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Abstract

The Extensible Markup Language (XML) is increasingly being
used for biomedical data exchange. The parallel growth in the
use of ontologies in biomedicine presents opportunities for
combining the two technologies to leverage the semantic rea-
soning services provided by ontology-based tools. There are
currently no standardized approaches for taking XML-
encoded biomedical information models and representing and
reasoning with them using ontologies. To address this short-
coming, we have developed a workflow and a suite of tools for
transforming XML-based information models into domain
ontologies encoded using OWL. In this study, we applied se-
mantics reasoning methods to these ontologies to automati-
cally generate domain-level inferences. We successfully used
these methods to develop semantic reasoning methods for in-
formation models in the HIV and radiological image domains.
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Introduction

The Extensible Markup Language (XML) has recently become
an important technology in many medical domains, driven
primarily by the desire for greater interoperability between
biomedical software applications [1]. XML is used extensively
to define information models that describe the structure and
content of biomedical data that can be exchanged between
applications. The general approach is to define the structure
and content of an information model using XML Schema [2]
and to publish this model to enable the production, consump-
tion and validation of XML documents that conform to the
model. Some organizations are working to define standard
information models for particular domains [3]. For example,
the Annotation and Image Markup (AIM) Project of the U.S.
National Cancer Institute’s cancer Biomedical Informatics
Grid has defined an information model to describe annotations
on radiological images [4]. Many custom models are produced
for particular biomedical systems to support downloading or
uploading of application data. Irrespective of their origin,
these information models have become invaluable tools for
dealing with the high degree of heterogeneity that is typical in
biomedical data.

As useful as they have become, data in XML-based informa-
tion models are not typically in a form that is directly suitable
for reasoning. When dealing with these models, system devel-
opers must develop custom software to import model content
and map it to internal application formats, where it can then be
manipulated. This process is labor-intensive and time-
consuming and is usually heavily customized to both the
source information model and the final reasoning tasks. There
is a pressing need for more principled methodologies to auto-
mate these processes. Ontologies provide a means of tackling
this informatics challenge. The low-level information defined
by information models can be significantly enhanced by trans-
forming the data to domain-level content described using on-
tologies. Automated reasoning tasks can then be applied to the
resulting domain-level information. These tasks can include
classification, verification, temporal and spatial reasoning, and
the generation of high-level domain abstractions that can be
used directly by system users. This approach to reasoning with
information model data provides an opportunity to leverage
the reasoning mechanisms provided by ontology-based tools
and to exploit the increasing use of ontologies in biomedicine.

Background

The Web Ontology Language (OWL; [6]) is increasingly be-
ing used in biomedical applications. Although OWL and XML
share similar content storage goals, OWL provides much more
powerful features both for representing semantic information
about content and for reasoning with it. In combination with
the OWL-based Semantic Web Rule Language (SWRL; [7]),
OWL provides facilities for developing very powerful reason-
ing services. Many XML information models in biomedicine
use standardized terms defined using ontologies. For example,
the AIM information model supports the use of RadLex terms
[5] when describing the anatomic structures in image observa-
tions. In general, however, beyond the use of these term refer-
ences, there is no direct interoperation path between the data
in XML-described information models and OWL ontologies.
Hence, before reasoning services can be developed, this map-
ping challenge must be addressed

A variety of XML Schema to OWL mapping tools have been
developed [14-15]. These tools typically provide custom map-
ping languages in combination with graphical user interfaces
to allow users to produce OWL equivalents of XML Schema-
described documents. The mappings supported by these tools
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are generally low level and structural. Most could support the
steps required to transform XML-described biomedical infor-
mation models to their OWL equivalent. However, the more
complex transformations needed to generate domain ontolo-
gies are beyond the capabilities of these tools. In biomedicine,
the temporal components of these mappings can be particu-
larly complex. An array of layered knowledge transformations
are often required before the information is directly suitable
for reasoning. These transformations usually demand custom
solutions. The different approaches currently used to address
these tasks can produce a disconnected, fragmented workflow.
Integrating the various tools and methods that perform infor-
mation model mapping, domain model generation, and the
final reason tasks could help produce a streamlined end-to-end
process that lowers the overall development effort.

A suite of tools to provide this workflow must support: (1)
mapping information models to their ontolgical equivalents;
(2) mapping these data to domain ontologies; and (3) develop-
ing standardized reasoning approaches for processing the re-
sulting information. In this paper, we describe the develop-
ment of such a set of tools. We outline a workflow that uses
these tools to transform XML-based information models into
domain ontologies encoded using OWL and then perform a
variety of reasoning services on this domain knowledge. We
show how we have applied these techniques to perform seman-
tic reasoning with data contained in XML information models
in the HIV and radiological image domains.

Methods

Our approach to transforming an XML-based information
model to an OWL domain ontology comprises three tasks: (1)
produce an OWL equivalent of an XML-based information
model, (2) transform its content into instances in an OWL do-
main ontology, and (3) define and implement domain-level
reasoning tasks that use the domain ontology. The goal is to
produce an automated process that takes XML-encoded infor-
mation model documents, transforms them to instances in an
OWL domain ontology, and to then perform semantic reason-
ing with these domain-level instances.

Transforming an XML Information Model to OWL

This step requires development of an OWL ontology to repre-
sent the information in the original XML information model.
The goal is to transform the XML Schema-described informa-
tion model into an ontological representation that defines a
semantically equivalent information model. This model must
represent all the concepts in the original XML model. This
transformation is performed by creating classes and properties
in the OWL information model that correspond to respective
components in the source information model.

We developed a tool called XMLMaster to define these trans-
formations. XMLMaster was written as a plugin to the popular
Protégé-OWL ontology development environment [8] and
provides a graphical user interface that allows users to interac-
tively define mappings between entities in an XML document
and concepts in an OWL ontology. It can be used to define

mappings between an XML model and an existing OWL on-
tology, or it can generate a new OWL ontology as the target of
these mappings. We used this latter mode to create an OWL
information model that corresponds to a source XML-encoded
information model. These mappings were stored by XMLMas-
ter in a mapping ontology. They contain a specification of how
entities can be mapped from an XML document to instances in
an OWL ontology. We then used an associated tool called
XMLMapper to take the mappings and to automatically trans-
form XML documents to OWL ontologies. As part of a work-
flow, XMLMapper can be used to process streams of XML
documents and populate an OWL knowledge base with the
resulting transformed content.

Most XML-based information models are designed to be
somewhat human readable, so generally the transformations
are not structurally complex. In many cases, the structure of
the information model in OWL will be similar to the structure
of the XML information model. However, specialized trans-
formations are often required to deal with references to exter-
nal terminologies. Such references to terms in controlled ter-
minologies are common in biomedical information models.
The mapping process must maintain these links if possible.
XMLMaster supports links to these external terminologies if
they are encoded using RDF or OWL. It currently does not
support automatic references to terms defined to non OWL or
RDF ontologies. In these cases, the original term identifiers
are simply mapped unchanged, with additional annotations
describing the source terminology.

Transforming an OWL Information Model to a Domain
Ontology

An information model does not generally represent data in a
form that is directly suitable for use in the complex reasoning
typical in biomedicine. The second mapping step is generally
required to transform instances in the OWL information model
to instances in a specialized domain model. Domain-level rea-
soning tasks can then be defined using this representation. This
second stage is typically far more complex than the primarily
structural initial mapping process. It often requires in-depth
domain knowledge and its requirements for data transforma-
tion are far more demanding. Depending on the complexity of
the domain ontology, this process may require several map-
ping layers that operate at successively higher levels of ab-
straction. While several OWL-based mapping tools are avail-
able, they generally do not offer the flexibility to easily capture
the full array of possible transformations required.

Instead of using one of these tools, we used OWL and its asso-
ciated rule language SWRL [7] to define the mappings. SWRL
provides particularly strong support for this type of knowledge
transformation. Its tight integration with OWL allows it to be
used to define knowledge-level mapping rules that are fully
aware of OWL’s complex semantics. Moreover, most OWL
classifiers support SWRL, so they can be used to semantically
validate these mapping rules. Once defined, the rules can be
stored in an OWL ontology and later executed to transform
information model instances to domain ontology instances as
part of a mapping workflow.
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Figure 1-Outline of workflow to take XML-encoded information model instances and transform them to an OWL domain ontology
and perform reasoning with them.

Reasoning Ontology and Querying

Once an XML information model is transformed to an OWL
domain ontology, users can develop knowledge-level ontol-
ogy-based reasoning mechanisms to work with their content. A
wide array of possible reasoning tasks can then be defined.
Common tasks in biomedicine include classification, and spa-
tial and temporal reasoning. Temporal reasoning tasks are par-
ticularly central to many biomedical applications. OWL itself
provides strong support for classification. It has relatively
weak support for temporal and spatial reasoning, however.
Fortunately, SWRL provides basic support for spatial reason-
ing using its core language operators. Crucially, it provides a
mechanism to define custom libraries for specific types of rea-
soning processes. We used this extension mechanism to de-
velop a temporal reasoning library [12].

In some cases, not all reasoning can be carried out using OWL
and SWRL, and custom application methods are required. To
support the necessary extraction of content from domain on-
tologies, we used SQWRL, a language that we developed [9].
SQWRL (Semantic Query-Enhanced Web Rule Language) is a
SWRL-based query language that can be used to query OWL
ontologies. SQWRL supports queries that extract information
from ontologies at the knowledge level, and thus minimize the
amount of custom application logic required to process this
ontology-encoded information.

Defining an Automated Workflow

We defined a workflow to take an XML-based information
model and perform domain-level OWL and SWRL-based rea-
soning with the information in the model. The numbered steps
in Figure 1 outline the sequence of steps in this workflow.

We first took an XML Schema-described information model
(1), and used the XMLMaster tool (2) to define mappings to
an equivalent OWL information model. The XMLMaster tool
also produced a mapping ontology (3) that defined how XML

documents are transformed into instances of the OWL infor-
mation model (4). We then produced data (5), which are en-
coded as document instances of the XML information model
(6). These documents were fed through XMLMapper (7),
which used the mapping ontology defined by XMLMaster to
produce OWL information model instances (8). A separate
SWRL-based mapping ontology defined how these instances
were mapped to a domain ontology (9) and were used by
XMLMapper to transform the instances (10) to domain ontol-
ogy instances (11). Finally, a domain-level OWL reasoning
ontology (12) was applied to these domain instances to reason
with them (13).

Once defined, this process can establish a completely auto-
mated workflow that takes a stream of XML-encoded informa-
tion model instances, transforms them to OWL, and reasons
with them to generate domain-level inferences.

Results

We used our methodology to generate automated workflows
for two applications: (1) reasoning with radiological image
annotations for tumor assessment; and (2) discovery of asso-
ciations between gene mutations, drug regimens, and outcomes
in HIV anti-retroviral therapy.

Reasoning with Image Annotations

The AIM Project [4] recently developed an information model
that describes the semantic contents of radiological images.
AIM defines an XML-encoded information model that de-
scribes anatomic structures and visual observations in the im-
ages. Information about image annotations is recorded in its
information model, with the goal of enabling the consistent
representation, storage, and transfer of the semantic meaning
of imaging features. A variety of tools are being developed to
produce image annotations in AIM format.
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Figure 2-Screen shot of Protégé-OWL tool showing part of AIM information model encoded in OWL.

Our reasoning task employed three types of reasoning sub-
tasks: classification, spatial reasoning, and temporal reasoning.
It concentrated on classification of image findings as measur-
able and non-measurable using a combination of semantic in-
formation about the location and type of finding and its calcu-
lated length. These reasoning tasks were encoded using OWL
and SWRL. Rules for this subtask included: classification of
findings as pathologic or non-pathologic based on the imaging
observation in the image annotation; temporal classification
lesions as baseline or follow-up based on their temporal rela-
tionship to the start of therapy; and classification of image
findings on baseline images as measurable or non-measurable
based on the length of the observed mass or nodule.

We evaluated our system by defining a process to reason about
cancer lesions for estimating tumor burden [11]. We used 116
AIM XML annotated images from 10 cancer patients who had
serial imaging studies. Lesions in the original images were
annotated in AIM format. We successfully defined a process to
map image annotations encoded using AIM into OWL (Figure
2) and to reason with the resulting annotations. The image
annotations were processed by our system to perform auto-
mated reasoning about the image findings.

The inferences from our system were reviewed by an oncolo-
gist, who confirmed that they were valid based on his analysis
of the image annotation information encoded as instances of
the AIM XML information model. In qualitative terms, the
oncologist believed that our automated workflow can help
streamline the process of evaluating tumor burden.

Outcome Reasoning for HIV Antiretroviral Therapy

Associations between gene mutations, drug regimens, and
therapy outcomes is central in HIV therapy. In HIV research,
for example, a mutation on the viral genome may be associated

retrospectively to past administration of a specific drug or pro-
spectively to the occurrence of poor clinical outcome with one
or more drugs. Establishing such temporal associations may
help scientists understand how certain mutations in the genome
reduce drug efficacy, and can they help healthcare providers
design treatment strategies.

To study drug resistance in the context of clinical care, re-
searchers at Stanford University have developed a research
system called the Stanford HIV Drug Resistance Database
(HIVdb) [10]. This database contains time-stamped data on
drug regimens, HIV reverse transcriptase (RT) and protease
sequences, and HIV viral load collected at local clinics. Some
of this information is downloadable as XML-encoded informa-
tion model instances from the HIVdb website. An XML
Schema for this information model has been published by the
developers of HIVdb [13]. This information model describes
individual patient therapies—which are termed treatment
change episodes (TCEs)—and lists the drugs in the therapy,
together with each patient’s viral load response and mutation
information treatment. By using information encoded in TCEs,
the website can suggest ranges of suitable drug therapies.

Reasoning with TCEs requires strong temporal reasoning sup-
port. As mentioned, we have developed a temporal reasoning
library for use with SWRL [12]. We used it to develop domain
reasoning tasks defined in terms of these TCEs. These tasks
encode several drug resistance interpretation algorithms for
predicting the value of genotypic resistance test interpretation
algorithms that have been described in the literature [10]. Sub-
tasks of the reasoning task include examining patient treatment
histories for particular treatment combinations, viral load pat-
terns, and genotypic test results.

Using the HIVdb XML Schema, we defined an OWL equiva-
lent of the information model it describes. We mapped the
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information model to a domain ontology modeling TCEs and
then developed a temporal reasoning module to reasoning with
the resulting OWL instances. The reasoning mechanisms use
OWL and SWRL, and produce high-level abstractions of pa-
tient outcomes based on a temporal analysis of their viral
loads. This information can then be used for further analysis.
The ultimate goal is to replicate a large subset of the therapeu-
tic suggestion functionality of the HIVdb site. We successfully
defined an automated workflow that took XML instances of
the TCE information model and generated an intermediate
analysis of patient outcomes.

Discussion

The increasing use of XML information models in biomedi-
cine provides an opportunity to develop methods to automati-
cally reasoning with the content of these models. However,
XML-based information models do not typically represent
information in a form that is directly suitable for reasoning—
they provide a standardized interchange and storage format
only. Elevating the information content from this primarily
structural level to the domain level is a prerequisite to per-
forming semantic reasoning. Using a suite of open source Se-
mantic Web tools, we show how we have developed an ap-
proach to perform this transformation and to carry out OWL-
based reasoning on information encoded in XML-based in-
formation models. We show how semantics reasoning methods
were applied to these ontologies to generate domain-level in-
ferences. Our approach establishes an automated workflow,
taking XML-based information models, transforming them to
an OWL domain ontology, and reasoning with the resulting
information to generate inferences necessary for the domain
task. We applied this workflow to perform semantic reasoning
with data contained in information models in the HIV and ra-
diological image domains.

Our approach can be used to take any XML-based information
model, generate its OWL equivalent, and then reason over it to
produce high-level abstractions. This approach maintains all
knowledge of these transformations in OWL mapping ontolo-
gies. As a result, these mappings can be maintained at the
knowledge level using standard OWL tools. Modifications to
the mappings to cater for changes or extensions to the informa-
tion model or domain ontologies can also be carried out using
these tools. We believe that this approach provides a flexible,
expandable, and robust mechanism for defining the informa-
tion transformations necessary to support semantic reasoning
on a large variety of biomedical data.
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