing. In this model, portable platforms will support screen-
ing or focused monitoring, while central laboratories will per-
form complex panels, MRD assessment, cell therapy testing,
and high-dimensional analyses [34-371].

Multimodal integration will also redefine the field. Sorted or
indexed cells can be linked to single-cell RNA sequencing,
immune-receptor sequencing, and related molecular orimag-
ing-based workflows. Cytometry will increasingly serve as both
a diagnostic method and a gateway technology that enriches
relevant populations for downstream molecular analysis. In
this context, clinical laboratories will require data structures
that connect cytometry files, gating metadata, molecular re-
sults, clinical phenotypes, treatment history, and longitudinal
outcomes. Such integration is essential for precision medicine,
but it also introduces challenges related to data governance,
interoperability, privacy, reproducibility, and long-term stor-
age[10, 31, 53, 65, 73].

Consequently, the future of cytometry will be constrained by
quality and workforce realities. Advanced lasers, large param-
eter arrays, sophisticated algorithms, and automated outputs
do not automatically improve clinical care. Successful inte-
gration of these technological advances into medical prac-
tice requires assay validation, personnel training, instrument
maintenance, interpretation of complex patterns, and com-
munication of results in language that clinicians can readily
understand. Therefore, the next phase of progress will depend
not only on hardware innovation but also on harmonized ed-
ucation, laboratory accreditation, and collaborative reference
frameworks [5, 7, 10, 67, 74].

Conclusion

Flow cytometry has evolved from photoelectric cell-count-
ing methods into high-dimensional, clinically integrated sin-
gle-cell analysis. The clinical reliability of the method depends
on the integration of instrument architecture, standardized
analytical workflow, validated data interpretation, and clear
communication of results. The history of the field is character-
ized by the development of hydrodynamic focusing, fluores-
cence labeling, lasers, monoclonal antibodies, and cell sorting.
The present era includes conventional and spectral cytometry,
imaging, microfluidic and mass-based systems, nanoparticle
analysis, and expanding roles in immunophenotyping, MRD
detection, transplantation immunology, infection-related
immune monitoring, oncology, drug development, and cell
therapy. The future of the field will be determined by the
integration of artificial intelligence into interpretation, the
development of portable platforms, the advancement of
multimodal single-cell approaches, and the implementation
of rigorous standardization. For laboratory medicine, the es-
sential message is clear: flow cytometry is no longer only an
instrument-based technique; it is a complete diagnostic dis-
cipline requiring analytical validation, quality management,
expert interpretation, and clinical integration.
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