Data File Standard for Flow Cytometry, version FCS3.1'*

Josef Spidlefy Wayne Mooré, David Parks$, Michael Goldber§ Chris Bray, Pierre Bierré,
Peter Gorombe¥ Bill Hyun?®, Mark Hubbard, Simon Langé’, Ray Lefebvré', Robert Leif?,
David Novo*, Leo Ostruszkd, Adam Treistet’, James Woot, Robert F. Murphy/, Mario
Roederet’, Damir Sudat’, Robert Zigori°, Ryan R. Brinkmanh’

Terry Fox Laboratory, BC Cancer Agency, Vancouver, British Columbia,d2ana
*Department of Genetics, Stanford University School of Medicine, Stanfordo@a USA
*Stanford Shared FACS Facility, Stanford University, Stanford, Califorra#y U

“Becton Dickinson and Company, San Jose, California, USA

*Verity Software House, Topsham, Maine, USA

®Cytek Development, Fremont, California, USA

'Soft Flow Informatics, Debrecen, Hungary

8Laboratory for Cell Analysis, Helen Diller Family Comprehensive @aenter, University of
California, San Francisco, California, USA

%iCyt, Champaign, lllinois, USA

%Partec GmBH, Gérlitz, Germany

YGuava Technologies, Hayward, California, USA

“Newport Instruments, San Diego California, USA

*De Novo Software, Los Angeles, California, USA

“Accuri Cytometers, Ann Arbor, Michigan, USA

“Treestar, Ltd., Ashland, Oregon, USA

*Department of Cancer Biology, Wake Forest University School of Medicine t0Wi8alem,
North Carolina, USA

YLane Center for Computational Biology, Carnegie Mellon University, Pittsbusgmslvaniz
USA

¥National Institutes of Health, Bethesda, Maryland, USA

YLife Sciences Division, Lawrence Berkeley National Laboratory, Beyk€alifornia, USA
“Beckman Coulter, Indianapolis, Indiana, USA

email: Ryan R. Brinkmanrprinkman@bccrc.ga

"Correspondence to Ryan R. Brinkman, Terry Fox Laboratory, BC Cancer Re€eatce, 675
West 10th Avenue, Vancouver V5Z 1L3, BC, Canada

]tThe content is solely the responsibility of the authors and does not necesgpaebent the
official views of the National Institute of Biomedical Imaging anddhgineering or the

ational Institutes of Health.

Members of ISAC Data Standards Task Force (ISAC DSTF) include repagges of
companies selling flow cytometry instrumentation and software as watlaakemic researchers.
FCS 3.1 was developed in an open manner with full and equal participation and approval by all
members. The ISAC DSTF membership is always open to participation to memther$AC
community.

Funded by:
= National Institutes of Health/National Institute of Biomedical ging and Bioengineering;
Grant Number: 1IRO1EB005034


mailto:rbrinkman@bccrc.ca

= Michael Smith Foundation for Health Research
= Office of Science, Office of Biological and Environmental Research
= U.S. Department of Energy; Grant Number: No. DE-AC02-05CH11231

Keywords
flow cytometry « FCS ¢ data standard e file format * bioinformatics
Abstract

The flow cytometry data file standard provides the specifications needenhfbetely describe

flow cytometry data sets within the confines of the file containing the expetaindata. In

1984, the first Flow Cytometry Standard format for data files was adoptedsa%.6CT his

standard was modified in 1990 as FCS 2.0 and again in 1997 as FCS 3.0. We report here on the
next generation flow cytometry standard data file format. FCS 3.1 is a rainsion based on
suggested improvements from the community. The unchanged goal of the standard isléo provi

a uniform file format that allows files created by one type of acquisiticdwsae and software

to be analyzed by any other type.

The FCS 3.1 standard retains the basic FCS file structure and most featues$oofsprersions

of the standard. Changes included in FCS 3.1 address potential ambiguities in the previous
versions and provide a more robust standard. The major changes include simplifiedfeupport
international characters and improved support for storing compensation. The majonadulii
support for preferred display scale, a standardized way of capturing the sarmapie,vol
information about originality of the data file, and support for plate and well fiation in high
throughput, plate based experiments. Please see the normative version of the FCS 3.1
specification in Supporting Information for this manuscript (drtad://www.isac-net.orgh the
Current standards section) for a complete list of changes. © 2009 Internatioredy Swci
Advancement of Cytometry
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The goal of the Flow Cytometry Data File Standard is to facilitate thel@ament of software
for reading and writing flow cytometry data files in a standardized forApgplication of a
standard file format allows files created on one type of instrument to be readeadymbd by
software implemented on a different computer. The original FCS standaplbleghed in 1984
as FCS 1.0 () and amended in 1990 as FCS 22))(and again in 1997 as FCS 3.8]J[

Over the past ten years, FCS 3.0 has served its purpose well, with only few minor update
requests from the scientific community. To address these requests, thetibriati@ociety for
Advancement of Cytometry Data Standards Task Force (ISAC DSTF) has devaloyeor

revision of the specification. Below, we summarize the major changes in FCS 3rioritaive
version of the FCS 3.1 specification can be found in supplementary material to thigmpanus
and at the ISAC website in the Current standards sectipnAldditional Supporting

Information to this manuscript contains examples of data transformations athytfeom

channel values in the FCS data file to the computer display of the end user. This docament ca
be used as tutorial guiding software developers through some of the new featheeBCS 3.1
specification.

SUMMARY OF CHANGES

The changes in FCS 3.1 include suggested improvements from the community, addoessing s
potential ambiguities in the previous versions and to provide a more robust standard vigelow
summarize the changes between FCS 3.0 and FCS 3.1 data file standard.

Improved Support for Storing Compensation

Most multicolor fluorescent data requires compensation to map from measurpaentsdye
space. Compensation is accomplished by linear algebra; for each evenralthe relevant
measurements is multiplied by the compensation matrix to give a vectoraafrtheponding
dye quantities. The compensation matrix is the inverse of the spillovexmatri

Many users apply compensation at the time of data acquisition. However, mosit@cqui
software packages now store the data uncompensated to provide the most flaxgtiditpge
and retrieval of data. The compensation transformation can theoretically beoueedrat the
time of analysis, given the same control samples. However, it is far nficrergffor the
acquisition software to describe the transformation in the FCS text segntbat the exact
same transformation can be implemented by the analysis software.

Historically, there were two methods for the specification of this compensatiin F@S 2.0,

the transformation could be completely and uniquely specified by the DFCiT @ijlsgywords,
with one keyword for every element in the spillover matrix. With FCS 3.0, theseokgywere
eliminated and replaced by the COMP keyword. Unfortunately, the COMP keyvasrd w
inadequately specified, and cannot uniquely specify the compensation transformation unde
many situations.
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Therefore, the FCS 3.1 standard remedies this situation with the SPILLOVERrkey he
SPILLOVER keyword specifies the number of parameters included in the traasiforpwhich
parameters are to be included, and the spillover coefficient matrix. In FCS 3.1]th©8PR
keyword is the only standardized way to specify compensation.

It is conceivable that multiple transformation matrices might be deisira single file (each of
which would address nonoverlapping sets of parameters). For example, if bothcanesgat
parameters were collected, these would require distinct spillover cerficHowever, since the
parameter set is nonoverlapping, the two matrices could be merged into a simgle mat
addressing all parameters (and with zero spillover values between the nqmugrfzarameter
sets). At this time, there is no justification for requiring distinct spilloratrices operating on
shared parameters; therefore, there is no mechanism for providing more than or@\@R_L
matrix per dataset.

Preferred Display Scale

Many acquisition software packages now store data as high-resolutiondatade.g., 18 bit
integer or IEEE floating point). However, users often wish to display the dataanséormed
mode, for example, logarithmically-scaled with 4 decades of display. The traasfon is often
different for different parameters; for example, forward scattesuslly displayed as linear,
immunofluorescence channels as logarithmic, and DNA fluorescence chaninetaias

Most often, the users have already defined their preference for visualizatiaohoparameter at
the time of acquisition. Rather than expecting the users to redefine thesenes at the time

of analysis, or having the analysis softwagaess$ at what should be done, the FCS 3.1 standard
defines the optional PnD keyword that identifies the user's preferred displanggor each
parameter. Analysis software should interpret this keyword value as a hiefenepce.

Simplified Support for International Characters

FCS 3.1 now provides uniform Unicodé]{[support for all keyword values. All keyword values
are encoded in the Universal Character Set (UCS), also known as Unicodened idef5O
10646 at implementation level 3 in UTF-8 (UTF = UCS Transformation Format) egcodin
defined in ISO 10646-1:2000. The UNICODE keyword is no longer necessary, and is
discontinued as a valid FCS keyword.

UTF-8 is backward compatible with ASCII since all characters 00 throughe#y ificlusive are
encoded the same way in UTF-8 and ASCII. Therefore, no change is required mgexisti
software if it chooses not to support international characters. Moreover, UTF-8 sapport i
included in many programming languages in a transparent way. Therefste, be expected
that many software tools will gain the international character suppduwtimuch effort
required from the software developers.

Calibration
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Calibration of parameter values to well defined units such as mean equivalerg solubl
fluorochrome (MESF) or antibody molecules represents an area of curregstiated research.
Therefore, adding the calibration information will preempt the creation dfpteuhonstandard
ways of handling calibration and is expected to be a significant advancementiétdtha the
FCS 3.1, calibration has been included using the set of optional PnNCALIBRATION ldsyimor
a way that does not complicate or interfere with existing and new uses of FG&nlbé
considered as hint or user preference, not a mandated part of the specification.

Support for Plate and Well Identification

The PLATEID, PLATENAME, and WELLID keywords have been added to systealigtic
address the need of sample identification in high throughput, plate based experimesgs. T
keywords can be used in addition to the existing SRC and SMNO keywords.

Sample Volume

A standardized way to communicate the sample volume has been introduced. The vake of a n
optional VOL keywords is a floating point number expressing the sample volume in er@nolit

Originality of The Data

ISAC is considering mechanisms to enforce immutability of data sets fatthve, which is a
long term goal along with separation of data and metadata (i.e., data abputfdateation.
While altering data is not being encouraged, there may be use cases whiiations of FCS
files are essential (e.g., adding computed parameters, adding ahatytomation). These shall,
however, be stored in a new copy of the data file always keeping the ofiiginaitouched.

As a response to the need of clearly distinguishing between an originaktiéda acquired by
the instrument) and an altered copy of this data set, the optional ORIGINALMWOke has
been added to FCS 3.1. It allows specifying whether the file is originakoed|distinguishing
the case where the DATA segment has been modified from the case where antatadtave
been touched, such as adding new keywords (e.g., SPILLOVER) or adding the ANALYS
segment. In addition, the optional LAST_MODIFIER keyword may specify the rditine
person performing the last modification, and the optional LAST_MODIFIED keywoydsioae
the date and time of that modification. This mechanism is mostly intended to prevent
accidentally mixing original and derived data sets and is not meant to regdhitenal
originality certification mechanisms that may be in place in partigalgr, clinical)
environments.

Parameter Names

FCS 3.0 and earlier versions required specified parameter names (valuegqbitesl PnN
keyword) to be used for certain measured parameters. For example, theseliR8dde
forward scatter, SS for side scatter. Historically, these requirermelpisd with the
establishment of useful naming conventions; however, they have never been followed
completely. For example, the forward scatter parameter name would wapebd=S and FSC



and a suffix*-A”, “-H”, or “-W"” would commonly be added to indicate whether the area, height,
or width of the signal pulse is being captured.

Reflecting current practices, the requirements of certain parametesrar certain parameters
have been removed in FCS 3.1 exceptME™ being required as the value of PnN keyword
for the time parameter. ThiIIME™ name requirement has been kept since it provides the only
identification of the parameter related to the TIMESTEP keyword.

Deprecation of Obsolete Features

Historically, the FCS file format has supported certain features thataiconsidered useful

from contemporary perspective. Some of these features are being depmreé#i& 3.1, which

means, that users (i.e., software and hardware developers) are stéldalouse these in FCS

3.1; however, their usage is not recommended as they may not be preserved in future versions of
the FCS data file standard.

Specifically, the FCS 3.1 specification deprecates the ASCII datdD¥oEATYPE="A"). This
data type has been useful at the early era of FCS for debugging purposes, atkraityghot
being used or supported by current instruments or analytical software.

The use of gating parameters (GnE, GnF, GnN, GnP, GnR, GnS, GnT, and GnV keywords) is
deprecated in FCS 3.1. However, this does not mean that acquisition gates are dapreCfe
3.1. The intent of Gn keywords was to store information about gating parameters, whicbtma
have been included in the final data set. From the contemporary perspective, this is not a
recommended practice and gates are appliédegular (i.e., Pn) parameters either during data
acquisition (supported via the GATING, Rnl and RnW keywords) or, more frequently, during
the postacquisition analytical process. These gates are typicady aatd communicated as part

of a project (or workspace) definition file by the software application usedfturpethe

analysis. Alternatively, these gates can be exported and communicated atitige NEL

standard @]), which is increasingly being supported by third party software applications.

The use of histograms (MODE other thar) and the related PKn, PKNn keywords are

deprecated in FCS 3.1. Implementors are encouraged to avoid histograms as they may
discontinued in next versions of FCS. Moreover, storing and providing raw list mode data is one
of the key aspects of transparent and reproducible data analysis.

The use of multiple data sets within a single data file is also deprecatess; tln@dse are derived
from each other. While multiple data sets within a single data file may a@®nvenient
feature, it has led to alternative and conflicting implementations ratheptbwiding useful
aspects.

Introduced Restrictions
There are two new restrictions in the FCS 3.1. The values of the BYTEORD keyawa théen

restricted to eithetl,2,3,4 (little endian) or‘4,3,2,1" (big endian). The series of the PDP-11
computers manufactured in 1970s and 1980s was the only widely used platform with an unusual
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byte order:*3,4,1,2 meaning that in the two 16-bit words comprising a 32-bit word, the most
significant 16-bit word was written first; however, within the 16-bit word, thastlsignificant
byte was written first. While previous versions of FCS allowed for anydyder to be specified,
mostly to support the PDP-11 platform, the little and big endian are currently thieytaly
orders being effectively used and supported by analytical hardware andrsoftw

The second restriction affects floating point data. If the floating pointyagas used (either
DATATYPE="F or DATATYPE=D"), then all parameters shall be stored as linear with the
value of PnE equal t®,0. The combination of logarithmic scale with floating point data brings
confusion rather than any benefit. Please note that storing data on logaritHe{zalcees of

PnE other thar0,0) is still supported for the integer data type.

Improved Documentation

In several sections, we have improved documentation of the file format. Improvenuiunde i

more explicit description of several keywords, such as PnE. In previous versionS,of FC
insufficient description of this keyword caused developers to tid@avalue, which, strictly
speaking, is not a valid entry. In addition, we are specific in several datdilsave previously

been considered &snplicitly clear’, e.g., last byte of a segment being the end of the segment or
dot (.) being the decimal separator of an ASCII representation of a floatimgnponber.

CONCLUSIONS

FCS 3.1 represents a minor revision of the successful flow cytometry staneodnfiat. This
revision includes features and improvements requested by the community. Whi®Rhues
to be the main venue for raw flow cytometry data and metadata deschibiagquisition
conditions, additional metadata are required to unambiguously describe expeantents
analyses as specified by the Minimum Information about a Flow Cytometryiteper
(MIFlowCyt) guidelines (f]). As these details are typically available for a long time dfier t
acquisition of the raw data, it is preferential to avoid storing them direcBZE files. Ensuring
that the FCS files are immutable facilitates reproducible reseansklhas typical clinical use
cases. Moreover, data structures capturing experimental metadata gsdaequire a high
degree of flexibility, which would not be transparent if encoded in FCS. A solution is to move
these components out of the data file into more appropriate data formats based oneip-to-da
technologies, such as the Extensible Markup Language (XML). The Gatingel fil¢ format
used to communicate postacquisition gating represents an example of such a carfiponent
simplify the organization of multiple files, the Analytical Cytometrgugtard (ACS) is being
designed as a container file format (essentially a ZIP file)e@tly, the ISAC DSTF is focused
on the development of‘&able of Contents(i.e., a manifest or an index) that would describe
the contents of the ACS container. Typically, FCS represents the primacg duakata in these
containers and additional information can be provided in a flexible manner. While aisar
reviewing additional data file formats for their potential to accommodétesf instruments (e.g.,
integrate list mode data with spectral, waveform or image data), it shoulegssesd that ISAC
is not considering retiring FCS, which will likely be the most importanfditenat in flow
cytometry for the next generations of cytometers.
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