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The Tissue Microarray Object Model
A Data Model for Storage, Analysis, and Exchange of Tissue Microarray

Experimental Data

Hye Won Lee, MS; Yu Rang Park, MS; Jaehyun Sim, MS; Rae Woong Park, MD, PhD; Woo Ho Kim, MD, PhD;
Ju Han Kim, MD, PhD

● Context.—Tissue microarray (TMA) is an array-based
technology allowing the examination of hundreds of tissue
samples on a single slide. To handle, exchange, and dissem-
inate TMA data, we need standard representations of the
methods used, of the data generated, and of the clinical
and histopathologic information related to TMA data anal-
ysis.

Objective.—To create a comprehensive data model with
flexibility that supports diverse experimental designs and
with expressivity and extensibility that enables an adequate
and comprehensive description of new clinical and histo-
pathologic data elements.

Design.—We designed a tissue microarray object model
(TMA-OM). Both the array information and the experi-
mental procedure models are created by referring to the
microarray gene expression object model, minimum infor-
mation specification for in situ hybridization and immu-
nohistochemistry experiments, and the TMA data exchange
specifications. The clinical and histopathologic information

model is created by using College of American Pathologists
cancer protocols and National Cancer Institute common
data elements. Microarray Gene Expression Data Ontolo-
gy, the Unified Medical Language System, and the terms
extracted from College of American Pathologists cancer
protocols and NCI common data elements are used to cre-
ate a controlled vocabulary for unambiguous annotation.

Result.—The TMA-OM consists of 111 classes in 17
packages to represent clinical and histopathologic infor-
mation as well as experimental data for any type of cancer.
We implemented a Web-based application for TMA-OM,
supporting data export in XML format conforming to the
TMA data exchange specifications or the document type
definition derived from TMA-OM.

Conclusions.—The TMA-OM provides a comprehensive
data model for storage, analysis, and exchange of TMA data
and facilitates model-level integration of other biological
models.

(Arch Pathol Lab Med. 2006;130:1004–1013)

DNA microarray and proteomics surveys allow re-
searchers to analyze expression levels of thousands

of genes and proteins at once. The development of these
high-throughput technologies has fundamentally affected
biomedical research. Large-scale industrial efforts have
been increased to apply genomics and proteomics for the
identification of markers for new diagnostics and thera-
peutics.1

The concept of DNA microarrays was extended to path-
ologic research based on embedded tissue samples. Tissue
microarray (TMA) technology is an array-based, high-
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throughput technology used to examine molecular alter-
ations in a large number of tissues on a single slide in
parallel.2 Because TMA experiments are performed in par-
allel, TMA technologies have some distinct advantages
over traditional research methods with the whole sections.
Tissue microarry yields high-throughput data in a cost-
effective manner and provides internally consistent stain-
ing conditions and allows many potential biomarkers to
be assessed for the same case series. These advantages
allow many researchers to examine marker genes in can-
cer studies.3

As the number of cancer studies using high-throughput
technologies increases, TMA technology has been proven
to be a high-throughput validation tool of the marker
genes identified in DNA microarray experiments.4 When
validating candidate genes in other studies, such as serial
analysis gene expression5 and array comparative genomics
hybridization,6 TMA technology has been also used.7,8

Despite several advantages, many laboratories have dif-
ficulties in studying the results from TMA experiments.
First, a single TMA experiment generates a vast quantity
of data, resulting in difficulties in data collection, storage,
and interpretation. Second, although TMA experiments
with different cancer specimens may require clinical and
histopathologic information, a generalized data model to
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Comparison of Related Studies With This Study*

Source, y Data Model

Generalized
Clinical

Information
Model

Generalized
Histopathologic

Information
Model

No. of
Cancers

Supported

Extensibility
for Other
Cancers

Integration
With

MAGE-OM
Controlled
Vocabulary

Data
Export in

XML Format

Manley et al,17

2001
ER Not included Not included 1 (prostate

cancer)
No Not easy Not consid-

ered
Not consid-

ered
Shaknovich et

al,18 2003
ER Not included Not included 1 (large cell

lymphoma)
No Not easy Not consid-

ered
Not consid-

ered
Demichelis et

al,19 2004
ER Not included Not included 2 (breast and

lung can-
cers)

No Not easy Not consid-
ered

Not consid-
ered

Berman et al,20

2004
XML Data-

base
Not included Not included 1 (prostate

cancer)
No Not easy CPCTR CDEs

and TMA
CDEs

Enabled

Xperanto-TMA Object Model based
on CAP
cancer pro-
tocols and
NCI CDEs

Model based
on CAP
cancer pro-
tocols and
NCI CDEs

43 (and exten-
sible)

Yes Easy MGED Ontol-
ogy, UMLS,
and terms
extracted
from CAP
cancer pro-
tocols and
NCI CDEs

Enabled

* MAGE-OM indicates microarray gene expression object model; ER, entity relationship; CPCTR, cooperative prostate cancer tissue resource;
CDEs, common data elements; TMA, tissue microarray; CAP, College of American Pathologists; NCI, National Cancer Institute; MGED, microarray
gene expression data; and UMLS, Unified Medical Language System.

manage the vastly different sets of clinical and histopath-
ologic information is lacking. Third, different laboratories
may use different experimental protocols and instruments
and capture data using different data elements, formats,
and structures. Thus, it is difficult to consistently combine
the findings from different laboratories, even if they use
the same TMA block. Fourth, it is not easy to integrate
TMA experimental results with other biological data such
as DNA microarray and array comparative genomics hy-
bridization data. If it were possible to integrate findings
from other studies, these laboratories could greatly in-
crease the value of their experimental findings.9

These difficulties are not unique to TMA experiments.
In DNA microarray, there have been efforts by the Mi-
croarray Gene Expression Data (MGED) group to solve
the difficulties by developing three standards. (1) Mini-
mum information about microarray experiment (MIAME)
describes a specification for the minimum information that
is needed to enable the interpretation of the experiment.10

(2) The microarray gene expression object model (MAGE-
OM) is the data model for gene expression data.11 (3) Mi-
croarray gene expression markup language (MAGE-ML)
defines an XML format for gene expression data ex-
change.11

The ArrayExpress database has been developed on the
basis of MAGE-OM and fully supports MIAME.12 The
Gene Expression Omnibus project, which is based on a
simpler data model, simple omnibus format in text, has
also adopted MIAME.13

In the field of proteomics, a set of standards is being
developed along MIAME lines. The Proteomics Standards
Initiative (PSI) of the Human Proteome Organization has
developed (1) the minimum information about a proteom-
ics experiment (as a guide to minimum reporting require-
ments, (2) PSI-OM as proteomics data object model, and
(3) PSI-ML as markup language. The proteomics experi-
ment data repository model and markup language were
created and implemented as a database.14,15 Jones et al16

proposed the functional genomics experiment object mod-

el in an effort to integrate MAGE-OM, the proteomics ex-
periment data repository, and the Glasgow proposal for
the PSI.

Relational database implementations for specific cancers
(including prostate cancer,17 large cell lymphoma,18 and
breast and lung cancers19) have been reported without nec-
essarily considering the standardization effort (Table). The
Association of Pathology Informatics proposed an open
access TMA data exchange specification (TMA DES),
which is a well-formed XML document with 4 required
sections, 80 common data elements (TMA CDEs), and 6
semantic rules.9 A TMA database was created by trans-
forming the Microsoft (Microsoft Corporation, Redmond,
Calif) Excel-based central database of Cooperative Prostate
Cancer Tissue Resource into XML files conforming to
TMA DES.20 Nohle and Ayers21 evaluated the Association
of Pathology Informatics specification of TMA DES by de-
veloping a document type definition (DTD) defining the
80 CDEs and validating the exported XML files from AIDS
(Acquired Immunodeficiency Syndrome) and Cancer
Specimen Resource TMA data.

The greatest value of all the -omics data must be in pro-
viding us with integrated views of microarray, proteom-
ics, metabolomics, and any other data. Given that the data
models for microarray and proteomics have been largely
based on object modeling technology (ie, MAGE-OM and
PSI-OM), and the utility of TMA technology has been a
high-throughput clinical validation tool of the marker
genes identified in DNA microarray experiments,4 devel-
opment of an object model for TMA data may facilitate
tight integration of all -omics data models and conse-
quently improve combined interpretation.

Object model is a conceptual representation of objects
with attributes and functions, and associations between
objects. Object model provides high expressivity and flex-
ibility with easy maintenance. Most importantly, an object
model for TMA may enable the integration with other bi-
ological data models such as MAGE-OM and PSI-OM.

The MAGE-ML is created with reference to the auto-
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Figure 1. Architecture of tissue microarray object model (TMA-OM).
Array information and experimental procedure models are created by
referring to microarray gene expression object model (MAGE-OM),
TMA common data elements (CDEs), and minimum information spec-
ification for in situ hybridization and immunohistochemistry experi-
ments (MISFISHIE). Clinical and histopathologic information models
are created using College of American Pathologists (CAP) cancer pro-
tocols and National Cancer Institute (NCI) CDEs.

matically generated DTD from the unified modeling lan-
guage description of MAGE-OM, as is PSI-ML to the DTD
from that of PSI-OM. Although TMA DES provides a well-
formed XML document with meta data tags,9 and a DTD
development scheme for the CDEs has been provided,21 an
object model for TMA is not yet available. We have devel-
oped the TMA-OM. Model-level integration with other
data models may provide a common frame of reference
for ‘‘omics’’ studies. Following the wisdom of MAGE lines,
the DTD that is used for the creation of TMA markup
language can be automatically generated from TMA-OM.
Consistent development and integration of data models for
the clinical and histopathologic information as well as con-
trolled vocabularies and ontologies may benefit systematic
investigations of the fundamental clinicopathologic pro-
cesses we are studying.

We propose that a data model for TMA should have the
following characteristics. First, it is essential for a TMA
data model to have sufficient expressivity to describe the
diverse information and data concerning TMA experi-
ments, including clinical and histopathologic information.
Second, it needs to have flexibility to support diverse de-
signs of TMA experiments. Third, it should use controlled
vocabularies and conform to standards and standard pro-
tocols for common understanding among users. Fourth,
integration with other biological data models (eg, MAGE-
OM and PSI-OM) should be considered. Finally, the data
model should have extensibility that permits us to ade-
quately describe new clinical and histopathologic data el-
ements that are not yet predefined at the time of use. In
other words, it must be possible to describe newly pro-
posed CDEs and cancer protocols without necessarily
changing the data model or database implementations. By
eliminating the need for predefining all data elements that
may be used in the future, the extensibility can make it
possible to incrementally develop and maintain a TMA
information system.

We developed a data-centric model, called TMA-OM,
using unified modeling language. The TMA-OM consists
of three models for (1) array information, (2) experimental
procedure, and (3) clinical and histopathologic informa-
tion. Both the array information model and the experi-
mental procedure model are created by referring to three
external resources (ie, MAGE-OM, minimum information
specification for in situ hybridization and immunohisto-
chemistry experiments [MISFISHIE], and TMA CDEs).
The clinical and histopathologic information model is cre-
ated by referring to the 43 College of American Patholo-
gists (CAP) cancer protocols and the National Cancer In-
stitute Common Data Elements (NCI CDEs) (Figure 1).
The use of controlled vocabularies is essential for unam-
biguous representation of TMA experiments. We devel-
oped a controlled vocabulary using MGED Ontology, Uni-
fied Medical Language System (National Library of Med-
icine, National Institutes of Health, Besthesda, Md), and
the data elements in CAP cancer protocols and NCI CDEs.

Although the experimental procedure for TMA is sim-
ilar to that of DNA microarray, there are limits to describe
TMA data by MAGE-OM. DNA microarray contains thou-
sands of probes to measure the gene expression levels in
a specimen having the clinical and histopathologic infor-
mation for the single specimen, and TMA contains hun-
dreds of tissues having the clinical and histopathologic
information for the population (Figure 2). The fundamental
difference in the array fabrication methods makes it im-

possible to reuse MAGE data model for describing TMA
experiments. Moreover, MAGE-OM does not support clin-
ical and histopathologic information, for which we had to
design data models (namely the ClinInfo and HistoPathol
packages, respectively) for the development of TMA-OM.

A web-based database application called Xperanto-
TMA was built to implement the TMA-OM. Exporting
data both into an XML format that conforms to the TMA
DES and into another format that conforms to the DTD
automatically generated from the TMA-OM is a function
supported by Xperanto-TMA. We designed a relational
schema according to object-to-relational mapping rules in
contrast to the previous studies that used simple relational
modeling technology (Table). Applying systematic object-
to-relational mapping technology, although not without
effort, supports the plausible characteristics of the TMA
data model described here, including the support for XML
interfaces.

MATERIALS AND METHODS

Development of MIAME and MAGE-OM
DNA microarray data must be presented and exchanged to

promote the sharing of well-annotated data within the life sci-
ences community. To meet that need, the MGED group devel-
oped standards for microarray data annotation and exchange:
MIAME, guidelines for describing a microarray experiment,
MAGE-OM as a data model, and MAGE-ML as an XML-based
markup language directly derived from MAGE-OM.

The MGED group has developed MAGE-OM as an object mod-
el for describing experiments performed on all types of DNA
microarrays, including spotted and synthesized arrays, and oli-
gonucleotide and cDNA arrays. The MAGE-OM is a standard
data model representing microarray gene expression data by 132
classes contained in 17 packages.11,22 Packages of MAGE-OM are
generic process templates that can involve all types of experi-
ments with DNA microarrays. Generic templates make the model
reusable in other technologies such as proteomics.15 The MAGE-
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Figure 2. The relationships of 17 packages
in tissue microarray object model (TMA-OM).
Twelve packages are categorized to 3 groups:
array information, experimental procedure,
and clinical and histopathologic information.
Dashed arrows depict the reference relation-
ships. The remaining 5 packages have rela-
tionships with most other packages such that
the arrows are omitted. White-colored pack-
ages are created by reusing the corresponding
packages from microarray gene expression
object model (MAGE-OM) and red-colored
ones by modifying those of MAGE-OM. Yel-
low-colored packages are newly created to
represent TMA-specific components includ-
ing clinical and histopathologic information
(see ‘‘Materials and Methods’’). Labels are ac-
cording to reference resources (M, MAGE-
OM; F, MISFISHIE [minimum information
specification for in situ hybridization and im-
munohistochemistry experiments]; and T,
TMA DES CDEs [TMA data exchange speci-
fications common data elements]). *See uni-
fied modeling language class diagrams in Fig-
ures 4 and 5.

OM has a modular structure robustly designed for the evolution
of array technology.

The OntologyEntry Class of MAGE-OM and
MGED Ontology

The OntologyEntry class of MAGE-OM provides the model
with flexibility by eliminating the need for predefining all pos-
sible data elements and allowing one to refer MGED Ontology
terms or to contain user-defined terms.

The MGED Ontology defines sets of common terms and an-
notation rules for microarray experiments, enabling unambigu-
ous annotation and efficient queries, data analysis, and data ex-
change without loss of meaning.23 The MGED Ontology contains
the OntologyEntry class itself to refer to an external source.24

Association of Pathology Informatics TMA Data
Exchange Specification

The Association of Pathology Informatics proposed an open
access TMA DES, which is a well-formed XML document with 4
required sections (header, block, slide, and core) and 80 TMA
CDEs, which are well-defined XML meta data tags that can be
used to consistently describe data in different XML files. A set
of 6 semantic rules describes the complete data exchange speci-
fication.9 Users are allowed to add their own tags. It was dem-
onstrated that a TMA database of XML files conforming to TMA
DES can be successfully created for prostate cancer TMA data.20

A DTD defining the 80 TMA DES CDEs was implemented as an
external file that can be supplemented by internal DTD exten-
sions for locally defined data elements.21

MISFISHIE Standard Working Group
Minimum information specification for in situ hybridization

and immunohistochemistry experiments has been developed in
the MISFISHIE Standard Working Group at MGED. The MISFI-
SHIE specification describes what information should be provid-
ed for the representation of immunohistochemistry and in situ
hybridization data. Because the MISFISHIE specification covers
the most important types of TMA experiments yielding core re-
sults, it may serve as a valuable resource for the development of
a data model for TMA experiments. We used the MISFISHIE ver-
sion that was revised on December 19, 2004.25

CAP Cancer Protocols
The CAP has designed protocols for the communication of

pathologic information from cancerous specimens. The CAP can-

cer protocols are the standard of surgical pathology reporting
and have been revised annually.26 These protocols specify the
information the referring physician needs to select primary or
adjuvant treatment, assess prognosis, and analyze outcome. The
protocols provide common reporting formats to help tumor reg-
istrars and others collect pathologic data in a uniform manner.
All protocols are divided into clinical information, macroscopic
examination, and microscopic evaluation. Each protocol is strat-
ified according to the procedure used to obtain specimens.27

The 43 CAP cancer protocols that cover clinical and histopath-
ologic information for most major cancers provide rich resources
for developing comprehensive data models. Because they provide
a standardized way of describing clinical and histopathologic in-
formation for major cancers, the protocols can be used as a com-
mon framework to develop an extensible data model, enabling
one to represent new (ie, previously unseen) clinical and histo-
pathologic data elements without modifying the data model or
database implementation.

The National Cancer Institute Common Data Elements
The NCI CDEs are data elements that are collected and stored

uniformly across institutions and studies funded by NCI.28 The
NCI CDEs are defined in a data dictionary that contains at a
minimum the item name, the way the item is collected, valid
values, coding, and data type.29 The NCI CDEs provide rich re-
sources with detailed descriptions of clinical and histopathologic
information for cancer research and clinical trials. The NCI CDEs
for cancer clinical trials are defined, and CDEs for other fields
are in progress. We used clinical-related and histopathologic-re-
lated data elements from NCI CDES, and excluded clinical trials-
related ones. By providing detailed specification and a broader
coverage of data elements, NCI CDEs complement the 80 TMA
DES CDEs9 in developing clinical and histopathologic data mod-
els for TMA-OM.

Development of TMA Object Model
We used class diagrams of unified modeling language to rep-

resent the concepts, objects, and relationships in TMA experi-
ments. Unified modeling language is a standard notation to rep-
resent the design and visualization of the architecture of a system
during development. Class diagrams give an overview of a sys-
tem by showing its classes and the relationships between them.
Figure 2 demonstrates the relationship of the 17 TMA-OM pack-
ages, which are grouped in 3 categories (the array information
model, the experimental procedure model, the clinical and his-
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topathologic information model), and the remaining 5 basic pack-
ages: BioEvent, Protocol, Description, Measurement, and
AuditAndTrail.

Array Information Model and Experimental Procedure Mod-
el. Because the TMA is an array-based technology, array man-
ufacturing and experimental procedures for the TMA are similar
to those of DNA microarray. To develop Experiment and Bio-
AssayData packages, the corresponding packages of MAGE-OM
are reused. By referring to TMA DES CDEs and MISFISHIE, we
modified the corresponding packages from MAGE-OM to develop
Array, DesignElement, BioMaterial, BioAssay, and Quantitation-
Type packages for the TMA-OM. Block, BlockDesign, and Report-
er packages are created by referring to TMA DES CDEs and MIS-
FISHIE.

The experimental procedure model refers to the array infor-
mation model through the reference from BioAssay to Array
packages, representing the array platform and the applied bio-
assay. Array information model refers to the clinical and histo-
pathologic information model via the Block and BioMaterial
packages, representing the clinical and histopathologic informa-
tion of the tissues on the array.

We referred to TMA DES CDEs to obtain experimental and
array manufacturing processes, and MISFISHIE to obtain results
from a bioassay such as immunohistochemistry and in situ hy-
bridization.

In TMA DES CDEs, the CDEs in the block section are referred
to for creating Array, Block, BlockDesign, and DesignElement
packages, and the CDEs in the slide section are used to create
BioAssay package. BioMaterial and QuantitationType packages
are created by referring to both MISFISHIE and the CDEs in the
core section of TMA DES, and Reporter packages by referring to
MISFISHIE (Figure 2).

Clinical and Histopathologic Information Model. Clinical
and histopathologic information is not supported by MAGE-OM.
The CAP cancer protocols and NCI CDEs provide rich resources
of clinical and histopathologic information. To obtain comprehen-
sive and extensible data models, we created ClinInfo and
HistoPathol packages by systematically capturing the categories
and valid values of the common and organ-specific data elements
from the 43 CAP cancer protocols, which are stratified according
to the procedures used to obtain specimens, and the NCI CDEs
(Figure 1). The data elements were structured with abstraction
and hierarchy to create object models.

Those data elements of CAP cancer protocols and NCI CDEs
that are common to all cancer types are incorporated in ClinInfo
and HistoPathol packages as classes or attributes. Although
ClinInfo and HistoPathol packages provide essential data ele-
ments for clinical and histopathologic information, it is imprac-
tical to predefine all the clinical and histopathologic data ele-
ments. The remaining cancer-type specific elements of CAP can-
cer protocols and NCI CDEs are represented as the correspond-
ing entities in the OntologyEntry class. The OntologyEntry class
of TMA-OM references MGED Ontology terms for those concepts
already defined in MGED Ontology.24 Furthermore, for those
concepts that cannot be readily defined, TMA-OM allows users
to create user-defined terms. The attributes (ie, category, value,
and description) of user-defined terms are registered in the
OntologyEntry class of TMA-OM, by which one can represent a
new concept by referring the OntologyEntry class.

Development of Controlled Vocabulary for TMA
Object Model

We need to develop a controlled vocabulary to specify the
terms that describe TMA experiments and clinical and histopath-
ologic information. For the description of experimental procedure
and array information, MGED Ontology terms are included in
the controlled vocabulary. The terms extracted from TMA DES
CDEs and MISFISHIE are used. For describing clinical and his-
topathologic information, terms are extracted from CAP cancer
protocols, NCI CDEs, and anatomy-related terms in the Unified
Medical Language System.30

RESULTS

Workflow Analysis of TMA Experiments

TMA-OM Models TMA Data. To develop TMA-OM,
we first analyzed the TMA experimental procedure to ob-
tain a workflow diagram, a conceptualized model of the
biological workflow (Figure 3). This figure demonstrates
how TMA-OM captures TMA data through TMA manu-
facturing (Figure 3, a) and the creation and manipulation
of BioAssay (Figure 3, b).

The specimen (captured by the Specimen class) in a tis-
sue block is treated to create small core biopsies (Core) by
a treatment (Treatment) according to a Treatment Protocol
method. The core is transferred into defined array coordi-
nates in a recipient block (Block). The transferring process
is repeated. A completed block is sliced to arrays (Array).
Tens of identical arrays can be made from a block. A bio-
assay such as immunohistochemistry and in situ hybrid-
ization (PhysicalBioAssay) is created by the hybridization
event (Hybridization) of the array (Array) and antibodies
or probes (Reporter). After hybridization, a series of treat-
ments are applied. The final form of PhysicalBioAssay is
obtained by an ImageAquisition event. The images are an-
alyzed by pathologists with macroscopic or microscopic
methods, resulting in a MeasuredBioAssay. The image
analysis procedure is captured by the FeatureExtraction
class. The actual image is stored in the Image class and
the extracted features in the MeasuredBioAssayData class.
DerivedBioAssayData can be obtained by mapping and
transforming MeasuredBioAssayData (Figure 3.).

The Object Model: TMA-OM

The TMA-OM contains 111 classes in 17 packages. Most
packages are categorized into 3 models: the array infor-
mation, experimental procedure, clinical and histopatho-
logic information models (Figure 2). Because the remain-
ing 5 packages are reused from corresponding MAGE-OM
packages, specifications for them have been already de-
scribed.31 The TMA experimental information can refer to
clinical and histopathologic information through array in-
formation. A bioassay such as immunohistochemistry or
fluorescent in situ hybridization, for example, is performed
by joining reporters (eg, antibodies, probes) with an array,
each core of which has links to clinical and histopathologic
information.

Figures 4 and 5 depict 4 among 17 packages and their
elements to illustrate the representation of concepts and
relationships in biological materials (BioMaterial), report-
ers (Reporter), histopathologic information (HistoPathol),
and clinical information (ClinInfo).

Array Information Model

Information regarding the design, manufacture, and
contents of an array is contained in 5 packages in TMA-
OM: DesignElement, BlockDesign, Block, Array, and
BioMaterial (Figure 3). The DesignElement package allows
users to specify information about the biological materials
(in the BioMaterial package) deposited on an array. The
BlockDesign package stores the intended pattern of indi-
vidual block elements. The Block and the Array packages
record information on the actual events manufacturing
blocks and arrays. According to BlockDesign, a block with
a large number of tissues is constructed and the block is
sliced into arrays. All features of a block are equal to those
of arrays that were made from the block. An array has the
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Figure 3. Workflow diagram showing the procedure for tissue microarray (TMA) manufacturing, experiments, and data analysis. a, Workflow
diagram for TMA manufacturing. b, Workflow diagram for the creation and manipulation of BioAssay. An array and one or more reporter(s) are
joined by hybridization to create a PhysicalBioAssay. Rectangles indicate physical things; diamonds, events; ovals, data; and rounded rectangles,
methods.

same features as the corresponding block used to manu-
facture the arrays.

The classes of the DesignElement package describe
what is intended to be at each location in the Block
through the Feature class. The Feature class describes an
intended location in the Block. The features have associa-
tions to the BioMaterial class.

Classes in the BlockDesign packages describe a design
for blocks that are constructed with a set of cores. A
BlockDesign consists of several features in which cores are
placed. BlockDesign allows a user to specify the layout of
features and the protocols used.

The Block package stores information about blocks that
were constructed on the basis of a BlockDesign. This in-
cludes the manufacturing protocols, contacts, numbers of
arrays from the block, and details of the biological mate-
rial (ie, a core) used for each feature. Information for po-
sitional changes and other feature defects can be recorded
for each block.

Classes in the Array package contain information and
annotation on arrays that are created from a block. This
includes the manufacturing protocols and relevant con-
tacts.

Biological samples in an experiment are termed bioma-

terials and are a part of the BioMaterial package (Figure
4, a) that describe the process of treatment of a specimen
to obtain a core. The Specimen class has association to the
ClinInfo and HistoPathol classes. Each feature of DNA mi-
croarray references the BioSequence class because each
feature has probe sequence information, but that of the
TMA references the BioMaterial class, which in turn ref-
erences the ClinInfo and HistoPathol classes through the
Specimen class (Figure 4, a).

Experimental Procedure Model
The experimental procedure model is composed of 5

packages: Experiment, Reporter, BioAssay, BioAssayData,
and QuantitationType.

Experiment represents a collection of results from one
or more BioAssay(s). Experiment, through its association
with ExperimentDesign, contains records of information
including replicate, the type of experiment, and a set of
the parameters of the experiment. Experimental factors,
through the association of FactorValues, are represented by
the ExperimentFactors. Further information is available
through the supplementary Web address.32

Materials used to identify specific molecules are termed
reporters and are part of the Reporter package (Figure 4,
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Figure 4. Unified modeling language mod-
els of the BioMaterial and Reporter packages.
a, The classes in the BioMaterial package de-
scribe the characteristics and the biological
material (ie, specimen) treatment processes.
The Specimen class references the ClinInfo
and HistoPathol classes. b, The classes in the
Reporter packages represent experimental-
staining materials, termed reporters, identify-
ing specific molecules (TargetMolecule), such
as proteins.

b). This package describes the characteristics and the treat-
ment procedure of Reporters. A reporter identifies a par-
ticular molecule, such as a gene, a protein, or a DNA se-
quence, called the TargetMolecule. The TargetMolecule
class has an association with the DatabaseEntry class to
reference an individual record in a database such as
GenBank and SwissProt.

The BioAssay package provides classes that contain in-
formation and annotation on the event of joining an array
with one or more reporter(s), the acquisition of images,
and the extraction of data for an image per feature.
BioAssay is an abstract class and has 3 derived classes:
the PhysicalBioAssay, which leads to the production of Im-
ages, the MeasuredBioAssay, which is associated with the
set of quantitation produced by FeatureExtraction, and the
DerivedBioAssay, which groups BioAssays that have been
analyzed together to produce further refinement of the
quantitations.

The classes defined in the BioAssayData package rep-
resent bioassay data and the information and annotation
on the data derivation.

The QuantitationType package defines the classes for
quantitation, such as measured and derived signals of the
reporters. The StandardQuantitationType class is de-
signed to store structure and meaning of the molecule-
expression data. The StandardQuantitationTypes consist
of MeasuredSignal (eg, probe intensity), DerivedSignal
(eg, binarized data [positive/negative]), and Present-

Absent (eg, present/absent). The MeasuredSignal consists
of TissueIntensity, PercentTissueStaining, and NumOf-
NucleiCounted. By allowing control values to be included
in the molecular-expression data, the accuracy and reli-
ability of the measurements provided can be evaluated.

Clinical and Histopathologic Information Model
Classes in the ClinInfo package contain comprehensive

clinical data on patients (Figure 5, a). The ClinInfo pack-
age contains classes for Demography, Diagnosis, Resec-
tion, MolecularAnalysis, Followup, and RelevantHistory,
which is composed of PreviousTherapy and OtherHistory.
Through the MolecularAnalysis class, TMA-OM can store
the description and results of other types of experiments,
including DNA microarray experiments using tissue from
the same patient. The ClinInfo object has information on
physicians who are responsible for the care of the patient.
Additional types of clinical information can be described
through type and characteristics associations with the
OntologyEntry class.

The HistoPathol package provides classes describing
histopathologic information of specimens (Figure 5, b).
The BasicHistoPathol class stores elements that should be
included regardless of the organ or tissue. The Organ-
Specific class stores elements for specific organs. The
BasicHistoPathol class is an abstract class, subclasses of
which are the TumorInfo and Histology classes. Tumor-
Info contains PrimaryTumor, RegionalLymphNode, and
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Figure 5. Unified modeling language models of the ClinInfo and HistoPathol packages. a, The classes defined in the ClinInfo package describe
clinical information of a patient from whom a cancerous specimen was extracted. b, The classes in the HistoPathol package describe the histo-
pathologic information of the cancerous specimen.
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DistantMetastasis to describe detailed data under Tumor-
Node-Metastasis staging information. HistologicType and
HistologicGrade are modeled in the Histology class. The
OrganSpecific class has no subclasses for flexibility; in-
stead, elements of each cancer can be described through
organ, type, and characteristics associations with the
OntologyEntry class. The HistoPathol object contains in-
formation about pathologists who analyzed the specimen.

Implementation: Database and Web Interface
The TMA-OM has been implemented as a Web-based

database application, Xperanto-TMA,33 powered by My-
SQL 4.1 (MySQL Inc, Cupertino, Calif) database manage-
ment system.

The relational schema is derived from TMA-OM by a
formal object-relational mapping strategy. The mapping
rule is as follows. Each class, except for abstract classes, is
mapped onto a table. Associations between classes are
stored in a single table (AssnList table) making the rela-
tional schema simpler. Each tuple in the AssnList table
corresponds to one association in the class diagram and
contains the identifiers of the 2 classes connected by the
association. Abstract classes are not captured. The asso-
ciations of abstract classes are passed on to those of the
subclasses. The mapping produced 107 relational tables.

Although database management systems supporting
object-oriented models and/or XML are available, some
are proprietary, and available technologies are not yet ma-
ture enough to form a global standard. In the development
of Xperanto-TMA, we tried to adhere to nonproprietary
and open-source efforts and resources. Applying a formal
object-relational mapping rule allows us to make use of
the advantages of the relational database, including high
performance, without losing the structure and constraints
of the object model. Further information is available
through the supplementary Web address.32

COMMENT
We have developed TMA-OM with a Web application to

represent clinical and histopathologic information as well
as experimental data for any type of cancer. Although pre-
vious studies considered only 1 or 2 cancers (Table), TMA-
OM is designed to support the 43 cancer types considered
by CAP cancer protocols, enriched by NCI CDEs, and al-
low users to incrementally extend data elements to other
cancer types. We are developing templates that support
guided entry for the individual cancer protocols and meta
data registry that supports ISO11179 for detailed descrip-
tion of data elements (including CDEs). Creation of an ab-
stract class for templates, which are composed of data el-
ements in OntologyEntry class and the instances of which
represent CAP cancer protocols and other protocols and
their variations, will provide guiding structure.

There is a recent trend in bioinformatics toward the in-
tegration of microarray gene expression and other biolog-
ical data by extending MAGE-OM. Xirasagar et al34 pro-
posed a data model called SysBio-OM for systems biology
and Jones et al16 proposed a data model called functional
genomics experiment object model for functional genom-
ics. The purpose of both studies was to represent gene
expression data integrated with other biological data. The
TMA-OM is designed with consideration of extensibility
for integration with MAGE-OM.

The TMA-OM can be integrated with MAGE-OM by 2
methods. First, records in the TargetMolecule class in

TMA-OM are designed to allow a link with the Bio-
Sequence class of MAGE-OM. Both the Reporter classes in
TMA-OM (containing the TargetMolecule class) and in
MAGE-OM (containing the BioSequence class) equally
represent reporters to identify a specific molecule such as
a gene. Second, the Specimen class in TMA-OM corre-
sponds to the BioSource class in MAGE-OM. Both classes
equally represent specific tissue samples.

Although the Reporter class of MAGE-OM can repre-
sent only the sequence information of DNA probes, the
Reporter class of TMA-OM can represent a variety of
probes, including DNA, RNA, and proteins as well as
treatment information applied to them. Although the
Specimen class of TMA-OM is primarily designed to rep-
resent only tissue specimens, it is possible to represent
other forms of biological samples that are used in DNA
microarray experiments.

Integrating object models may allow the combined anal-
ysis of TMA and DNA microarray data in a systematic
fashion such as TMA-based, high-throughput validation of
gene or protein expression patterns hypothesized by DNA
microarray experiments. Array comparative genomics hy-
bridization data, a high-throughput genomic technology
measuring DNA copy-number alteration, can be repre-
sented in MAGE-OM, and hence in TMA-OM. It is likely
that SysBio-OM and functional genomics experimet object
model can be integrated with TMA-OM.

Because TMA-OM is independent of implementation,
several applications can be constructed based on its use
in different settings. We implemented the Xperanto-TMA,
a Web-based database based on TMA-OM, by applying a
formal object-relational mapping rule. Data in Xperanto-
TMA can be converted into XML documents conforming
to either TMA DES format or the native DTD that is au-
tomatically derived from TMA-OM. The TMA-OM is in
support of TMA DES for efficient data exchange and it
also provides a comprehensive data model for storage,
analysis, and data integration with expressivity, flexibility,
and extensibility. The TMA-OM supports MISFISHIE,
TMA DES, and a wide range of clinical and histopatho-
logic information extracted from CAP cancer protocols
and NCI CDEs.

The potential for TMA technology to assist high-
throughput validation of the clinical relevance of tumor
markers is clear, and will greatly aid the rapid assessment
of new therapeutic and prognostic markers in preclinical
trials. Some applications in translational research can be
suggested, such as progression-model TMA and outcome
TMA. The TMA technology is applicable in clinical trials
or in animal and experimental models.35. As TMA tech-
nologies have been developing, automated processes in ex-
perimental procedures have been growing. When various
designs of TMA and new protocols are introduced, TMA-
OM can sufficiently support them. When it is essential to
modify the object model, it is easy to add or change the
objects and associations because of its modular nature.

As the number of studies using TMA increases, there is
a growing need for a data model to represent and ex-
change TMA data. It is meaningful to integrate TMA data
with other biological data such as gene expression data
and proteomics data to promote an understanding of the
underlying biological nature. We hope that TMA-OM be-
comes more helpful as a data model for TMA experiments
to meet these needs.

We have already developed and managed the Web da-
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tabase called Xperanto (Expressionist’s Esperanto in
XML),36 which supports MGED standards. Xperanto sup-
ports most microarray platforms and the import and ex-
port of MAGE-ML. Tight coupling of Xperanto-TMA with
Xperanto is being tested.
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