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Summary
Objectives: In a near future, each person will incorporate his/her
own sequenced genome in his/her electronic health record. In that
precise moment, genomic medicine will be fundamental for clinical
practice, as an essential key of personalized medicine. All the ge-
nomic data, as well as other ‘omics’ and clinical data necessary for
personalized medicine, are stored in several distributed databases.
Research and patient care require each time more biomedical data
integration of several distributed heterogeneous datasources.
Methods: This work develops a comprehensive review of the most
relevant works in biomedical data integration, specifically in ge-
nomic medical data, analyzing the evolution of architecture and
integration techniques during the last 20 years, and its usage.
Conclusion: Most of these solutions, based on cross-linking, data
warehouse or federated approaches, are suitable for specific do-
mains. However, none of the models found in the literature is
completely appropriate for a general biomedical data integration
problem.

Keywords
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Introduction
Exponential accumulation of genomic
and biomedical data has the promise to
advance biomedical knowledge. This
would allow the development of new
generations of personalized biomedicine.

Each year, Nucleid Acid Research
publishes a Web Server Issue [1] with
a list of Bioinformatics Links Direc-
tory, with a comprehensive list of web
servers and databases that store, visu-
alize, integrate and analyze biomedi-
cal data. In the last 2011 number, there
are nearly 1900 datasources. Biomedi-
cal researchers waste important
amounts of time querying several data-
sources in order to obtain the infor-
mation they need.

Many researches feel overwhelmed
by task that involve searching and in-
tegrating data from heterogeneous
databases because they must navigate
through different databases and select
or filter the data they require. The com-
plexity of this task indicates the need
of developing biomedical data integra-
tion systems which allow simplifying
this task.

Integrating data consists essentially
in making queries on different data
sources, which can be either related
databases or semi-structured data
sources connected to a network, then
join the data and present it in a homo-
geneous way. There is a lot of litera-
ture [2-20] about data integration in the

area of biomedical informatics and
informatics. In this review, technolo-
gies that can be used to solve data inte-
gration problems in genomic medicine
are described.

Background
Data integration has been a challenge
in computer science during the past 30
years and especially in genomic medi-
cine, the past 20 years. There are sev-
eral approaches to data integration, but
they can be mainly grouped in three
categories: 1) The link integration ap-
proaches, where there is a web server
or centralized software that maps the
links between the different databases.
2) Data warehouse approaches, where
all the data from different datasources
are stored in a central repository under
a common schema. 3) Finally, federa-
tion approaches where the data remain
distributed in the original datasources
and the integration is performed de-
veloping a common model and map-
ping the original data to this common
model. From the user point of view,
the systems can be classif ied into: 1)
web applications without installation
and conf iguration, easy to use but im-
possible to expand. 2) software toolkits
or architectures with important instal-
lation and configuration steps, but with
expansion capabilities.
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During this section, the most signifi-
cant works applied to genomic medi-
cine will be described chronologically.

One of the most important and fa-
mous web tool for biomedical research,
which provides access to more than 40
databases, is Entrez [21, 22]. This
cross-link integration system was de-
veloped by the National Centre of Bio-
technology Information, mapping re-
lationships between individual entries
in databases like Pubmed and other
molecular databases.

In 1994 the integrated genomic da-
tabase [23] becomes in one of the pio-
neers in the f ield of genomic data in-
tegration systems. This toolkit uses a
local data warehouse to store the data
from several databases using a global
schema.

The EBI-SRS (Sequence Retrieval
System) server  [24, 25] has become in
one of the most important cross-link
integration web applications. This sys-
tem connects using links of hundreds
of databases and allows navigating
through them. It was originally aimed
at facilitating the access to biological
sequences databases, initially stored in
text f iles. Lately, they include an ob-
ject-oriented design to represent more
complicated biological classes. One of
the main advantages of this integration
system is its speed. The SRS retrieve
the data directly from flat files without
suffering an integration process of com-
plex relational databases management
systems. The problem of this system is
that it does not easily support additional
links between databases that were not
explicitly described previously.

BioKleisli [26, 27] is a framework
designed to provide read access to mul-
tiple data source in complex structured
data. It is based on Kleisi, exporting
the data of each datasource in query-
time to a text format called CPL and
presenting this in a homogeneous way.
This is one of the f irst attempts of a
federated data integration approach in
biomedicine. A similar solution using
Kleisi was developed in [28].

In Imai’s work [29], a multi agent
system approach has been followed to

implement a federated model in this
toolkit. This architecture is composed
by one wrapper-agent for each
datasource and a user-agent for the re-
sult presentation as a mediator. The
authors use an object oriented approach
for model representation. The authors
compare their system with the TSIMMIS
system, because it’s the first biomedical
data integration work that implements the
wrapper mediator pattern.

 Another important f ield in data in-
tegration is the homogeneous integra-
tion of heterogeneous clinical trials. The
Nadkarni et al. approach  [30] from the
Center of Medical Informatics in Yale
proposed a client/server architecture to
stores this data from clinical trials in
entity-attribute-value form. It allows
querying the systems for this data in
several standard reports or flat text.

TAMBIS( Transparent Access to
Multiple Bioinformatics Information
Sources) [31, 32] was one of the most
famous toolkits designed to integrate
biological information services. It uses
wrapper mediator architecture. The
mediator uses an ontology as concep-
tual model, f irst described in GAIL and
now in DAML + OIL. The wrappers
are implemented over the remote ob-
ject architecture CORBA. This system
was the f irst one to allow the query
formulation over a conceptual model
using an ontology, and further transla-
tion of this query to the original
datasources. This architecture has been
used later in other ontology-mediation-
based systems.

The Datafoundry  [33] approach is
a warehouse architecture approach that
introduces the term of mediation to cre-
ate and maintain the warehouse in a
hybrid mediated-warehouse architec-
ture. The integration process is devel-
oped by linking related interdatabase
data, as opposed to integrating them by
def ining a single correct view. It al-
lows providing consistent views of in-
stance data when appropriate while still
maintaining the heterogeneity between
the instances. The system works with
several databases, including PDB,
SwissPROT, SCoP and dbEST.

The Distributed Annotation Server
(DAS) [34] is an annotation system
based on distributed storage without
centralized supervision. That means that
each peer annotates and stores a por-
tion of the sequence. An external viewer
can search the sequence and retrieve an
integrated view of the whole annotated
sequence. DAS sometimes is not con-
sidered as a biomedical data integration
system, because there is a specific pro-
tocol and format to deal with the se-
quence. Actually, DAS can be consid-
ered as a protocol of a distributed database
system more than a federated system.

The IBM’s middleware Discoverylink
[35] allows data integration from hetero-
geneous life-sciences datasources. This
system is based on Garlic, a federated
database management system prototype
and DataJoiner, an IBM federated data-
base management product for relational
data sources. The f irst one uses wrap-
pers that allows modular architecture and
facilitates integration of new datasources,
and the second has a probed technology
for federation relational data sources and
query optimization.

The toolkit presented by Mork [36]
is based on a mediated schema, repre-
sented as a graph, where each node rep-
resent an entity, and the edges connect-
ing this nodes represent the relationships
between the entities. It’s based on six
main entities: phenotype, gene, locus,
nucleotide, protein and structure. This
mediated scheme is very flexible and
can be extended both in new entities
and new data sources easily. The data
model was implemented describing
each entity with a DTD and the queries
were performed using XML to get the
data from the original datasources
through the query engine Tukwila.

The Genome Information Manage-
ment System (GIMS) [37] integrate
genome, transcriptome, mutation, phe-
notype and protein interactions in a
warehouse environment. The system
uses an object database to store the
functional and sequence data and uses
the same object model as the global
model. This system is specif ically tar-
geted at analysis tasks.
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Biomolquest  [38] is a web search
engine instead an integration system.
This search engine relates data from
protein databases as PDB, Swiss-PROT,
ENZIME or CATH. This approach
stores these databases in a central re-
pository and provides cross-reference
links to the data of their databases.
This approach cannot be considered
as a warehouse because there is no
new integration model but the cross-
reference tables.

The ISYS platform  [39] is a toolkit
for biomedical data integration based
on the mediator approach but using
components. Instead of def ining a
highly-detailed schema, in order to
maximize the flexibility of the system;
the general model developed is based
on Java interfaces to def ine the essen-
tial entities in highly general and ab-
stract terms. Each component can ex-
tend and implement these entities.

The model based on mediation pro-
posed by Ludascher [40] is another se-
mantic architecture to solve the data
integration problem. In this model, the
views are def ined and executed at the
level of conceptual models instead of
in a structured level. This system uses
domain maps, semantic nets of con-
cepts and relationships, used to medi-
ate across sources. The data are trans-
lated to XML and then integrated into
the mediator through a conceptual
model. The mapping and the queries
are def ined in XML too.

The Target Informatics Net [41] is
an integration system which integrates
heterogeneous data sources like Mouse
Genome Database, Gene Expression
Database, Gen Bank, SwissProt,
Pubmed, GeneCards, the results of
software like Blast or Prosites and other
local databases. These datasources come
from relational database, flat files, web
sites or applications. This approach is
based in a hybrid approach that com-
bines the federated model with the lo-
cal copies of the warehouse approach.
All the datasources are copied and up-
dated regularly locally. After that, they
use a federated approach to access all
this heterogeneous data. The commu-

nication between the local databases and
the query processor is done using the
remote object architecture CORBA. The
federated data model is implemented
in an object oriented multi-database
model OPM that provides tools for
mapping and querying.

Starting as a database to store geno-
type and phenotype data from pharma-
cogenetic studies, the PharmGKB
project  [42-44] has been growing in
the last 12 years, becoming one of the
most important resources of biomedi-
cal data. This web portal is currently
formed by 5 main entries (Genes, Path-
ways, Diseases, Variants and Drugs &
small molecules). The architecture is
based in a warehouse approach and the
object model is based in main entities
like genes, drugs, sequence, assays, etc.
and exposes a presentation using web
pages or web services.

In the same way that Imai,
Karasavvas et al. [45, 46] propose a
Multi-Agent bioinformatics integration
system. In contrast to Imai’s approach,
the MAS Karasavvas model uses the
agents not only to implement the wrap-
per/mediator pattern, but also to im-
plement decision making for construct-
ing and executing the query in the
decision agents.

 Information Integrator  [47] is a
commercial software package of IBM.
It was an extension of the IBM’s rela-
tional database DB2, to provide feder-
ated access to different datasources, the
successor of the IBM DiscoveryLink.
The main advantage of Information
Integrator is the inclusion of a module
called Life Sciences Data Connect, which
consist in a series of wrappers to access
to biological non-relational data sources.
When using relational database manage-
ment systems in the information integra-
tion process, many technical problems
arise related with the semantics.

In the SEMEDA (Semantic Meta
Database) [48] a 3-tiered architecture
was developed. It consists of a relational
database to store ontologies, database
metadata and semantic database def i-
nitions. The biomedical datasources are
accessed by means of JDBC if relational

or using BioDataServer otherwise. The
system uses JSP to dynamically gener-
ate the presentation tier. During the in-
tegration process, SEMEDA uses two
kind of ontologies; general ontologies
like GO to unify entries between
databases and a SEMEDA custom on-
tology which defines databases at the
scheme level and acts like the data model.

Diseasecard  [49, 50] is a public web
portal that provides a single entry point
to access medical and genetic informa-
tion about rare diseases. The system
integrates (cross-linking) several
databases, relating concepts and con-
structing “cards” for each disease. Then
more information about the content of
this card can be obtained through the
original data source.

The EnsMart system  [51] is based
on a warehouse approximation, captur-
ing and transforming the data from pri-
mary datasources and storing it in a
local database (data mart). This system
has two types of front-end to provide
interaction: a web-based tool and a
standalone tool with an API for inter-
action with other applications. This sys-
tem was originally designed to interact
with the databases of the EBI’s Ensem-
ble (different species genomic annota-
tion, functional annotation and expres-
sion), but it can work with external
datasources.

The Biomediator system [52] (for-
merly GeneSeek) is a federated approach
where the system defines and traverses a
graph where the nodes represent
datasource instances and the edges rep-
resent instances of the relationships that
connect entities in one or more sources
in the schema. The system uses an anno-
tated mediated schema to describe the
biomedical entities. Each user can cre-
ate a completely customize mediated
schema to describe her/his needs. Users
annotate the schema by adding additional
information about data sources and their
relationships. This system uses protégé
to store the catalog of sources and map-
ping between them. The wrapper data-
sources in Biomediator are generalized,
exposing all the data, and not mapping
it onto a particular mediated schema.
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The approach followed by LIMBO
[53] is based on a data warehouse, where
store contents of the heterogeneous
databases are stored following a com-
mon data structure. The data that fulfill
the warehouse can be obtained either
from flat f iles or databases. The most
remarkable feature of this system is the
use of a generalized database structure,
using three main tables, DATA, RELA-
TION and METADATA. The advan-
tages of this structure are that no struc-
ture needs to be developed to provide
integrate access to complex data and
changes in the of data sources structure
do not affect the target data structure.

Robinson and Rahayu  [54] propose
a federated integration system for ge-
nome databases based in mediation. In
this approach, the Bioinformatic Se-
quence Markup Language (BSML) is
used to interchange data between the
layers of the system.

The Query Integrator System [55-
57] is a federated approach based in a
semantic mediator. The queries are de-
scribed in the mediator in a common
language and translated into the spe-
cif ic datasource syntax. The system is
composed of three servers: the Inte-
grator Server (IS), the data source
server (DSS) and the ontology server
(OS). The DSS capture the schema of
the datasource, creating a schema
metadata repository that is mapped
onto ontologies. The IS creates a spe-
cif ic user-oriented ontology, related
with the domain of the problem. This
ontology is mapped with all the DSS
ontologies that represent the metadata
of the datasources. OS maintain an in-
tegrated schema and one or more con-
trolled vocabularies that are used within
the federation. This system incorporates
the positive aspects of TAMBIS and
adds new ones, such as the def inition
of database ontologies.

In 2002 the European Commission
funded the project TEMBLOR, coordi-
nated by the EBI, which aims to provide
resources for patient, protein-protein in-
teraction, structural and microarray
data. This consortium developed an in-
tegration layer, the Integr8 [58, 59] (58,

59). This approach uses the warehouse
method, building APIs of the different
databases and storing the data from
many sources in a single site using con-
trolled vocabularies.

Atlas  [60] is an extensible data ware-
house that establishes common rela-
tional data models as integration mod-
els. Each of these common data models
stores information about the same en-
tity (i.e. molecular interaction, genes,
sequences, etc.) that is related with the
other entities using the relational model.
The authors develop an API to popu-
late the warehouse with data from new
databases. The warehouse can be que-
ried using SQL or APIs in different
languages like Java, Perl or C++. All
data in the system are annotated with
the original datasource to avoid infor-
mation loss during the integration proc-
ess, causing semantic inconsistencies
and replicated data.

The Biowarehouse toolkit  [61] is an
open source system for developing ware-
houses using a common database man-
agement system (Oracle or MySQL). All
the data of public heterogeneous data
sources are loaded in the warehouse
schema, which was designed studding the
schemas of the most common databases
to be integrated. Biowarehouse has been
widely used in several biomedical re-
search projects, becoming the most rec-
ommended warehouse toolkit for bio-
medical purposes.

Biozon [62] is a web portal based
on a data warehouse, devoted prima-
rily to structural biology, but with ge-
nomic information too. It’s based on
relating fundamental biological objects,
mapping the source databases follow-
ing a tightly integrated hybrid hierar-
chical-graph based schema. The data
model of Biozon uses a combination
of expressive core graph model sup-
ported with a class hierarchy in each
graph element. This solution is flexible
and can be adjusted to several biological
problems. Biozon incorporates analysis
tools like Blast, EST analysis, etc.

Apart of the integration task, the
ONDEX [63] framework includes se-
quence analysis, data mining and graph

analysis. The integration model is based
on a graph structure which uses
ontologies, importing f irstly the data
from the databases using parses devel-
oped ad-hoc and aligning/mapping then
the data taking into account semantic
information. This mapping is per-
formed between concepts instead of
creating new entities.

The Cancer Research Database [64]
is based on a hybrid model which com-
bines a warehouse with a federation
approach through a mediator design.
The mediator is used with larger data
that changes often, high availability
sources and flexible timing constraints
in processing time, while the ware-
house is used for smaller data that change
periodically, sources that can be unavail-
able often and with very stringent tim-
ing constraints. The schema design is
based on two main entities,
DockingResults and AssayResults,
which are related with Experiments,
Mutants and Molecules tables.

Ontofusion  [65] is another approach
to mediation biomedical datasource in-
tegration, using a multi-agent system
architecture and ontologies. The archi-
tecture of the system is the most popular
in information integration with MAS,
with an agent acting as mediator, and one
wrapper agent for each datasource, us-
ing the JADE multi-agent platform.
Ontofusion uses a hybrid query transla-
tion, where each datasource is repre-
sented by an individual schema (virtual
schema). These virtual schemas are gen-
erated by means of a mapping process,
where the user assigns each element from
a datasource to concepts in a domain
ontology. The system can use several
domain ontologies. Then, all the virtual
schemas are unified in a global virtual
schema automatically.

The Semantic Web-Enabled Data
Integration (SWEDI)  [66] is a ap-
proach of integration which uses onto-
logical models, in particular, OWL, to
link small models from datasources to
a larger semantic model, using a bot-
tom-up approach. First, one or several
knowledge model is created capturing
the domain specific concepts and rela-
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tionships in OWL. Then the datasource
data is transformed to RDF, and this
RDF data is linked to knowledge mod-
els. After that, a common domain may
be selected and finally, the system con-
structs and run a semantic query. The
results are returned to a web interface.

Linkhub  [67] is a semantic software
architecture designed to integrate data,
using a federated hierarchical model of
“hub of hubs”. The datasources are con-
nected in small local hubs which cover
similar topics, and then these hubs are
connected in a bigger hub with a fed-
erated architecture. The datasources can
be accessed using SQL or RBF. Based
on a semantic RDF graph of biomedi-
cal identif iers and their relationships,
it can build complex cross-database
queries and semantic data navigation.
It’s been tested using Uniprot and East
Structural Genomics Consortium.

BioDWH  [68] is another toolkit for
biomedical data warehouse develop-
ment. One important feature of this
system is that it maintains the data al-
ways updated, monitoring the original
datasources, and updating the ware-
house when necessary, following some
update strategies. The system has some
wrappers for the most common
datasources, like Uni-prot, KEGG,
OMIM, GO, Enzyme, BRENDA, PDB,
MINT, SCOP, EMBL-Bank or
PubChem. The data model follows an
object schema, using the object-rela-
tional mapping middleware Hibernate.

DebugIT [69] is a 7th European
Framework Project that aims to im-
prove the detection and elimination of
bacteria using IT technologies. One of
the scopes of the project was to inte-
grate heterogeneous clinical and bio-
logical sources using a semantic infra-
structure. All the datasources are
accessed using SPARQL and the results
are presented in RDF. The system uses
wrappers that extract the data from lo-
cal datasources, transform it to the glo-
bal model and store it locally. The core
of the system is a federated database
that links all the local stored normal-
ized data and providing access to a sim-
ple query point.

The GeNS [70] is a data warehouse
system that allows integrating the most
common biomedical datasources, like
EMBL, UniProt (SwissProt and
TrEMBL), ExPASy (PROSITE and
ENZIME), NCBI (Entrez, Taxonomy,
Pubmed, GenBank and OMIM),
Biomart, ArrayExpress, InterPro, GO,
KEGG and PharmGKB. The main fea-
ture of GeNS is that the schema was
built using both generalization and spe-
cialization: 1) A generalization schema
to access to a large number of data-
sources in order to include as much
different data as possible. 2) A spe-
cialization schema to access to a lim-
ited number of unaltered datasets in
order to address specific issues. GeNS
stores all data into the warehouse us-
ing a general schema and then uses a
top-layer meta-model where all enti-
ties are represented for accessing to
specif ic data.

MartView is a web portal which
gives full access to many different het-
erogeneous datasources through a ware-
house BioMart [71]. This system im-
plements a service layer (MartService)
that provides easy programmatic access
to all the resources of Biomart through
web services. The flexibility of the ar-
chitecture developed in Biomart has
turned it into one of the most popular
solutions. Biomart has been extended
for use in several software packages
like BioConductor, DAS, Galaxy,
Cytoscape or Taverna.

BioDBNet [72] is an online web re-
source created with the intention of in-
tegrating more than 100 different
databases cross-referencing identif iers
to do the integration task. The authors
consider this system as a warehouse, but
the absence of a global schema identi-
f ies this system more like a cross-ref-
erence system. One of the features is
the possibility to convert the identifi-
ers of one entity in one database into
the identif ier of another database.

The architecture of the Prostate Can-
cer Information System [73] is a fed-
eration system of two main databases:
the prostate cancer database and a
tumor registry. A mapping server is

also included acting as a mediator that
stores the mappings between the on-
tology and the databases, that has been
previously describe in a declarative
language D2RQ. The last part of the
architecture is the data query subsys-
tem, which consists in a SPARWL in-
terface that allows users to submit the
queries through a web interface.

The Khaos Ontology-based media-
tor Framework [74] is a federated in-
tegration architecture that uses a Se-
mantic Directory to register and
manage ontologies. This Semantic Di-
rectory is used to build a common
model represented by ontologies.

BioXM [75] uses an object-oriented
semantic integration model to build a
knowledge management system. This
uses semantic networks to link “ele-
ments”, “relations”, “annotations” and
“context” concepts with the aim of
build the model or can use previously
created ontologies. These semantic net-
works of relationships allow detecting
connections, extracting patterns and
answering complex questions. To
optimize performance, data can be
managed alternatively within a rela-
tional database or integrated from ex-
ternal data sources, combining the ad-
vantages of data warehouse and
federated approach. The federation of
external datasources uses the Biomax
software BioRS [76].

Another example of hybrid ap-
proaches is the DW4TR [77] (Data
Warehouse for translational Research),
which combines, with a semantic
model, a warehouse for the integra-
tion of clinical data, that includes
clinical data, medical image, genomic
analyses, etc., and a federation for the
inclusion of external data.

Discussion
In the previous sections many integra-
tions applications and integration
toolkits has been analyzed. Table 1 sum-
marizes these web applications and
toolkits, ordered chronologically.



122

IMIA Yearbook of Medical Informatics 2012

Seoane et al.

Name

NCBI [21]

Integrated Genome Database [23]

SRS [24, 25]

BioKleisli [26]

Imai et al. [29]

Nadkarni et al. [30]

TAMBIS [31]

DataFoundry [33]

DAS [34]

DiscoveryLink [35]

Mork et al. [36]

GIMS [37]

BioMolQuest [38]

ISYS [39]

Ludascher et al. [40]

Target Informatics Net [41]

PharmGKB [42-44]

Karasavvas et al. [45]

Information Integrator [47]

SEMEDA [48]

DiseaseCard [49, 50]

EnsMart [51]

BioMediator [52]

LIMBO [53]

Robinson and Rahayu. [54]

QIS [55-57]

Integr8 [58, 59]

Atlas [60]

BioWarehouse [61]

BIOZON [62]

ONDEX [63]

Year

1990

1994

1996

1997

1997

1998

1998

2000

2001

2001

2001

2001

2001

2001

2001

2001

2001

2002

2003

2003

2004

2004

2004

2004

2004

2004

2005

2005

2006

2006

2006

Architecture

Cross-link

Data warehouse

Cross-link

Federated system

Federated multi-agent

Federated

Mediator

Warehouse + mediator

Distributed protocol

Federated

Mediator

Warehouse

Search engine

Mediator

Semantic mediator

Federated w/ local copies

Warehouse

Multi agent mediator

Federated

Federated

Cross-link

Warehouse

Federated

Warehouse

Federated

Mediator

Warehouse

Warehouse

Warehouse

Warehouse

Warehouse

Cites

a b c

6 8 29

24 4 62

277 90 471

68 NO NO

2 NO 4

28 28 78

41 28 216

19 0 32

233 145 381

129 NO 267

20 9 74

NO NO 32

11 2 19

35 10 71

15 NO 101

24 4 47

135 39 205

NO NO 6

0 0 0

68 9 99

0 0 9

254 160 374

5 4 37

12 3 30

1 NO 1

9 9 14

96 47 131

57 31 116

55 29 102

17 10 33

45 25 92

System

Web portal

Toolkit

Web portal

Toolkit

Toolkit

Toolkit

Toolkit

Toolkit

Protocol

Toolkit

Toolkit

Toolkit

Web portal

Toolkit

Toolkit

Toolkit

Web portal

Toolkit

Toolkit

Web portal

Web portal

Web portal

Toolkit

Toolkit

Toolkit

Toolkit

Web portal

Toolkit

Toolkit and test web portal

Web portal

Toolkit

URL

www.ncbi.nlm.nih.gov/Entrez

srs.ebi.ac.uk

Inaccessible

Inaccessible

www.pharmgkb.org

Inaccessible

www.diseasecard.org

www.ensembl.org/EnsMart

www.ebi.ac.uk/integr8

biowarehouse.ai.sri.com/
PublicHouseOverview.html

www.biozon.org

Table 1   List of all data integration approaches analyzed, with the date, architecture, cites in (a) Scopus, (b) Pubmed and (c) Google Scholar, web system or toolkit and URL if available
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Cancer Research Database [64]

Ontofusion [65]

SWEDI [66]

LinkHub [67]

BioDWH [68]

DebugIT [69]

GeNS [70]

BioMart [71]

BioDBnet [72]

Prostate Cancer Information System [73]

KA-SB [74]

BioXM [75]

DW4TR [77]

2007

2007

2007

2007

2008

2008

2009

2009

2009

2009

2009

2011

2011

Warehouse + mediator

Multi-agent federation

Semantic warehouse

Semantic federation

Warehouse

Semantic federation

Warehouse

Warehouse

Cross-link

Semantic federation

Semantic federation

Semantic warehouse + federation

Warehouse + federation

1 0 3

25 5 34

12 9 27

17 7 37

5 0 14

15 1 22

0 NO 9

124 102 197

4 3 7

6 1 10

2 0 3

1 1 3

0 0 0

Toolkit

Toolkit

Web portal

Web portal

Toolkit

Toolkit

Toolkit

Web portal

Web portal

Prototype

Toolkit

Toolkit + Web portal

Prototype

Inaccessible

hub.gersteinlab.org

www.biomart.org

biodbnet.abcc.ncifcrf.gov

http://www.biobridge.eu/bio/

In the result tables, we can observe
the impact of these applications using
several citing measures (Scopus,
Pubmed and Google Scholar). We used
only the number of cites of the f irst
publication, ignoring further publica-
tions or revisions. This restriction makes
this measure a guideline of impact, in-
stead of a scientific measure of impact.

Many approaches are close to solv-
ing the problem in a specific field, but
none of the solutions can be completely
generalized to any genomic medicine
problem. This is due to several prob-
lems of biological and biomedical data.
Firstly there is a huge amount of bio-
medical or biological databases and,
among them, many are not correctly
annotated. Biomedical data are inher-
ently complex, due to their evolved
nature (biological concepts are repre-
sentations of naturally evolved systems)
[78]. This complexity makes diff icult
to define boundaries of these biomedi-
cal concepts, so it’s very complex to
represent them and compute upon. This
complexity does not affect only the
concepts, but also the relationship be-
tween the concepts. Another reason is
the huge variability present in the data.
This feature makes diff icult to deal
with biomedical data with static sys-

tems that cannot evolve with the data
and with the schema of the data. Us-
ing the classif ication proposed by
Hernandez et al [79], different ap-
proaches in data integration will be
discussed.

The link integration approach is very
used in the biomedical community, but
some authors don’t consider it like a
pure integration architecture [80]. This
is because it does not add enough func-
tionality to deal with complex queries
and does not behave well with large
amounts of data of changing nature.
There must be a high cohesion in the
different datasources that compound it.

In the case of the warehouse or fed-
erated approach, it is possible that any
of these pure models could be applied
to a complex genomic medicine inte-
gration task. Analyzing the approaches
in this review, it can be observed that
there exists a trend towards changing
from centralized warehouse models to
federated semantic models, with the
improvements in communication, da-
tabase management systems and in on-
tology engineering. Another possible
evolution of the integrated systems is
the mixed model of federated and ware-
house, or federated models with local
copies of the datasources.

The main advantages of the ware-
house model are the centralized nature,
allowing more scalability, performance
in query execution and more data con-
trol. In contrast, federated models are
more complex solutions, and present
more latency in data retrieval and lack
of control. The main advantage of the
federated model is that in centralized
approaches, the global model has been
done ad-hoc, so the federated model is
more flexible and can access to the
original datasources. This is particularly
important in biomedicine, because these
complex data are important not only
for “what” represent, but also for “how”
they  are represented. The warehouse
approach eliminates this information
from the global schema. Data ware-
houses have a high cost in terms of de-
fining how the data has to be integrated,
how the information is stored and how
the different data types match with the
general model. Arenson [47] points out
that using data warehouses will be im-
possible for molecular biology until the
field reaches a point where there is gen-
eral agreement on what types of infor-
mation are interesting and how they
relate with each other. Finally, another
advantage of the federated system is the
update of the data. The federated sys-
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tems are always updated, but in the data
warehouse systems the data must be
updated frequently.

The federated systems are a better
solution in problems that can change
ever time, where new entities or fea-
tures can be added. Warehouse ap-
proaches are suitable for monolithic
problems or with high performance
requirements.

After analyzing the impact of these
systems, we found that the most widely
used are the integration systems where
the user has no responsibilities (web por-
tals instead of toolkits) like NCBI or EBI
resources, ENsMart, PharmGKB or
Biomart. Tambis and Semeda are the
most used federated system while the
most used warehouses are Atlas and
Biowarehouse.

Conclusion
In this review, several integration works
related with biomedical data have been
analyzed chronologically, highlighting
the main features of each of them. Most
of these works are suitable for a par-
ticular solution, but not for the general
case. When a new biomedical data in-
tegration problem must be faced, it is
essential to understand the complexity
of the biomedical data and to analyze
the possible solutions, evaluating each
of the features of the integration prob-
lem and the datasources that must be
integrated. Integration problems can-
not be solved without a correct seman-
tic annotation, mapping and querying.
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