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Abstract. Hypertrophic cardiomyopathy (HCM) is a complex genetic
disease characterized by a variable clinical presentation and onset, as
well as a high number of associated mutations.
Therefore, this disease is a good candidate for a translational medicine
approach to assist in its prognosis. For this purpose, we propose a framework containing two components: one for data integration, and another
for data analysis based on clinical-genetic associations obtained with data
mining techniques.
In this article we present the implementation of the first component.
At its basis is a semantic data model developed in OWL representing
the clinical and genetic data necessary for the characterization of HCM
patients. This model follows a modular approach and includes mappings
to controlled vocabularies such as the NCI Thesaurus and SNOMEDClinical Terms.
The development of the model has been done in collaboration with
biomedical experts, who are also the providers of the data to populate
it.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a genetic disease that may afflict as
many as 1 in 500 individuals, and is the most frequent cause of sudden cardiac
death among apparently healthy young people and athletes [1, 2]. It is characterized by a variable clinical presentation and onset, which results in a difficult
clinical diagnosis prior to the development of severe or even fatal symptoms [1,
2]. Moreover, its genetic diagnosis is complex, since there are approximately 900
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mutations in more than 30 genes currently known to be associated with the
disease [3].
In terms of prognosis, the task is by no means trivial since the severity of
HCM varies even between direct relatives. It has been observed that the presence
of a given mutation can correspond to a benign manifestation in one individual
and result in sudden cardiac death in another [1, 2].
As a consequence of all these factors, HCM is an example of a disease that
can benefit from a translational medicine approach to aid in its prognostic. Given
the clinical manifestations of the disease and the mutations associated with it,
it might be possible to identify a set of factors that will aid cardiologists in the
task of risk assessment and management. This task is of paramount importance
as it could enable the timely identification of patients prone to sudden cardiac
death, and the regulation of their physical activities in order to minimize such
risk.
A pivotal step toward the concretization of a translational medicine approach
consists in the integration of data originating from different domains of knowledge. Ontologies, and controlled vocabularies in general, are important tools for
data integration since they provide a standard way of representing knowledge.
Ideally, these vocabularies are references accepted by the community, such as
the Gene Ontology [4] and the Systematized Nomenclature of Medicine-Clinical
Terms (SNOMED-CT) [5].
Due to their importance in data integration, ontologies are a central piece in
the implementation of the Semantic Web vision proposed by Tim Berners-Lee
[6]. This vision is that of a Web of data, rather than the Web of documents
that is the current standard. The general idea is that instead of links connecting
Internet pages that are mostly designed to be interpreted by humans, we can
have links connecting the data elements themselves. The Semantic Web can be
seen as a framework for data integration at a Web-wide scale that is independent
of the domain of knowledge, and focused on the meaning and on the context of
the data.
In order to implement this vision of a new Web, a set of tools and technologies
have been proposed as standards by the World Wide Web Consortium (W3C)
[7], namely: RDF, a language for data representation and interchange [8]; and
OWL, a language to formally define meaning in Web resources that supports
reasoning [9].
Several translational medicine examples exist using Semantic Web standard
technologies, namely the work developed by Gudivada and colleagues [10] in a
task of gene prioritization, ASSIST (Association Studies aSsisted by Inference
and Semantic Technologies) [11], and the Neuroweb system [12]. In the first
example, the integrated resources are locally maintained in relational format
and instantly converted to RDF upon need, whereas in the other two they are
maintained in their original format and location. In all three examples, data
integration is mediated by an ontology developed in OWL. None of the systems reuse existing ontologies, although the developers of Neuroweb considered
the use of resources such as SNOMED-CT and the Disease Ontology. However,
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the authors verified that SNOMED-CT did not provide a suitable formulation
of concepts for their purpose, and that the taxonomy adopted by the Disease
Ontology was different from the one used by the clinicians participating in the
Neuroweb network.
In our translational medicine approach for HCM, we are interested in the
prognosis of the disease. Our goal is the identification of associations between
clinical and genetic factors that can be used to aid medical doctors in the prediction of the outcome of the disease, for every individual patient, particularly in
respect to the occurrence of sudden cardiac death. For this purpose, we propose a
framework that integrates clinical and genetic data mediated by a semantic data
model representing the disease, and that explores data mining models depicting
the clinical-genetic associations (Figure 1).

Fig. 1. High-level schematic representation of the translational medicine framework we
are developing for the disease HCM. Data of patients with known prognosis (grey arrows) will be represented and integrated according to a semantic data model developed
for the disease, and will be explored with data mining techniques to obtain clinicalgenetic association models. Data of new patients, with unknown prognosis (black arrows), will be represented according to the semantic model, and will be evaluated based
on the clinical-genetic association models to obtain a prediction of the prognosis.

In this article we present the implementation of the data representation and
integration component. The semantic data model at the core of this component
provides a useful framework for the integration of data from two different domains of knowledge, clinical and genetic, and from different institutions. The
concepts modeled were identified and defined with the help of medical doctors,
geneticists and molecular biologists based on the data elements collected during their activities. The model is currently being populated with data from four
medical institutions and two research centers.
The rest of this document is organized as follows: Section 2 describes the
development of the semantic model; Section 3 presents the semantic model;
Sections 4 and 5 contain a Discussion and the Conclusions, respectively.
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Semantic Model Development

The development of the HCM semantic model followed the guidelines presented
by Noy and McGuinness [13] for ontology development. The first step was the
definition of the domain (i.e. the disease, HCM) and the scope (i.e. the representation of the data necessary for the diagnosis and the prognosis of HCM),
followed by the enumeration of relevant concepts and the reuse of existing controlled vocabularies.
The following steps describe our approach:
1. An initial set of concepts was identified in collaboration with biomedical
experts.
2. The concepts were represented in OWL Lite, including hierarchical and nonhierarchical relations.
3. Existing controlled vocabularies of interest were searched.
4. New concepts to consider were identified in these controlled vocabularies.
5. The concepts and relations represented were continuously validated by the
biomedical experts.
6. The consistency of the model (i.e. the absence of syntactic or semantic errors)
was evaluated periodically.
The model was developed in the Protégé-OWL editor (version 3.4.2) [14]
following a modular approach. The consistency evaluations were performed by
running the reasoner HermiT [15] available in Protégé.
OWL was the language of choice to comply with the Semantic Web standards
and to take advantage of external resources published in the Semantic Web.
The identification of controlled vocabularies of interested was performed using BioPortal, from the National Center for Biomedical Ontology [16]. The concepts initially identified in collaboration with the biomedical experts were used
as search terms, namely clinical history, angina, hypertrophic cardiomyopathy,
resuscitated sudden death, and electrocardiography. We searched for vocabularies referring to the medical and molecular biology domains that contained the
concepts of interest, and that represented these concepts in a hierarchical organization in accordance with the vision of the HCM domain conveyed by the
experts. The adequacy of the vocabularies was evaluated based on their scope.
The list initially compiled was narrowed down based on the number of concepts
of interest the vocabulary contained.
As previously published [17], three vocabularies were initially identified and
considered for the HCM model: SNOMED CT (version 2010 01 31), the National Cancer Institute Thesaurus (NCIt) (version 10.03)[18], and the Ontology
of Clinical Research (OCRe) (version 0.95) [19].
We opted to use more than one vocabulary for each module for two reasons:
(i) none of the vocabularies contained a complete list of the concepts of interest;
(ii) the provided representation of the concepts was not always the most suitable
for our purposes.
We did not reuse entire modules of any of the vocabularies since our goal was
not to convey the most complete representation of the disease. We rather wanted
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to represent the concepts necessary for its diagnosis and prognosis, as well as
include a minimum set of concepts that would facilitate the mapping between
the HCM model and the vocabularies. In addition, one of the concerns during
the development of the model was to maintain it as simple as possible, in order
to avoid overwhelming the biomedical end-users with superfluous information.
Our approach to the use of these vocabularies is summarized in the following
steps:
1. The regions of interest in each vocabulary were identified.
2. The hierarchical structure of the HCM model was refined in accordance with
the vocabulary considered.
3. The concepts in the model were renamed in accordance to the vocabulary.
4. The concepts in the model were manually mapped to the equivalent concept
in the controlled vocabulary, through a hasDbXRef property 6 .
5. When the vocabulary provided a definition for the mapped concept, it was
added to the model.
Considering that the controlled vocabularies were also exploited to identify
new concepts to include in the model, they served the dual purpose of aiding in
the development of the model and providing mappings.
Since its preliminary version [17], the HCM model has been extended in
number of concepts and mappings. One of the previously considered vocabularies, OCRe, was eliminated due to the deprecation of the concepts we had
reused (e.g. Health Care Site). The model is currently mapped to four controlled
vocabularies: SNOMED CT and the NCIt as before, and also to the Gene Regulation Ontology (version 0.5, released on 04 20 2010) [20] and to the Sequence
Ontology (released on 11 22 2011) [21].
In addition to the two major alterations that resulted in the conversion of the
model from one to three modules and in the incorporation of the knowledge from
the controlled vocabularies, the model suffered several rounds of adjustments.

3

HCM Semantic Model

The resultant HCM model is composed by three modules:
– Clinical Evaluation - containing administrative concepts and clinical data
elements that play a role in the diagnosis and the prognosis of HCM patients.
– Genotype Analysis - containing concepts associated with the genetic testing
of biological samples.
– Medical Classifications - an auxiliary module containing medical standards
used in the characterization of clinical elements such as patient symptoms.
Table 1 shows the composition of the three modules, both in number of
concepts and properties. Clinical Evaluation is the largest, with a total of 63
concepts and approximately 60 object and data properties (Figures 2 and 3).
6
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Table 1. Composition of the Clinical Evaluation, Genotype Analysis, and Medical
Classifications modules in terms of: number of top-level concepts, total number of
concepts, and number of data and object properties.
Module
Top-level concepts Total concepts Properties
Clinical Evaluation
5
63
60
Genotype Analysis
7
19
39
Medical Classifications
2
4
2

Genotype Analysis contains 19 concepts and approximately 39 properties (Figure 4). Finally, Medical Classifications contains two high-level concepts (Angina
Classification and Heart Failure Classification), each with one sub-concept, and
a total of ten instances. As an example of this last module, Figure 5 shows
the concept Heart Failure Classification and the data properties for one of its
instances, NYHA Class2.
The Clinical Evaluation (ce:) module imports the other two, Genotype Analysis (ga:) and Medical Classifications (mc:). The bridge between modules is made
through the following non-hierarchical relationships (here represented as triples,
where the central elements are object properties):
–
–
–
–

ce:Patient ce:hasBiologicalSample ga:Biological Sample
ce:Biomarker Analysis ce:performedInBiologicalSample ga:Biological Sample
ce:Angina ce:hasAnginaClassification mc:Angina Classification
ce:Congestive Heart Failure ce:hasHeartFailureClassification mc:Heart Failure Classification

Patients’ mutations can be identified through this relationship between Clinical Evaluation and Genotype Analysis since in the latter module a Biological
Sample is connected with the mutations identified therein.
In terms of mappings to controlled vocabularies, SNOMED CT was used
in the Clinical Evaluation module, the NCIt in the Clinical Evaluation and
Genotype Analysis modules, the Gene Regulation Ontology and the Sequence
Ontology in the Genotype Analysis module (see Table 2). More precisely, each
vocabulary was considered in the following top-level concepts:
– SNOMED CT: Clinical Finding and Observable Entity
– NCIt: Health Care Site, Person and Procedure (from Clinical Evaluation);
Biological Sample, Gene, Mutation and Protein (from Genotype Analysis)
– Gene Regulation Ontology: Nucleic Acid Molecule
– Sequence Ontology: Primer
Although the Medical Classifications module does not contain mappings to
controlled vocabularies, its concepts are nonetheless linked to Web pages where
their definition can be found.
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Fig. 2. Hierarchical structure of the Clinical Evaluation module, showing three of the
top-level concepts (Clinical Finding, Health Care Site and Observable Entity) with all
sub-concepts visible.

4

Discussion

The decision to divide the model in modules was motivated by the observation
that we wanted to represent two conceptually different types of knowledge: the
knowledge related to patients, such as symptoms and treatments (represented
in the Clinical Evaluation module); and the knowledge related to the analysis of
biological samples collected from patients, such as amplification fragments and
mutations (represented in the Genotype Analysis module). The third module,
Medical Classifications, was added to represent standard medical classifications
of any type, since these are independent from both patients and sample analysis.
In terms of the use of the model in the final prognosis framework, this also means
that we can easily provide two different views of the data: one centered on the
patient, which is of interest for the medical doctors; and one centered on the
biological samples, which is of interest for the molecular biologists.
Additionally, the modular development of the HCM model also facilitates its
extension and reutilization. While the Clinical Evaluation module is the most

8

Toward a Translational Medicine Approach for HCM

Fig. 3. Hierarchical structure of the Clinical Evaluation module, showing two of
the top-level concepts (Person and Procedure) with all sub-concepts visible. Defined
classes, i.e. containing necessary and sufficient conditions, are indicated by a symbol
with three horizontal lines.

specific and is best suited for the characterization of heart diseases, Genotype
Analysis can be used in the context of any disease. In the case of Medical Classifications, although presently containing only two classes representing the classifications used by the medical experts, it can be expanded to include any standard
or set of guidelines that refer to the medical aspects of HCM characterization or
any other disease.
The use of controlled vocabularies proved to be advantageous on several
levels: it saved us the work of creating a completely new model; it assisted us
in identifying additional concepts and relations of interest; and it will facilitate
the future addition of concepts since they can be searched in the vocabularies
and easily integrated in their hierarchy. Nonetheless, the process was far from
trivial.
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Fig. 4. Hierarchical structure of the Genotype Analysis module, showing all seven toplevel concepts with all sub-concepts visible. Defined classes, i.e. containing necessary
and sufficient conditions, are indicated by a symbol with three horizontal lines.
Table 2. Percentage of concepts from the HCM semantic model mapped to the following controlled vocabularies: SNOMED - Clinical Terms, NCI Thesaurus, Sequence
Ontology and Gene Regulation Ontology. The percentages are indicated for the modules Clinical Evaluation and Genotype Analysis.
Vocabulary (%)
Total (%)
SNOMED CT NCIt SO GRO
Clinical Evaluation
42.9
42.9 85.8
Genotype Analysis
63.2 26.3 5.3
94.8
Module

First of all, for the identification of the vocabularies we searched for concepts of interest on all the vocabularies available from BioPortal. This was a
challenging task, since several vocabularies exist that fulfilled the requirement.
After evaluating the most promising options, the initial list was progressively
narrowed down until only those indicated remained. When this process was first
started, we were not aware of the existence of the Biomedical Ontology Recommender service [22] available from BioPortal. However, we tested it afterwards
and concluded that the vocabularies chosen coincided with the recommendations
provided by the service. Additionally, the use of this service would have expedited considerably our work since it provides recommendations based on several
concepts at the same time, and our searches were executed for one concept at a
time.
Secondly, several issues came to light during the development of the model
related to:
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Fig. 5. Representation of the concept Heart Failure Classification (from the Medical Classifications module) with: one instance; and the sub-concept New York Heart
Association with its own four instances and the data properties of the instance
NYHA Class2.

– Absent concepts: Inexistence of a concept of interest in the vocabulary.
– Complexity: Excess of concepts and of level of detail in general.
– Placement: Different possibilities concerning the placement of a concept in
the hierarchy of the model.
– Overlapping regions: Existence of overlapping concepts/regions of interest
on different vocabularies.
– Absent textual definitions: Inexistence of textual definitions for concepts
of interest.
The Absent concepts issue occurred both in the Clinical Evaluation and
the Genotype Analysis modules. In the former module, we needed a concept
Cardiologist in charge to represent the cardiologist that is primarily responsible
for the HCM patient. According to the specifications of the biomedical experts
guiding the development of the model, this cardiologist is the only medical doctor associated with the patient for this disease, and is responsible for every
data element and evaluation represented in the model. Neither SNOMED CT
nor NCIt provide such a representation, and the notions of “Physician” and
of specific medical specialties such as “Cardiologist” are represented under Occupation, which can be interpreted as a label rather than a representation of
a person. In this situation, we opted to use the concept Person from NCIt to
aggregate Patient and Physician, and added Cardiologist in Charge as a subconcept of Physician. In the Genotype Analysis module we needed to represent
the Translocation and Indel sub-concepts of Mutation, as shown in Figure 4.
While Mutation was mapped to the NCIt, this vocabulary does not include the
indicated sub-concepts, and thus we mapped them to the Sequence Ontology.
The solution followed to deal with the Complexity of the controlled vocabularies, both in the form of number of concepts and detail of representation, was
to consider only the concepts necessary for the description of the disease and
for the structure of the model. The structure is particularly important for the
mapping of the HCM model to external resources and for the future addition of
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concepts. An example of the complexity issue occurred with the concept Procedure. This concept is mapped to Intervention or Procedure from the NCIt, which
contains thirteen sub-concepts, but we were interested in only five of them. If all
thirteen were considered, the level of complexity of the model would be increased
without any benefit for the end-users.
The Placement issue derived from our decision of not representing more
than one parent per concept (i.e. multiparenting), even at the expense of a possible loss of detail. This decision was motivated by our intention of creating a
model that would provide a straightforward experience to the biomedical experts
when inputing or retrieving data (during the utilization of the prognosis framework), and thus avoid possible uncertainties due to multiple options. As such,
we were occasionally forced to evaluate different possibilities for the placement
of a concept in the hierarchy of the model. This occurred with concepts from
SNOMED CT, in which situations we recurred to the NCIt to help us identify a
solution common to both vocabularies. One such case occurred with Syncope, a
Clinical Finding that is represented in SNOMED CT as a sub-concept of three
different concepts: Clinical history and observation finding, Finding by site and
Disease. In the HCM model we consider the concept Clinical Finding and its
sub-concept Disease, and the decision was whether to place Syncope directly
under the first-level Clinical Finding or the second-level Disease. In NCIt the
concept is represented directly under the concept Finding and not under its
sibling Disease or disorder, and consequently we chose to place it under Clinical Finding in the HCM model. Similar decisions were made for the concepts
Angina and Congestive heart failure, which are sub-concepts of Finding by site
and Disease in SNOMED CT, and of Finding in NCIt.
The Overlapping regions issue results from the existence of more than one
vocabulary describing the same domain of knowledge. According to the accepted
OBO Foundry [23] principle named “clearly delineated content” (FP0057 ), ontologies should be orthogonal to each other in order to enable the utilization
of two different ontologies to define complementary perspectives on the same
entities. In essence, we agree with this principle since the existence of a single
ontology for a given domain would mean that anyone wanting to reuse it in
an application semantic model would just have to follow it and consider the
necessary knowledge. On the other hand, in light of our experience with the
development of the HCM model, we consider that the availability of more than
one vocabulary can be positive when no vocabulary is accepted as the single
reference by the community.
An example of the overlapping regions in the Clinical Evaluation module occurred with the concept Outcome, a Clinical Finding with possible examples of
outcomes being decreased pain and death. Clinical Finding and its sub-concepts
are mapped to SNOMED CT, but this vocabulary represents Death in a highlevel class Event, which is not necessary for the HCM model. Moreover, NCIt
has a concept Outcome under Finding, which also includes several sub-concepts
relevant for the HCM model: Death, Cardiac death, Sudden cardiac death and
7
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Non sudden cardiac death. In this situation the decision was to consider Outcome and its sub-concepts from NCIt in the Clinical Finding concept, which is
otherwise mapped to SNOMED CT.
Two other examples of the overlapping regions issue in the Genotype Analysis module involved the concepts Primer and Nucleic acid molecule. Primer is
represented in the NCIt under Drug, Food, Chemical or Biomedical Material and
without sub-classes. However, in the Sequence Ontology, a Primer is a Sequence
feature with the two sub-classes Forward Primer and Reverse Primer, which
were included in the HCM model. In the second situation, the concept Nucleic
Acid was intended to represent actual nucleic acid molecules extracted from biological samples. While both the NCIt and the Sequence Ontology include the
concept Nucleic Acid, neither define it suitably for our purposes: the former defines Nucleic acids as “A family of macromolecules”, whereas the latter defines
Nucleic acid as “An attribute describing a sequence consisting of nucleobases
bound to repeating units”. Consequently, we opted to use the Gene Regulation
Ontology exclusively for its concept Nucleic acid molecule, witch is more suitably defined as a “A complex, high-molecular-weight biochemical macromolecule
composed of nucleotide chains that convey genetic information”.
The overlapping regions issue is of particular importance given that using a
domain representation that is unfamiliar to the end-users of the HCM prognosis
framework may hinder significantly their acceptance of the framework.
The Absent textual definitions issue was perceived as a significant burden
to the reuse of the affected concepts, since there where situations in which their
intended use was not readily understandable. This was a common problem when
using SNOMED CT, as this vocabulary lacks definitions for most of its concepts.
For example when representing the concept Cardiologist in Charge, it was only
possible to interpret the intended use of the concept Cardiologist based on the
hierarchical organization of the vocabulary. By contrast, the NCIt has available
detailed descriptions for the majority of its concepts, which provides a greater
assistance when more complex decisions have to be made. This issue is not new,
and has already been the subject of an OBO Foundry principle (FP 006 textual
definitions8 ).
An issue particular to the development of the Genotype Analysis module
occurred with the concepts Nucleic acid molecule, Gene and Protein. As represented in the Gene Regulation Ontology, these concepts are related with each
other: Gene is represented under DNA, which in turn is a Nucleic acid ; and
Nucleic acid and Protein are both Information biopolymer (s) (“macromolecules
that harbor biological information in their structures”). However, these relationships could not be conveyed in the HCM because what we want to represent
under each concept is conceptually different: Nucleic Acid Molecule, the physical
molecules; Gene, the list of genes associated with HCM (not the physical genes);
and Protein, the list of proteins encoded by the genes associated with HCM (not
the physical proteins).
8
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Conclusions

Hypertrophic cardiomyopathy (HCM) is a complex genetic disease both in terms
of diagnosis and prognosis, due to a great variability in terms of clinical manifestations and associated mutations. Furthermore, the presence of the same
mutation in different individuals can result in very different clinical manifestations. Consequently, this disease is a good candidate for a translational medicine
approach.
In this article we present a semantic data model that is the core element of
a component of data representation and integration in our proposed prognosis
framework for HCM. The data integrated with this component will be explored
with data mining techniques to identify associations between clinical and genetic
data. Our aim is that these associations might be used as guidelines to assist
cardiologists in the prediction of the outcome of the disease for individual patients, in addition to existing guidelines [24]. In particular, we are interested in
predicting the occurrence of sudden cardiac death.
The first step in the development of the model was the identification of
the clinical and genetic data elements considered in the actual assessment of
patients, in accordance with the practice of the medical and molecular biology
experts with whom we collaborate.
The model was developed in OWL following a modular approach to facilitate its extension and reutilization. The concepts in all of the three modules that
compose it (Clinical Evaluation, Genotype Analysis and Medical Classifications)
are also mapped to external controlled vocabularies to facilitate the interaction
with other systems. The current version of the semantic model includes mappings to the following four vocabularies: SNOMED CT, NCI Thesaurus, the
Gene Regulation Ontology, and the Sequence Ontology. The use of these vocabularies was advantageous at various levels, but was not challenge-free. The
solutions found resulted in a model that contains: mappings to more than one
vocabulary; new concepts, not previously represented in any of the vocabularies;
a minimum set of concepts necessary to describe the disease and to map it to
external vocabularies; a hierarchical organization that results from more than
one vocabulary. The solutions devised resulted from a compromise between the
representations provided by the vocabularies and the vision of the domain conveyed by the biomedical experts that assisted in the development of the semantic
model.
The model has been continuously evaluated in terms of correct representation of the domain of knowledge (performed by the biomedical experts) and in
terms of consistency, with checks performed periodically normally after important alterations.
The semantic model is currently being populated with data from six Portuguese institutions: the Hospitais da Universidade de Coimbra (Coimbra), the
Centro de Cardiologia da Universidade de Lisboa, the Hospital da Luz and the
Hospital de Sta. Cruz (all three in Lisbon) provide the clinical data; the Centro de Quı́mica Estrutural of the Instituto Superior Técnico of the Universidade
Técnica de Lisboa and the Universidade Lusófona de Humanidades e Tecnologias
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provide the genetic data. Future work includes the assessment of the effectiveness
of the model to deal with real data.
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