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Abstract

Background: Systematized Nomenclature of Medicine - Clinical Terms (SNOMED CT) has been designed as standard
clinical terminology for annotating Electronic Health Records (EHRs). EHRs textual information is used to classify
patients’ diseases into an International Classification of Diseases, Tenth Revision, Clinical Modification (ICD-10-CM)
category (usually by an expert). Improving the accuracy of classification is the main purpose of using ontologies and
OWL representations at the core of classification systems. In the last few years some ontologies and OWL
representations for representing ICD-10-CM categories have been developed. However, they were not designed to be
the basis for an automatic classification tool nor do they model ICD-10-CM inclusion terms as Web Ontology
Language (OWL) axioms, which enables automatic classification. In this context we have developed Dione, an OWL
representation of ICD-10-CM.

Results: Dione is the first OWL representation of ICD-10-CM, which is logically consistent, whose axioms define the
ICD-10-CM inclusion terms by means of a methodology based on SNOMED CT/ICD-10-CM mappings. The ICD-10-CM
exclusions are handled with these mappings. Dione currently contains 391,669 classes, 391,720 entity annotation
axioms and 11,795 owl:equivalentClass axioms which have been constructed using 104,646 relationships extracted
from the SNOMED CT/ICD-10-CM and BioPortal mappings included in Dione using the owl:intersectionOf and the
owl:someValuesFrom statements. The resulting OWL representation has been classified and its consistency tested
with the ELK reasoner. We have also taken three clinical records from the Virgen de la Victoria Hospital (Malaga, Spain)
which have been manually annotated using SNOMED CT. These annotations have been included as instances to be
classified by the reasoner. The classified instances show that Dione could be a promising ICD-10-CM OWL
representation to support the classification of patients’ diseases.

Conclusions: Dione is a first step towards the automatic classification of patients’ diseases by using SNOMED CT
annotations embedded in Electronic Health Records (EHRs). The purpose of Dione is to standardise and formalise a
medical terminology, thereby enabling new kinds of tools and new sets of functionalities to be developed. This in turn
assists health specialists by providing classified information from EHRs and enables the automatic annotation of
patients’ diseases with ICD-10-CM codes.

Keywords: ICD-10-CM, SNOMED CT, Ontologies, Automatic classification

*Correspondence: mmar@lcc.uma.es

' Ada Byron Research Center, University of Malaga, Ampliacion del Campus de
Teatinos, Malaga, Spain

2IBIMA Instituto de Investigacién Biomédica de Méalaga, University of Malaga,
Malaga, Spain

- © 2016 The Author(s). Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
( B.oMed Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.



http://crossmark.crossref.org/dialog/?doi=10.1186/s13326-016-0105-x-x&domain=pdf
mailto: mmar@lcc.uma.es
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Roldan-Garcia et al. Journal of Biomedical Semantics (2016) 7:62

Introduction

The International Classification of Diseases, 10th Revi-
sion (ICD-10) [1] is a standard diagnostic tool for health
management, epidemiology and clinical purposes. ICD-
10 comprises Chapters I to XXII which cover diseases,
a variety of signs and symptoms, abnormal findings,
complaints, social circumstances and external causes of
injuries and diseases. ICD-10-CM corresponds to the
tenth version, clinical modifications, which is the current
ICD version. This medical classification standard, main-
tained and published by the World Health Organisation
(WHO) is used to classify diseases and health problems
that have been recorded on death certificates and in other
records. The accuracy of this classification is a very impor-
tant issue because it is used, for example, to set capitation
rates and allocate resources to medical centers. It is also
used by medical and health services researchers to deter-
mine the case fatality and morbidity rates. Furthermore,
ICD-10-CM has been mandatory in the U.S. and therefore
in regular and routine use since October 1, 2015.

The concept of ontologies has been widely used in
numerous real-word applications domains from Health
Care and Life Science to Finance and Government. The
majority of current ontologies are expressed in the well-
known Web Ontology Language (OWL) [2]. Semantic
Reasoners such as Pellet [3], ELK [4], KAON2 [5] and
RacerPro [6] are all widely used to develop ontology-based
automatic classification systems. Improving the accuracy
of classification is the main purpose of using ontologies
and OWL representations as the basis for a classifica-
tion system. The literature review refers to several OWL
ontologies for representing ICD-10-CM categories that
have been developed. However, they were never intended
to be the basis for an automatic classification tool nor do
they model ICD-10-CM inclusion terms as OWL axioms,
which enables this type of automatic classification.

Systematized Nomenclature of Medicine - Clinical
Terms (SNOMED CT) [7] is a broad clinical terminol-
ogy which covers a wide range of disciplines, clinical
specialties and requirements. One of the main aims of
SNOMED CT is for it to be used as the standard termi-
nology in Electronic Health Records (EHRs) systems. The
use of SNOMED CT enables providers and EHR to use a
common language. Therefore, EHRs are annotated using
several SNOMED CT concepts and relationships between
SNOMED CT concepts, which codify patients’ informa-
tion such as previous diseases, affected part of the body,
and symptoms. Figure 1 shows an excerpt from an EHR
where SNOMED CT codes are embedded.

SNOMED CT/ICD-10-CM alignments (mappings)
have been established and described by Unified Medical
Language System (UMLS) [8]. These mappings have a car-
dinality of many to many. This means that one SNOMED
CT concept can be mapped with many ICD-10-CM target
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categories and vice versa. When a SNOMED CT concept
is not mapped to an ICD-10-CM category it means that
it is not classifiable or is awaiting editorial review. One or
more SNOMED CT source concepts can also be mapped
with the same ICD-10-CM target category. In addition
to these mappings provided by UMLS, BioPortal’s users
have also defined SNOMED CT/ICD-10-CM mappings
[9]. In this case, the Bioportal’s mappings have the same
cardinality as the mappings provided by UMLS.

The current situation is that EHRs are annotated using
SNOMED CT concepts and textual information from
these records is then used to classify the patients’ dis-
eases into an ICD-10-CM category (usually by an expert).
Interestingly, SNOMED CT/ICD-10-CM mappings can
be exploited to define the ICD-10-CM inclusion terms
based on the SNOMED standard definition of patients’
medical evidence, affected part of the body and symp-
toms and their relationships, connecting the standard
annotations in EHRs with an ICD-10-CM category.

The main hypothesis of the work presented here is: (H1)
It is possible to code, as OWL axioms, the ICD-10-CM
inclusion terms obtained from SNOMED CT/ICD-10-
CM mappings and use these OWL axioms to build
an OWL representation of the ICD-10-CM diseases.
As a result (H2) we obtain a useful OWL represen-
tation, which can be used as the basis for a seman-
tic classification system. This system will then use the
set of SNOMED CT concepts and relationships between
SNOMED CT concepts, taken from EHRs, as input to
automatically classify patients’ diseases into an ICD-10-
CM category. The objective of using this OWL rep-
resentation is to improve the accuracy of the manual
annotation. The accuracy of the classification is partic-
ularly relevant at a time when diagnoses codes, such as
the ICD-10-CM codes, can significantly affect the total
funding that a hospital may receive for patients admitted
[10]. For example, in the United States, diagnosis-related
groups (DRGs) based on ICD codes are the basis for
hospital reimbursement for acute-care stays of Medicare
beneficiaries [11]. Another fact is that health services
researchers use the ICD codes to study risk-adjusted,
cross-sectional, and temporal variations in access to
care, quality of care, costs of care, and effectiveness of
care [12].

This has motivated us to develop an OWL represen-
tation to help find an automated approach to classify
patients’ diseases in a medical context. Inclusion terms
for each ICD-10-CM category are formalised as OWL
axioms by exploiting SNOMED CT/ICD-10-CM map-
pings. These mappings allow SNOMED CT concepts and
relationships to be used to define the inclusion terms.
The resulting OWL representation called Dionel, which
includes the ICD-10-CM Chapters I to XIV, is as complete
as the available SNOMED CT/ICD-10-CM mappings
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C deficiency (76169001)...

This 85-year- (258707000) old (70753007) female (248152002) was admitted via the emergency room
(50849002 ED admission) from the nursing home (42665001) with shortness of breath (267036007,
confusion (225440008 onset of confusion), and congestion (85804007). There was no history of
(14792006) fever (386661006) or cough (49727002) noted. Patient also has a history of (392521001)
senile dementia (75662003) and COPD (13645005)...

Prior to admission, the patient was on the following medications:
Prednisone (1/6602009). Lasix. Haldol (349874003). and Colace. Patient also has been on lorazepam

0.5mg tablet (377147002) 2x a day as needed for anxiety (48694002). Patient is noted to have vitamin

Fig. 1 SNOMED CT codes embedded in an Electronic Medical Record [44]. EHRs are annotated using SNOMED CT concepts (in parentheses). For
example, the SNOMED CT concepts 248152002 and 267036007 correspond to Female and Shortness of Breath, respectively

allow. The exclusions proposed by ICD-10-CM are already
handled by the mappings.

The main contributions of this paper are summarised as
follows:

® We have defined an algorithm which, starting from
an ICD-10-CM category code, is able to obtain its
corresponding SNOMED CT concept and all its
relationships.

e The relationships obtained are considered to be the
inclusion terms for the ICD-10 category. Therefore,
we have also defined an algorithm for translating
these relationships to OWL axioms.

e To test H1 we have developed Dione, an OWL
representation of ICD-10-CM, specifically designed
to classified patients’ diseases by exploiting OWL’s
(Description Logic) reasoning capabilities. Dione
represents the ICD-10-CM categories as classes and
the inclusion terms as OWL axioms related to the
class by means of the owl:equivalentClass statement.
Classes representing ICD-10-CM categories as well
as classes representing SNOMED CT concepts are
organised as several hierarchies.

e To test H2, Dione’s consistency has been checked
and information from real clinical records has been
classified to show Dione’s applicability through three
clinical use cases from the Virgen de la Victoria
Hospital (Malaga, Spain).

Background

There have been some attempts made to construct OWL
models using biomedical classifications like SNOMED CT
and ICD-10. For ICD, the work developed by [13] was the
first attempt to model the ICD-9 ontology, an older ver-
sion of the current ICD-10. In [14], the authors proposed
the first formal representation of the ICD-10 based on
three logical layers of the GALEN Core Reference Model
(CRM) terminology system [15]. They used a description
logic-like language called GRAIL [16] which allows classes
to be inferred with the semantics of role propagation and
links a more detailed description of a diagnosis to a more

abstract class. The ICD-10 ontology presented in [14]
contains only ICD-10 categories and their definitions. The
hierarchical relationship of the ICD-10 is not represented
and the ICD-10 category definitions are limited to three
concepts defined by a multi-axial conceptual system that
includes the anatomy, the morphology and the etiology.
However, it has to be said that the methodology adopted
by the authors to formalise the ICD-10 has some limi-
tations: first, only two ICD-10 chapters are represented;
second, not all the ICD terms are represented using
GALEN and finally, the ontology was not loaded into
an OWL reasoner and therefore, the formal consistency
was neither checked nor classified. Given these problems,
the authors presented a DOLCE-based formal represen-
tation [17]. DOLCE is a descriptive upper-level ontol-
ogy designed for ontology cleaning and interoperability.
In this formal representation of the ICD-10, anatomi-
cal entities were taken from the Foundational Model of
Anatomy (FMA) [18], morphological abnormalities and
procedures were taken from SNOMED CT, the organ-
isms used were from the biological taxonomy and the
chemical objects were taken from the International Union
of Pure and Applied Chemistry nomenclature (IUPAC).
Despite these improvements over the previous version
of the GALEN-based ICD-10 representation, some prob-
lems have yet to be solved. For example, not elsewhere
classified diseases are modeled as logical exclusions of
elsewhere classified ICD categories from the appropriate
parent concepts. This solution does not provide any infor-
mation for a system which aims to automatically classify
a patient’s disease d. The doctor should assert or the sys-
tem should infer that d is an instance of the negation
of a class. Due to the OWA (Open World Assumption)
semantics of OWL, if d is not an instance of class C, the
reasoner cannot infer that  is an instance of —C. Further-
more, the ontology has not been checked or classified by a
reasoner.

The last approach to represent ICD-10 in OWL was
developed in [19]. In this study, an ontology was cre-
ated based on two super-classes, the icd10:Entry and
the icd10:Modifier which contain ICD-10 codes from
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the WHO and the German Institute for Medical Docu-
mentation and Information (German: Deutsches Institut
fir Medizinische Dokumentation und Information) [20],
respectively. The general structure of the ICD-10 ontol-
ogy includes Chapters I to XXI; classes are represented
by an URL which consists of a name space and the ICD-
10 code name, and their relations are established with
owl:subClassOf axioms. The ICD-10 exclusions are han-
dled with the owl:disjointWith axiom. This approach does
not provide information as to in which class the dis-
eases should be classified. If the same disease is classified
in both classes, the reasoner infers that the ontology
is inconsistent, but is unable to distinguish the correct
class. Furthermore, to solve the problem of exclusions
that are shared with multiple exclusions, the authors
proposed the inclusion of icd10:hasExcludes that links
to a icd10:ICDdescription (with a rdf:type and rdf:label
predicates) which has an icd10:concernsClass property.
As icd10:concernClass can involve other ICD-10 cate-
gories, the ontology requires an OWL-full expressivity.
The inclusions are modelled in the same way as the
exclusions. The OWL-full properties presented in the
ontology invalidate it for use by reasoners and thus, it
is not possible to check the ontology’s consistency or
classify it.

According to the literature review, there have been
several attempts to model ICD-10 in OWL. However,
these studies have various weaknesses which can be sum-
marised as follows: 1) some difficulties in correctly han-
dling inclusions and exclusions in an OWL representation
of ICD-10; 2) the lack of a validation process using an
OWL reasoner to check the consistency of the ontology.
This step is very important in ontology development and
testing [21] because an ontology can be used by OWL
reasoners without human supervision. If an ontology is
inconsistent, the reasoning may lead to erroneous con-
clusions; 3) no application of these OWL representations
to real clinical use cases to show how they can sup-
port a clinician in decision making and 4) the reviewed
work uses ICD-9 and/or ICD-10. In this paper, we have
worked with ICD-10-CM. Although the intention is to
replace ICD-9-CM with ICD-10-CM, it has been reported
in [22] that for reasons such as the complexity of ICD-
10-CM and the costs of migrating from one system to the
other would explain why the ICD-9-CM version is still
in use [22]. The Center for Disease Control and Preven-
tion (CDC) encourages the use of the ICD-10-CM version
because of the improvements that it has over ICD-9-CM
and ICD-10 [23]. These improvements include the addi-
tion of information relevant to ambulatory and managed
care encounters; expanded injury codes; the creation of
combination diagnosis and symptom codes to reduce the
number of codes needed to fully describe a condition; the
addition of sixth and seventh characters; incorporation of
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common fourth and fifth digit subclassifications; laterality
and greater specificity in code assignment [23].

Methods

Formalising the ICD-10-CM categories in OWL

For the construction of Dione, we focused on three basic
issues that are critical when modelling an ontology or
an OWL representation, and are specified in the “Ontol-
ogy 101 development process” methodology [24]. First, a
selection of the concepts used to cover the objectives to
be accomplished in the health domain; second, the organ-
isation of all concepts in a hierarchy and third, a semantic
formalisation of these concepts using a knowledge rep-
resentation language such as the description logic (DL)
formalism.

In order to select the terms for each concept, an XML
file containing the ICD-10-CM categories in the English
version was downloaded from the Centers for Disease
Control and Prevention (CDC) website that stores all
the ICD versions [25]. ICD-10-CM consists of “chap-
ters” that are sub-divided into homogeneous blocks of
three-character categories (a capital letter and two ara-
bic numerals). These categories are sub-divided by means
of four-character categories (a capital letter and three
arabic numerals) and these are further divided into five-
character categories. The file with the ICD-10-CM cate-
gories was parsed to output a tree with parent and child
nodes (Additional file 1). The upper-level and lower-level
nodes of the tree generated from the XML file corre-
spond to the ICD-10-CM upper and lower levels, which
involve blocks of three-, four- and five-character cate-
gories. For the semantic formalisation, the hierarchy tree
from the output file, which includes Chapters I to XIV, was
encoded in OWL using the OWL API library [26]. Using
the information from ICD-10-CM about blocks and their
categories, the OWL hierarchy was modelled establishing
the Diseases category as super-class because Chapters I
to X1V, are related to diseases. All Dione classes are iden-
tified by an URI, which consists of a namespace and a
special term which corresponds to the name of each ICD-
10-CM category code. The Diseases category includes
the following ICD-10-CM categories: A00-B99 (Certain
infectious and parasitic diseases), C00-D49 (Neoplasms),
D50-D89 (Diseases of the blood and blood-forming organs
and certain disorders involving the immune mechanism),
E00-E89 (Endocrine, nutritional and metabolic diseases),
FO1-F99 (Mental, Behavioural and Neurodevelopmental
disorders), G00-G99 (Diseases of the nervous system),
HO00-H59 (Diseases of the eye and adnexa), H60-H95 (Dis-
eases of the ear and mastoid process), 100-199 (Diseases
of the circulatory system), J00-J99 (Diseases of the respi-
ratory system), KOO-K95 (Diseases of the digestive system),
L00-L99 (Diseases of the skin and subcutaneous tissue),
MO00-M99 (Diseases of the musculoskeletal system and
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connective tissue) and N00-N99 (Diseases of the genitouri-
nary system).

In this hierarchy, the Diseases class includes the ICD-10-
CM disease classification, the classes inside each disease
category are related to their upper-level category using
the is-a relationship; these relationships are formalised
in Dione with the owl:subClassOf axiom. Therefore, a
branch of the disease ICD-10-CM hierarchy was created
(Additional file 2). Figure 2 shows part of the Diseases
hierarchy, specifically the A00-B99 (Certain infectious and
parasitic diseases) branch and its subclasses. For example,
A00-A09 (Intestinal infectious diseases) has as subclasses
A00.0 (Cholera due to Vibrio cholerae 01, biovar cholerae),
A00.1 (Cholera due to Vibrio cholerae 01, biovar eltor)
and A00.9 (Cholera, unspecified). An English label with
the name of each category was included for each class
of the ICD-10-CM disease classification hierarchy, using
the rdf:label statement. Once the Dione hierarchy had
been constructed, the next step consisted in including the
owl:equivalentClass axioms for each Dione class to model
the ICD-10-CM inclusion terms. Therefore, in order to
complete the semantic formalisation of the concepts of
the OWL hierarchy, the SNOMED CT/ICD-10-CM map-
pings were used to construct the owl:equivalentClass
axioms for each class. Where an SNOMED CT/ICD-10-
CM mapping was not available, we completed Dione with
the inferred mappings provided by the BioPortal website.
These steps are fully explained in the following sections.

Inclusion of the OWL axioms

The files related to SNOMED CT were downloaded from
the National Institutes of Health (NIH) webpage [27].
The SNOMED CT concepts, the descriptions, the is-
a relationships and the other relationships that repre-
sent other concept associations were stored in an Oracle
11g Database. The mapping files between ICD-10-CM
and SNOMED CT (also known as “the map”) were
downloaded from UMLS [8]. The SNOMED CT/ICD-
10-CM mappings were also extracted and stored in the
database. To generate the inclusion terms to be included
as owl:equivalentClass axioms for each OWL class of
the Dione hierarchy, an automatic process was imple-
mented (Additional file 3) based on the SNOMED CT
relationships that provide information about ICD-10-CM
inclusion terms (see Table 2), namely, the SNOMED CT
relationships that we found in EHRs which provided
information for classifying patients’ diseases. Therefore,
relationships representing historical attributes such as
“maybe a” (ambiguous concept), “was a” (erroneous con-
cept), “moved to” (moved to elsewhere concept), and
other relationships with qualifier values such as “Episod-
icities” etc. have not been considered. In total, there are
12 SNOMED CT relationships that are used to define the
ICD-10-CM categories. For example, the SNOMED CT
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v @ Diseases
v-©A00_B99
V- ©A00_A09

A15_A19
A20 A28
A30 A49
A50 A64
A5 AG9
»-@ATO0_AT4

Fig. 2 Part of the AO0_B99 category hierarchy included in the Diseases
category displayed on the Protegé software interface. AOO_B99 is a
subclass of the main class Diseases. According to the ICD-10-CM
structure, AOO_AO09 is a subclass of AO0_B99 and A00_0, A00_1 and
A00_9 are subclasses of AO0_A09. According to the semantics of
OWL, if x is an instance of A00_9, it is also an instance of AO0_B99 and

therefore, it is also an instance of AOO_A09
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causative-agent relationship, which identifies the direct
causative agent of a disease which can be an organism,
substance or physical force, that is represented by the
caused-by-agent Dione object property. Another example
is the associated-morphology relationship, which speci-
fies the changes that are seen at the cellular level or in
tissues, caused by a disease, that is represented by has-
Associated-Morphology Dione object property. Table 1
shows materialised examples of such relationships.

Once the Dione properties had been identified, the
relationships between two SNOMED CT concepts (one
of which maps to the ICD-10-CM code included in
Dione ICD-10-CM hierarchy) were extracted and mod-
elled by means of the owl:equivalentClass restriction of
Dione classes and owl:intersectionOf statement in order to
model the ICD-10-CM inclusion terms. The ICD-10-CM
category was defined with the following properties: the
SNOMED CT relationship (the object property in Dione),
the owl:someValuesFrom restriction and the SNOMED
CT concept. In order to illustrate this, a good use case
is the I10 (Essential primary hypertension) ICD-10-CM
category:

110 (Essential primary hypertension) is mapped to these
two SNOMED CT concepts:

e “Hypertensive episode (disorder)” (62275004)
e “Complication of systemic hypertensive disorder
(disorder)” (449759005)

According to the ICD-10-CM guidelines, the 110 cat-
egory (Essential primary hypertension) has the inclusion
terms “High Blood pressure” and “Hypertension’, which
could be considered as a set of symptoms from a given
patient. The SNOMED CT structure indicates that the
SNOMED CT concept “Hypertensive episode (disorder)”
(62275004 is related to the concept “Finding of increased
blood pressure (finding)” (24184005) by the relation-
ship “Has definitional manifestation” (363705008). In the
same way, the SNOMED-CT concept “Complication of
systemic hypertensive disorder (disorder)” (449759005)
is related to the concept “Hypertensive disorder, sys-
temic arterial disorder” (38341003) by the relationship
“Associated with” (47429007). The SNOMED CT con-
cepts “Finding of increased blood pressure (finding)”
(24184005) and “Hypertensive disorder, systemic arterial
disorder” (38341003) are equal to “High Blood pressure”
and “Hypertension’, respectively. These two inclusion
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terms have been modelled in Dione, by means of the
owl:someValuesFrom statement (3), as follows:

3 hasDefinitionalManifestation.241840052
3 associatedWith.38341003.

To associate the inclusion terms in a conjunctive form,
the owl:intersectionOf (M) statement was used. Finally, the
conjunction was associated with the class 110 through
an owl:equivalentClass (=) axiom. Therefore, the defini-
tion of the I10 class including the inclusion terms is the
following (Fig. 3 also shows it graphically):

110 = 3 hasDefinitionalManifestation.24184005
r 3 associated With.38341003

Figure 4 describes how the inclusion terms of 110 (Essen-
tial primary hypertension) have been modelled in Dione.
It is also worth noting that some SNOMED CT relation-
ship names to define the Dione properties were changed
to avoid any ambiguity in Dione. For example, the “Has
definitional manifestation” relationship was renamed as
hasDefinitionalManifestation object property to avoid
gaps between words as displayed in the first and second
columns of Table 2.

The rest of the relationships of the SNOMED CT con-
cepts mapped with 110 (Essential primary hypertension)
were also included as OWL axioms to complete the defi-
nition of the class (see Fig. 5).

Dione is composed of several branches: 1) the ICD-
10-CM disease hierarchy, which comprises Chapters I
and XIV, including the concepts that are the domain
of the relationships included and 2) the SNOMED CT
imported concept hierarchies (and their annotations in
rdf:label), which comprise those SNOMED CT concepts
taken from the relationships whose ranges include these
concepts. These imported concept hierarchies were cre-
ated in OWL using the is-a relationship, as described in
Phase I (Additional file 4). Like the previous example of
how the inclusions are modelled for 110 class, the I10 has
associatedWith, hasDefinitionalManifestation and affects
properties identified in the owl:equivalentClass restric-
tion. These properties have a range that corresponds to a
SNOMED CT concept. For example, affects and hasDef-
initionalManifestation have SNOMED CT concepts such
as “Systemic circulatory system structure (body struc-
ture)” and “Finding of increased blood pressure (finding)”

Table 1 SNOMED relationships examples. Examples of SNOMED CT concept related to SNOMED CT through causative-agent and

associated-morphology relationships

SNOMED CT concept

SNOMED (T relationship

SNOMED CT concept

Cholera-non-01 group vibrio, disorder causative-agent

Bullous pyoderma, disorder

associated-morphology

Vibrio cholerae, non-O1, an organism

Chronic superficial ulcer, a morphologic abnormality

Bold data are SNOMED relationship
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(24184005)
“Finding of increased
blood pressure”

:

hasDefinitionalManifestation |

“Hypertensive disorder,
systemic arterial disorder”

associatedWith

(38341003)

The members of this anonymous
class are instances which have an
associatedWith property in which
At least one values is instance of
38341003

Fig. 3 OWL definition of the Class 110. ICD-10-CM category 110 inclusion terms are modelled as ow/:someValuesFrom statement (3) and their
intersection are defined as equivalent of the class 110 by means of the owl:equivalentClass (M) axiom. The Description Logic syntax of OWL is used

as range, respectively. These concepts are included in the
Dione SNOMED CT imported hierarchy as shown in
Fig. 6.

Completion with BioPortal mappings

Once Dione had been developed, we have determined
the number of classes defined with the relationships
from the SNOMED CT/ICD-10-CM mappings pro-
vided by UMLS (Additional file 5). Those classes that
did not involve either an inherited or non-inherited
axiom (in the case of a superclass of the ICD-10-
CM disease branch of Dione) were defined using the

SNOMED CT/ICD-10-CM mappings from the BioPortal
website [9]. To do this, the new mappings between the
SNOMED CT concepts and the ICD-10-CM categories
were extracted from the BioPortal API [28] and inferred
to avoid duplicate SNOMED CT/ICD-10-CM mappings
from NIH. Following the methodology described in the
previous subsections, the new mappings were stored in
the database. The new OWL statements for the inclu-
sion terms of the ICD-10-CM categories without any
axioms were generated and included in Dione. Thus,
we obtained the most complete Dione version possi-
ble with the resources available, given that some classes

————» High blood pressure

l

110

Maps to l

62275004
(Hypertensive episode)

Has definitional manifestationl

24184005

(Finding of increased
blood pressure)

3 hasDefinitionalManif estation. 2418005 7]

ICD-10-CM inclusion term

(Disease of the circulatory system)

Hypertension <—

l

l Maps to

449759005

( Complication of systemic hypertensive disorder)

l Associated with

38341003

(Hypertensive disorder, systemic
arterial disorder)

3 AssociatedWith. 38341003

Fig. 4 Description of the process to model 110 inclusion terms in Dione. From the SNOMED CT/ICD-10-CM mappings and by exploiting the
SNOMED CT relationships the ICD-10-CM inclusion terms are modelled. This figure shows there exists a SNOMED CT/ICD-10-CM mapping for each
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Table 2 SNOMED CT relationships that were used to define the Dione classes
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Dione object property

SNOMED (T relationship

Description

Number of uses in Dione

Affects
After-Of

Associated-With

Caused-By-Agent

Due-To

Has-Associated-Finding

Has-Associated-Morphology

Has-Definitional-Manifestation

Has-Occurrence

Has-Pathological-Process

Interprets

IsPartOf

Finding site
After

Associated with

Causative agent

Due to

Associated finding

Associated morphology

Has definitional manifestation

Occurrence

Pathological process

Interprets

Part of

The part of the body affected by a condition

Represents a sequence of events where a clinical
finding occurs after another

Represents a clinically relevant association between
concepts without either asserting or excluding a
causal or sequential relationship between the two

Identifies the direct causative agent of a disease (e.g.,
an organism)

Relates a clinical finding directly to a cause such as
another clinical finding or a procedure

Links concepts in the situation with explicit context
hierarchy to their related clinical finding

Specifies the morphologic changes seen at the
tissue or cellular level that are characteristic features
of a disease

Links disorders to the manifestations (observations)
that define them

Refers to a specific period of life during which a
condition first presents

Provides information about the underlying
pathological process for a disorder, but only when the
results of that process are not structural and

cannot be represented by the associated morphology
relationship

Refers to the entity being evaluated or interpreted,
when an evaluation, interpretation or judgment is
intrinsic to the meaning of a concept

Represents a sequence of events where a clinical
finding occurs after another clinical finding or a
procedure

10,812
491

469

1,701

504

66

7,634

520

1,867

425

The first and second columns include the selected SNOMED CT relationships with their Dione and original names. The third column is a description obtained from the
SNOMED CT User guide [45] and the fourth column includes the number of times that these relationships were used in Dione

were not defined (statistics are presented in the “Results”
section).

Completing the definition of Dione classes

As we have mentioned, we could not find SNOMED
CT/ICD-10-CM mappings for all ICD-10-CM categories.
This means that we could not include OWL statements
that model inclusion terms, for all Dione classes. In some
cases where we did find a mapping, the SNOMED CT
concept which the ICD-10-CM category was mapped to
did not have relationships that could be translated into
OWL statements.

This incompleteness of Dione means that a patient’s dis-
ease can be classified into ICD-10-CM categories belong-
ing to different chapters. In order to partially solve this
problem and taking into account that the main objec-
tive of Dione is to classify patients’ diseases using the
SNOMED CT annotations embedded in EHRs, we have
implemented a first process to include the axioms defin-
ing a class in the definition of its subclasses (Additional
file 6). Then we have completed a second process to
include the owl:someValuesFrom statement from the
definition of sibling subclasses in the definition of their

[10 C 110115

110 = 3 affects. 113257007 M 3 affects.51840005 M 3 associated With.38341003
M 3 hasDefinitionalManifestation.24184005
Fig. 5 Complete definition of the class 110. In addition to the SNOMED CT/ICD-10-CM mappings representing ICD-10-CM inclusion terms we model
the rest of mappings as owl:someValuesFrom statement (3) in order to complete the definition of the class. 3 affects.113257007 models that 110
affects 113257007 (Structure of cardiovascular system), 3 affects.51840005 models that 110 affects 51840005 (Systemic circulatory system structure),
J associatedWith.38341003 models that 110 is associated with 38341003 (Hypertensive disorder, systemic arterial) and 3
hasDefinitionalManifestation.24184005 models that 110 has definitional manifestation 24184005 (Finding of increased blood pressure)
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ICD-10 disease hierarchy

Diseases
owl:subClassOf

100_199

(Disease of the circulatory system)

owl:subClassOf

100_I15

(Hypertensive diseases)

owl:subClassOf

110

(Essential primary hypertension)

affects

SNOMED_imported hierarchies

404684003 (Finding)

[...]

38936003

(Blood pressure finding)

owl:subClassOf

38936003

(Abnormal blood pressure)

owl:subClassOf

123037004 (Body structure)

l L]

9172300

(Anatomical structure)

owl:subClassOf
38936003

(Blood space structure)

owl:subClassOf

hasDefinitionalManifestation 24184005

(Finding of increased
blood pressure)

52530000

(Body region structure)
owl:subClassOf

91689009

owl:subClassOf

51840005

Fig. 6 Structure of the ICD-10-CM disease hierarchy and the owl:equivalenClass axioms identified and included. The range of the properties in Dione
corresponds to the SNOMED CT concepts imported in the SNOMED CT hierarchy

(Systemic circulatory

superclass (Additional file 7). Before this process, Dione
defined:

K58 (Irritable bowel syndrome) = 3
affects.113276009 (Intestinal structure)
E73_0 (Congenital lactase deficiency) = 3
affects.113276009 (Intestinal structure) r 3
hasOccurrence.255399007 (Congenital)

Therefore, if a patient’s disease was classified in E73_0
(Congenital lactase deficiency), it was also classified in
K58 (Irritable bowel syndrome), because E73_0 was a
subclass of k58. The problem here was that we found a
mapping but we could not find more OWL statements
to define K58 from SNOMED CT relationships. How-
ever, we did observe that K58 has two subclasses (K58_0
and K58_9) and both subclasses share 3 affects.71854001
(Colon structure) in their definitions. Therefore, we were
able to add this OWL statement to K58 and now K58 is
defined as:

K58 (Irritable bowel syndrome) =
Jaffects. 113276009 (Intestinal structure) M
Jaffects.71854001 (Colon structure)

With this new definition E73_0 is not a subclass of K58.

Dione consistency and classification

For Dione classification, we used the ELK reasoner with
the OWL API (Additional file 8). After some attempts
to apply Dione classification with reasoner systems such
as Fact++ [29], Hermit [30], Pellet [3], TrOWL [31],

RacerPro [6] and CEL [32], it was found that the ELK
reasoner [4] was the only reasoner able to classify Dione
while simultaneously checking that Dione was consistent.
Fact++, Pellet, RacerPro and CEL failed due to an out-
of-memory error (heap space set to 12 GB). TrOWL and
Hermit failed due to a timeout after 48 h. The experiments
were performed on a PC Intel(R) Core (TM) i7-2600 CPU
with 3.39 GHz and 16 GB of RAM and took 2781 s.

Results and discussion

Level of completion of Dione

Dione has been built based on the ICD-10-CM terms
(2014 release) provided by the CDC [25] and SNOMED
CT terms from UMLS (March 2013 release). Dione con-
tains 391,669 classes, 391,720 entity annotation axioms
and 19,797 owl:equivalentClass axioms which were con-
structed with 104,646 relationships extracted from the
SNOMED CT/ICD-10-CM and Bioportal mappings and
included in Dione using the owl:intersectionOf and the
owl:someValuesFrom constructs.

The current version of Dione has 21,616 classes
for modelling ICD-10-CM categories. After using the
SNOMED CT/ICD-10-CM mappings from UMLS
metathesaurus, the percentage of classes with axioms was
93 %. So, to provide a more complete version of Dione,
we extracted a set of ICD-10-CM/SNOMED CT map-
pings from BioPortal. These BioPortal mappings include
one-to-one mappings and one-to-many mappings. An
example of the second case is the ICD-10-CM category
A93.8 (“Other specified arthropod-borne viral fevers”)
which is mapped to three SNOMED CT concepts. This
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concept points to the SNOMED CT concept “[X] Other
specified arthropod-borne viral fevers’, “Piry virus dis-
ease” and “[X] Other specified viral hemorrhagic fevers”.
The relationships from these SNOMED CT concepts for
both types of mappings were extracted and included in
Dione to define the ICD-10-CM categories. Therefore,
with the new mappings from BioPortal included in Dione
as OWL statement for defining ICD-10-CM categories,
the percentage of Dione classes with axioms is 93,3 %
(with an average of 4,8 axioms per class of the disease
hierarchy, affects being the most used Dione object
property as shown in Table 2). Dione currently contains
391,669 classes; 21,616 classes (5,5 %) taken from the
ICD-10-CM hierarchy and 370,053 classes (94,5 %) taken
from the SNOMED CT imported hierarchies. As we have
mentioned in the Methods section, this version of Dione
is still incomplete, and we could still obtain incorrect
inferences from the reasoner, for example, when we don’t
have a definition for a specific class. In addition, in some
cases we could not find an OWL statement to distinguish
between subclasses. Therefore, some classes are inferred
to be equivalent to their descendants. Figure 7 presents
an extract of Dione which shows how Dione looks when
classes have complete definitions. In this example, A0O
(Cholera) has two subclasses A00_0 (Cholera due to
Vibrio cholerae 01, biovar cholerae) and A00_1 (Cholera
due to Vibrio cholerae 01, biovar eltor). The definition of
AOQO is included in the definition of its subclasses because
they are both Cholera. However, the definition of A00_0
and A00_1 includes a new owl:someValuesOf statement
to distinguish between the different types of Cholera. If

A00_009 (Intestinal infectious diseases) =
3 affects.113276009 (Intestinal structure) I
3 hasPathologicalProcess.441862004 (Infectious process)

A00 (Cholera) =

3 affects.113276009 (Intestinal structure) M

3 hasPathologicalProcess.441862004 (Infectious process) N
3 hasAssociatedMorphology.17307002 (Transudate) 1

3 causedByAgent.75953000 (Vibrio cholerae)

A00_0 (Cholera due to Vibrio cholerae 01, biovar cholerae) =
3 affects.113276009 (Intestinal structure) M

3 hasPathologicalProcess.441862004 (Infectious process) N

3 hasAssociatedMorphology.17307002 (Transudate) 1

3 causedByAgent.75953000 (Vibrio cholerae) M

3 causedByAgent.76436009 (Vibrio cholerae, classical biotype)

A00_1 (Cholera due to Vibrio cholerae 01, biovar eltor) =

3 affects.113276009 (Intestinal structure) M

3 hasPathologicalProcess.441862004 (Infectious process) N1

3 hasAssociatedMorphology.17307002 (Transudate) 1

3 causedByAgent.75953000 (Vibrio cholerae) M

3 causedByA gent.58735003 (Vibrio cholerae, El Tor biotype)

Fig. 7 Dione classes and subclasses modeling Cholera. This is an
extract of Dione which shows how Dione looks when classes have
complete definitions. The definition of AOO_0 and A00_1 includes an
OWL statement to distinguish between the different types of Cholera
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we are to solve all the incorrect inferences we will have
to find new SNOMED CT/ICD-10-CM mappings as well
as align Dione with other medical terminologies and/or
ontologies so as to complete the definition of the classes.
It may also be possible to obtain information from new
mappings established and reviewed by the scientific
community (UMLS and Bioportal) or from an expert (i.e.
doctor) to complete the definition of some classes.

Validation of Dione axioms

The Dione axioms have been included using the
SNOMED CT/ICD-10-CM mappings, which has been
constructed by a collaborative community of trained ter-
minology specialists (closely following the methodology
of SNOMED CT to ICD-10 Crossmap project). These
final mappings are published only if they have been estab-
lished as identical by a group of experts and pass a final
review. In the case that SNOMED CT/ICD-10-CM map-
pings are not available for certain ICD-10-CM category,
BioPortal provides SNOMED CT/ICD-10-CM mappings
that have been previously inferred by the BioPortal algo-
rithm and/or included (and validated) by the BioPortal
user community [33, 34]. The SNOMED CT/ICD-10-
CM mappings that are equal to the UMLS mappings
have been removed to avoid duplicate ICD-10-CM
inclusions.

As the percentage of Dione classes with axioms is 93,3 %,
it is worth noting that we could have manually completed
the mappings to generate the axioms for defining those
classes which do not have any axiom, either inherited from
parent classes or defined. However, we prefer to release
the first version of Dione using only those mappings that
are available and widely accepted by the scientific com-
munity. We have called this current version Dione V0.933.
As new mappings are created, new axioms will be used to
complete the current version of Dione.

Applicability of Dione in clinical use cases

As Dione is logically consistent, we have used it together
with the ELK reasoner to classify clinical records. Clini-
cal record information is codified by means of the Dione
object property assertions which use SNOMED CT con-
cepts. The objective of these use cases is to show how
Dione can assist health specialists by providing ICD-10-
CM classified information. We have chosen three clinical
records from the Virgen de la Victoria Hospital (Malaga,
Spain).

The first clinical record from the Hematology depart-
ment describes the case of a 61-year-old man, heavy
smoker, who presented with obesity, no fever, severe
hypoventilation, arrhythmia and signs of hypersensibility.
The results of the blood test show a low level of platelets
and the electrocardiogram (ECG) determines an auric-
ular fibrillation. The hematologic and main diagnoses
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are thrombocytopenia and atrial fibrillation, respectively.
According to ICD-10-CM guidelines, the hematologic
diagnosis code D69.6 corresponds to “Thrombocytope-
nia, unspecified” which was diagnosed by the health spe-
cialist. The ICD-10-CM category that corresponds to the
main diagnosis is 148. For the hematologic diagnosis per-
formed by the reasoner, instances with object property
assertions such as interprets “Platelet count’, hasDefin-
tionalManifestation “Platelet count below reference range
(finding)” and hasPathologicalProcess “Hypersensitivity
process (qualifier value)” were created and included in
Dione (Fig. 8). The ELK reasoner classified the informa-
tion in the Dione D69_6 class, which corresponds to the
correct ICD-10-CM category. In the case of the main diag-
nosis, we have included object property assertions such
as affects “Atrial structure (body structure)’; affects “Car-
diac conducting system structure (body structure)” and
“Structure of cardiovascular system (body structure)” All
this information was classified in the 148 class, which
corresponds to the ICD-10-CM category of “Atrial fibril-
lation and flutter” The list of inferred classes provided
by the reasoner also contains other diseases that involve
atrial dysfunction because the lack of definitions to dis-
tinguish between classes in the same ICD-10-CM chapter
and few ones belonging to a different chapter, because
the lack of class definitions (see “Level of completion of
Dione” sub-section). This first use case is an example
of how information from two complementary diagnoses
of a given patient can be included in Dione and reasoned
by ELK.
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The second clinical record from the department of Gen-
eral Clinical Surgery and Digestive Apparatus describes a
53-year-old man who presented with pain, no fever and
swelling of the perianal area that is identified by the clin-
ician as an abscess. The blood test revealed a high level
of leukocytes. The main diagnosis was an “Ischiorectal
abscess” that corresponds to the K61.3 class. The object
property assertions to be included in Dione and classi-
fied by the ELK reasoner are: affects “Anorectal struc-
ture (body structure)’; hasAssociatedMorphology “Abscess
(morphologic abnormality)” and hasPathologicalProcess
“Infectious process (qualifier value)” (Fig. 9). The rea-
soner classified this information in the ICD-10-CM K61
class, which corresponds to the “Abscess of anal and rec-
tal regions” This class includes a further five classes: K61.0
(Anal abscess), K61.1 (Rectal abscess), K61.2 (Anorectal
abscess), K61.3 (Ischiorectal abscess) and K61.4 (Intras-
phincteric abscess). Our objective is to provide the health
specialist with an as accurate as possible ICD-10-CM
code taken into account the information obtained from
the EHR. This use case is an example of how addi-
tional annotations by the health specialist on the patient’s
clinical record can lead to a more exact diagnosis with
the proposed approach. For example, if the clinician had
annotated “Ischiorectal fossa structure” on the clinical
record, an additional individual with the object property
assertions affects some “Ischiorectal fossa structure (body
structure)” would have been included in Dione and there-
fore, the information would have been classified in a more
specific ICD-10-CM class, like K61.3.

Disease
<owl:Thing rdf:about="#Disease">

hematologic and main diagnoses

Platelet count (procedure)
<interprets rdf:resource="#61928009"/>

Platelet count below reference range
(finding)

<hasDefinitionalManifestation rdf:resource="#415116008"/>

Hypersensibility (qualifier value)

jcalProcess
hasPathologic <hasPathologicalProcess rdf:resource="#472963003"/>

Atrial structure (body structure)
<affects rdf:resource="#59652004"/>

Structure of cardiovascular system (body structure)
<affects rdf:resource="#61928009"/>

Cardiac conducting system structure (body structure)
<affects rdf:resource="#24964005"/>

Fig. 8 Representation of the object property assertions for the first use case. Blue and black arrows represent the object property expressions that
relate individual “Disease” to the rest of individuals that correspond to SNOMED CT codes which have been manually annotated from the
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Disease
<owl:Thing rdf:about="#Disease">

hasAssociatedMorphology

Infectious process (qualifier value)
< hasPathologicalProcess rdf:resource="#441862004"/>

Abscess (morphologic abnormality)

&
G(s,‘r

from the medical report

<hasAssociatedMorphology rdf:resource="#44132006"/>

Anorectal structure (body structure)
<affects rdf:resource="#281088000"/>

Fig. 9 Representation of the object property assertions for the second use case. The black arrows represent the object property expressions that
relate individual “Disease” to the rest of individuals that correspond to SNOMED-CT codes. The SNOMED CT codes have been manually annotated

The third clinical record from the department of Inter-
nal Medicine and Nephrology describes the case of a
77-year-old woman who underwent surgery to remove
renal carcinoma. The patient did not undergo chemother-
apy treatment and received the usual treatment with
Bisoprolol and acetylsalicylic acid. For the next few
months following the surgery, she lost weight. The clin-
ician’s exploration through an abdominal computerised
tomography revealed several neoplasms in lung, liver,
in the retroperitoneal space and also some retroperi-
toneal adenopathies. The diagnosis was multiple neo-
plasms that had spread from the primary renal cancer.
The diagnosis involves several ICD-10-CM categories,
which are included in the class C78 (“Secondary malig-
nant neoplasm of respiratory and digestive organs”) such
as C78.0 (“Secondary malignant neoplasm of lung”), C78.3
(“Secondary malignant neoplasm of other and unspeci-
fied respiratory organs”) and C78.80 (“Secondary malig-
nant neoplasm of unspecified digestive organ”). The
object property assertions that have been defined are
hasAssociatedMorphology “Neoplasm metastasic (mor-
phologic abnormality)’, affects “Structure of retroperi-
toneal lymph node (body structure);, “Lung structure
(body structure)’, “Liver structure (body structure)’, “Peri-
toneum (serous membrane) structure (body structure)’,
“Abdominal lymph node structure (body structure)” and
“Retroperitoneal structure (body structure)” (Fig. 10). The
disease instance was classified in the following ICD-10-
CM codes: C78, C78.30 (“Secondary malignant neoplasm
of unspecified respiratory organ”) and C78.80. This third
use case describes a second diagnosis of a patient who
had originally suffered from renal cell carcinoma. The
diagnosis by the health specialist involves several ICD-
10-CM categories and the information extracted from the
clinical record includes information from different body

structures. Therefore, according to the results obtained in
this use case and the others, Dione has been able to pro-
vide a list of classified instances to help doctors classify
clinical information from medical records.

Advantages of formalising the ICD-10-CM categories in
OowL

Two possible approaches can be applied to formally define
the ICD-10-CM disease terms: 1) build an OWL represen-
tation to be reasoned by the OWL reasoners, as proposed
in this paper and 2) establish mappings between ICD-10-
CM with other terminologies and ontologies and thereby,
apply indirect reasoning [35]. This second approach has
been adopted by UMLS with the SNOMED CT to ICD-
10-CM map. This map has been applied in the -MAGIC
algorithm [36], a Java program in which these mappings
are applied using the mapping rules. The BioPortal web-
site has also adopted the same methodology and provides
mappings between ICD-10-CM terms and other ontolo-
gies. However, it is has to be noted that this second
approach has some drawbacks:

1. There are two types of SNOMED CT/ICD-10-CM
mappings: one-to-one and one-to-many mappings.
This means that not every SNOMED CT concept
can be mapped to only one ICD-10-CM categories
with an identical meaning. Rather it can be mapped
to more than one ICD-10-CM categories with several
meanings.

2. This approach does not allow direct reasoning based
on hierarchy relationship of ICD-10-CM categories
established by owl:subClassOf axiom, the axioms
included in owl:equivalentClass axioms to define the
ICD-10-CM categories and the type of object
properties that are established in the OWL model.
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5 affects
Disease

<owl:Thing rdf:about="#Disease">

from the medical report

- >
ffs%_

Neoplasm, metastatic (morphologic abnormality)

<hasAssociatedMorphology rdf:resource="#14799000"/>

Neoplasm, metastatic (morphologic abnormality)
<hasAssociatedMorphology rdf:resource="47010000"/>

Retroperitoneal structure (body structure)

<affects rdf:resource="#82849001"/>
AN
3«905/

Structure of retroperitoneal lymph node (body structure)
<affects rdf:resource="#91394001"/>

<affects rdf:resource="#10200004"/>

affects
K/
L7
”r@% Lung structure (body structure)
5 <affects rdf:resource="#39607008"/>
<8
3
Liver structure (body structure)

Abdominal lymph node structure (body structure)
< affects rdf:resource="#8568009"/>

Peritoneum (serous membrane) structure (body structure)
< affects rdf:resource="#15425007"/>

Fig. 10 Representation of the object property assertions for the third use case. The black arrows represent the object property expressions that
relate individual “Disease” to the rest of individuals that correspond to SNOMED CT codes. The SNOMED CT codes have been manually annotated

For these reasons, we have built an OWL hierarchy with
ICD-10-CM categories and used the SNOMED CT/ICD-
10-CM mappings to model the ICD-10-CM inclusion
terms. According to the applicability of Dione to real clin-
ical use cases demonstrated in the Results section, this
approach provides users with a direct OWL reasoning
over a set of instances from one or more actual problems
(Electronic Health Records) proposed by the physician to
infer new relationships and provide a new approach to the
classification problem.

Comparison with other OWL ICD models
The representation from a clinical terminology to an
OWL model can cause semantic inconsistencies. Accord-
ing to the reviewed literature (Background section), there
is a lack of consistency checking in the proposed ICD-10-
CM formal representations and therefore, ABox and TBox
classifications® have not been done. In this approach,
Dione has been validated by the ELK reasoner, which was
found to be the only reasoner able to classify it, after
testing all reasoners that have been successful in clas-
sifying large and widely-used real-world ontologies like
SNOMED CT [37]. The ELK reasoner returns that Dione
is consistent and performs TBox and ABox classifications.
In order to carry out the ABox classification of Dione, a set
of instances from clinical use cases taken from the Virgen
de la Victoria Hospital (Mdlaga, Spain) has been included
in Dione and classified to ICD-10-CM categories as is fully
explained in the Results section.

In the Background section, we highlighted some limita-
tions of existing work in the literature. In this section, we
discuss the formal representation in OWL of ICD-10-CM

proposed by [19] given that it is an ICD-10-CM represen-
tation that has improved upon other approaches. In this
approach, the authors created an ICD-10-CM hierarchy
with owl:subClassOf handling the ICD-10-CM exclusions
with owl:disjointWith axioms. We consider that such an
approach is limited given that only using owl:disjointWith
could result in a lack of information, because if the same
diseases is classified in two disjoint classes, the reasoner
infers that the ontology is inconsistent, being unable to
distinguish the correct class. Furthermore, the exclusions
that are shared with multiple exclusions are modelled with
OWL-Full, making it impossible to validate and classify
the ontology with a reasoner. The inclusion terms are
modelled in the same way as the exclusions. In our case,
the semantic Disease hierarchy of Dione is constructed
with owl:subClassOf axioms (using the ICD-10-CM con-
cepts which have not been used in other approaches in the
literature) and the inclusion terms are modelled from the
information extracted from SNOMED CT/ICD-10-CM
mappings. The approach adopted solves the problem of
integrating features from OWL-Full. As mentioned, in the
case of dealing with the exclusions, the mappings include
an exhaustive mapping of the low-level descendants of
those SNOMED CT concepts that could lead to a different
ICD-10-CM category given ICD-10-CM exclusions and
other rules.

Conclusions

This paper has presented the implementation process of
Dione, an OWL representation of ICD-10-CM, which
uses SNOMED CT/ICD-10-CM mappings to formalise
the ICD-10-CM diseases categories and their inclusion
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terms. The main hypothesis guiding us is: (H1) It is possi-
ble to code, as OWL axioms, the ICD-10-CM inclusion
terms obtained from SNOMED CT/ICD-10-CM map-
pings and use these OWL axioms to build an OWL
representation of the ICD-10-CM diseases. Therefore,
we have used an automatic process to build a hierarchy
tree with ICD-10-CM disease categories and their axioms
using the owl:equivalentClass axiom. The main objective
of our approach has been to build a model that can be
used by a reasoner. Therefore, we have also shown that
Dione is consistent and a TBox classification has been
carried out by the ELK reasoner. It is worth noting that
the automatisation of the ICD-10-CM disease categories
is important given that new mappings are continuously
being added to complete Dione, whose initial version is
released with this paper. In its current version, we have
not been able to find validated SNOMED CT/ICD-10-
CM mappings for each ICD-10-CM category and so did
not have correct results in several cases. Therefore, our
first objective is to complete the definition of all classes.
We plan to add more mappings from other ontologies
which will relate Dione with more biological information
from different areas that involve personalised medicine.
BioPortal provides ontologies mapped to ICD-10-CM cat-
egories such as the National Drug Data File (with 2,857
ICD-10-CM mappings) [38], OMIM (with 3,921 ICD-
10-CM mappings) [39], the Human Phenotype Ontology
(with 1,370 ICD-10-CM mappings) [40] and the Regu-
lation of Transcription Ontology (with 61 ICD-10-CM
mappings) [41, 42]. Using the approach presented in this
paper, the mappings can be extracted from BioPortal and
stored in a database. The axioms to be included in Dione
using owl:equivalentClass can be defined with an “affect”
object property or also with the axioms that are defined
in the ICD-10-CM mapped class of the target ontology. It
may also be possible to obtain information from an expert
(i.e. doctor) to complete the definition of some classes.
As a secondary hypothesis, we (H2) obtain a useful
OWL representation which can be used as the basis
for a semantic classification system. This enables a set
of SNOMED CT concepts and their relationships, taken
from EHRs, as input to automatically classify patients’ dis-
eases into an ICD-10-CM category. This has been tested
by including object property assertions in Dione from
the Virgen de la Victoria Hospital’s (Médlaga, Spain) clin-
ical records which have been classified into ICD-10-CM
categories showing the applicability of the OWL repre-
sentation. After completing Dione, we plan to measure
the accuracy of the classification and to study new ways
to improve it. As the development of Dione is ongoing,
further work will include looking at how Dione reason-
ing can assist experts in providing classified information
for ICD-10-CM disease categories from actual use cases
of patient records. Dione should be supported in the
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future by a semi-automatic EHR annotation tool, proba-
bly based on text mining and natural language processing
techniques. Our intention is to use an end-user interface
where the information processed can be displayed in such
a way as to make it easily understandable to specialists
in the field. This application could provide functionali-
ties which allow users to make specific OWL queries such
as: “Find a disease which affects a body structure (find-
ing site) like “Systematic circulatory system structure (body
structure)” AND hasDefinitionManifestation “Finding of
increase blood pressure (finding)”. These kinds of queries
can be used to retrieve an ICD-10-CM disease category
that has the same definition in Dione and also, to automat-
ically generate a list of possible ICD-10-CM categories in
which the instances from real clinical records can be clas-
sified. Finally, we will study how Dione could be combined
with other techniques such as SWRL (Semantic Web Rule
Language) rules [43] and probabilistic databases in order
to develop a diagnostic assistance tool.

Endnotes

! Dione is available at http://www.khaos.uma.es/dione

2 According to the semantics of OWL, this represents
an anonymous class. It has an object property hasDef-
initionalManifestation. At least one value for hasDefi-
nitionalManifestation must be an instance of 24184005
“Finding of increased blood pressure (finding).

3TBox and ABox are known as terminological and
assertion components, respectively. TBox statements
describe the set of Dione classes and properties and ABox
statements are used to describe the instances associated
with those classes and properties.
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