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Abstract

Cell migration research has become a high-content field. However, the quantitative information encapsulated in these
complex and high-dimensional datasets is not fully exploited owing to the diversity of experimental protocols and
non-standardized output formats. In addition, typically the datasets are not open for reuse. Making the data open and
Findable, Accessible, Interoperable, and Reusable (FAIR) will enable meta-analysis, data integration, and data mining.
Standardized data formats and controlled vocabularies are essential for building a suitable infrastructure for that purpose
but are not available in the cell migration domain. We here present standardization efforts by the Cell Migration
Standardisation Organisation (CMSO), an open community-driven organization to facilitate the development of standards
for cell migration data. This work will foster the development of improved algorithms and tools and enable secondary
analysis of public datasets, ultimately unlocking new knowledge of the complex biological process of cell migration.

Keywords: cell migration; data standards; metadata; CMSO; MIACME; biotracks; frictionless data package; FAIR data

Introduction: Towards FAIR and Open Cell
Migration Data

Owing to advances in molecular biology, microscopy technolo-
gies, and automated image analysis, cell migration research cur-
rently produces spatially and temporally resolved, complex, and
large datasets. Consequently, experimental imaging techniques
have de facto entered the “big data” era [1, 2]. This creates, on
the one hand, challenges [3] for standardizing and maintain-
ing data-driven cell migration research in public repositories
while, on the other hand, offering unprecedented opportunities
for data integration, data mining, and meta-analyses.

This situation resembles the progress that has been made in
the omics fields integrating standardized data generation, shar-
ing, and analysis over the past 2 decades [4, 5]. The ultimate goal
for cell migration data processing is to follow a similar route to
progress and become more quantitative, interdisciplinary, and
collaborative.

To enable cell migration data integration, mining, and meta-
analysis, we initiated an open data exchange ecosystem for cell
migration research [6]. The aim was to overcome the current
fragmentation of cell migration research and facilitate data ex-
change, dissemination, verification, interoperability, and reuse,
as well as to encourage data sharing [7]. This should also in-
crease the reproducibility of experiments, enable data mining
and meta-analyses, and thus satisfy the FAIR principles for Find-
able, Accessible, Interoperable, and Reusable data [8]. Public
availability of both cell migration data and metadata, and desig-
nated tools to mine these data, will facilitate the understanding
of complex cell functions and their relevance for clinical use in
health and disease. In addition, it will attract computational sci-
entists to the field, producing in silico models allowing numerical
hypotheses to be tested experimentally [9, 10].

Establishing such an open cell migration data ecosystem
necessitates community consensus on what content to re-
port, what terminologies to use, and what structured machine-
readable formats to use in order to represent the experimen-
tal details, workflows, and analysis results. A significant chal-

lenge is the inherent heterogeneity of experimental data: exper-
iments are performed in a wide array of assays, at all levels of
throughput, in diverse cellular models, maintained in various
microenvironments, using multiple microscopy techniques and
analysis methods. For example, a common readout in a cell mi-
gration experiment is the measurement of the movement over
time of cells and/or subcellular compartments. Other quantita-
tive readouts include cellular morphology and its temporal dy-
namics [11]. However, there is no standard way to report this in-
formation, preventing the integration and mining of these data
for downstream knowledge extraction. In addition, usually other
experimental details are presented in narrative form in articles,
in line with publication policies of scientific journals, and typi-
cally not delivered in a uniform machine-readable form. While
the “Methods” section of scientific publications is supposed to
enable full understanding of the experimental procedures and
support replication, similar experiments may be described in
an inconsistent manner in different studies. The methods de-
scription may be partial and may leave room for multiple inter-
pretations of the experimental details and procedures of data
analysis.

With the ultimate aim of an open data ecosystem, the Cell
Migration Standardisation Organisation (CMSO) was established
in 2016 to define and implement standards for the cell migra-
tion community. The CMSO operates openly and transparently,
is based on voluntary efforts from the community, and is open
to anyone interested in contributing and/or providing feedback.
The developed standards are designed and implemented with
the aim of achieving participants’ consensus. The CMSO outputs
can be found in GitHub [12], while general information and ac-
tivities are available from the CMSO website [13].

The cell migration community standards are composed of
3 modules, corresponding to the CMSO working groups (WGs)
(Fig. 1):

1. Reporting guidelines specifying the minimum information
required when describing cell migration experiments and
data (WG1);
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Figure 1: The Cell Migration Standardisation Organisation (CMSO). The 3 working groups (WGs) deliver specific standards in an interactive manner.

2. Controlled vocabularies (CVs) that unambiguously annotate
these units of information (WG2);

3. Standard file formats for data and metadata, embodying the
minimum reporting requirements and CV specifications,
and APIs, which ensure that all data, results, and associated
metadata can be read and interpreted by relevant software
packages (WG3).

While CMSO consists of these 3 WGs (Fig. 1), interactions
and synergies between them were essential to achieve the inte-
grated model. For example, the information elements identified
by the minimum reporting checklist (WG1) were annotated with
the terms identified as CVs (in WG2), and both checklist and vo-
cabularies were considered when developing formats and APIs
(WG3).

In this article, we introduce the CMSO standards framework,
providing an audit trail from the data to the machine-readable
and interoperable metadata in a harmonized manner.

Results: CMSO Standards and Tools
Minimum reporting guidelines and controlled
vocabularies

Minimum reporting guidelines, also termed “requirements” or
“checklists,” aim to ensure that necessary and sufficient meta-
data are provided to enable the comprehension of an experi-
ment, future data integration, data mining, and to ensure repro-
ducibility. The CMSO has defined iterative versions of the Mini-
mum Information About a Cell Migration Experiment (MIACME)
guidelines, the latest version being MIACME 1.1 [14, 15], also reg-
istered [16] in the FAIRsharing portal [17]. Reporting guidelines,
when enforced by journals, are an important factor to boost re-
producibility according to 69% of researchers surveyed by Nature

[18] and have also been proven to improve the quality of exper-
imental reporting [19].

MIACME consists of (i) generic information about an investi-
gation, which can involve 1 or more studies, the associated pub-
lications, people, organizations, and grants; and (ii) specific in-
formation about the associated cell migration experiments. The
cell migration–specific part of MIACME is partitioned into 3 con-
ceptual domains (Fig. 2): (i) the experimental set-up: the assay,
cell model, environmental conditions, and perturbations; (ii) the
imaging condition: the microscopy settings; and (iii) the data:
the raw images, summary information about the data (e.g., num-
ber of replicates, number of images), processed images, and the
derived quantitative analysis outputs.

MIACME is presented as a specification accompanied by a
spreadsheet that describes entities and properties, their ex-
pected values, cardinalities, and requirement levels. In addition,
we also provide a machine-readable and actionable represen-
tation that can be validated in the form of JavaScript Object
Notation (JSON) schemas [20] and configurations (or templates)
for the ISA-Tabular (ISA-Tab) format, so that MIACME-compliant
metadata can be created using the ISA framework [21] (see more
details in the next section).

While the minimum information requirements determine
the metadata elements to be reported, the community also
needs to agree on the terms that will be used when describing
cell migration experiments. A CV provides a standard terminol-
ogy with unambiguous meaning for a particular domain with
the goal of promoting consistent use of terms within a com-
munity [22]. These terms can then be included in an ontology
that defines formal relationships between them. CVs and on-
tologies harmonize the data representation to perform queries
across data repositories, enable data interoperability, and facil-
itate data integration, data mining, and knowledge discovery. A
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