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ABSTRACT

Flow cytometry has been essential in cell biology, allowing real-time analysis of individual cells, however,
limitations in spectral resolution and the ability to measure multiple parameters simultaneously restricted its
application, spectral flow cytometry (SCF) solved these limitations by allowing complete capture of emission
spectra, which increased the accuracy of the analysis and allowed the evaluation of up to 40 parameters in one
cell. This has driven advances in immunology, oncology and autoimmune diseases, but despite its advantages,
the high initial investment and complexity in data management remain barriers to its adoption. It is proposed
that the combination with emerging technologies such as nanotechnology and artificial intelligence could
revolutionize personalized medicine, improving the speed and accuracy of diagnoses.

Keywords: Spectral flow cytometry, Multiparametric analysis, Precision diagnostics, Minimal residual disease,
High-dimensional bioinformatics

INTRODUCTION

Since its conception in the 1960s, flow cytometry has been a revolutionary tool in cellular and molecular biology,
enabling multiparametric analysis of individual cells in real time (1), this breakthrough transformed our
understanding of complex biological systems and cemented itself as a mainstay in fields such as immunology,
oncology, clinical diagnosis and microbiology, among others (2). Over the years, this technology has evolved
significantly, not only in terms of accuracy and analytical resolution, but also in its ability to characterize cells
and particles from a morphological, phenotypic, functional, and molecular perspective with an unprecedented
level of detail (3,4).

The initial development of conventional flow cytometry (FC) was based on relatively simple optical principles:
the excitation of fluorochromes by lasers and the detection of fluorescence through optical filters and
photodetectors (3), thanks to this approach, heterogeneous cell populations can be characterized based on their
size, granularity and expression of surface and intracellular markers (5), However, with the increasing
complexity of biological studies and the need for higher analytical resolution, several technical limitations
emerged, including spectral overlap between fluorochromes, cellular autofluorescence, and restriction in the
number of measurable parameters represented critical challenges that limited the potential of this technology.

In response to these limitations, spectral flow cytometry (SFC) emerged in the last decade as an innovation that
marked a turning point in the field (5-7); Unlike the conventional approach, this technique allows the capture of
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the entire emission spectrum of each fluorochrome instead of being restricted to specific channels (3), this is
possible thanks to the use of multi-channel detectors and advanced spectral demixing algorithms, which not only
minimizes the need for signal compensation, but also allows a significantly larger number of parameters to be
analyzed in a single sample (6,8,9).

This evolution has had a significant impact on various scientific and clinical applications. SCF has made it
possible to identify previously unexplored cell subpopulations, which has facilitated advances in
immunotherapy, diagnosis of hematological diseases and functional characterization of immune cells in
autoimmune and chronic pathologies (10—14). In addition, it has allowed the study of tumour microenvironments
to be deepened, contributing to the development of personalised therapies based on a more detailed cell
characterization (10,15).

However, despite its many advantages, the implementation of SCF is not without its challenges. Factors such as
the high cost of equipment and reagents (16), the need for specialized training for their correct handling (17,18)
and the complexity of data analysis (19) have slowed down their widespread adoption. In addition, the lack of
standardization in protocols and methodologies for their clinical application continues to be a relevant obstacle

(16).
Historical context and current relevance of flow cytometry

Flow cytometry has been one of the most revolutionary tools in biomedicine since its conception in the twentieth
century. Its origin dates back to 1934, when Moldavan proposed the idea of counting cells using optical flow
sensing (20). However, the true materialization of this technology would not come until the 1960s, when
Wolfgang Gohde developed the first fluorescent flow cytometer at the University of Miinster, Germany (21).
That rudimentary instrument, known as ICP 11, was the starting point for what we know today as modern

cytometry.

The decisive breakthrough came in the 1970s with the advent of the FACS (Fluorescence-Activated Cell Sorter),
developed by Leonard Herzenberg (22). This device not only made it possible to detect cells, but also to separate
them according to their characteristics, which exponentially expanded the applications of cytometry. The
emergence of monoclonal antibodies around the same time created a key synergy that boosted their use in
immunology, oncology, and clinical diagnostics. Today, flow cytometry has reached levels of sophistication that
initially seemed unthinkable. Modern cytometers can simultaneously analyze up to 50 parameters per cell and
process tens of thousands of events per second with exceptional accuracy (23).

The growth of the flow cytometry market reflects its growing relevance. It is estimated to reach $8.61 billion by
2032, with an annual growth rate of 8.3%. This boom is due to the increase in applications in clinical diagnostics,
the development of targeted therapies and the need for high-performance analysis platforms in pharmaceutical
research (24-26).

Despite its undeniable advantages, conventional flow cytometry faces certain limitations that have driven the
search for technological innovations, one of the main barriers being the spectral limitation imposed by its design.
Traditional cytometers use fixed optical filters and photomultipliers (PMTs) to detect fluorescence in specific
bands, which causes spectral overlap between fluorochromes with nearby emissions (5), this forces the
application of mathematical compensation algorithms, which can introduce errors and affect the quantification
of cell populations, especially in panels with more than 10 markers (27,28).

Another difficulty lies in the detection of rare cells, such as circulating tumor cells or those involved in minimal
residual disease in leukemias (29), conventional CF can be limited by background noise (30) and interference
between fluorochromes (31), which compromises its diagnostic sensitivity and clinical utility in decision-making
(32).

In addition, conventional cytometry demands a high level of technical expertise, designing multicolored panels
and optimizing the configuration of a cytometer requires specialized knowledge and considerable time (27),
despite standardization efforts, such as those promoted by FEuroflow (33-35) and the Human
ImmunoPhenotyping Consortium (36), variability between laboratories remains a challenge (37).
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Faced with these limitations, CSF has emerged as an innovative solution that redefines the approach to data
acquisition and analysis, unlike conventional cytometry, which relies on discrete filters, spectral cytometry
captures the full emission spectrum of each fluorochrome, allowing for more accurate signal discrimination and
greater ability to analyze multiple parameters without the constraints imposed by spectral overlap (Figure 1).
This evolution marks a turning point in the field, with promising applications that are transforming biomedical
research and clinical diagnostics.

Comparison: Conventional Compensation Detectors vs. Spectral Compensation

Conventional compensation tral ti
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Figure 1 Comparison between conventional compensation and spectral deconvolution detectors. On the left is
conventional compensation, where the detectors have a wide range of wavelengths, causing the signals to
overlap. On the right, spectral deconvolution uses narrow detectors that allow emission spectra to be captured
more accurately, reducing overlap and improving the resolution of the analysi

Technical Fundamentals: Comparison between Conventional and Spectral Cytometry
Detection mechanisms: Filters vs. full spectrum

Conventional CF and SCF differ fundamentally in their approach to capturing and analyzing fluorescent signals,
conventional systems use fixed optical filters and dichroic mirrors to direct specific wavelengths to individual
detectors, usually photomultipliers (PMTs), although this design has been widely used, it has limitations due to
the spectral overlap between fluorochromes (spillover), which makes it necessary to apply compensation
algorithms that can introduce variability in the results (8,23).

In contrast, SCF uses full-scanning spectroscopy technology, capturing all of the fluorescent signal emitted by
the particles (usually in the range 0of 400 to >800 nm) and scattering it using diffraction grating or optical prisms.
This approach allows the full emission spectrum of each fluorochrome to be recorded, generating a unique
spectral signature for each marker, even in the presence of highly overlapping signals (38). The spectral
information is processed by advanced spectral unmixing algorithms, which mathematically decompose the
overlapping signals using previously established reference spectra (39). This strategy not only maximizes the
resolution of complex cell populations, but also minimizes the need for traditional trade-offs, improving the
accuracy and reproducibility of experiments (Figure 3) (40).

Comparative studies have shown that SCF systems have the ability to efficiently resolve combinations of up to
40 simultaneous fluorochromes, far exceeding the practical limit of approximately 18 colors in conventional
systems (41,42). This significant improvement in resolution capability allows for greater accuracy and detail in
analyses, which is particularly valuable in a variety of advanced applications. Highlights include:

- High-dimensional immunophenotyping: Spectral cytometry allows for a comprehensive characterization
of'rare immune subpopulations, providing a broader and more accurate view of the immune system. This
ability is crucial for studies of autoimmune diseases, hematological cancers, and inflammatory disorders,
where identifying specific cellular phenotypes can directly influence diagnosis and clinical prognosis
(43).

- Multiplexed functional studies: The ability to simultaneously analyze intracellular cytokines,
transcription factors, and surface markers provides an integrated perspective on cellular processes. This
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functional multiplexing capability is critical to understanding the dynamics of immune responses and
pathological mechanisms in conditions such as chronic infections, immunotherapy, and degenerative
diseases (39,44).

- Translational research: Spectral cytometry has revolutionized the analysis of volume-limited samples,
such as cerebrospinal fluid or sparse tissue biopsies, allowing multiparametric evaluations with minimal
cell counts. This has facilitated advances in clinical research and has promoted the personalization of
treatments in oncological, neurological and autoimmune pathologies (45)

Conventional Flow Cytometer Spectral Flow Cytometer
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Figure 2 Operation of a conventional and spectral flow cytometer. In conventional cytometry, lasers excite
particles and emitted light is filtered by dichroic mirrors and detected by PMTs. Spectral cytometry disperses
combined fluorescence via a prism or grating, capturing full emission spectra with multiple detectors, enabling
more precise multidimensional analys

Comparison between conventional and spectral flow cytometry
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Figure 1 Comparison between polychromatic and spectral cytometry. On the left (A), polychromatic cytometry
with 4 detectors is shown, where the emission spectra of different fluorochromes overlap, limiting the number
of parameters analyzed. On the right (B), spectral cytometry uses 26 detectors, allowing a larger number of
parameters to be analyzed at higher resolution and without overlapping signals

Optical system: Lasers and diffraction grating

While conventional cytometers employ fixed configurations of bandpass filters (typically 20-30 nm bandwidth)
(46), spectral systems incorporate more sophisticated optical elements:

Excitation sources: Both systems use solid-state lasers (e.g., 405 nm, 488 nm, 640 nm), but spectral lasers
typically employ higher-power lasers (50-100 mW vs. 20-50 mW in conventional ones) to improve excitation in
complex panels (47).
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Collection optics: In conventional systems, dichroic mirrors divide light into discrete optical paths. In contrast,
spectral systems use diffraction grates or prisms to scatter light in its full spectrum (300-800 nm), allowing for
more accurate analysis (48,49).

Geometric configuration: Modern designs such as the Cytek Aurora employ single-mode fiber optics, reducing
signal distortion and eliminating alignment issues present in conventional systems with multiple PMTs

(41,50,51).
Detectors: PMTs vs. APDs

The evolution in detection technologies has been key to the development of spectral cytometry. The following
is a comparison of the characteristics of the main detectors used:

PMTs APDs
(Conventional) (Spectral)

Spectral Range 300-800 nm
= ,é:(expanded)
Sensitivity Very high
(with thermal noise) (sinde molecule detection)
Linieaity Wide dynamic range
Limited at high intensities (> 5 decades)
Temporal Resolution —-100 ps
-1ns (ideal for fast flow)
Moderate High
(but require fewer units)

Figure 2 Comparison between PMTs (Conventional) and APDs (Spectral). Table summarizing the main
differences between photomultipliers (PMTs) used in conventional cytometry and avalanche photodiodes

(APDs) in spectral cytometry, including spectral range, sensitivity, linearity, temporal resolution, and cost.
(52-54).

Avalanche photodiodes (APDs) have emerged as key detectors in SCF due to their high quantum efficiency and
sensitivity in the near-infrared range. Unlike photomultiplier tubes (PMTs), which exhibit limited quantum
efficiency at wavelengths above 650 nm, APDs maintain a quantum efficiency of over 80% in this range, making
them particularly suitable for detecting fluorochromes such as Cy7 and APC-Cy7, whose emissions are above
700 nm (52,55). In addition to their ability to detect near-infrared emissions, APDs generate less electronic noise
compared to PMTs. This feature allows the detection of cell populations with low marker expression, improving
resolution and accuracy in complex sample analysis (53-55).

These advantages make APDs especially suitable for applications that require high sensitivity and detection at
extended spectral ranges, such as in studies of rare cell populations or in analysis of samples with weak
fluorescence.

Fluid System Evolution

The evolution of fluid systems in SCF has been instrumental in achieving previously unattainable levels of
sensitivity and accuracy. Although the basic principle of hydrodynamic flow remains, innovations in
microfluidics have transformed the way cells are manipulated and analyzed in these systems.

In traditional cytometers, the hydrodynamic approach is achieved by injecting the sample into a sheath fluid,
which centers the cells for analysis. However, this method requires large volumes of fluid and additional
pumping systems, limiting the portability and efficiency of the system (56).

Advances in microfluidics have allowed the miniaturization and improvement of these systems. For example,
the use of microfluidic chips with high-precision flow controllers, such as the OB1 MK3+, allows for more
stable and accurate hydrodynamic focusing, with variations of less than 0.1 um in the position of the cells (57).
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These systems have also demonstrated greater than 99.9% cell recovery, which is crucial for limited sample
analysis (58).

In addition, the integration of technologies such as acoustic focusing has further improved the accuracy in cell
alignment. This method uses acoustic waves to pre-focus cells prior to their introduction into the hydrodynamic
flow, improving data accuracy even at high sample input rates (59).

These fluid system improvements have expanded the applications of spectral flow cytometry. For example, in
the analysis of liquid biopsies, it is now possible to detect one tumor cell among a million leukocytes, which
represents unprecedented sensitivity (58). Likewise, in cellular pharmacodynamics, multiple functional
parameters can be quantified simultaneously, which facilitates real-time monitoring of the efficacy of therapies
(60).

The evolution of fluid systems in SCF has been key to its transformation into an essential tool in personalized
medicine and advanced biomedical research.

Signal Processing: Traditional vs. Offsetting Spectral unmixing

One of the most significant differences between conventional and spectral flow cytometry lies in the processing
of fluorescent signals. In conventional systems, compensation is based on experimentally constructed matrices
using individual staining controls. Each combination of fluorochrome and detector requires manual adjustments,
assuming a linearity that does not always fully correct for nonlinear spectral overlap. This methodology limits
the number of parameters that can be analyzed simultaneously, usually up to 15-18, before cumulative errors
affect data quality (Figure 5) (61-63).

In contrast, SCF employs predefined spectral libraries for each fluorochrome and spectral unmixing algorithms
that automatically separate spectral contributions. These algorithms allow correcting cellular autofluorescence,
overlap between channels and instrumental variations, improving the accuracy and reproducibility of the
experiments. In addition, they offer the possibility of retrospectively re-evaluating data without the need for
repeat experiments, which represents a significant advantage in longitudinal or limited sample studies (Figure
5) (64,65).

Recent studies have demonstrated quantifiable advantages of the spectral approach. For example, a 40-60%
reduction in coefficients of variation (CVs) has been observed in rare populations, as well as improved recovery
of weak signals in the presence of bright fluorochromes. Likewise, the ability to reuse panels with different
combinations of fluorochromes without the need to reconstruct compensation matrices has been a significant
improvement in experimental flexibility (66—68).

These advances reflect how flow cytometry has evolved since its first implementations, enabling unprecedented
explorations of cellular heterogeneity in diverse health and disease contexts.

Signal Processing: Traditional Compensation vs Spectral Unmixing

Traditional
Compensation

Individual staining
controls

Predefined spectral
libraries

|

Automatic separation
algorithms

|

Manual adjustment of Autofluorescence and
overlaps overlap correction

Cumulative errors and More parameters and
color limitarions greater reproducibility
(~15-18) (~30-40)

Figure 3 Signal Processing: Traditional Compensation vs. Spectral Unmixing. Comparison diagram between
traditional and spectral unmixing compensation methods. On the left, traditional processing involves individual
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staining controls, manual construction of compensation matrices, and manual adjustments of overlaps, which
limits the number of colors. On the right, spectral unmixing uses predefined spectral libraries, automatic
separation algorithms, and correction for autofluorescence and overlapping, allowing more parameters to be
analyzed with greater reproducibility.

Advantages of spectral cytometry

SCF has emerged as a disruptive technology in the last decade, redefining the boundaries of multidimensional
cellular analysis; unlike conventional systems, which operate under optical and computational paradigms
established half a century ago, SCF represents a radical reconceptualization of how we capture, process, and
interpret biological signals (69,70).

Spectral resolution

The ability of SCF to digitally correct cellular autofluorescence represents a significant advance in the analysis
of complex biological samples, this process involves the mathematical characterization of the spectral signatures
of intrinsic cellular components, such as flavoproteins and lipofuscin, allowing the selective subtraction of these
background signals. As a result, the signal-to-noise ratio is markedly improved, facilitating the accurate detection
of rare cell populations or those with low marker expression (71).

In particular, lipofuscin, known as the "age pigment", is an endogenous fluorophore that accumulates in cells
over time and fluoresces in the yellow-orange range (72), its presence can interfere with the detection of specific
signals in conventional CF, however, SCF allows autofluorescence to be treated as an independent signal, similar
to a "virtual fluorochrome", and extract it from the set of fluorescent signals. This capability improves the
accuracy of spectral unmixing and fluorochrome resolution in samples with high autofluorescence (73).

In addition, it has been shown that autofluorescence can interfere with conventional CF, as its signal results in a
background that can hinder the detection and specific analysis of exogenous marker emissions (74). SCF allows
for separate measurement and analysis of autofluorescence, thereby improving the resolution of weak signals
and the precise definition of cell phenotypes (71,75) .

These capabilities position spectral flow cytometry as an advanced tool to unravel the biochemical complexity
of cell samples, overcoming the limitations imposed by traditional techniques and opening up new possibilities
in biomedical research.

Reduction of technical errors

Spectral resolution is one of the fundamental pillars that distinguish spectral flow cytometry from conventional
methodologies. While traditional cytometers employ fixed optical filters, spectral systems use diffraction
gratings and array detectors to record the full emission spectrum of each particle. This capability allows the
application of spectral unmixing algorithms, based on non-negative least squares (NNLS), which mathematically
decompose the overlapping signals using reference spectral libraries, facilitating the accurate identification of
fluorochromes with highly overlapping emissions (69,70).

An example of this capability is seen in the distinction between PE-Cy7 and APC-Cy7, two tandem
fluorochromes commonly used in immunophenotyping that exhibit maximum emissions separated by only 5 nm.
Spectral systems have been shown to achieve efficient separation of these signals, which is challenging in
conventional configurations due to the high degree of spectral overlap. This fine resolution has allowed the
design of experimental panels that take advantage of structurally related, but functionally distinct fluorochromes,
optimizing the use of spectral space without compromising accuracy (76).

In addition, spectral technology introduces a unique capability: digital correction of cellular autofluorescence.
By mathematically characterizing the spectral signature of intrinsic cellular components, such as flavoproteins
or lipofuscin, algorithms can selectively subtract these background signals. This process significantly improves
the signal-to-noise ratio in complex samples, such as dissociated tumor tissue or primary stem cells, allowing
for more accurate detection of rare or low-marker expression cell populations (77,78).
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These capabilities position spectral flow cytometry as an advanced tool to unravel the biochemical complexity
of cell samples, overcoming the limitations imposed by traditional techniques and opening up new possibilities
in biomedical research.

Advanced applications of spectral cytometry

Spectral cytometry has revolutionized the analysis of samples with low cellular content, such as cerebrospinal
fluid (CSF), thanks to its high sensitivity and multiplexing capacity. Below are innovative applications supported
by recent studies:

Detection of neoplastic infiltration in CSF

Spectral flow cytometry has emerged as a critical tool in the detection of tumor cells in the cerebrospinal fluid
(CSF), especially in the context of acute leukemias and lymphomas, thanks to its ability to identify neoplastic
infiltrations with a sensitivity far superior to conventional cytology, it has transformed the diagnostic and
prognostic approach to central nervous system (CNS) disease in cancer patients (79).

A retrospective study of relevance, which analyzed the CSF of 165 children with B-lineage acute lymphoblastic
leukemia (ALL), compared the sensitivity of multiparametric flow cytometry (MFC) versus conventional
cytology. The results showed that CFM detected neoplastic infiltration in a significantly higher percentage of
cases compared to cytology, thus highlighting its diagnostic superiority in the context of CNS involvement in
pediatric patients (80,81).

The usefulness of spectral flow cytometry has also been validated in adult populations. In a study that evaluated
adult patients with ALL treated under the hyperCVAD regimen, it was observed that, of the 92 patients analyzed,
18 (20%) were positive for CSF infiltration by CFM at the time of diagnosis, while only six of these cases were
detected by conventional cytology (82).. Importantly, CFM positivity was associated with a higher incidence of
CNS relapse, suggesting that this technique is not only more sensitive, but also possesses superior predictive
value compared to traditional cytology (83).

In the case of primary CNS lymphomas, the combination of conventional cytology with flow cytometry has been
shown to substantially increase CSF disease detection rates, a retrospective study in 35 cases of CNS
lymphoproliferative diseases showed that the detection of infiltration increased by 50% when
immunophenotyping by flow cytometry was used in conjunction with cytopathology, compared to cytopathology
alone (83).

Together, these findings support the implementation of spectral flow cytometry as a tool of choice for the
diagnosis and follow-up of hematological malignancies affecting theCNS, the improved sensitivity and
specificity in the detection of tumor cells in CSF not only improve early diagnosis but also allow for better risk
stratification and the design of more adaptive therapeutic strategies for patients.

Diagnosis of autoimmune diseases

Spectral flow cytometry is an essential tool for the detailed characterization of immunological subpopulations
in various autoimmune diseases. Its ability to analyze multiple parameters simultaneously allows for a deeper
understanding of immune states in different pathologies.

One study implemented a 37-parameter panel using spectral flow cytometry to analyze synovial fluid
mononuclear cells in patients with juvenile idiopathic arthritis (JIA). The results revealed elevated expression of
activation markers such as CD69 in B cells, monocytes, NK cells, dendritic cells, and CD4+ and CD8+ T cell
subpopulations, compared to healthy controls. These findings suggest an activated immune status characteristic

of JIA patients, providing critical functional information for diagnosis and dynamic monitoring of the disease
(84).

In the therapeutic field, spectral cytometry has been instrumental in evaluating the efficacy of advanced
immunomodulatory treatments. One study investigated the potential of multiparametric spectral flow cytometry
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to identify patients with autoimmune diseases and its usefulness as an evaluation tool for in vitro drug detection
approaches. Combinations of 22-color immunophenotyping panels were designed to profile cell subset
distribution and cell activation. In vitro testing of epigenetic immunomodulatory drugs revealed an altered
activation state following treatment, supporting the use of spectral flow cytometry as a high-throughput drug
screening tool (85).

More recently, spectral cytometry has facilitated deep immunophenotyping studies in large cohorts of
autoimmune and autoinflammatory diseases. In an analysis that included 443 patients with 15 different diseases,
cytometry panels were used to characterize more than 600 cell populations. This high-resolution approach
allowed the identification of disease segregation based on the expression profile of markers such as LAG3 and
ICOS in regulatory T cells, highlighting the ability of spectral cytometry to define specific immunological
signatures that could be used as diagnostic or prognostic biomarkers in different autoimmune pathologies (86).

These clinical applications of spectral flow cytometry highlight its potential to improve the diagnosis,
monitoring, and treatment of autoimmune diseases through detailed and accurate immunological
characterization.

Minimal Residual Disease (EMR) Monitoring

Spectral flow cytometry has established its position as an essential tool for the detection of minimal residual
disease (MRD) in various pediatric hematological malignancies and solid tumors. Unlike conventional
cytometry, its ability to analyze multiple parameters simultaneously and with high sensitivity allows the
identification of residual tumor cells that would otherwise go undetected in traditional evaluations. This technical
advantage has significantly transformed risk stratification and therapeutic adjustment, particularly in pediatric
oncology.

In the setting of pediatric acute lymphoblastic leukemia (ALL), a recent study implemented a 23-color panel in
a single tube, achieving sensitivity and specificity superior to those of conventional 8-color multicolor systems.
This approach allowed the detection of residual leukemia cells with a sensitivity of up to 0.01%, equivalent to
identifying one tumor cell among 10,000 normal, directly impacting clinical decision-making earlier and more
accurately (87).

In acute myeloid leukemia (AML), spectral cytometry has driven the evolution of panels that include up to 24
parameters, integrating relevant biomarkers such as CD96 and CD200. The incorporation of these new markers
has improved not only the ability to identify residual leukemic cells, but also the understanding of changes in
the tumour immune microenvironment, with important prognostic implications and in the selection of targeted
therapy strategies (88—90).

In the field of lymphomas, especially those with bone marrow involvement, spectral cytometry has demonstrated
fundamental value for the precise characterization of minority cell subpopulations. Panels have been developed
that make it possible to distinguish functional subtypes of regulatory T cells through the simultaneous analysis
of more than 30 parameters, providing critical information for a more accurate assessment of RMS and its
correlation with relapse risk (91).

In pediatric solid tumors, such as neuroblastoma, spectral cytometry has also shown relevant applications. Using
combinations of markers such as GD2 and CD56, it has been possible to identify residual tumor cells in bone
marrow with a sensitivity comparable to advanced molecular techniques such as quantitative PCR. This ability
is crucial to more accurately assess therapeutic response and anticipate relapses, in a clinical context where early
detection of residual disease can radically modify treatment strategies (92-94).

Together, these advances consolidate spectral flow cytometry as a robust, high-resolution platform for
monitoring RMS in a broad spectrum of oncological pathologies. Its ability to simultaneously assess multiple
cellular parameters not only improves diagnostic sensitivity but also drives the transition to a more dynamic and
adaptive personalized medicine model, where clinical decisions can be adjusted in real time based on accurate
and detailed biological information.
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Immunological studies in limited samples

Spectral flow cytometry has extended its impact beyond the oncology field, becoming an essential tool in the
evaluation of primary immunodeficiencies, autoimmune disorders and lymphoproliferative syndromes. Its
ability to perform multiparametric analyses with extremely small sample volumes has allowed to optimize
immunological characterization in clinical scenarios that traditionally presented significant operational
limitations.

In the study of immunodeficiencies, spectral cytometry has allowed the absolute quantification of critical
lymphocyte subpopulations using minimal blood volumes, frequently less than 0.5 mL. The accurate
identification of NK cells (CD56+/CD3—), memory B lymphocytes (CD27+) and differentiated subtypes of
regulatory or effector T cells is now carried out in a more reliable and sensitive manner, which has significantly
improved the early diagnosis of immunological alterations in pediatric and young adult patients (95-98).

In the functional field, spectral cytometry has opened up the possibility of simultaneously measuring, in
individual cells, both the intracellular production of cytokines and the expression of activation markers. Thus,
parameters such as IFN-y and IL-6 secretion, along with CD25 and HLA-DR expression, can be evaluated in an
integrated manner, allowing a more complete view of immune activation and dysfunction in autoimmune
disorders such as systemic lupus erythematosus and rheumatoid arthritis (95,99—-101).

In the diagnosis of lymphoproliferative syndromes, spectral cytometry has also demonstrated key advantages,
particularly in the evaluation of biological fluids such as CSF or pleural fluids. By identifying clonal restriction
of /A light chains in B populations, it has been possible to differentiate between reactive inflammatory processes
and early malignant expansions, increasing diagnostic accuracy in highly complex clinical scenarios (102).

Thus, spectral flow cytometry is emerging not only as a high-resolution technique for the monitoring of
malignant diseases, but also as a versatile platform for functional and phenotypic characterization in the
diagnosis of immunological dysfunctions, consolidating itself as an indispensable tool in precision medicine.

Studies in infectious diseases

The COVID-19 pandemic represented a catalyst for the widespread application of spectral flow cytometry in the
study of immune responses to emerging pathogens. The need to simultaneously analyze multiple immunological
parameters in large cohorts and efficiently consolidated this technology as an essential tool in infectious disease
immunology.

A comparative study between patients with severe COVID-19 and those with pneumonia not related to SARS-
CoV-2 employed spectral flow cytometry to delineate specific immune profiles. This analysis revealed that
although both groups showed signs of emergency myelopoiesis and adaptive immune paralysis, pathological
immunosignatures suggestive of T-cell depletion were unique to COVID-19. In addition, it was identified that

the frequency of circulating NKT cells could serve as a predictive biomarker of clinical outcome in patients with
severe COVID-19 (103).

Beyond COVID-19, the applications of spectral flow cytometry in infectious diseases are expanding rapidly. In
tuberculosis, it has been shown to be useful in detecting IFN-y-producing Tyd cells directly in sputum samples,
facilitating the monitoring of local immune responses at the site of lung infection. In the context of HIV, the
technology enables the precise quantification of viral reservoirs in CD4+ memory T cell subpopulations, a
critical advance for the evaluation of functional cure strategies. In malaria, it has been used to identify
erythrocytes infected by Plasmodium spp. by detecting oxidative stress markers in combination with cell surface
profiles, opening new avenues for research in immunopathology and therapeutic monitoring (104,105).

Thus, spectral flow cytometry has not only demonstrated its value in the analysis of complex immune responses
to acute viral infections, but is also emerging as an indispensable tool in translational research of chronic and
emerging infectious diseases. Its ability to comprehensively capture the functional and phenotypic heterogeneity
of the immune system promises to transform the way these pathologies are studied, monitored, and eventually
controlled at the population and individual level.
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Applications in veterinary medicine

The expansion of spectral flow cytometry into veterinary medicine represents a significant advance in the
application of high-resolution technologies in non-human species. Through the adaptation of specific
multiparametric protocols and panels, it has been possible to overcome the historical limitations of
immunophenotyping in animals, opening new opportunities both in comparative medicine and in biodiversity
conservation.

In veterinary oncology, spectral cytometry has allowed the most accurate diagnosis of lymphomas in canines
through the use of multi-marker panels, including specific combinations such as CD45, CD34 and CD79a, which
allow discriminating between myeloid and lymphoid lineages with greater sensitivity than traditional methods.
Similarly, in domestic cats, the immunophenotypic characterization of mast cells has been optimized by
simultaneously identifying CD117 and c-KIT expression, providing critical information for the diagnosis and
prognosis of these tumors (106—109).

In the field of infectious diseases, spectral cytometry has proven to be a valuable tool in monitoring the immune
response in felines infected with feline immunodeficiency virus (FIV), allowing the functional evaluation of T-
cell subpopulations with minimal sample volumes. Likewise, in horses, it has been used to improve the diagnosis
of equine infectious anemia by characterizing phenotypic alterations in erythrocytes, increasing the sensitivity
of traditional laboratory tests (110-113).

In wildlife conservation programs, spectral technology has opened up new possibilities for the non-invasive
study of the immune status of endangered species. An emblematic case is the analysis of immune stress in polar
bears, where immune dysfunction has been correlated with exposure to environmental pollutants and the impact
of climate change in the Arctic (114). Likewise, in threatened amphibian populations, spectral cytometry has
allowed the early detection of subclinical infections by fungal pathogens, contributing to the design of
intervention and biodiversity management strategies (115).

In addition, flow cytometry has been used to assess immune function in marine mammals exposed to
environmental pollutants. For example, studies have employed this technique to analyze the phagocytic activity
of monocytes and granulocytes in species such as bottlenose dolphins, beluga whales, Patagonian sea lions,
walruses, and harbor seals (116).

These developments consolidate spectral flow cytometry not only as a tool of clinical excellence in human
medicine, but also as an instrument of increasing relevance in modern veterinary medicine and in the global
conservation of species.

Challenges and emerging solutions in spectral cytometry

Spectral cytometry, despite its revolutionary advantages, faces technical, economic, and ethical challenges that
require multidisciplinary attention.

Complexity in the analysis of high-dimensional data

The analysis of data generated by spectral flow cytometry represents one of the greatest contemporary challenges
in applied bioinformatics. A single experiment involving 40 parameters measured in approximately one million
cells can generate up to 4.8 GB of raw data, a volume equivalent to the simultaneous processing of more than
10,000 high-resolution microscopy images. This magnitude of information poses critical challenges both in
terms of storage and analytical interpretation (117-119).

Traditionally, classical dimensionality reduction algorithms such as t-distributed Stochastic Neighbor
Embedding (t-SNE) or Principal Component Analysis (PCA) have been used for the visualization and clustering
of flow cytometry data (120,121). However, recent studies have highlighted the limitations of these methods in
high-dimensional scenarios. For example, t-SNE may lose rare cell subpopulations and does not adequately
preserve the overall structure of the data (122-124).
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Faced with these challenges, quantum computing has begun to offer innovative solutions. The QFlow algorithm
uses the ability of qubits to process high-dimensional arrays more efficiently than traditional systems (125,126).
In practical applications, QFlow has demonstrated the ability to optimize a large number of wavefunction
parameters using modest quantum resources, suggesting significant potential for spectral flow cytometry data
analysis (127,128) .

In parallel, platforms such as Spectre have emerged as integrative tools in spectral cytometry bioinformatics.
Spectre combines automated systems that integrate dimensionality reduction algorithms such as UMAP,
clustering methods such as PhenoGraph, and unsupervised learning techniques, achieving high accuracy in the
identification of rare immune populations, even in datasets with more than 30 simultaneous parameters (129).

The adoption of FAIR (Findable, Accessible, Interoperable, Reusable) principles in the handling of spectral flow
cytometry data has been instrumental in improving the quality, interoperability, and reuse of the data generated
in these experiments.

A prominent initiative in this area is the MIFlowCyt (Minimum Information about a Flow Cytometry
Experiment) standard, developed by the International Society for the Advancement of Cytometry (ISAC). This
standard sets out the minimum requirements for reporting flow cytometry experiments, including details about
the samples, reagents, instrument configuration, and data analysis methods. The implementation of MIFlowCyt
facilitates the interpretation, comparison, and reuse of flow cytometry data, aligning with FAIR principles
(130,131).

In addition, the FlowRepository platform provides a public repository for sharing annotated flow cytometry
datasets according to MIFlowCyt standards. This tool allows researchers to access, review, download, deposit,
annotate, share, and analyze flow cytometry datasets, promoting transparency and reuse of data in the scientific
community (132).

Integrating FAIR principles and standards such as MIFlowCyt into spectral flow cytometry data management
not only improves data quality and reproducibility but also facilitates collaboration and advancement in
biomedical and clinical research. These innovations not only overcome the technical hurdles associated with
high-dimensional analysis but are also accelerating the transition from spectral flow cytometry to fully
reproducible, scalable, and discovery-oriented data science for new cell biologies.

Although spectral cytometry offers significant technical advantages, the transition from conventional workflows
is not without practical difficulties, especially in laboratories with limited experience in multicolor cytometry.
Common problems include a steep learning curve for panel design, errors in spectral deconvolution due to poor
fluorochrome selection, and difficulties in quality control due to a lack of standardization in the handling of
autofluorescence or internal controls. These technical barriers are not always mitigated by the infrastructure or
training available in laboratories with limited resources, which can compromise the reproducibility and
reliability of results obtained with SFC.

Technical Requirements and Start-Up Costs: Barriers to Democratization

Despite technological advances and obvious clinical advantages, the widespread adoption of spectral flow
cytometry faces substantial barriers, especially related to its infrastructure and associated costs. A basic system,
such as the Cytek Aurora, requires initial investments ranging from US$350,000 to US$500,000, in addition to
annual maintenance costs of more than US$70,000, a figure that represents a challenge for most laboratories in
low- and middle-income countries, where the average annual budget for equipment procurement is usually less
than US$100,000 (133-136).

Faced with this limitation, solutions have emerged based on shared access models and the development of
technologies that seek to democratize access to high-resolution spectral cytometry. A notable example is the
expansion of Core Facility platforms, such as EuroFlow Nexus, which offers remote access to spectral
cytometers for affordable rates of approximately $50 per hour. This model has made it possible to process more
than 1,200 samples annually through a network of 32 countries, optimizing the use of resources and promoting
technological equity at the international level (137).
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An emerging strategy to make spectral flow cytometry more accessible is the use of modular devices that allow
conventional cytometers to be upgraded. These modular converters incorporate advanced technologies such as
diffraction gratings and low-cost CMOS avalanche detectors, transforming traditional equipment into platforms
capable of performing high-resolution spectral analysis. There are technologies that seek to reduce economic
barriers in the adoption of spectral cytometry. For example, Beckman Coulter's CytoFLEX Mosaic Spectral
Detection Module, which connects to existing cytometers such as the CytoFLEX LX or S, enables spectral
analysis of up to 88 parameters, significantly improving detection capability without the need to purchase an
entirely new system (138,139). This modular solution makes spectral cytometry more accessible, especially for
laboratories with limited budgets.

These initiatives demonstrate that, although upfront infrastructure costs represent a challenge, solutions based
on technological innovation, global collaboration, and virtual training can effectively democratize access to
spectral cytometry, expanding its impact on biomedical research and precision clinical medicine

Future Directions: Beyond Spectral Cytometry

CFS has revolutionized multidimensional cell analysis, enabling the accurate characterization of individual cells
by simultaneously detecting multiple parameters. This technology has set a new standard in biomedical research
and personalized medicine. However, its evolution continues by integrating disruptive advances from disciplines
such as nanotechnology, quantum computing, and advanced artificial intelligence, promising to radically
transform both research and clinical practice in the next decade.

One of the main vectors of innovation in flow cytometry is the miniaturization of detection systems using
nanotechnology. The development of smartphone-based wearable cytometric biosensors has proven to be
suitable for point-of-care (POC) applications, such as on-site disease diagnosis and personal health monitoring.
These compact devices incorporate microfluidic technology and smartphone cameras to perform multi-color
cellular analysis with high accuracy, making it easier to detect diseases in resource-limited settings (140).

On the other hand, quantum computing is emerging as a powerful tool to improve spectral analysis in flow
cytometry. The ability of quantum processors to handle large volumes of data and perform complex calculations
in short times allows us to model interactions between fluorochromes and cellular autofluorescence with a
precision unattainable by classical algorithms. This integration promises to accelerate the spectral demixing and
cellular clustering of millions of events, opening up new possibilities for large-scale systemic biology and
immunological epidemiology studies (141).

In addition, artificial intelligence (Al) is playing a crucial role in the evolution of flow cytometry, enabling faster
and more accurate analyses of complex data. Machine learning models, such as deep neural networks, are applied
directly to flow cytometry data to predict clinical or biological outcomes without the need for cell type
identification steps. This ability to apply models directly to raw data makes it easier to streamline workflows and
improve diagnostic accuracy in clinical settings (142).

The combination of CFS and mass cytometry (CyTOF) is marking a new era in single-cell immunological
analysis, enabling a more detailed and accurate characterization of cell populations. Both technologies offer
complementary advantages: while SFC allows the simultaneous evaluation of multiple parameters using
fluorochrome-conjugated antibodies, CyTOF uses metal isotopes to avoid spectral overlap, making it possible
to measure more than 40 parameters in a single cell (143—-145).

Recently, it has been shown that the integration of these two platforms can improve resolution and reproducibility
in immune cell analysis. In a comparative study, a high correlation was observed between the results obtained
with CFS and CyTOF in the identification and characterization of innate myeloid cells in blood, with a Pearson
correlation coefficient of 0.99. However, differences were also identified in intra-measurement variability and
in the cell recovery rate, with SFC being more efficient in these aspects (146).

The growing demand for fast and accurate diagnostics in remote environments is driving the development of
miniaturized spectral cytometry systems, capable of being integrated into portable devices the size of a mobile
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phone. These advances open a new frontier for real-time personalized medicine, especially in global health and
high-precision surgery contexts.

An example of this evolution is the CytoTrack-Mini 2.0, which weighs just 800 grams and is capable of analyzing
up to 15 parameters simultaneously using only 5 microliters of blood in less than 8§ minutes (147,148). This level
of wearable performance would have been unthinkable just a few years ago and reflects the maturation of
multiple disruptive technologies.

CONCLUSION

In spectral flow cytometry, various components and technological advances have allowed a better understanding
of cellular heterogeneity and its role in complex pathologies such as cancer. Through improved resolution and
the ability to analyze multiple parameters simultaneously, spectral cytometry has provided powerful tools for
detailed analysis of cells in the tumor microenvironment, immune system, and other biological conditions.
However, this technology also faces significant challenges, such as high equipment costs and the need for
specialized training for proper handling. Despite these barriers, its integration with emerging technologies such
as nanotechnology and artificial intelligence promises to optimize data analysis and democratize access to this
powerful tool. In this article, we highlight the importance of spectral cytometry in personalized medicine and
early diagnosis, suggesting that its potential in biomedical research is vast and that its future adoption could
significantly change the way we treat and diagnose various diseases, including oncology.
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