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 Abstract
Poor adherence to best practices, insufﬁcient training, and pressure to produce data
quickly may lead to publications of suboptimal biomedical research ﬂow cytometry
data, which contributes to the body of irreproducible research ﬁndings. In addition,
documentation of compliance with best ﬂow cytometry practices for submission,
visualization, and publication of ﬂow cytometry data is currently endorsed by very
few scientiﬁc journals, which is particularly concerning as numerous peer-reviewed
ﬂow cytometry publications emphasize instrumentation, experimental design, and
data analysis as important sources of variability. Guidelines and resources for adequate reporting, annotation and deposition of ﬂow cytometry experiments are provided by MIFlowCyt and the FlowRepository database, and comprehensive expert
recommendations covering principles and techniques of ﬁeld-speciﬁc ﬂow cytometry
applications have been published. To facilitate the integration of quality-deﬁning
parameters into manuscript and grant submission and publication requirements
across biomedical ﬁelds that rely on the use of ﬂow-cytometry-based techniques, a
single comprehensive yet easily and universally applicable document is needed. To
produce such a list of gold-standard parameters that assess whether a research ﬂow
cytometry experiment has been planned, conducted, interpreted, and reported at the
highest standard, a new initiative deﬁning the minimum set of standards a robust
and rigorous research ﬂow experiment must fulﬁll (MiSet RFC Standards) was proposed at CYTO 2019. MiSet RFC Standards will integrate and simplify existing
resources to provide a universal benchmark a ﬂow cytometry experiment can easily
be measured against. The goal of MiSET RFC Standards is its integration into peerreview and publication procedures through partnership with stakeholders, journals
and publishers in biomedical and translational research. This article introduces the
aims and anticipated timeline and discusses strategies for interdisciplinary consensus
and implementation. A single-resource broadly applicable guideline will harmonize
standards across different ﬁelds of biomedical research and lead to publication of
© 2019 International Society for Advancement of Cytometry
more robust research ﬁndings.
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Over the past decades, the scientiﬁc community has witnessed an unprecedented
speed of discovery and multiplication of knowledge that is tainted by abundant
reports of irreproducible research ﬁndings (1–3). In 2015, it was estimated that
irreproducibility of published scientiﬁc articles ranges from 50% to 89%, with an
economic impact of around $28B/year in the United States alone (4). Institutions
such as the National Academies of Sciences, Engineering, and Medicine, as well as
expert consortiums such as the Committee on Responsible Science, have provided
independent and objective guidance for more than 25 years to ensure responsibility
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and integrity of scientiﬁc research (5,6). Regardless, the
“reproducibility crisis” is widely considered a product of a
multitude of challenges that are further complicated by speciﬁc requirements of a particular research setting or discipline (7,8).
While the number of published ﬂow cytometry studies
has rapidly grown over the last decades, both clinical and
research ﬂow cytometry experiments generally face substantial variability. A 2014 survey among 276 ﬂow cytometrists
suggests that this is mainly caused by aspects of data analysis, instrumentation, sample preparation and reagents (9).
Moreover, especially research ﬂow cytometry studies may
often be conducted in the context of lack of expert education and/or limited access to shared resources laboratories
(SRLs). Over the last years, SRLs have become an essential
component of the biomedical research team by providing
access to highly specialized technologies, trained staff, and
adherence to rigorous quality standards (10,11). In the clinical ﬂow cytometry setting, harmonization and standardization efforts are sustained by regulating agencies (e.g., Food
and Drug Administration (FDA), Clinical Laboratory
Improvement Amendments (CLIA) in the United States,
European Medicines Agency (EMA) in Europe), method
validation protocols (12), and the International Council for
Standardization of Hematology (ICSH) and the International Clinical Cytometry Society (ICCS) working group
practice guidelines (13–17). Clinical ﬂow cytometry is also
subject to constant calibration and optimization to ensure it
fulﬁlls the requirements for a clinical test due to immediate
implications in patient care. As research ﬂow cytometry is a
commonly used tool in translational settings to inform
future clinical strategies, similar harmonization and standardization efforts to ensure precision and accuracy should
be sought.
The International Society for the Advancement of Cytometry (ISAC) is an expert ﬂow cytometry community that provides consensus recommendations to accelerate ﬂow cytometry
research in the setting of cross-disciplinary collaboration. ISAC
endorses several resources that help to deﬁne, annotate, and
report ﬂow cytometry experiments (e.g., optimized multicolor
immunoﬂuorescence panels (OMIPs) (18) and MIFlowCyt
(19)), as well as recommendations issued for speciﬁc settings of
immunology research and SRLs (11,20–22). However, these
resources have not found widespread adaption, and very few
scientiﬁc journals and publishers currently require adherence to
MIFlowCyt standards or deposition of experimental data and
methodology. To produce a single comprehensive yet broadly
applicable consensus document that will achieve widespread
adoption across different biomedical societies, scientiﬁc journals
and publishers, and grant application procedures, a new ISAC
initiative called MiSET RFC Standards was proposed. MiSet
RFC Standards will integrate and simplify existing resources to
deﬁne the minimum set of common standards a robust and
rigorous research ﬂow experiment must fulﬁll. This will provide a single easy to follow, and relevant resource that will help
assess the overall quality of a biomedical research ﬂow cytometry experiment. This article gives an overview of peerCytometry Part A  97A: 148–155, 2020

reviewed publications on best ﬂow cytometry practices and
currently available major ﬂow cytometry data reporting tools,
introduces the mission, aims and potential gold-standard
parameters, and discusses strategies for consensus and implementation in both the expert ﬂow cytometry and collaborating
communities.

EXISTING FLOW CYTOMETRY RESOURCES AND
GUIDELINES ON PREPARING AND REPORTING A
RESEARCH FLOW CYTOMETRY EXPERIMENT
Research studies conducted by the ﬂow cytometry community have driven innovation in multiple diverse areas. These
range from instrument, assay and reagent development to
complex data analysis algorithms, as well as translational
applications such as biomarker discovery in cancer and autoimmune diseases (23). To enable training and continuing
education in ﬂow cytometry and to provide a framework for
successful planning and interpretation of ﬂow cytometry
experiments, various learning resources and interactive inperson meetings and online platforms have been created
(e.g., CYTO conference, local/regional/national/international
ﬂow cytometry meetings and educational activities, SRL
websites, Cyto University (Cyto U) (24), Purdue Cytometry
Discussion List (25), Expert Cytometry (ExCyte) (26)). Since
2017, credentialing as “Specialist in Cytometry” (SCYM) or
“International Specialist in Cytometry” (SCYMi) is offered by
the American Society of Clinical Pathologists (ASCP) to
cytometrists with a relevant degree and documented experience in ﬂow cytometry applications, cytometric analysis, and
quality assurance after successfully passing the certiﬁcation
examination, which is an essential step to harmonizing education and training. Similarly, the European Society for Clinical
Cell Analysis (ESCCA) offers the European Certiﬁcate for
Cytometry Operators and the European Certiﬁcate for Cytometry Specialists.
Simultaneously, substantial efforts were made to communicate best ﬂow cytometry practices through technical publications on standards of instrumentation, experimental design,
and data analysis. As a result, critical methods of instrument
standardization and calibration (27–31), panel and experimental design (32–36), sample preparation and controls
(37–39), spillover correction (40), and data presentation and
publication (41,42) are emphasized in various seminal publications. Moreover, more than 40 OMIPs have been published
to date, providing a peer-reviewed collection of optimized
multicolor panels that can be used in a variety of ﬂow cytometry experiments (18), therefore addressing one of the major
sources of variability (9). ISAC recommendations on speciﬁc
criteria for recording and reporting information about a ﬂow
cytometry experiment were ﬁrst published more than 10 years
ago as MIFlowCyt, the “Minimum Information about a Flow
Cytometry Experiment” (19). MIFlowCyt requirements
included a detailed description of experiment overview, samples, instrumentation and data analysis with the aim to provide the basis for consistent data annotation and data sharing.
This was complemented by FlowRepository, a database
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containing predominantly published and peer-reviewed ﬂow
cytometry experiments allowing query and download of
deposited data (43). Further support was provided by publications of protocols outlining the steps involved in data deposition, sharing, and annotation (44) as well as by the
development of software packages that facilitate data
exchange and integration between computational systems and
enable cross-platform import, export, and sharing of gated
cytometry data (45). More recently, it was proposed that ﬂow
cytometry data produced in clinical studies should also be
deposited in FlowRepository, but issues such as compliance
with data privacy policies hamper such considerations (46).
While these recommendations are jointly supported by ISAC,
the International Clinical Cytometry Society (ICCS) and
ESCCA and have been endorsed by the Data Interoperability
Steering Committee of the Division of Allergy, Immunology,
and Transplantation within the National Institute of Allergy
and Infectious Diseases (NIAID) and are included in the
Minimum Information for Biological and Biomedical Investigations (MIBBI), adoption across the scientiﬁc community
has been sporadic. Moreover, ﬂow cytometry data reporting
according to the MIFlowCyt standard and deposition of
source data is required by very few scientiﬁc journals. This is
in stark contrast to the requirements for sequencing, microarray or proteomics data, where data deposition and annotation
is generally considered a requirement for manuscript submission and peer-review. Regardless, taken together, a multitude
of resources are currently available to provide guidance on
designing, conducting, and reporting of a research ﬂow cytometry experiment (Fig. 1).

ENSURING PUBLISHED DATA QUALITY BY DEFINING
COMPLETE STANDARDS OF A RESEARCH FLOW
CYTOMETRY EXPERIMENT: MISSION AND AIMS OF THE
MISET RFC STANDARDS INITIATIVE
Despite the multiple resources available to provide guidance
on designing, conducting and reporting ﬂow cytometry experiments, there is currently no single resource that is actively
used and endorsed in day-to-day practice to fully capture the
overall quality of such experiments. Creating and widely
implementing such a reference document is essential to ensure

that ﬂow cytometry data are published, deposited and made
publicly available at the highest possible standard. The mission of the MiSet RFC Standards initiative is to implement a
single comprehensive yet easily and universally applicable
checklist of quality-deﬁning parameters into the manuscript
and grant submission and publication guidelines across biomedical ﬁelds that rely on the use of ﬂow-cytometry-based
techniques. Our aims are to (1) provide a data-driven consensus document based on review, discussion and integration
of existing standards and resources (including technical bestpractice publications, OMIPs, MIFlowCyt/FlowRepository,
etc.), (2) create impactful and lasting partnership with and
engagement of collaborators and stakeholders, and (3) advocate for integration of and adherence to these standards by
the scientiﬁc community, funding organizations and scientiﬁc journals (Fig. 2).

PROPOSED ACTION STEPS AND TIMELINE FOR MISET
RFC STANDARDS INITIATIVE
The aims and mission of the MiSet RFC Standards initiative
were proposed to ISAC leadership at CYTO 2019. The following action steps will be taken, all to be achieved within a
3-year timeline:
Assembly of a Multidisciplinary Expert Working Panel
The proposed composition of the working panel includes lead
authors of seminal best-practice publications, MIFlowCyt and
FlowRepository, members of the Cytometry A and B editorial
boards, ISAC Marylou Ingram Scholars and SRL Emerging
Leaders, interested ISAC members and colleagues from
research laboratories and SRLs, representatives from the ﬁelds
of hematology, oncology, immunology, and translational
medicine as well as stakeholders in publishing, regulatory and
standards initiatives. The goals of the initial working panel
will be to

1.
2.
3.
4.

assemble a steering committee to provide overall direction and representation of collaborators and stakeholders;
discuss and conﬁrm the scope of the project with focus
on immunophenotyping;
reﬁne and focus working group aims and mission;
agree on and commit to action steps and timeline;

Figure 1. Overview of integration of currently available resources and peer-reviewed guidelines for research ﬂow cytometry experiments.
Abbreviation: OMIP = optimized multicolor immunoﬂuorescence panels (16).

150

MiSET RFC Standards: Minimum Requirements for Publication

REVIEW ARTICLE

Figure 2. Mission of MiSet RFC Standards initiative.

5.
6.
7.

8.

obtain full ISAC task force status and endorsement;
identify and recruit additional expert members and consultants as needed;
engage collaborators and partners in but not limited to
the following:
• ICCS, ICSH, ESCCA
• Association of Biomolecular Resource Facilities (ABRF)
• Federation of American Societies for Experimental
Biology (FASEB)
• American Society of Hematology (ASH), European
Hematology Association (EHA), American Society of
Clinical Oncology (ASCO), American Association for
Cancer Research (AACR)
• IUIS (International Union of Immunological Societies)
• National Institute of Standards and Technology (NIST)
identify potential funding sources.

Engagement of the Flow Cytometry Community and
Outreach to Collaborating Biomedical Societies and
Stakeholders
Once ofﬁcial ISAC task force status is achieved, engagement
with the ﬂow cytometry community, collaborators and stakeholders will be sought to:

1.

2.

survey and engage the expert cytometry community via
ISAC communication channels and educational resources
and newsletters;
inquire about existing discipline-speciﬁc procedures to
assess the quality of research ﬂow cytometry experiments;

Cytometry Part A  97A: 148–155, 2020

3.

become informed about current publication standards
applied to ﬂow cytometry experiments by ofﬁcial journals
of hematology, oncology, immunology, and translational
medicine societies and major publishers and journal
families.

Reﬁnement and Discussion of Criteria Suitable to Be
Included into MiSet RFC Standards
As soon as initial data on current practices and needs of the
expert and nonexpert ﬂow cytometry communities is
achieved, the suitability of a variety of parameters to become
a broadly applicable minimum standard criterion will be discussed. A preliminary, albeit not complete, list of parameters
is provided below. These will be further reﬁned via surveys
and expert-reviews. Extensive interdisciplinary input will be
sought to ensure a balanced, objective and relevant discussion
and to fulﬁll the mission to have universally applicable character. This will be complemented by integration with ISAC
MIFlowCyt, FlowRepository, and Data Standards expert
panels and standardization/harmonization consortiums to
accelerate the adoption of minimum standards.
Identiﬁcation of Special Circumstances and Needs
Survey data and expert review/evaluation will be used to create a preliminary set of minimum standards. We will reengage with collaborators and stakeholders to assess the suitability of these preliminary minimum standards for different
research settings pursuing a beta-testing/user acceptance testing approach. This will enable us to make relevant revisions
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to MiSET RFC Standards and tailor implementation strategies
to “real-world” needs.
Composition and Implementation of MiSet RFC
Standards
Surveys, expert evaluations, and testing phases will produce
data-driven progress reports that will be submitted to CYTO
and other suitable meetings during the ﬁrst 18 months of the
initiative. We anticipate that a ﬁnal consensus document will
be written, and the manuscript submitted for rigorous peerreview within 2 years. The ﬁnal set of minimum standards
will then be implemented via publication of peer-reviewed
guidelines, and direct presentation to collaborators and stakeholders by 2023.
Progress Updates and Monitoring of Suitability of
MiSet RFC Standards
We envision the entire composition and implementation of
MiSET RFC Standards to be a dynamic interactive process
that is driven by data, exchange, and collaboration. Throughout the entire process, ISAC leadership and all collaborating
parties will be updated yearly. It is the task of the multidisciplinary Steering Committee to hold the group accountable for meeting milestones. After publication of ISAC
minimum standards by 2023 at the latest, the task force will
continue to regularly monitor the suitability of the guidelines
in the context of latest development and changing technologies through integration into AI-based reagent and experiment search databases, and via surveys and quality
assessment experiments.

SUGGESTED PARAMETERS TO BE INCLUDED INTO MISET
RFC STANDARDS
The following section provides an outline of the parameters
that are common causes of variability in a research ﬂow cytometry experiment, as identiﬁed by the various resources currently available described above. A thorough review and sideby-side comparison of these resources will be the ﬁrst step to
provide the basis for the discussion of the minimum set of
standards an entire research ﬂow cytometry experiment must
fulﬁll to ensure the highest quality of data. All parameters will
be assigned to speciﬁc experimental phases (i.e., “plan,”
“conduct,” “analyze,” “interpret,” and “report”). Common
parameters including but not limited to those listed in
Table 1 and summarized in Figure 3 will be transformed into
a survey to the broad ﬂow cytometry community. This survey
will establish the importance and ranking of published ﬂow
cytometry standards and provide valuable data on the perceived importance and support of ﬂow cytometry guidelines,
existing knowledge and weighing of quality criteria, and invite
suggested additions. Survey analysis results will then be
reviewed and discussed by experts and the Steering Committee to produce a preliminary consensus MiSET RFC Standards document. This will be further reﬁned after user
acceptance testing utilizing resources and pipelines provided
by stakeholders in industry and collaborating partners.
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Table 1. Common parameters deﬁning the quality of ﬂow
cytometry experiments, to be further reﬁned in MiSet RFC
Standards consensus document
EXPERIMENTAL PLANNING STAGE

Parameters relevant to a priori experiment planning,
biostatical considerations, and sample requirements
• Written experimental plan, to include background, rationale,
a priory deﬁnition of hypotheses and aims, expected
outcomes, sample size calculation, number of repetitions or
replicates, anticipated data analysis pipeline, statistical analyses
• Sample handling and processing prior to ﬂow cytometry
preparation, minimal accepted viability
• Controls (isotypes, ﬂuorescent minus one (FMO),
biological controls)
Strategies for
• Panel design and steps for optimization, or rationale for
selected OMIPs
• Reagent selection and titration
• Instrument quality control (QC) to ensure data
consistency and robustness of panel in longitudinal or
multicenter studies
STAGE WHEN EXPERIMENT IS CONDUCTED

• Steps for instrumentation optimization, calibration, and
performance tracking
• Collaboration with SRLs
• Controls and standards
• Minimum data acquisition during measurement to ensure
robust statistics
• Spillover correction and annotation
EXPERIMENTAL ANALYSIS STAGE

• Choice of analysis software/platform/pipeline
• Data visualization
• Normalization and standardization of data, accounting
for variance
• Statistical methods
• Documentation
EXPERIMENTAL INTERPRETATION STAGE

•
•
•
•

Data visualization
Sources of variability and heterogeneity
Statistical interpretation
Data supported conclusions

EXPERIMENTAL REPORTING STAGE

•
•
•
•

Disclosure of gating strategies
Harmonization of nomenclature
Axes and data labeling of plots and graphs
Rationale for choice of “representative” samples/plots,
reporting of variability, and sources of variation
• Deposition of used reagents and instrumentation information
• Descriptions of methods
• Data deposition, including reagents, methods, and raw
ﬂow cytometry data
MiSET RFC Standards: Minimum Requirements for Publication
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Figure 3. Overview of parameters during different experimental phases that are common sources of variability in ﬂow cytometry
experiments, to be further reﬁned in MiSet RFC Standards consensus document.

EXPECTED BENEFIT FROM AND VISION FOR INTEGRATION
OF MISET RFC STANDARDS
A single comprehensive consensus document deﬁning the
minimum standards for an entire research ﬂow cytometry
experiment will provide a valuable and universally applicable
benchmark against which this type of experiment can be measured. Initially MiSet RFC Standards will embrace biomedical
and translational research experiments, with a natural outgrowth to also encompass standards for cell sorting and other
biological research areas. MiSet RFC Standards are envisioned
to be a clearly deﬁned, data-driven set of minimum standards
guiding each step of the preanalytical, data production, interpretation, and publication experimental phase. This will also
provide an extremely valuable resource for the scientiﬁc peerreview process, where integration of ﬂow cytometry standards
and deposition of source data are currently mostly optional.
In addition, the adequate interpretation of ﬂow cytometry
data often largely depends on the expertise of speciﬁc
reviewers, and the input of expert ﬂow cytometry reviewers is
rarely sought during the review process of a manuscript or
proposal containing ﬂow cytometry data. MiSet RFC Standards will provide an objective reference that will guide the
assessment of quality and validity of a research ﬂow cytometry experiment. The integration with MIFlowCyt and
FlowRepository will ensure a complete process that includes
data production, reagent, methods, and experiment annotation and deposition. Through the integration with key immunology, hematology, oncology, and translational medicine
societies, scientiﬁc journals and publishers, and stakeholders
in industry and regulations, the foundation will be laid for the
widespread adoption of MiSet RFC Standards. Our major goal
is that MiSet RFC Standards will become an established feature of manuscript submission and publication guidelines of
scientiﬁc journals, in conjunction with the requirements to
annotate and deposit data following the MIFlowCyt and
FlowRepository standards. Following these standards will
Cytometry Part A  97A: 148–155, 2020

result in the production and publication of consistent and
transparent ﬂow cytometry data and methods that can be externally validated and reproduced. Moreover, rigorously produced
ﬂow cytometry data will facilitate all subsequent data analyses
and data mining, especially if complex analysis platforms and
automated single-cell analysis algorithms are used. It is anticipated that automated analytical techniques will become a cornerstone in the quest to increase reproducibility in cytometric
data analysis, as discussed by Brinkman and colleagues in this
special issue of Cytometry A. The standardization of data production will therefore become even more important as new analytical tools continue to emerge and improve.

DISCUSSION
Efforts to deﬁne the minimal standards to support the evaluation and interpretation of experiments have been made in
various areas of biomedical research, such as microbiology
(47–49), molecular studies (50), extracellular vesicle studies
(51–53), immunopeptidomics (54), HIV research (55,56), and
biobanking (57). Standard deﬁnitions have also been shown
to signiﬁcantly improve the reproducibility of clinical ﬂow
cytometry experiments. For example, the EuroFLOW consortium has developed a standardized procedure detailing the
entire process from instrument settings to data analysis,
including tools to process large data ﬁles in diagnostic laboratories (58,59). Similar to the MiSet RFC Standards initiative,
EuroFLOW was created to address the main sources of variability affecting the validity and reproducibility of clinical
ﬂow cytometry experiments (60). These included issues
related to operator/center expertise and training, panel design,
data analysis and interpretation of results. EuroFLOW standards are commonly considered a robust approach (61,62).
Minimum standards have also been deﬁned in the setting of
ﬂow cytometry SRLs, providing guidance for best practices in
instrumentation, training, experimental design, biosafety standards, and sample handling (11,20,21). For the speciﬁc needs
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REVIEW ARTICLE
of the immunology community, a comprehensive guide covering the principles, techniques and applications of immunology ﬂow cytometry has been published by the European
Journal of Immunology (22).
These substantial efforts emphasize the need for standard
deﬁnitions to create robust and reproducible results in the
setting of specialized experimental settings, research questions, sample types, and access to instrumentation or the
expertise of SRLs/ﬂow cytometry collaborators. MiSet RFC
Standards will build on these extensive resources by
attempting to identify those criteria that are generally applicable to ﬂow cytometry conducted in the research setting,
thereby simplifying the best-practice guidelines and making
them accessible as a single and streamlined document that is
applicable to the variety of parties. Altogether, with a current
focus on immunophenotyping experiments, MiSet RFC Standards will be an essential step in addressing issues of reproducibility, promote training, education, and adherence to best
practices. As a result, MiSet RFC Standards will serve as a
template for minimum standard for more broad-based
cytometric applications, including cell signaling, cell cycle, cell
activation, and proliferation.
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