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Abstract—The application of a translational medicine ap-
proach to the study of diseases enables personalized clinical
diagnosis and prognosis.

Hypertrophic cardiomyopathy (HCM) is a disease that can
benefit from such an approach, since it combines a variable
clinical presentation with a genetic heterogeneity denoted by
640 known mutations, in more than 20 genes. This is a relatively
common genetic myocardial disorder and the most frequent
cause of sudden cardiac death in young people and athletes.

This article presents a novel semantic model representing
the integration of phenotype and genotype data, mandatory
for the characterization of HCM.

The model, developed in OWL Lite, comprises three con-
nected modules: HCM Clinical Evaluation, Genotype Analysis
and Medical Classifications. The RDF/XML representation
of each module is available at https://sites.google.com/site/
hcmsemanticmodel/home-1.

The lexicon of the model was based on controlled vocabu-
laries, namely SNOMED CT, NCI Thesaurus and OCRe, with
a total of 78% linked concepts.

The model will provide the basic framework for a biomedical
system that will improve the diagnosis and prognosis of HCM.
This improvement will be accomplished through the utiliza-
tion of data mining techniques that will identify associations
between the presence of certain mutations and the resulting
physical traits.

Keywords-Translational Medicine; Semantic Web; Domain
knowledge representation; Semantic Modeling; Hypertrophic
Cardiomyopathy

I. INTRODUCTION

Translational medicine can be understood as the bridging
between basic and applied research, dedicated to the study of
diseases. Objectively, the understanding of human diseases
can result both from the integration of data obtained at the
molecular and cellular level into the clinical practice (from
the bench to the clinics), and from the identification of
new basic research targets based on clinical observations
of the disease. In a patient-oriented approach, genotype
information is used in the clinical diagnosis process and
translated into a personalized treatment.

The European project Advancing Clinico Genomics Trials
on Cancer (ACGT) [1], [2] and the United States initiative
cancer Biomedical Informatics Grid (caBIG) [3] are exam-
ples of the application of a translational medicine approach.
In both cases the main objective is to provide researchers
with a grid framework to share and reuse data and open
source tools, aiming at the development of a post genomic
research in clinical trials.

In order to implement a translational medicine approach,
the genotype and phenotype data obtained from each indi-
vidual need to be integrated. This data integration proce-
dure is a complex task, since genotype and phenotype are
transversal domains, and their data is normally stored under
heterogeneous formats and on different locations.

Approaches based on the Semantic Web architecture
have been identified as suitable for the referred type of
integration task [4], [5]. The Semantic Web technologies,
and in particular the standards set by the World Wide Web
Consortium (W3C), such as RDF and OWL [6], enable
data integration, sharing and reuse in an application- and
domain-independent manner. The utilization of controlled
vocabularies also contributes to the achievement of these
goals, and several of such vocabularies have been developed
in the biomedical domain. Examples include the System-
atized Nomenclature of Medicine-Clinical Terms (SNOMED
CT) [7], the National Cancer Institute Thesaurus (NCIt)
[8], and the Ontology of Clinical Research (OCRe) [9].
SNOMED CT and NCIt are both reference terminologies
describing clinical healthcare, and while SNOMED CT
aims at providing a standard for the record of health care
encounters, NCIt also covers vocabulary for translational
and basic research, in a cancer-related setting. OCRe is
a formal ontology describing human studies that contains
terms related to the roles of the participant individuals,
namely the term Clinician, which represents the role of a
clinically trained medical practitioner.

The referred vocabularies can be used in the definition
of domain-specific models, such as the one proposed in



this article. This model was developed to represent the
translational approach to the characterization of HCM.

Examples of related work are presented in [S] and [10].
In both works Semantic Web technologies are used and car-
diomyopathy is considered as a use case, but the objectives
differ between them and with respect to the work presented
in this article: the former work presents the integration
of data for the development of a clinical diagnosis and
therapeutic intervention decision support system, while the
latter is related with the identification and prioritization of
disease candidate genes.

HCM is an autosomal dominant 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 [11], [12]. It can manifest
itself either in a sporadic form or in a familial form, and in
the ultimate case the first-degree relatives of the patient may
also be at risk.

Since the disease is characterized by a variable clinical
presentation and onset, its clinical diagnosis is difficult prior
to the development of severe or even fatal symptoms [11],
[12]. Therefore, its early diagnosis is extremely important.

Currently, 640 mutations in more than 20 different genes
are associated with the disease [13], [14], and the existence
of a single mutation is sufficient for a positive diagnosis.
However, the severity of HCM may not be the same for two
individuals, even if direct relatives, since the presence of a
given mutation can have a benign pattern in one individual
and result in sudden cardiac death in another [11], [12].

Consequently, although genetic testing of HCM patients
through dideoxy sequencing is considered a potentially
valuable tool for diagnosis, it is hampered by the multiplicity
of genes and mutations involved and the lack of genotype-
phenotype correlations [15], [16].

In this article we propose a new semantic model covering
the domain of HCM characterization through the integration
of genotype and phenotype data. Based on this model a
clinical decision support system will be built, providing a
new framework for the improvement of the diagnosis and
prognosis of this disease. With this system it will be possible
to identify correlations underlying the integrated data, and
possibly achieve one of the main goals of this work that
is the identification of which mutations are associated with
each clinical manifestation of the disease.

II. METHODS

The development process of the semantic model presented
herein followed the guidelines for ontology development
presented by [17]. However, the execution order of the
initial knowledge-engineering steps was not always the one
indicated: the first step executed was, in effect, the definition
of the domain and scope of the HCM model, but the
second, rather than considering the reutilization of existent
ontologies, was the enumeration of relevant terms for the

model. This was due to the need to improve our insight of
the domain to model, and resulted in the identification of
the activities involved in the characterization of patients in
terms of HCM, and of the data elements considered both by
medical doctors and molecular biologists. These activities
and data elements are represented in the Activity Map shown
in Fig. 1, and were identified in collaboration with domain
experts.

The next step was the representation of each category
of data elements depicted in Fig. 1 (the box-like shapes)
as classes in the semantic model. The only exceptions were
Muscle tissue sample and Transcript variant, which will only
be considered further along the development of the clinical
characterization system.

To further develop the model, it was decided to focus first
on the clinical evaluation elements, which include the con-
cepts Clinical History (e.g. present and past symptoms) and
Exams Results (e.g. electrocardiogram, echocardiogram).
Upon collaboration with the medical experts, two more
main concepts were identified, General Characterization of
the patient (e.g. height and weight) and Treatments (e.g.
prescription of drugs), as well as the specific data elements
we could expect for each main category, that is, all possible
clinical history elements, all possible exams, and so on.

Clinical History, Exams Results, General Characteriza-
tion and Treatments were represented as siblings, but it
was necessary to decide how the elements of each of those
categories should be represented. The possibilities were: as
properties (elements that describe features and attributes of
a concept), as instances, or as subclasses of the respective
main concepts. Neither of the first two options was the best
solution since in that format it was not easy to maintain
semantic coherence and directly relate each individual data
element with, for instance, a data value or a collection date;
and the last option implied that we would have instances
for those subclasses, which meant that it was necessary
to define the lowest level of granularity to be considered
in the model. The option chosen was the representation as
subclasses, and considering that the patients are the central
element of the HCM model, all instances of all classes in
the model represent a measurement or statement concerning
a patient.

At this point we realized that the classes relative to the
molecular biology analysis should have a representation
independent of that of the clinical analysis, since their in-
stances do not represent data elements concerning a patient,
but rather concerning a laboratory procedure performed in
a sample from a patient. This resulted in the division of the
model in two modules: Clinical Evaluation and Genotype
Analysis.

The development of the referred modules included the
definition of the properties that describe the data, and the
introduction of the restrictions necessary to define their
utilization in each class definition.
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Schematic representation of the activities (semi-rectangular shapes) that compose the HCM characterization workflow and the correspondent

generated data elements (box-like shapes). Dashed lines connect activities with generated data elements; full lines connect data elements with the activities
in which they are used. The symbols used in this representation are based on the work developed by [18].

Once the backbone of the model was defined, the search
for controlled vocabularies that could be reused was per-
formed. Several were identified, and from those three were
selected that contain terms necessary for the characterization
of HCM patients: SNOMED CT (version 2010_01_31),
NCIt (version 10.03) and OCRe (version 0.95). Since the
level of complexity of these vocabularies is higher than
what is needed in the HCM model, it was decided not
to reuse them, but rather adopt the following approach:
1) we followed the hierarchical organization of the regions
of the vocabularies containing the terms of interest; 2) we
renamed the concepts in the HCM semantic model according
to their equivalent terms in the controlled vocabularies; 3)
we linked the HCM model concepts with terms from the
vocabularies, through the URI of the latter. This approach
was executed manually, and so far only for the module
Clinical Evaluation.

SNOMED CT and NCIt were very useful for the orga-
nization of the clinical data elements. As referred above,
we considered four main concepts related with the clin-
ical characterization of the patients, represented in the
model as sibling classes: Clinical History, Exams Results,
General Characterization and Treatments. Upon analysis
of SNOMED CT and NCIt, we performed the following
modifications: the General Characterization elements were
considered as a subtype of the Clinical History concept; the
Treatments and Exams Results elements were considered as
siblings under a parent concept Procedure. These are just
an example of the modifications performed. In general we
considered the structural organization of the term Clinical
history and observation findings from SNOMED CT in
our concept Clinical History, and the organization of the
term Intervention or Procedure from NCIt in the parent
concept that includes our concepts Treatments and Exams

Results (named Procedure). There is no overlapping of terms
between SNOMED CT and NCIt in the HCM model.

All concepts related to the clinical evaluation were re-
named according to the selected vocabularies: Clinical His-
tory names as in Clinical history and observation findings
(from SNOMED CT) and superclass Procedure names as in
Intervention or Procedure (from NCIt).

A total of 78% of the concepts in the module HCM
Clinical Evaluation were linked to the referred vocabularies,
of which about 44% originate from SNOMED CT, 27%
from NCIt, and 6% from OCRe. Regarding the latter, the
linked terms originate from its superclass clinical:Role,
specifically Subject, Clinician and Health Care Site. In
respect to the module Genotype Analysis, it contains only
one link to an external vocabulary occurring between the
concept Biological Sample and the term clinical:Sample,
a subtype of clinical:Role from OCRe. The linkage of
the remaining concepts, if possible, will be performed in
subsequent iterations of the model. New terms were, and will
be, considered only when none of the vocabularies contain
a representation of the concept to be inserted.

A third module was created to include auxiliary medical
information: Medical Classifications. It contains medical
standards used to characterize clinical elements. None of
its concepts is linked to controlled vocabularies, but rather
to sites where their description can be found.

The modules Genotype Analysis and Medical Classifica-
tions are connected with the module HCM Clinical Evalu-
ation, which imports them.

The development of the HCM model followed a com-
bination development process [17], in the sense that we
used both a top-down and a bottom-up approach: first a top-
down, when defining with the domain experts the concepts
to consider, and afterwards a bottom-up, when identifying



generalizations for some of the concepts (as exemplified with
the concepts Treatments and Exams Results).
The controlled vocabularies were visualized in the Na-
tional Center for Biomedical Ontology BioPortal [19], [20].
The HCM domain model was developed in OWL Lite,
using the Protégé-OWL editor (version 3.4.2) [21].

III. RESULTS

Our semantic model contains the concepts, and relations
between them, that represent the data needed to characterize
an individual in terms of the HCM disease. In more concrete
terms, the data elements to be integrated correspond to the
presence of mutations in the patients’ genome (genotype
data) and to the clinical elements upon which the clinicians
rely to provide a diagnosis (phenotype data). The latter
normally include the results from physical examinations, as
well as the clinical history of the individual.

The HCM model, as stated before, comprises three mod-
ules. The main module, HCM Clinical Evaluation, com-
prehends concepts associated with administrative data and
with the clinical data elements necessary for the diagnosis
(phenotype data). The module Genotype Analysis contains
concepts associated with the genetic testing of biological
samples (genotype data), and Medical Classifications is an
auxiliary module containing medical standards to character-
ize clinical elements such as patient symptoms. The module
HCM Clinical Evaluation imports both modules Genotype
Analysis and Medical Classifications (Fig. 2).

Clinical
Evaluation

Medical
Classifications

Figure 2.  Schematic representation of the three modules that compose
the HCM semantic model, connected by the existence of links between the
data elements modeled by each module.

The RDF/XML representation of these modules is avail-
able at the following location: https://sites.google.com/site/
hcmsemanticmodel/home-1. Each module can be browsed
using an OWL editor such as Protégé [21]. If using this
editor, the modules Genotype Analysis and Medical Classi-
fications can be imported into HCM Clinical Evaluation in
the Ontology Browser area of the Metadata tab.

The following subsections contain a detailed description
of each module and of how they are connected.

A. HCM Clinical Evaluation

The main module of the HCM model comprises six
high-level concepts (or classes), two of which pertain to
administrative elements, Health Care Site and Clinician,
while the remainder four refer to the subjects themselves,
Subject, and the clinical data necessary for the diagnosis:
Clinical History, Procedure and Heart Disease.

In total, this module contains 55 concepts and 61 prop-
erties. OWL properties can be relations between instances
of two classes, or between instances of a class and a data
value. For example, hasClinicalHistory is an example of
the first type (connecting the concept Subject with Clinical
History), and hasAssociatedDate is an example of the second
(connecting, for example, a Procedure to its occurrence
date).

Fig. 3 provides a visual representation of the high-level
classes and their direct subclasses. The non-hierarchical
relations between classes are not represented.

The class Subject corresponds to a central concept in this
model, and is related to all the other concepts. It includes
three subclasses: Patient(s) - individuals diagnosed with
HCM; Family Member(s) - direct relatives of Patient(s);
Control(s) - individuals that do not suffer from HCM.

The classes Health Care Site and Clinician do not have
subclasses. Health Care Site refers to the institutions where
the subjects receive health care services and Clinician to the
medical doctors involved in the assessment or administration
of treatment to a Subject.

The class Clinical History has five subclasses that refer to
clinical elements collected upon questioning or direct exami-
nation of the subject, namely: Cardiovascular Measurement,
Cardiovascular Finding, Body Measurement, Resuscitated
Sudden Death and Death. The subclass Cardiovascular
Measurement contains the elements Blood Pressure and
Pulse Rate. Cardiovascular Finding contains six elements:
Angina, Congestive Heart Failure, Cardiac Auscultation
Finding, Palpitations and Syncope. Body Measurement in-
cludes Weight and Height. While Resuscitated Sudden Death
has no subclasses, Death has two: Sudden Death and Non
Sudden Death.

Regarding the class Procedure, its subclasses pertain to
the different types of procedures to which the subject can
be subjected to, namely: Diagnostic, Laboratory and Ther-
apeutic Procedure(s). Diagnostic Procedure(s) include Car-
diac Magnetic Resonance Imaging, Echocardiography and
Electrocardiographic Monitoring. Laboratory Procedure(s)
consist of tests carried out in biological samples, such as
blood, and those considered are the Biomarker Analysis (in
particular Genetic Marker Analysis) and the Hematology
Test(s). Therapeutic Procedure(s) comprise the subcategories
Prescription Of Drug and Cardiac Procedure, the latter
including Medical Device Implantation, Septal Ablation and
Septal Myectomy.
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Figure 3.

Graphical representation of the module HCM Clinical Evaluation. The figure shows the top classes of the module and their direct subclasses

(when existent). The top classes are: Subject, Health Care Site, Clinician, Clinical History, Procedure and Heart Disease. The figure was obtained with

Jambalaya plug-in of Protégé Editor.

The class Heart Disease contains cardiomyopathies (i.e.,
diseases of the heart’s muscle), in particular Hypertrophic
Cardiomyopathy and Dilated Cardiomyopathy.

For the classes Clinical History, Procedure and Heart
Disease, the instances are records of that clinical element
pertaining to a Subject. Considering, for example, the classes
Pulse Rate and Dilated Cardiomyopathy, the instances are,
respectively, a pulse rate measurement for a given Subject
and the Subject to which the disease was diagnosed.

B. Genotype Analysis

The design of the Genotype Analysis module was oriented
to the maintenance of data related to biological specimens
and laboratorial activities, rather than of Subject’s records.
It contains six high-level classes, as can be seen in Fig. 4,
and a total of 39 properties. All classes are related to the
process of identifying genetic markers associated with HCM
in biological samples.

The activities underlying a genotype analysis involve the
manipulation of Biological Sample(s), from which Nucleic
Acid(s) are extracted. From the latter it is possible to
obtain Amplification Fragment(s), which correspond to the
segments of the genome to be screened for HCM-related Mu-
tation(s). Each of these Mutation(s) is located in a specific
Gene. All these non-hierarchical relations are represented
in the model under the form of restrictions applied to the
classes.

Regarding the class Amplification Primer, it pertains to
auxiliary laboratory elements necessary for the amplification
of nucleic acid fragments.

C. Medical Classifications

The module Medical Classifications is intended for the
maintenance of data necessary for the characterization of

clinical elements. Such data can be either standards or
guidelines, developed to provide some degree of uniformity
in the description of medical observations made by medical
practitioners.

Currently, the module contains two high-level classes:
Angina Classification and Heart Failure Classification, and
two properties. These classes refer to functional classifica-
tion systems created to assess the degree of severity of two
Cardiovascular Finding(s), respectively angina and heart
failure. Both classes have one subclass: Angina Classifica-
tion has the classification system for angina created by the
Canadian Cardiovascular Society [22], and Heart Failure
Classification has the classification system for heart failure
created by the New York Heart Association [23].

Each classification system relates the onset of the symp-
toms to everyday activities of the patients. In the case
of angina, the Canadian Cardiovascular Society defined 5
degrees of severity, from Class O to Class 4. According to
this classification system, a Subject with angina CSS_Class]
feels chest pain associated only with strenuous exercise,
while other with angina CSS_Class4 feels chest pain at any
level of physical exertion, even at rest. CSS_Classl and
CSS_Class4 are instances of the class Canadian Cardiovas-
cular Society.

D. Bridging between modules

The module HCM Clinical Evaluation establishes con-
nections with both modules Genotype Analysis and Medical
Classifications (Fig. 5).

The connection with Genotype Analysis is made through
the following non-hierarchical relations: Subject hasBiolog-
icalSample Biological Sample and Laboratory Procedure
performedInBiologicalSample Biological Sample. All ele-
ments in these relations belong to the module HCM Clinical
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Figure 5. Schematic representation of the non-hierarchical relations through which the three modules that compose the HCM semantic model are connected.
Under each module are represented the respective classes that participate in the relations, and between the modules the properties that connect the classes:
hasBiologicalSample, performedinBiologicalSample and hasMedicalClassification

Evaluation, with the exception of Biological Sample, a class
that belongs to the module Genotype Analysis. The elements
hasBiologicalSample and performedInBiologicalSample are
properties.

Since in the module Genotype Analysis it is possible to
connect a Biological Sample with the mutations identified in
it, it is through this connection between the modules HCM
Clinical Evaluation and Genotype Analysis that it will be
possible to identify each patient’s mutations.

In the case of the connection with Medical Classifica-
tions, it is made between the class Cardiovascular Finding
(from HCM Clinical Evaluation) and any of the classes in
the module Medical Classifications, through the property
hasMedicalClassification. There is one such connection for
every element in HCM Clinical Evaluation that uses a clas-
sification defined in Medical Classifications. In the actual
version of the model, there is one connection for Angina
and one for Heart Failure.

IV. DISCUSSION

The HCM model was initially designed as a single module
containing all concepts necessary to characterize a patient in
terms of the disease, based on the activities involved in its
diagnose. However, this approach presented some difficulties
when trying to integrate the molecular biology elements of
the biomarker analysis with the clinical elements. While this
analysis is considered as an exam by a medical doctor, and
so it should be included under the concept Procedure, at the

same time it has several associated concepts, namely Gene
and Mutation, with information to be maintained, which
are not used by the clinician. These different views and
characterization needs of the data led to the definition of
two modules: one comprising the data elements needed by
a medical doctor to evaluate a patient in terms of HCM
(HCM Clinical Evaluation), and another comprising the
data elements needed by a molecular biologist to perform a
biomarker analysis in a Subject sample (Genotype Analysis).
In this manner, these data elements are suitably integrated
with the clinical evaluation of the disease, and at the same
time maintained as laboratory elements that can be managed
independently of the Subject’s medical data. This separation
in modules facilitates not only their individual extension
but also their reutilization for different purposes than the
characterization of HCM.

The selection of the controlled vocabularies used in the
HCM model was based on their content, specifically terms
necessary for the description and characterization of a patient
in terms of HCM, and on their structural organization.
We searched for structures similar to the representation we
intended for the semantic model and that better conveyed
the vision of the domain experts, what led to the selec-
tion of a specific region from two different vocabularies:
SNOMED CT and NCIt. However, the adoption of the
hierarchical structure of these vocabularies was not always
straightforward, namely in the case of the classes Laboratory
Procedure and Diagnostic Procedure. These classes are



currently defined as siblings rather than the first as subclass
of the second, even though the procedures considered under
Laboratory Procedure can, in fact, be considered under
Diagnostic Procedure(s). We advocate the organization pro-
posed by NCIt, insomuch as it separates procedures that
involve the manipulation of a biological sample (Laboratory
Procedure) from those that do not and are performed directly
upon the subject as a whole (Diagnostic Procedure).

Still concerning the module HCM Clinical Evaluation,
its class Subject has only two subclasses relevant for the
diagnose process: Patient, because it instantiates the ac-
tual individuals with HCM; and Family Member, because
it is crucial to know the family history of a patient in
relation to HCM manifestations (related both to phenotype
and genotype). However, a subclass Control was included
since it will be necessary for an ulterior identification of
correlations between the presence of specific mutations and
the Subject(s)’ physical traits, through the utilization of data
mining techniques.

The class Heart Disease exists to keep track of other
cardiac diseases that either a patient or his family members
can suffer from. This information is important for a correct
interpretation of the patients’ symptoms and exam results.

The HCM semantic model as a whole can be reused and
expanded to describe other diseases than HCM, although
each module can be used in somewhat different contexts.
In this respect, the module HCM Clinical Evaluation is
the most specific and is best suited for the characteriza-
tion of heart diseases, while Genotype Analysis can be
reused/expanded in the context of any disease whose di-
agnostic or prognostic can be improved by such an analysis.
In the case of the module Medical Classifications, altough
presently containing only two classes representing the clas-
sifications used by the consulted 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.

V. CONCLUSIONS

This article presents a novel semantic model that charac-
terizes the diagnose process of the HCM disease. This is a
complex disease, both in terms of clinical presentation and
number of associated mutations. A translational medicine
approach is useful for this type of disease, since it combines
genotype and phenotype data in an effort to provide accurate
and personalized diagnosis.

The semantic model implements a translational medicine
approach to the diagnose of HCM. It was developed using
Semantic Web technologies, in particular OWL Lite and
controlled vocabularies. During its development, the model
evolved into modules, thus facilitating its extension and
reutilization.

This model will provide the basic framework for a
biomedical system whose purpose is to assist in the inte-

gration of the genotype analysis of a patient into his clinical
evaluation, in order to improve the HCM diagnose. This
will be accomplished through the utilization of data mining
techniques that will infer genotype-phenotype correlations,
or, more specifically, produce effective models conveying the
association of certain mutations with the resulting physical
traits. The models thus obtained are expected to be of great
interest both in terms of their predictive ability and their
practical usability for doctors.

The data to be used in this study will be obtained in
a digital format from molecular biology and health care
partners such as the Hospital da Luz.
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