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Abstract

Retrieving the information needed for right clinical decision and searching through a large amount of
data are important challenges that health information systems encountered despite the advances in the
information systems. In order to reuse these distributed data, the health information standards are
developed to enable interoperable health information systems. As the standards are far from the necessary
semantics, the data defined according to these standards are not been efficiently used by machines.
Semantic Web technologies provide a common framework to access and process the information by
machines with the support of ontologies. The heterogeneous and distributed nature of health data makes
it a very suitable candidate to define health domain specific ontologies. In this work, a methodology for
defining health ontologies, which should work as information base of a health information system as the
next stage, is proposed to ensure interoperability and reuse between health information systems with the
support of health information standards. Clinical Biochemistry Laboratory Ontology (CBLO) is given as
a use case to model information of laboratory tests realized in clinical biochemistry laboratory that are a
sub-domain of medical laboratory tests. In addition, a weighted evaluation for the proposed methodology
is presented.
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1. Introduction

Healthcare services, one of the vital requirements of human, continues throughout their life long with the
beginning before their births. The health domain, which is very rich in terms of technical terms, is a field
where very complex and voluminous data are constantly produced and used with the additional
personalized health information. This data is constantly growing, also. Storing, processing and managing
of these big health data is one of the important research areas that have been studied in information
technologies over the last decade. Another significant research topic is retrieving the accurate and exact
information that is required to diagnose a specific health problem [Gesulga et al. 2017; Edinger ef al.
2012].

Health data standards are developed to share highly structured and richly meaningful health data that are
defined in distributed environments, across systems. Data standards are the principal informatics
component necessary for information flow through the health information infrastructure [Erickson et al.
2003; Schulz et al. 2019]. Data modeled with a specific standard can be transmitted between different
systems with ensuring that the meaning of the data does not change from system to system, from program
to program or from institution to institution. Despite the many standards being defined in the health field,
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one of the barriers to electronic health records is interoperability [Kruse et al 2016; Fung and
Bodenreider 2019]. This is because to meet specific clinical needs so many health standards are
developed. Besides the interoperability problem, the other important constraint is that the health data
standards do not contain the semantics of health data, which can be easily processed by the computers
and make reasoning on it.

Ontology-based information querying and retrieval have proven to be a solution that allow users to
navigate through terms and relationships, or to elaborate general or nonspecific questions by using
defined semantic relationships between concepts [Schulz ef al. 2006]. By using Semantic Web
technologies in health information systems, interoperability and reusability of health data from different
sources can be ensured.

Semantic Web is defined as the extension of the current web where information is given in a well-defined
meaning and leads to a better collaboration between computers and humans [Berners-Lee ef al. 2001].
As aresult of using Semantic Web technologies, data processing will be faster and more accurate, while
automation of the most of the healthcare services is achieved. Thus, sharing and interoperability will
cause big data. In health information systems, that leads to better information retrieval, inferencing new
information from unexploited data, enhanced interoperability between institutions and better health
services for the patients [Kolias ef al. 2014]. Consequently, it is expected that the diagnosis and treatment
processes could accelerate while the cost will decrease.

To enable the health information to be used in the diagnosis and treatment processes by machines, the
health domain specific ontologies have been developed in recent years. In this article, an ontology
development methodology is proposed to develop healthcare ontologies which can be used as the
information base for health information systems. The main purpose of the proposed methodology is to
ensure the interoperability between the health information systems which are developed independently
and are used by different intuitions. Clinical Biochemistry Laboratory Ontology (CBLO) is used as the
use case for better explanation of the proposed methodology.

The organization of the paper is as follows: Section 2 presents the related work. Section 3 describes the
proposed methodology for defining healthcare ontologies step by step. The evaluation of the proposed
methodology is given in Section 4. Finally, Section 5 contributes and outlines the direction of the
future work.

2. Literature Review

Software systems developed for healthcare applications focus on gathering clinical data, connecting to
clinical knowledge bases, querying and retrieving the required information as well as data clustering and
exchanging. Data are usually recorded at different health centers, on different times and in different ways.
The primary purpose in health information systems is storing the health records belonging to the patients.
The target with EHR (Electronic Health (care) Record) is to provide reliable clinical data entry that meets
the communication requirements between machines and human [Ceusters and De Moor 2005]. For this
purpose, emphasis has been given to clinical coding and standardization. Because the required data
cannot be fully defined by these systems, the studies have been focused the development of the domain
specific ontologies in particular to standardize the domain specific technical terms.

Nowadays, there are lots of ontologies and terminologies, like FMA (Foundation Model of Anatomy)
[FMA 2019], RadLex (Radiology Lexicon) [RadLex 2019], UMLS [UMLS 2019], SNOMED-CT
(Systemic Nomenclature of Medicine-Clinical Terms) [SNOMED-CT 2019], ICD (International
Classification of Diseases) [ICD 2019], which are developed for different purposes. The common
property of these terminologies is that they contain quite a few concepts. It is a difficult and also time
consuming process to search within these comprehensive terminologies in order to find the appropriate
concept. For this reason, in order to use only the required concepts, the defined more general ontologies
are customized for sub-health domains for specific clinics such as imaging, medical testing and etc.
These customizations have been expanded to meet the requirements of that specific area, and ontologies
have been developed to identify relevant clinical units. Ontologies such as NeuroFMA [Nolan et al.
2014], MEDICO [Seifert et al. 2010] and SEMIA [Dorn and Jager 2004] are modeled on the basis of
FMA ontology. FMA-RADLEX [Mejino et al. 2008] is another ontology developed by reusing relevant
concepts from both RadLex and FMA ontologies.

SNOMED-CT [Stearns et al. 2001] offers a multi-lingual health terminology, which is commonly used
in the world for defining the clinical data. It describes the health information used in medical studies to
improve the health services. SNOMED-CT has a hierarchical structure with 324,129 concepts and 152
object features.

ICD is defined as the international disease classification standard used for all general epidemiological,
health cost management and clinical services. ICD-10 is the current version of the ICD-9 classification
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that is used between 1979 and 1998. The current version of ICD-10 has 12,445 concepts with only one
object property. ICD-10 CM [Del Mar Roldan-Garcia et al. 2016] and ICD-10 PCS [ICD-10 PCS 2019]
ontologies are also developed on the basis of ICD-10 ontology for specific clinical domains. The beta
version of ICD-11 [Tudorache et al. 2013] is issued in 2017.

Medical laboratories are critical components for diagnosing and following the treatment in clinical
operations. The information produced in laboratories can be in different forms like numbers, text, graphs,
or other images with interpretative data. LIS (Laboratory Information Systems) become critical
components to manage the flow of information between health professionals, patients and health
institutes. The characteristics that a LIS should have in order to share the produced data in these
laboratories is identified [Sepulveda et al. 2013; Tagger 2011; Nyasulu, et al. 2014]. The common
recommendation for successful LIS in these studies is the necessity of using Semantic Web technologies
to identify the data for interoperability and reuse.

There are many efforts on the use of informatics standards and ontologies in the field of health domain.
However, these studies focus on defining a specific domain in healthcare from the point of view of health
professionals. It cannot be seen that these studies can be used as information base in the next stage of a
living health information systems. However, in developed systems, traditional database applications are
used, which are not capable to share health information among different health information systems.

3. Methodology for Defining Working Health Ontologies

Health Information Systems are encountered with many challenges, among them the management of an
increased amount of data which need to be acquired, stored, processed and presented at the right time
and place in an accessible form [Focsa 2016]. Retrieving the information needed for right clinical
decision and searching through a large amount of data are outstanding problems despite the advances in
the information systems.

The health information standards are developed to solve the interoperability problems in the health
information standards. However, the developed standards cannot achieve the complete coverage of the
clinical language. Semantic Web technologies provide a common framework to access and process the
information by machines with the support of ontologies. The ontologies are used to describe the real-
world entities and relationships between these entities in a specific domain. The heterogeneous and
distributed nature of health data makes it a very suitable candidate for Semantic Web Applications
[Rajbhandari et al. 2012; Burgun et al. 1999]. There have been recently some efforts to use ontologies to
describe health information standards [Moller et al. 2010].

The usage of ontologies should not be limited to just defining the domain. The use of the developed
ontologies as a knowledge base of an information system will enable the sharing and reusability of the
information defined in that information system with other systems. At the same time, inferencing and
reasoning support provided by Semantic Web technologies can also be used to obtain new information
these ontologies are called now as working ontologies.There are lots of works to define methodology for
building ontologies like [Uschold and Gruninger 1996; Noy et al. 2001; Corcho ef al. 2003; Cristani, and
Cuel 2005]. As defined in those works, there is not only one true way to define an ontology. The
methodology proposed in this study aims to help ontology developers by defining the steps needed to
build ontologies in the health domain, which can be used as information base in health information
systems by ensuring the interoperability and reuse. The proposed methodology is illustrated in Figure 1.
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Figure 1. The methodology to develop interoperable health ontologies by using Healthcare Information
Standards.

Determining the domain and scope of ontology: Determining the domain and scope of ontology is
always proposed as the first step by ontology building methodologies. Determining the scope of the
ontology for the healthcare domain is a critical task for the manageability of the health information
system where the ontology will be used. The scope generally depends on the view of ontology engineer
who builds the ontology with the domain expert. The main aim should be considering the purpose of the
usage of the developed ontology whether it is used as pure information base to track the patients’ health
data or also as a decision support system to give advices to patients as well as health professionals
[Shridevi et al. 2018]. First of all, when a patient is admitted to a clinic with any complaint, all medical
data related to the patient should be accessed by the doctor. New information can be provided to guide
the patient or a doctor for giving decision about the complaints in the light of the new clinical findings
by using machine learning or inferencing. Therefore, the scope of ontology to be developed should be
clearly defined.

Dividing into subdomains: When developed ontologies and terminologies are examined, it can be seen
that their scopes are very broad so that they include lots of terms as in SNOMED-CT. To manage and
maintain ontology easily and effectively, we recommend that dividing health domain in clinical level to
define more useful and functional ontologies. For example, laboratory tests include biochemistry,
endocrinology, microbiology, radiology etc. examinations. Defining a laboratory ontology for all these
clinical units would have lots of concepts which results difficulties to manage the information. Therefore,
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building an ontology for each clinical unit will be easier, more functional, more manageable and easily
maintainable to describe that domain. As a use case, Clinical Biochemistry Laboratory Ontology (CBLO)
is developed to examine this proposed methodology.

Reusing the existing ontologies: As in many ontology development methodologies, reusability of
existing ontologies has to be considered for interoperability [ Azarm and Peyton 2018)]. There are lots of
ontologies that are developed for defining the healthcare domain. To develop working healthcare
ontologies, selecting the right existing ontology to be reused is a challenging task. In order to simplify
this challenge, we propose inserting the health information standards for interoperability as the next task.

Determining health information standards to be inserted: In addition to reusing existing ontologies, we
also recommend that the health information standards that are widely used in the world should be inserted
to building ontologies. In this way, it will be possible to exchange information through other information
systems or mappers using these standards. Importing all of the terms from the terminologies is not
recommended since the unused concepts make the ontology unwieldy. SNOMED-CT, ICD-10 and ICD-
11 standards are selected to insert in developed CBLO ontology.

Listing important terms: Listing important terms are recommended to be done with health professionals.
Health information systems are multidisciplinary field where professionals from both health and
computer domains have to work together.

Defining the concepts, individuals and hierarchy: After listing the terms, the ontology engineers can
start to develop ontology by defining concepts considering the proper hierarchical levels. The hierarchical
structure is important to make reasoning and inferencing.

The most challenging point in building ontology in health domain is deciding a particular concept is a
class or an individual instance. When the developed ontologies and terminologies are examined, it is seen
that all the terms related to health domain are defined as classes and there is not any individual instance
defined. In living information systems, the maintenance should be an important case. To facilitate the
maintenance, it is necessary to make the number of classes as stable as possible and to make sufficient
definitions to insert individuals to the information base during the operation of the health information
system.

Defining object properties: Defining object properties between concepts is another important step to
navigate  through concepts. In CBLO, we defined an object property as
hasMedicalInformationStandard, which has three sub-object properties as
hasSNOMEDCTConceptID, hasICD10Code and hasICD11Code. These properties have ranges
SNOMEDCTConceptID, ICD10Code and ICD11Code, which are subclasses of concept
MedicalInformationStandard, respectively. These definitions are shown in Figure 2.

Defining data properties: The attributes of a concept's individuals and the range values that these
attributes can take are defined in this step. Considering that ontology will work as an information base
of a health information system, both object properties and data properties must be defined in such a
carefully way as not to cause any conflicts.

For a use case, Doctor01 suspects from cholestasis after listening the complaints of his patient,
PatientO1. For this reason, he requests clinical biochemistry tests to measure the substances ALT,
AST, ALP, Albumin, Total Bilirubinand Prothrombin Time. In bile duct obstruction,
the level of ALP is four times higher than the normal value while no significant abnormality is seen in
other tests. The test results of Patient01 and the ontological representation of relations are illustrated
in Figure 3.
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Figure 2. The definitions of object properties for Medical Information Standards.
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Figure 3. The representation of relations between defined individuals.
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According to these knowledge, a rule can be defined by using concepts, the concepts’ instances, their
object properties and data properties in developed ontology. When the rule is processed, it is inferred that
PatientO1 is likely to have cholestasis finding as shown in Figure 4.

Name
Is1
Comment

|CholestasisRule
Status
ok

Person(?p) * hasMedicalTest(?p, ?alttest) ~ ALTTest(?alttest) » hasTestValue(?alttest, ?altvalue) *
hasMaxReferenceValue(?alttest, 7altmax) * hasMinReferenceValue(?alttest, ?altmin) ~
swrlb:greaterThanOrEqual(?altvalue, ?altmin) ~ swrib:lessThanOrEqual(?altvalue, ?altmax) » hasMedicalTest(?p,
?asttest) » ASTTest(?asttest) ~ hasTestValue(?asttest, 7astvalue) » hasMaxReferenceValue(?asttest, 7astmax)
hasMinReferenceValue(?asttest, 2astmin) ~ swrlb:greaterThanOrEqual(?astvalue, ?astmin) *
swrib:lessThanOrEqual(?altvalue, 7astmax) * hasMedicalTest(?p, ?tbtest) » TotalBilirubinTest(?tbtest) »
hasTestValue(?tbtest, ?tbvalue) » hasMaxReferenceValue(?tbtest, 2tbmax) * hasMinReferenceValue(?tbtest, ?tbmin) *
swrib:greaterThanOrEqual(?tbvalue, ?tbmin) » swrib:lessThanOrEqual(?tbvalue, ?tbmax) ~ hasMedicalTest(?p,
?albumintest) ~ AlbuminTest(?albumintest) ~ hasTestValue(?albumintest, albuminvalue) *
hasMaxReferenceValue(?albumintest, albuminmax) * hasMinReferenceValue(?albumintest, ?albuminmin) *
swrib:greaterThanOrEqual(?albuminvalue, 7albuminmin) * swrib:lessThanOrEqual(?albuminvalue, ?albuminmax) *
hasMedicalTest(?p, ?pttest) » ProthrombinTime(?pttest) * hasTestValue(?pttest, ?ptvalue) *
hasMaxReferenceValue(?pttest, ?ptmax) * swrlb:lessThanOrEqual(?ptvalue, ?ptmax) * hasMedicalTest(?p, ?alptest) »
IALPTest(?alptest) ~ hasTestValue(?alptest, ?alpvalue) » hasMaxReferenceValue(?alptest, 2alpmax) *
swrib:multiply(?Imax, 4, ?alpmax) ~ swrib:greaterThan(?alpvalue, ?Imax) -> hasFinding(?p, CholestasisO1)|

Cancel Ok

Figure 4. The cholestasis rule according to the results of clinical biomedical laboratory test.

4. Evaluation of Methodology

The quality and effectiveness of semantic web applications is based on the quality and effectiveness of
the ontology the application uses. The methodology used to create effective ontologies is also an
important point in this context. There are many ontology development methodologies in literature and
there is no right one [Gomez-Pérez et al. 2004].

To evaluate our proposed methodology, the weighted evaluation for ontology building methods
[Hakkarainen et al. 2005] is used. The evaluation method consists of seven semiotic categories (s; to s7)
of modelling methodologies described in [Krogstie 1995] and suggests coverage weight (cw(s,)) for each
criteria with values -1, 1 and 2. Each criteria also has importance weight (iw(s,)) which is calculated with
the Eq.1 as follows according to the requirements categorized in [Hakkarainen et al. 2005].

1, if s, may be satisfied, it is optional,
iw(s,) =43, if s, should be satisfied, it is recommended, M
5, if s, must be satisfied, it is essential,

As aresult, a total coverage weight, Tw; is calculated by using Eq.2.

Tw=>" (cw(s;) xiw(s,)) @)
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Weltanschauung (s;), describes the underlying philosophy or view to the world with three views: the
objectivistic view, the constructivistic view, and the mentalistic view [Hakkarainen et al. 2005]. Our
proposed methodology is constructivistic because domain assumptions is made explicitly with healthcare
professionals and ontology engineers’ collaboration. Therefore, the coverage weight is equal to 2.
However, the constructivistic view is not a crucial requirement, so its importance weight is equal to 3.

Coverage in process (sz) concerns the method’s ability to address the development process as planning
for changes (s2c;), single and co-operative development of the ontology (szc2), use and operations of
ontology (s2c3), maintaining and evaluation of ontologies (s:cs) and management of planning,
development, operations, and maintenance of ontologies (s2cs5). Our proposed methodology addresses
82C1, $2C2, $2C3, S2C4, and s2c; issues, consequently cw(s;) equals to 2. iw(s;) has the value of 5 because an
ontology building method must be satisfied and essential.

Coverage in product examines the method’s ability to operate on one single ontology (s3c;), a family of
related ontologies (s3c2), a whole portfolio of ontologies in an organization (s3c3), and a totality of the
goals, business process, people and technology used within the organization (s3cs). Our proposed
ontology satisfies s3c;, s3c; and s3cs issues, so that cw(sz) equals to 2. iw(s3) equals to 1 because
development of a single ontology in a stand-alone application may be supported.

Reuse of product and process support reuse of ontologies as products or reuse of method as processes
according to the six dimensions of reuse by trying to answer the related questions in [Hakkarainen et al.
2005]: reuse by motivation (ssC1), reuse by substance (s4Cz), reuse by development process (s4Cs), reuse
by management mode (saCs), reuse by technique (SaCs), and reuse by intentions (SsCs). Our proposed
methodology aims the reuse to make interoperable healthcare information systems and have answers for
all dimensions, therefore cw(ss) equals to 2. Because the reuse is critical and the health information
standards have to be inserted into the ontology, iw(ss) equals to 5.

Stakeholders participation reflects the interests of different actors in the ontology building process: those
responsible for developing the method (ssc1), those with the financial interest (sscz), and those having
interest in use (Sscs). Our proposed methodology consists the ssc; and Sscs, SO cw(Ss) equals to 2. The
ontology building methodology should cover the participants’ contribution, iw(ss) equals to 3.
Representation of product and process can be informal (ssc1), semi-formal (ssc2) or formal (sec3). Our
proposed methodology is mostly informal (ssc1). Therefore, cw(ss) equals to -1. iw(ss) has value of 3.
Maturity is characterized on different level of completion as fully-described (s7c1), adaptation, navigation
and development (sscz), used and updated through practical applications (srcs), used by many
organizations (S7C4), and altered (sycs). The satisfied issues of our propped methodology are s7c; and s7Cs
with the cw(s7) value 1. This criterion should be satisfied, so it has iw value of 3. Table 1 summarizes the
evaluation of the proposed methodology for defining working healthcare ontologies.

Table 1. Evaluation of proposed methodology

Evaluation criterion 1 S2 S3 S4 S5 S6 S7 Tw
Coverage weight (cw) 2 2 2 2 2 -1 1
Importance weight (iw) 3 5 1 5 3 3 3
Total 6 10 2 10 6 -3 3 34

5. Conclusions

The health domain is a field where different people and institutions working with big data to get health
services. It is necessary to access true, complete and accurate health information required to accelerate
the diagnosis and treatment of a patient. Medical institutions have distributed medical records with
different structures. These situation makes the interoperability and information sharing difficult even
impossible.

In this work, we propose a methodology for defining working health ontologies with the aim of using
them in a living health information system. To support interoperability and reuse between different health
information systems, we recommend to insert related terms from the health information standards which
are widely used and approved worldwide. Our methodology is also proposed to divide the domain as
small as possible. Considering the health domain as a whole to model as an ontology results with
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managing problems. The methodology is demonstrated in CBLO that is developed to be used in
Laboratory Information System. The proposed methodology is also evaluated by a weighted function.
When the developed standards and terminologies are examined, it appears that the definitions do not
contain sufficient structure and semantics with contradictions that causes problems in inferencing and
reasoning. For example, in a study of the identification of ICD-10 terminology by OWL ontology, all
ICD-10 codes were defined as concepts. When a new ICD-10 code is defined, the information system
that uses this ontology will need to be reconfigured, which will cause the system to halt and thus cause
high maintenance costs. Considering such situations, it is one of the future studies to define and develop
ontology models in terms of Semantic Web technologies by evaluating terminology such as SNOMED-
CT and ICD-10 widely used in the field of health domain. Designing interoperable health information
systems that use defined ontologies as an information base and testing these systems with real health data
in clinics are also determined as future works.
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