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Microarray analysis has become a widely used tool for the generation of gene expression data on a
genomic scale. Although many significant results have been derived from microarray studies, one lim-
itation has been the lack of standards for presenting and exchanging such data. Here we present a
proposal, the Minimum Information About a Microarray Experiment (MIAME), that describes the min-
imum information required to ensure that microarray data can be easily interpreted and that results
derived from its analysis can be independently verified. The ultimate goal of this work is to establish a
standard for recording and reporting microarray-based gene expression data, which will in turn facil-
itate the establishment of databases and public repositories and enable the development of data analy-
sis tools. With respect to MIAME, we concentrate on defining the content and structure of the necessary
information rather than the technical format for capturing it.

Introduction

After genome sequencing, DNA microarray analysis! has become
the most widely used source of genome-scale data in the life sci-
ences. Microarray expression studies are producing massive
quantities of gene expression and other functional genomics
data, which promise to provide key insights into gene function
and interactions within and across metabolic pathways>.
Unlike genome sequence data, however, which have standard
formats for presentation and widely used tools and databases,
much of the microarray data generated so far remain inaccessible
to the broader research community.

Several factors contribute to the barrier to widespread access to
microarray data. The field is young and has only recently
approached the maturity needed to identify important aspects of
the data. In addition, gene expression data are more complex than
sequence data in that they are meaningful only in the context of a
detailed description of the conditions under which they were gen-
erated, including the particular state of the living system under
study and the perturbations to which it has been subjected. In con-
trast to an organism’s genome, there are as many transcriptomes as
there are cell types multiplied by environmental conditions. More-
over, comparing gene expression data is considerably more diffi-

cult, because at present, microarrays do not measure gene expres-
sion levels in any objective units. In fact, most measurements report
only relative changes in gene expression, using a reference which is
rarely standardized. Finally, different microarray platforms and
experimental designs produce data in various formats and units
and are normalized in different ways, all of which makes compari-
son and integration of these data an error-prone exercise>®.

Although the largest microarray laboratories have established
their own databases’, microarray data accompanying publica-
tions are typically reported on authors’ web sites using a variety
of formats, if they are accessible at all. Exactly what annotation
should be provided for microarray data is open to debate, but it is
clear that most of the publicly available data are currently not
annotated in sufficient detail for use by independent parties (in
fact, they are often not annotated at all). The reported data are
often completely ‘stripped” of all the evidence about the quality,
reliability and possible error levels of particular data points. For
instance, for two-channel microarray data, it is common to
report only the background subtracted signal ratios without
indicating anything about the absolute signal and background
levels. Yet these are important for assessing the reliability of the
measured expression for each arrayed gene.
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It is widely acknowledged that there is a need for public repos-
itories for microarray data®®, whose functions would include
providing access to supporting data for publications based on
microarray experiments. Such repositories are under develop-
ment by the National Center for Biotechnology Information
(which has developed the Gene Expression Omnibus), the DNA
Database of Japan, and the European Bioinformatics Institute
(which has developed ArrayExpress); however, it is less clear
exactly what information should be stored in such databases.
Should databases store raw microarray scans (images), or is one
final summary scalar per array element (such as one green/red
ratio per spot for two channel platforms) sufficient? Or should
some intermediate data, such as the complete output from a par-
ticular image analysis software package, be used instead? And
should this be reported as ‘raw’ data or should it be normalized?
What information about the experimental set-up should be
required? And how should the array elements (printed spots or
features) be annotated to facilitate an understanding of the
experimental results?

The precise nature of the information to be stored will be dic-
tated by the function of the particular database or repository. If
the unique goal of the database is to archive supporting data for
published experiments, it can be assumed that the publications
themselves will provide information explaining the database
entries. It may be argued that it can be left to peer review to
ensure that a particular publication together with the respective
database entry contains the information that is necessary to ver-
ify and reproduce the experimental results. It is unlikely, how-
ever, that such a system could be effective or scalable. Moreover,
the value and usefulness of such a nonstandardized database
would be considerably limited. For instance, it would be difficult
to use the database for high-throughput automated data analysis
or mining. The experience of the sequence databases over the
past decade unequivocally demonstrates the strategic impor-
tance of structured, consistent annotation applied early in the
process of data generation.

We believe that it is necessary to define the minimum informa-
tion that must be reported, in order to ensure the interpretability
of the experimental results generated using microarrays as well as
their potential independent verification. Here we propose a doc-
ument called MIAME, the Minimum Information About a
Microarray Experiment, as a starting point for a broader com-
munity discussion. To make the task more manageable, we focus
on microarray-based gene expression data, which arguably cov-
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Fig. 1 Conceptual view of gene expression data. The model has three parts: (i)
gene annotation, which may be given as links to gene sequence databases, (ii)
sample annotation, for which there currently are no public external databases
(except the species taxonomy) and (iii) the gene expression matrix, in which
each position contains information characterizing the expression of a particu-
lar gene in a particular sample.

ers the most popular applications of microarray technology. We
believe that the adoption of such a standard will facilitate the
establishment and usefulness of microarray databases. MIAME
should also prompt microarray manufacturers and software pro-
ducers to develop adequate microarray laboratory information
management systems (LIMS), enabling the production and cap-
ture of MIAME-compatible primary data at the bench.

The idea of having a defined minimum standard for information
associated with experiments is not new to life sciences. A similar
mode of operation has been adopted by the macromolecular struc-
ture community (see, for example, http://msd.ebi.ac.uk/), where
most journals require submission of a well-defined minimum of
raw data associated with publications. Not unlike crystallography
data, those generated by microarray experiments are usually of a
size and complexity that are meaningless to the general research
community unless a minimum defined standard states what data
are sufficient to support and verify conclusions.

Over and above representation of expression measurements,
MIAME addresses the need for the comprehensive annotation
necessary to interpret the results of microarray data. It is plat-
form-independent but includes essential evidence about how the
gene expression level measurements have been obtained. The
first version of a MIAME document (MIAME 1.0) was recently
completed and is used here as the basis for this discussion (Web
Note A). A glossary of terms (Web Note B) and an example of a
MIAME-compliant description of an experiment (Web Note C)
were prepared to facilitate discussion of the proposed standard.
MIAME is being developed by the Microarray Gene Expression
Database group (MGED; http://www.mged.org/), a grass-roots
movement to develop standards for microarray data®>. MIAME
1.0 was approved in the MGED 3 meeting in Stanford University
on 28-31 May 2001. It should be noted that MIAME does not
specify the format in which the information should be provided,
but only its content. A technical data format to capture microar-
ray information in a form that includes MIAME requirements is
being developed in a collaborative initiative coordinated by the
Life Sciences Research Task Force of the Object Management
Group (OMG) and, in fact, is well under way.

Gene expression—a conceptual view

A collection of gene expression data can be viewed abstractly as a
table with rows representing genes, columns representing vari-
ous samples and each position in the table describing the mea-
surement for a particular gene in a particular sample (Fig. 1). We
call this table a gene expression matrix. In addition to the matrix,
a description of a microarray experiment should also contain
information about the genes whose expression has been mea-
sured and the experimental conditions under which the samples
were taken. The information required to describe a microarray
experiment can be divided conceptually into three logical parts:
gene annotation, sample annotation and a gene expression
matrix (Fig. 1).

Ideally, we would like to measure amounts of gene expression in
natural units, such as mRNA copies per cell!, and to have an error
estimate or reliability indicator such as the standard deviation (s.d.)
associated with each value. There are a number of experimental
challenges, however, that make direct measurement of gene expres-
sion difficult. Raw data from microarray experiments are images
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Fig. 2 Three levels of microarray gene
expression data processing. The raw
data from microarray experiments are
images. These images have to be
quantified by image analysis soft-
ware, which identifies spots related
to each element on the array and
measures the fluorescence intensity
of each spot in each channel,
together with the background inten-
sity and a number of other quantifica-
tions, depending on the particular
software (microarray quantification
matrices). To obtain the final gene
expression matrix, all the quantities
related to each gene (either on the
same array or on replicate arrays)
have to be combined and the entire
matrix has to be normalized to make
different arrays comparable.

raw data

array scans

from hybridized microarray

scans that have to be analyzed to

identify and quantify each fea-

ture (spot) in the image. A DNA

sequence may be spotted on a

microarray several times; in addition, several distinct DNA
sequences may be spotted that map to the same gene. To yield a sin-
gle value for these, the corresponding measurements have to be
combined. Moreover, the same biological condition can be mea-
sured in several (replicate) hybridizations, and the information
from all replicates has to be summarized to derive a single gene
expression data matrix. Finally, to compare microarray data from
several samples, the data must be appropriately normalized.

There are at least three levels of data relevant to a microarray
experiment: (i) the scanned images (raw data); (ii) the quantita-
tive outputs from the image analysis procedure (microarray
quantitation matrices); and (iii) the derived measurements (gene
expression data matrices; Fig. 2). There is an important series of
transformations leading from raw data to the gene expression
matrix, and the steps involved are far from being standardized.

As there are no widely used standard controls for microarray
assays, microarray data from different sources use different mea-
surement units whose conversion factors are typically unknown
and may even vary depending on expression level. This indicates
the necessity to record not only the final gene expression matrix,
but also a detailed description of how the expression values were
obtained, if verification of the data is to be ensured. Conse-
quently, the nature of the data that must be recorded necessarily
becomes more complex.

Because microarray data have meaning only in the context of
the particular biological sample and the exact conditions under
which the samples were taken, a major element of the standard
that we propose addresses sample annotation. For instance, if we
are interested in finding out how different cell types react to
treatments with various chemical compounds, we must record
unambiguous information about the cell types and compounds
used in the experiments. This information should be contained
in sample annotation.

Although gene annotation can to a certain extent be expressed
by links to sequence databases, the possibly complicated many-
to-many relationships between genes in the gene expression
matrix and elements on the array make it necessary to provide a
full and detailed description of each element on the array.

General principles of MIAME design

As a starting point, we propose that for the data and annotations
from microarray experiments to have the most value, they should
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satisfy the following requirements: (i) the recorded information
about each experiment should be sufficient to interpret the experi-
ment and should be detailed enough to enable comparisons to sim-
ilar experiments and permit replication of experiments and (ii) the
information should be structured in a way that enables useful
querying as well as automated data analysis and mining.

The first requirement implies that a detailed annotation of the
sample and other experimental conditions should be recorded and
that some reliability estimates of particular data points should be
given. For example, red/green ratios alone for two-channel plat-
forms cannot normally be regarded as sufficient[] currently there is
no widely accepted method for indicating the confidence in a mea-
surement, and much intensity-specific and expression-level infor-
mation is lost. The necessary level of detail and whether the raw
image data should be included are less obvious and are still widely
discussed in the microarray community.

The second requirement implies the need for controlled vocabu-
laries and ontologies to represent data as well as the need to limit
free-format text only to cases where more structured representa-
tions are not feasible. This includes the use of a standardized
nomenclature for the description of biological samples and condi-
tions. The nomenclature may be as simple as a controlled vocabu-
lary or as fully developed as an ontology. Usage of the same
taxonomic classification  (http://www.ncbi.nlm.nih.gov/Taxon-
omy/) is an example of an ontology that allows researchers to
unambiguously determine the phylogenetic relationship between
organisms. Unfortunately, such resources are not available for
many other types of sample annotation, particularly those specific
for individual species, such as ‘developmental stage’ (see the MGED
Ontology Working Group home page for reference). A practical
approach may be to initially use free-text descriptions for some
sample annotations, despite the difficulty of incorporating them in
automated queries. The use of free text may be sufficient, for exam-
ple, in describing details of a laboratory protocol. A reference to a
publication describing the experiment is an alternative; however,
there are obvious drawbacks to not having information in hand for
either queries or browsing.

Although the goal of MIAME is to specify only the content of
the information and not the technical format, MIAME includes
recommendations for which parts of the information should be
provided as controlled vocabularies. The distinction between
free-text format and controlled vocabularies influences the
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Fig. 3 A schematic representation of six components of a microarray experiment.
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all the necessary information
to understand how conclusions
were reached. Note that we
assume that data will be pro-
duced by different experimen-
tal platforms and laboratories,
which means that few default
assumptions can be made and
most of the information
should be reported explicitly by
each laboratory.

In developing MIAME, we
have sought to find a compro-
mise between placing a burden
on data producers to annotate

gene

information content: a defined term taken from a given con-
trolled vocabulary is more precise in its meaning than the same
term used in a free-text field and can provide more advanced
data query and analysis options. As the majority of the necessary
controlled vocabularies do not exist, the MIAME definition
includes lists of ‘qualifier, value, source’ triplets, which authors
can use to define their own qualifiers and provide the appropri-
ate values. For instance:

qualifier: cell type

value: epithelial

source: Gray’s anatomy (38th ed.)

or

qualifier: treatment

value: 15" heat shock

source: Smith and Jones, Nature Genet. (1992)

Given sufficient detail by the author, these triplets can fully
describe a particular aspect of an experiment. The idea stems
from the information sciences, where a ‘qualifier’ defines a con-
cept and a ‘value’ contains the appropriate instance of the con-
cept. ‘Source’ is either user-defined or a reference to an externally
defined ontology or controlled vocabulary, such as the species
taxonomy database. The judgment regarding the necessary level
of detail is left to the data providers. In the future, these qualifier
lists may be gradually supplemented with predefined fields as the
respective ontologies are developed.

The aim of establishing microarray databases should be kept in
mind, although the MIAME document is conceptually indepen-
dent from it. An important principle in MIAME is that its parts
can be provided as references or links to pre-existing and identifi-
able descriptions. For instance, for commercial or other standard
arrays, required information needs to be provided only once by
the array supplier and referenced thereafter by the users. Stan-
dard protocols also need to be provided only once after they are
established, whereas specific deviations and parameters may be
provided with each experiment (note that this would allow users
to create a library of standard protocols). It is necessary that
either a valid reference or the information itself be provided for
every experimental data set.

There is one important additional principle underpinning
MIAME: as microarray technology is developing rapidly, it
would be counterproductive and unrealistic to impose on users
any particular platform, software or methods of data analysis.
Instead the standards should simply require the description of
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experiments in elaborate detail
and ensuring that data are
annotated in enough detail to be useful to the general research
community. Too much detail may be too taxing for data produc-
ers and may complicate data recording and database submission,
whereas too little detail may limit the usefulness of the data.
MIAME is an informal specification, the goal of which is to guide
cooperative data providers. It is not designed to close all possible
loopholes in data submission requirements. MIAME is not
designed as a ‘questionnaire’ that can be filled in, but only as an
informal specification on which microarray experiment—annota-
tion tools may be based.

The six parts of MIAME
We define a microarray experiment as a set of one or more
hybridizations, each of which relates one or more samples to one
or more arrays. The hybridized array is then scanned and the
resulting image analyzed, relating each element on the array with
a set of measurements (Fig. 3). The data are normalized and
combined with data from replicate hybridizations.

The minimum information about a published microarray-
based gene expression experiment includes a description of the
following six sections:

1. Experimental design: the set of hybridization experiments
as a whole

2. Array design: each array used and each element (spot,

feature) on the array

Samples: samples used, extract preparation and labeling

Hybridizations: procedures and parameters

Measurements: images, quantification and specifications

Normalization controls: types, values and specifications

oW

Each of these sections contains information that can be provided
using controlled vocabularies, as well as fields that use free-text for-
mat. Here we discuss only the general information required in each
of these sections; for a full description, see the MIAME document
(Web Note A), which includes a sample experiment described
according to MIAME requirements. We do not discuss why we
regard each of the MIAME elements as necessary, but we hope that
this follows from the principles discussed in the previous sections.

In constructing the MIAME standard, we were careful to include
as much relevant information as possible to aid in the interpreta-
tion of the results of each microarray experiment. Some have sug-
gested that this is excessive as, for example, sample preparation and
labeling protocols typically appear in the Methods sections of pub-
lications associated with microarray experiments. Although these
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assertions are merited, we believe that the comprehensive nature of
MIAME confers distinct advantages without imposing an excessive
burden on submitters of microarray data. There are a number of
reasons for this. First, stand-alone entries make the use of a data-
base inherently more efficient. Second, a collection of protocols in a
relatively standard format (including controlled vocabularies)
would facilitate comparison and usage of the protocols by third
parties. Third, not all journals publish experimental protocols in
sufficient detail (often due to length considerations) for others to
reproduce them. Fourth, once this information has been prepared
for a journal publication, providing it for a database submission
should not constitute significant additional effort. Moreover, jour-
nals are increasingly relying on electronic release of both protocols
and the data supporting published reports, and the MIAME stan-
dard would allow for a uniform presentation of such information.

Part 1: Experimental design. This section describes the exper-
iment as a whole, which may consist of one or more hybridiza-
tions. Normally an ‘experiment’ should include a set of
hybridizations that are inter-related and address a common bio-
logical question, such as all hybridizations relating to research
published in a single paper. Each experiment should have an
author (submitter) as well as contact information, links (URL),
citations and a single-sentence experiment title. The section also
includes a free-text format description of the experiment or a
link to an electronically available publication.

The minimal information required in this section includes the
type of the experiment (such as normal-versus-diseased compar-
ison, time course, dose response, and so on) and the experimen-
tal variables, including parameters or conditions tested (such as
time, dose, genetic variation or response to a treatment or com-
pound). This section also provides general quality-related indi-
cators such as usage and types of replicates and quality-control
steps (such as dealing with low-complexity sequence-induced
nonspecific hybridization). Provided in a format of controlled
vocabularies, these will enable accurate queries and more formal
data analysis than free-text descriptions.

Finally, this section specifies the experimental relationships
between the array and sample entitiesU] that is, which samples
and which arrays were used in each hybridization assay. Each of
these will be assigned unique identifiers that are cross-referenced
with the information provided in the following sections. This
information will allow the user to reconstruct unambiguously
the experimental design and to relate together information from
further MIAME sections.

Part 2: Array design. The aim of this section is to provide a
systematic definition of all arrays used in the experiment, includ-
ing the genes represented and their physical layout on the array.
There are two parts to this section. The first is a list of the physical
arrays; each member of the list is a simple description that gives a
unique ID to each array used in the experiment and a reference to
a particular array design. These designs are described in the sec-
ond part of the section.

In the context of a database, array types should be defined and
submitted only once by the array provider and referred to thereafter
by users of the arrays. The array-type definition includes informa-
tion common to all arrays of a particular type (such as glass-slide
spotted with PCR-amplified cDNA clones) as well as precise
descriptions of the physical content of each element (spot or fea-
ture). This section consists of three parts: (i) a description of the
array as a whole (such as platform type, provider and surface type);
(ii) a description of each type of element or spot used (properties
that are typically common to many elements, such as ‘synthesized
oligo-nucleotides’ or ‘PCR products from cDNA clones’); and (iii)
a description of the specific properties of each element, such as the
DNA sequence and, possibly, quality-control indicators.
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The challenge for element definition is to achieve a unique and
unambiguous description of the element. Because references to
an external gene index may not be stable, it is essential to physi-
cally identify each element’s composition. Disclosing the nature
of the relationship between an array element and its cognate
gene’s transcript allows informed assessment of an element’s
potential for nonspecific cross-hybridization or its capacity to
distinguish alternative splice variants. Thus, where elements are
based on ¢cDNA clones, PCR amplicons or composite oligonu-
cleotides, it is necessary that clone IDs, primer pair sequences or
oligonucleotide sequence sets, respectively, are specified. In the
case of commercial arrays where such details may be proprietary,
MIAME allows for a compromise: instead of the actual probe
sequence, the reference sequence from which the probe was
derived may be specified. Although we do not consider this to be
ideal, as the probe sequence may affect the results and interpreta-
tion of hybridization, it does allow commercial organizations to
protect their intellectual investment in developing their array
reagents while providing the minimum information necessary to
uniquely identify the array elements.

Part 3: Samples. This section describes the second partner in
the hybridization reaction: the labeled nucleic acids that repre-
sent the transcripts in the sample. The MIAME ‘sample’ concept
represents the biological material (or biomaterial) for which the
gene expression profile is being established. This section is
divided into three parts which describe the source of the original
sample (such as organism taxonomy and cell type) and any bio-
logical in vivo or in vitro treatments applied, the technical extrac-
tion of the nucleic acids, and their subsequent labeling.

As the characteristics necessary to accurately define a biologi-
cal sample vary greatly from organism to organism, most of the
biological sample definition is provided as an adaptable list of
‘qualifier, value, source’ triplets (such as ‘strain ‘129P1-Lama24”
or ICSGNM’). Currently, the single common feature of all sam-
ples is the organism’s taxonomic definition. A list of qualifiers
initially left at a submitter’s discretion may progressively be made
standard when applicable ontologies are made public.

As for laboratory protocols for sample treatments, sample
extraction and labeling, these will need to be specified initially as
free-format text. Again, it is anticipated that popular protocols
will be provided once and referred to thereafter by submitters
pointing out the exact parameters and deviations from the stan-
dard protocol. Knowledge of these protocols may be important
for interpreting the data.

Part 4: Hybridizations. This section defines the laboratory
conditions under which the hybridizations were carried out.
Other than a free-text description of the hybridization protocol,
MIAME requires that a number of critical hybridization parame-
ters are explicitly specified: choice of hybridization solution
(such as salt and detergent concentrations), nature of the block-
ing agent, wash procedure, quantity of labeled target used,
hybridization time, volume, temperature and descriptions of the
hybridization instruments.

Part 5: Measurements. The actual experimental results are
defined in this section. It consists of the three parts discussed
in Section 2, progressing from raw to processed data: (a) the
original scans of the array (images), (b) the microarray quan-
tification matrices based on image analysis, and (c) the final
gene expression matrix after normalization and consolidation
from possible replicates.

Image data should be provided as raw scanner image files (such
as TIFF), accompanied by scanning information that includes rel-
evant scan parameters and laboratory protocols. MIAME does
not require a particular image format, only that submitters pro-
vide the original scans upon which data quantification was based
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in a format readable by generally available software. Storing the
primary image files would require a significant quantity of disk
space, and there is no community consensus as to whether this
would be cost-effective or whether this should be the task of pub-
lic repositories or the primary authors. Nevertheless, as images
represent the primary data from a microarray assay and the algo-
rithms used for analysis can affect the conclusions that are
reached, the current MIAME standard includes a specification for
image deposition. As scanning protocols and image analysis
methods mature, this mandatory requirement on image files may
be revisited.

For each experimental image, a microarray quantification
matrix contains the complete image analysis output as directly
generated by the image analysis software (normally provided as
separate spreadsheet-type files). Note that for a given image this
is a 2D matrix, where array elements (spots or features) consti-
tute one dimension and quantification types (such as mean and
median intensity, mean or median background intensity) are the
second dimension. We also provide in this section the co-lateral
information needed to understand how image analysis was car-
ried out, in particular the software used, the underlying method-
ology (such as algorithms and statistics), all relevant parameters
and the definitions of the quantifications used (such as mean or
median intensity). Note that if authors use their own custom-
made (or customized) image-analysis software, the specification
of its output is not formally dictated by MIAME. Nevertheless, in
the spirit of MIAME, the output should include the information
that permits the nature and quality of individual spot measure-
ments to be assessed.

Finally, the gene expression matrix (summarized information)
consists of sets of gene expression levels for each sample. If
microarray quantification matrices can be considered
spot/image centric, then the gene expression matrix is gene/sam-
ple centric. At this point, the expression values may have been
normalized, consolidated and transformed in any number of
ways by the submitter in order to present the data in a form
amenable to scientific analysis. Rather than attempting to impose
a standard for gene expression values, MIAME indicates pre-
ferred detailed specifications of all numerical calculations
applied to unprocessed quantifications in (b) that have led to the
data in (c). Experimenters are encouraged, though not required,
to provide reliability indicators (such as s.d.) for each data point.

Part 6: Normalization controls. A typical microarray experi-
ment involves a number of hybridization assays in which the data
from multiple samples are analyzed to identify relative changes in
expression levels, identify differentially expressed genes and, in
many cases, discover classes of genes or samples having similar
patterns of expression. A typical experiment follows a ‘reference
design’ (more sophisticated loop designs have been proposed!!,
although these have not yet been widely adopted) in which many
samples are compared to a common reference sample so as to
facilitate inferences about relative expression changes between
samples. For these comparisons, the reported hybridization
intensities derived from image processing must first be normal-
ized. Normalization adjusts for a number of technical variations
between and within single hybridizations, namely quantity of
starting RNA and labeling and detection efficiencies for each
sample. There are a variety of normalization schemes in use,
including total-intensity, ratio-based and both linear and nonlin-
ear regression techniques. In addition, these analyses may be
based on either the complete data set, a user-defined subset of
genes (often a set of ‘housekeeping genes’ thought not to change
their level of expression under the conditions used) or exogenous
genes for which RNA is ‘spiked” into the initial samples of inter-
est. Whether used for normalization or not, the use of exogenous
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controls is becoming increasingly common both for quality con-
trol within single arrays and for array-hybridization compar-
isons within and between platforms.

Section 6 of the MIAME standard provides an opportunity for
the specification of parameters relevant to normalization and
control elements. Our proposed standard includes (i) the nor-
malization strategy (spiking, housekeeping genes, total array,
other approach) (ii) the normalization and quality control algo-
rithms used, (iii) the identities and location of the array elements
serving as controls, as well as their type (spiking, normalization,
negative or positive hybridization controls, landing lights’ to
assist spotfinding), and (iv) hybridization extract preparation,
detailing how the control samples are included in sample targets
prior to hybridization.

Discussion

Our goal is to develop a standard that can serve both research sci-
entists and software developers. To that end, we hope that this
description will stimulate discussion of the proposed MIAME
standards and we encourage the microarray community, as well
as the general research community, to provide us with their views
on how this standard can be improved. For this purpose an e-
mail discussion group has been set up by MGED consortium (to
join, see http://www.mged.org).

At first glance, the extent of the information requested in the
MIAME specification may seem daunting. It should be noted, how-
ever, that for most laboratories the majority of the information will
be similar for many experiments, and once that information is
specified, it should not have to be specified again. For example,
most laboratories will use a single design for tens or hundreds of
microarray experiments. The same is true of labeling protocols and
normalization strategies. Describing these and other specifications
has several goals: to help scientists conducting and designing exper-
iments to record appropriate data, to assist those scientists inter-
preting or analyzing those data and to facilitate the design of
databases and software that enable the data to be archived, queried
and retrieved in an intuitive and biologically relevant manner.

We pose several questions to the research community. Is the
current MIAME draft sufficiently detailed to capture the infor-
mation needed to analyze and evaluate microarray data? If not,
what is missing? Or is MIAME already too extensive, requiring
specific details that are unlikely to ever be exploited; if so, what is
superfluous? Are there objections to having a defined minimum
information standard in principle and, if so, what are the alterna-
tives? The goal of our proposal is not to impose specific solutions
upon the community but instead to establish a community-wide
understanding of the optimal infrastructure for the sharing of
microarray data. It is possible that parts of MIAME may be bur-
densome whereas other sections do not offer sufficient detail.
One important consideration is the queries that one would like
to make of a MIAME-supportive gene expression database. Our
development of MIAME was guided primarily by a desire to pro-
vide the information necessary to make such queries.

The MIAME document represents an overall consensus of the
MGED working group on microarray data annotations' in all
parts except section 5(a) concerning ‘hybridization-scan raw
data’ A majority of the working group supports the view that
providing raw image data is an essential part of MIAME. There is
also a considerable minority, however, who do not adhere to this
view. If the consensus emerges that the primary image data are
important, what is the preferred mechanism for ensuring access
to images? Should they be stored in public repositories, or should
the availability of the images be the responsibility of the experi-
menter? We anticipate that the answer to this (and other ques-
tions posed here) may evolve over time.
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A more fundamental question for discussion is whether nat-
ural units for gene expression measurements exist. If so, what
might they be, and can they be calculated from microarray mea-
surements? In the absence of natural units of gene expression,
how should gene expression data be organized, in particular to
facilitate cross-experiment and cross-platform transcriptome
comparisons? Is it possible and helpful to introduce standard
controls and protocols for microarray experiments themselves,
to facilitate comparison of the data?

Once MIAME has stabilized and a general consensus is
reached, we can turn to practical applications. An initial techni-
cal application is to develop a data model that is able to record
MIAME. Such a data model is already being developed within
the OMG with the participation of the MGED consortium
(http://www.geml.org/omg.htm). Founded on this data model is
a standard data-exchange format (an XML description called
MAGE-ML: Microarray Gene Expression Markup Language),
which will allow communication of MIAME supportive data
between local laboratory databases, central archives and stand-
alone analysis packages. The final version of the MAGE-ML stan-
dard has been submitted to OMG, and participating
organizations are already concentrating on the development of
the supporting software.

The next important step is the development of gene expression
databases able to record MIAME information and, equally impor-
tant, of data submission tools. Such tools may include web-based
questionnaires allowing users to enter MIAME information
directly into a database or to export captured data in the standard
format discussed above. In many cases, it is envisaged that most of
the MIAME information will be recorded through local LIMS soft-
ware before being uploaded into central archiving databases using a
standard data-exchange format. As such, the development of such
MIAME-friendly LIMS software will be an important task. We
hope that by adopting and publicizing MIAME, we will encourage
software developers to adapt their tools to this standard.

It is important that the effort to define minimum information
requirements and data-exchange formats is endorsed by many
major commercial genomics and bioinformatics companies. The
availability of minimum data requirements will help in develop-
ing databases that can exchange information with public or other
private databases. MIAME addresses the problem faced by most
commercial gene expression companies of integrating gene
expression data from multiple sources and multiple platforms.

Eventually, when MIAME—supportive public repositories are
established, the general research community must consider
whether full data disclosure should be required for publication.
Journals and funding agencies will also have to consider whether,
in the tradition of DNA sequence and macromolecular structure
data, release of microarray data at a MIAME compliant level
should be required.

In its present form, MIAME 1.0 is the first version of a docu-
ment describing the minimal information required to report an
array based gene expression experiment. Although some of the
current specifications may become redundant or irrelevant as the
technology evolves, extra information may need to be added at a
later date. We therefore plan to couple future versions with
progress in technology and analysis as well as experience gained
within the microarray community. In addition, microarrays can

nature genetics * volume 29 ¢« december 2001

be used for many types of experiment other than monitoring
gene expression (comparative genome hybridization, genome
mismatch scanning, chromatin IP experiments, and so on), and
future versions of MIAME will attempt to accommodate these
other types of data.

During this era of genomic-scale experiments, establishing
expectations for format and content, sharing data and analysis
tools and establishing databases and other resources has
become a widespread problem throughout the life sciences.
For instance, the neuroimaging community seems to be con-
fronted with very similar problems (how to compare data
across different laboratories, a lack of standards for data nor-
malization, a need for standard annotations) and is following a
similar strategy for developing a solution'?. Our hope is that
such an approach becomes the norm by which data presenta-
tion and publication standards are developed in the future. As
such, we look forward to hearing comments and suggestions
from the general research community.

Note: Supplementary information is available on the Nature Genetics
web site (http://genetics.nature.com/supplementary_info/).
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