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Microarrays have emerged as the
premier tool for studying gene expres-
sion on a genomic scale. Advances in
the precision of array printers and scan-
ners as well as improved laboratory
protocols (11) allow for assays of
tremendous complexity and scope. Sci-
entists seeking to harness the potential
of this technique are often challenged
by the large quantities of data produced.
Well-designed, user-friendly software
is the key to tracking, integrating, quali-
fying, and ultimately deriving scientific
insight from the experimental results. In
support of our ongoing work in mi-
croarray analysis of gene expression,
we developed a suite of software that
allow users in the laboratory to capture,
manage, and analyze effectively data

from DNA microarray experiments.
The TM4 suite of tools consist of four
major applications, Microarray Data
Manager (MADAM), TIGR_Spotfind-
er, Microarray Data Analysis System
(MIDAS), and Multiexperiment View-
er (MeV), as well as a Minimal Infor-
mation About a Microarray Experiment
(MIAME)-compliant MySQL data-
base, all of which are freely available to
the scientific research community at
http://www.tigr.org/software. Although
these software tools were developed for
spotted two-color arrays, many of the
components can be easily adapted to
work with single-color formats such as
filter arrays and GeneChips (Affy-
metrix, Santa Clara, CA, USA). Three
of the TM4 applications, MADAM,
MIDAS, and MeV, were developed in
Java and have been tested on Micro-
soft® Windows, Linux®, Unix®, and
MacOS X® platforms; TIGR Spotfind-
er was written in C/C++ and runs only
on Windows systems. The TM4 soft-
ware system represents a comprehen-
sive, extensible, open-source, and
freely available collection of tools that
we believe will be of use to a wide
range of laboratories conducting mi-
croarray experiments. We further hope
that by providing source code along
with the executable software, we can
encourage others to develop new analy-
sis methods and utilities that will fur-
ther enhance the capabilities of this
software system.

Managing array data effectively re-
quires the development and mainte-
nance of a database designed to reflect
the experimental process. Central to

TM4 is a MySQL database that stores
all data related to the microarray
process, such as information on experi-
ments, studies, protocols, data normal-
ization, and gene expression. This data-
base supports MIAME (4) and captures
the information deemed essential by
this standard. While this may serve as a
complete microarray database system
for some users, others can use it as a
starting point for customized database
development. A schema for the data-
base is provided, and TM4 can be
adapted to work with existing relational
databases as the interaction is via
JDBC (Sun Microsystem’s Java Data-
Base Connectivity Application Pro-
gram Interface).

A database is only as good as the
data that are entered into it. MADAM
(Figure 1A), implemented in Java, fa-
cilitates data entry into the database.
MADAM guides users through the mi-
croarray process from RNA procure-
ment to data analysis, offering intelli-
gent forms to simplify the tracking of
experimental parameters and results
that are essential for the interpretation
of expression results in downstream
analyses. Canned reports provide infor-
mation on RNA samples, studies, slide
maps, and other pertinent data, and a
general SQL query window allows
freeform access to the underlying data-
base. MADAM also serves as a plat-
form for launching other data entry and
management tools. Through the use of
these integrated modules, users can
view and score PCR plates, design ex-
periments and studies, and track labora-
tory materials. Although not yet fully
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supported, MADAM is being adapted
to read and write MAGE-ML, the
XML data exchange format being de-
veloped by an international consortium
of leading public databases and mi-
croarray research centers. A MAGE-
ML version of MADAM should be
available by the end of this year and
will facilitate submission of microarray
data to public repositories such as Ar-
ray Express and GEO.

Image analysis is a crucial step in
the microarray process. TIGR Spot-
finder (Figure 1B) was designed for the
rapid, reproducible, and computer-aid-
ed analysis of microarray images and
the quantification of gene expression.
TIGR Spotfinder reads paired 16-bit
TIFF image files generated by most mi-
croarray scanners. Semi-automatic grid
construction defines the areas of the
slide where spots are expected. Auto-
matic and manual grid adjustments
help to ensure that each rectangular
grid cell is centered on a spot. A his-
togram segmentation method defines
the boundaries between each spot and
the surrounding local background. Spot
intensities are calculated as an integral
of non-saturated pixels, although other
options including spot medians are
available. Local background is sub-
tracted from each intensity value.
These calculated intensities, along with
each spot’s position on the array, spot
area, background values, and quality-
control flags, are written to a TIGR Ar-
rayViewer (“.tav”) file format, a Mi-
crosoft Excel® workbook, or the
database. Reusable grid geometry files
and automatic grid adjustment allow
the user to analyze large quantities of
images in a consistent and efficient
manner. To complement the automated
methods, particularly in noisy areas of
the slide, the user may manually identi-
fy or discard spots. Quality-control
views allow the user to assess system-
atic biases in the data. TIGR Spotfinder
is written in C++.

Before the intensity values measured
in TIGR Spotfinder can be compared,
normalization is necessary. This critical
step can help compensate for variabili-
ty between slides and fluorescent dyes,
as well as other systematic sources of
error, by appropriately adjusting the
measured array intensities. Data filter-
ing can reduce the dataset by removing

poor or questionable data, in addition to
data deemed uninteresting or irrelevant
to the analysis. TIGR’s MIDAS (Figure
1C), a Java application, provides users
an intuitive interface to design analysis
protocols combining one or more nor-
malization and filtering steps. In this
way, data from many individual hy-
bridizations can be treated in a uniform
and reproducible manner. MIDAS
reads “.tav” files generated by TIGR
Spotfinder or retrieved from the data-
base via MADAM. Normalization
modules include locally weighted linear
regression [lowess (7,19)] and total in-
tensity normalization. These can be
linked with filters, including low-inten-
sity cutoff, intensity-dependent Z-score
cutoffs, and replicate consistency trim-
ming, creating a highly customizable
method for preparing expression data
for subsequent comparison and analy-
sis. Data analysis methods are con-
structed using an intuitive graphical
scripting language and can be saved for
application to other datasets. MIDAS
provides scatterplots that illustrate the
effects of each algorithm on the data.
When the normalization and filtering
steps are complete, MIDAS outputs the
data in “.tav” format.

Normalized and filtered expression
files are ready for analysis using TIGR
MeV (Figure 1D). MeV is capable of
loading “.tav” files, including those
normalized by MIDAS, and generates
informative and interrelated displays of
expression and annotation data from
single or multiple experiments. At this
final stage of the TM4 pipeline, flexi-
bility and the variety of analysis tech-
niques are critical, as every algorithm
has strengths that can be exploited
when used on certain datasets and ex-
perimental designs. The concept of
modularization lends itself particularly
well to this system, as novel algorithms
and existing codebases from the mi-
croarray community can be integrated
with the Java-based MeV using a well-
defined module application program
interface (API).

Analysis modules currently imple-
mented in MeV include hierarchical
clustering (8), k-means clustering (18),
self-organizing maps (15), principal
components analysis (17), cluster affin-
ity search technique (3), self-organiz-
ing trees (13), template matching, be-
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tween-groups tests (including t-tests),
QT_Clust (14), support vector ma-
chines (5), gene shaving (10), and rele-
vance networks (6). Bootstrapping and
jackknifing resample the dataset to
generate consensus clusters. Figure of
merit graphs (20) suggest appropriate
input parameters for algorithms such as
k-means. Modules to allow metabolic
pathways and genomic/chromosomal

maps to be viewed with expression data
overlaid are in development and test-
ing. A wizard to handle links to public
database Web sites is also being devel-
oped. Clusters identified through any
analysis method can be labeled and
tracked through other analyses, provid-
ing the user with the ability to compare
the results of several clustering algo-
rithms to determine consensus and fo-

cus on genes with specified expression
patterns and biological profiles.

The TM4 system was developed in
our laboratory at TIGR and has been
used for the collection and analysis of a
gene expression data from a number of
microarray experiments in a wide vari-
ety of systems, including studies of ex-
pression in human cancer, rodent mod-
els of human disease, expression in the
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Figure 1. Representative screen shots from TM4. (A) The MADAM data entry interface provides access to data associated with a microarray study. A naviga-
tion panel on the left-hand side leads users through the process of data entry during a microarray experiment. Shown here is a page for entering information about
the material printed onto each array slide used in a particular study. (B) TIGR Spotfinder provides image processing with direct connections to the microarray
database. Here, a grid has been defined and overlaid on the scanned image file. Good (pink contours) and bad spots have been identified and spot contours are
clearly displayed. (C) MIDAS allows users to define a data normalization and filtering protocol using a simple graphical scripting interface. The diagram on the
left shows the steps in the analysis to be carried out; the panel on the right allows users to enter parameters for each stage in the analysis. (D) MeV allows users to
apply a number of sophisticated data mining tools to their array data and provides integrated graphical depictions of the results of the analyses conducted.
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model plant Arabidopsis thaliana, and
expression in a variety of other plant,
animal, and microbial species. Our
databases contain data from well over
3500 hybridization assays, and the sys-
tem has evolved through the comments
of our many users at TIGR and the
more than 2000 users of the system
elsewhere. The analysis enabled by
TM4 has resulted in a number of publi-
cations (1,2,9,11,12,16,19), and the
system continues to evolve to meet the
challenges of new experimental de-
signs and systems.

As we look to the future, we can ex-
pect increasing quantities of gene ex-
pression data. The creation of novel al-
gorithms and growing acceptance of a
system for information exchange will
support this trend. TM4 stands ready to
provide researchers with the necessary
tools for managing all stages of the mi-
croarray process, and we invite the mi-
croarray community to participate in its
ongoing development by providing
new analysis modules that can be made
available to researchers. Our goal is to
ensure that TM4 remains a full-fea-
tured and community-driven solution
to the challenge of microarray data
management and analysis.
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