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Abstract: Ontology design is an important aspect of meditarmatics, and reusability
is a key issue that is determined by the levelamfigatibility among ontology
concepts and among the theories of the biomedigalath they convey. In
this article, we examine OpenGALEN, the UMLS Sermantetwork,
SNOMED CT, the Foundational Model of Anatomy, arg: tMENELAS
ontology as well as descriptions of the biomedidamain in two general
ontologies, OpenCyc and WordNet. Using the reptasien ofBloodin each
system, we examine issues in compatibility amongsehontologies. The
presence of additional knowledge is also illusttaEnd some issues in
creating and aligning biomedical ontologies arewdlsed.

Key words: Biomedical ontology, biomedical knowledge reprgadon, GALEN, UMLS,
SNOMED CT, Foundational Model of Anatomy.

1 INTRODUCTION

The purpose of biomedical ontology is to study classes of erfiies
substances, qualities and processes) in reality which are ofedbicah
significance. Examples of such classes include substandesistiee mitral
valve and glucose, qualities such as the diameter of thecletricle and the
catalytic function of enzymes, and processes such as bloodatimouhnd
secreting hormones. Unlike biomedidarminology whose purpose is to
collect the names of entities employed in the biomedical ohorbeomedical
ontologyis concerned with the principled definition of biological classes
the relations among them. In practice, as they are more than lists of terms but
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do not necessarily meet the requirements of formal orgamzate many
products developed by biomedical terminologists and ontologists fzlie
between terminologies and ontologies and constitute an “ontology gradient”.
Ontologies may be categorized according to the domain they eapaas
the level of detail they provide (Figure Xpeneral ontologiegepresent
knowledge at an intermediate level of detail independentlyspkaific task.
In such ontologies, upper levels reflect theories of time andesgac
example, and provide notions to which all concepts in existing ontologies are
necessarily relatedDomain ontologiesrepresent knowledge about a
particular part of the world, such as medicine, and shouléctethe
underlying reality through a theory of the domain represented. inal
ontologies designed for specific tasks are cabgqblication ontologies
Conversely, reference ontologiesare developed independently of any
particular purpose and serve as modules sharable across domains.

Upper
Level
Ontology

AY
General®,
Ontology *,

Domain
Ontology

Figure #2.5-1Kinds of ontologies

Core categories should be sharable across ontologies. Lowes t#vel
upper level ontologies as well as general categories shoubdrbpatible
with the equivalent semantic areas in the corresponding domaimgietl
For exampleDiseasein a general ontology should be compatible with that
concept in a biomedical ontology. In addition, generic theories aa- me
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level categories should be shared by every type in every owtokuy
example, a representation of anatomy should re-use a generg tifeo
spatial objects. In turn, as anatomy is central to biomedicinessehtially
stable, an ontology of anatomy can serve as a referencenfologies
relying on a representation of the human body, e.g., for an ontology of
Diseases. In practice, however, these ideals are not alwhieyed. More
generally, constructing biomedical ontologies that accommodatelédgey
sharing by both humans and computer systems is challenging.

Ontologies play a fundamental role in medical informatics rekea
(Musen 2002), contributing, for example, to natural language wioCceS
(e.g., Hahn et al. 1999), interoperability among systems (e.g., Degoualle
1998), and access to heterogeneous sources of information, including the
Semantic Web (e.g., Pisanelli et al. 2004). Increasingly, ayitd act as
enabling resources in a variety of biomedical applications.

The objective of this paper is not to examine how applicationgfibe
from using ontologies, but rather to present the characteridtazame major
biomedical ontologies. In particular, we investigate how exjstintologies
give differing views of the biomedical domain. First, we examihe
representation of biomedicine in general systems such as Opem@yc
WordNet. We then describe three systems in the biomedicahidpm
GALEN, the UMLS, and SNOMED CT. A reference ontology, the
Foundational Model of Anatomy, is also explored. Finally, as an exaaofipl
an application ontology, we examine the MENELAS projecteAf brief
presentation of the characteristics of these ontologiesyokealt the concept
Bloodin each system to illustrate common features and differelsse®s in
building a single, sharable framework for representing biomedical
knowledge are discussed.

This study was conducted at the U.S. National Library of Medicis
part of the Medical Ontology Research project (Bodenreider 20@1ifh
focuses on developing methods for acquiring biomedical ontologies from
existing resources and for validating them against other know/lsolgrces.
References for the ontologies presented in this paper deel lis the
appendix (Table 3) along with a summary of their main charattsri
(Table 4). It is beyond the scope of this paper to presem¢cthaiques (e.g.,
description logics and frames) and tools (e.g., Protégé) useepi@senting
ontologies. The interested reader is referred to referemoes as (Sowa
2000; Brachman and Levesque 2003).
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2. REPRESENTATION OF THE BIOMEDICAL
DOMAIN IN GENERAL ONTOLOGIES

2.1 OpenCyc

Cyc® a general ontology developed by Cycorp, Inc., is built around a
core of more than 1,000,000 hand-coded assertions (expressed in the formal
language Cycl) that capture “common sense” knowledge andeemabl
variety of knowledge-intensive applications. “Microtheories® groups of
assertions sharing a common set of assumptions focused accarding t
particular parameter, such as domain, level of detail, roe tinterval.
OpenCyc; the upper level, publicly available part of the ontology, costai
6,000 concepts and 60,000 assertions about those concepts.

In OpenCyc as illustrated in Figure Phing the universal set, is the
collection of everything.Thing is partitioned intoSet or collectionvs.
Individual on the one hand ardtangiblevs. Partially tangibleon the other.
Entities in OpenCyc are both represented as instances oé gpfSanceris
an instance of the typeDisease Type (#$isa #$Cancer
#$Di seaseType) and organized in class/subclass hierarchigsgenl s
#$Cancer  #$Ai | nent Condi tion). Further specification may be
provided by functionsCancerFn for example, expresses that body parts can
be the location of cancers. This function has domain animal body guaalt
range specific cancers: e.g#$Cancer Fn #$Throat ) .

C3——C1  #$genls
........ #$isa

Tangible thing

Intangible
individual

Figure #2.5-2Top level in OpenCyc (partial representation)

Microtheories such aBiology or Ailment are relevant in the biomedical
domain and have two primary benefits: (1) some assertions have
microtheories as arguments: Everything true/ertebrate Physiology is
also true inAilment and (2) some entities have distinct representations under
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distinct microtheories: inAnimal Physiology, subordinates ofSensor
include Nose Skin andEar, while in Naive Physics they includeTactile
sensorandElectromagnetic radiation sensor

2.2 WordNet

WordNef® is an electronic lexical database developed at Princeton
University (Fellbaum 1999) that serves as a resource foicapphs in
natural language processing and information retrieval. Thestareture in
WordNet is a set of synonyms (synset) that represents one ungerly
concept. Synset formation is based on synonymy (one meaning expressed by
several words) and polysemy (one word having several distieahimgs).
There are separate structures for each linguistic categmsred: English
nouns, verbs, adjectives, and adverbs. For example, the adjectia¥ ‘ard
the noun “kidney,” although similar in meaning, belong to two distinct
structures, and a specific relationship, “pertainymy,” relatesstbdorms.

The current version of WordNet (2.0) contains over 114,000 noun synsets
categorized into nine hierarchies, each starting with a “uniquartagi(see
Figure 3). Each synset in the noun hierarchy belongs to at leastotiee
(hyponymy) and may additionally belong to sevepalt-of-like trees
(meronymy). Hyponymy relations are established between synsetsliag
to the following definition: A concept represented by the syphset...} is
said to be a hyponym of the concept represented by the synset {yiy
native speakers of English accept sentences constructedrénmsf such as
“An x is a kind of y” (Fellbaum 1999). WordNet has been influeniogd
cognitive psychology as well as linguistics, and its hieiaschre not based
on formal ontology theory. Gangemi et al. (2001) provide an ontologica
analysis of WordNet's top level and propose a revised, principtedday.

Abstraction

Act

Entity

Event

Group

Phenomenon
Possession
Psychological feature
State

Figure #2.5-3Top level in WordNet ("unique beginners")
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Many concepts that represent health disorders in medical termemlog
when present in WordNet, are categorized appropriately; %ample,
Leukemiais a hyponym ofCancer(Burgun and Bodenreider 2001a; Burgun
and Bodenreider 2001b). However, in some instances a medical sign or
symptom appears only as a hyponym of a non-medical concept: the
hypernym ofVasoconstrictiondecrease in the diameter of blood vessels) is
Constriction This view emphasizes physical mechanism rather than
pathology, and as a consequence, there is no formal relationshipebetwe
Vasoconstrictiorand the biomedical domain in WordNet.

3. EXAMPLES OF MEDICAL ONTOLOGIES

3.1 GALEN

GALEN (Generalised Architecture for Languages, Encyclopaedias,
Nomenclatures in medicine) is a European Union project (1992-1999) that
seeks to provide re-usable terminology resources for clinisaéms. An
ontology, the Common Reference Model, is formulated in a spamiali
description logic, the GALEN Representation and Integrationguage
(GRAIL), and is a core feature of GALEN (Rector et al. 199is
ontology aims to represent “all and only sensible medical contepts
independently of any application. OpenGALEN provides a point of a¢oes
the GALEN Common Reference Model and to descriptions and
specifications of the GALEN technology.

A key feature of GALEN is that it was constructed by definihg
representation formalism and top level knowledge before populdtimg
ontology. In addition, unlike traditional terminological resouregsose
terms are pre-coordinated, GALEN essentially provides tiieibg blocks
required for describing terminologies, as well as a mechamisgombining
simple concepts. For example, the concéydsnocyteand Thyroid gland
are present in GALEN. However, instead of providing an explicit
representation foAdenocyte of thyroid glandGALEN indicates that it can
be described by a combination of concepfglehocytewhich <is structural
component of Thyroid gland >). The current version of OpenGALEN
(December 2002) contains about 25,000 concepts. The GALEN ontology has
been used for representing complex structures such as descripf
medical procedures (Trombert-Paviot et al. 2000).

The major division in top level categories (Figure 4) idween
Phenomenonwhich subsumes structures, processes and substances, and
Modifier Concept The latter notion is used to distinguish concepts that
represent things with independent existence (physical objectexémple)
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from dependent concepts such as modifieMild( severity, states
(Pathological statg or roles [nfective rolg. In addition to a hierarchy of
categories, GALEN provides a rich hierarchy of associatlationships
used to define complex structures. Its representation of panélations is
particularly developed (Rogers and Rector 2000), includisgy surface
division (Hand has- surface-di vi si on Pal m), has solid division (Hear t
has- sol i d-division Cardi ac Sept um), has layer (Heart has-I| ayer
Myocar di um), has blind pouch division (Caecum has-bli nd- pouch-
di vision Appendix Verniforms), has linear division (I ntestine
has- i near-divi si on Jej unum), has specific structural component (Knee
Joint has-specific-structural -conponent Patella), and is
specifically made of (Blood d ot i s-specifically-nmade- of
Coagul at ed Bl ood).

Domain Categor,

Arbitrary
Body
Construc

Phenomeno

Modifier Concept

CProcess

Generalised
Structure

Generalised
Substance
Substance Or
Physical Structure '
@ StateOr @
Quantity

Figure #2.5-4Top level in OpenGALEN

General Level
Of Specification

i

!

3.2 Unified M edical Language System

The Unified Medical Language Syst8fUMLS)® was developed by the
National Library of Medicine to help health care professionafsl
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researchers access biomedical information from a varietysanfrces
(Lindberg et al. 1993). The Metathesaufus,large repository of concepts,
and the Semantic Network, a limited network of 135 semantic types
integrate over one million concepts from more than a hundred vocasulari
and terminologies (2004AB version). While the structure of each esadsirc
preserved in building the Metathesaurus, equivalent termslustered into

a semantically unique concept. Interconcept relationships ae¥ aherited
from underlying vocabularies or specifically generated. Sinbe t
Metathesaurus imposes no restrictions on sources, it cannatgtbei kind

of organization expected from an ontology. In contrast, the Semantic
Network is developed independently of the vocabularies integratedei
Metathesaurus and serves as a basic, high-level ontologiyefdriomedical
domain (McCray 2003). As illustrated in Figure 5, semantic types the
Semantic Network are used to categorize all UMLS concét€ay and
Nelson 1995).

UMLS Semantic Network

Semantic Type b]

Semantic Type

Network
relationships

Concept Concept
categorization] categorization

Semantic Type cﬂ

\ Inter-concept
Concept 1 relationship Concept 2

UMLS Metathesaurus

Figure #2.5-5The two-level structure in the UMLS

At the highest level, the Semantic Network is organizesurad the
opposition of entities and events, and two single-inheritance rtieea
reflect this distinction. The immediate childrenEitity arePhysical Object
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andConceptual Entitywhile EventhasActivity andPhenomenon or Process
as direct descendants (Figure 6). Each semantic type in therkdtas a
textual definition and appears in one of these hierarchies. In adititibwe
taxonomy, associative relationships in five subcategories afmed
between semantic types: physical (et of, branch_of, ingredient_of),
spatial (e.g.,location_of, adjacent_to), functional (e.g.,treats, complicates,
causes), temporal (e.g.,co-occurs_with, precedes), and conceptual (e.g.,
evaluation_of, diagnoses). Since each Metathesaurus concept is assigned at
least one semantic type, relationships between semanticatigoedefine the
allowable semantics for relationships between concepts (Mc@rad
Bodenreider 2002).

The categorization of concepts by semantic type is subjedhdo
economy principle (similar to the notion of parsimony developed inl&
1995; Swartout et al. 1996)) and has three key features: (1) tBmerost
specific semantic type in the taxonomy is assigned to a corleegt, of
granularity varies across the UMLS (McCray and Hole 1990)D{®) to
single-inheritance tree structure rather than a lattitewslg multiple
inheritance, a Metathesaurus concept cross-categorized by etwantc
types is assigned to both types. (3) Rather than proliferagéingntic types,
concepts that cannot be categorized by existing sibling tygeassigned
their common supertype (McCray and Nelson 1995). The consequences of
the economy principle for representing knowledge in the UMLS are
discussed elsewhere (Burgun and Bodenreider 2001c).
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(Rooy

Eniy)

Conceptua Physical o Phenomenon
; : Activity
Entity Object or Process
CSubstancd
Poisoning
@ @ Machine
P | Activity
Anatomical
o
Organism Group Manufactured
Attribute Attribute
Intellectual Occupation or
Product Discipline

Figure #2.5-6.Top level in the UMLS Semantic Network

Natural

Phenomenon

Daily or
Recreational
Activity

Phenomenon
or Process

Activity

3.3 The Systematized Nomenclature of Medicine

The Systematized Nomenclature of Medicine (SNOMELEIinical
Term§ (SNOMED CT), developed by the College of American
Pathologists, was formed by the convergence of SNOMED RTCéinical
Terms Version 3 (formerly known as the Read Codes). SNOMEIs @le
most comprehensive biomedical terminology recently developed ivenat
description logic formalism. The version described here (Jar8igrg2004)
contains 269,864 classesamed by 407,510 namieSNOMED CT is now
available as part of the UMESt no charge for UMLS licensees in the U.S.
It is therefore likely to become widely used in medical informatimtesns.

Each SNOMED CT concept is described by a variable number of
elements. For example, the clagsal meningitishas a unique identifier
(58170007), two parentdnfective meningitisand Viral infections of the
central nervous system several namesV(ral meningitis Abacterial

! SNOMED CT has a total of 357,135 classes of whig9,864 are “current”

2 Among the 957,349 names in SNOMED CT, 407,510espond to the 269,864 “current”
classes, excluding fully specified names and keppily names whose status is “current”

3 http://umlisinfo.nim.nih.gov/
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meningitis and Aseptic meningitis, viral The roles (or semantic relations)
present in the definition of this concept are listed in Table 1.

Table #2.5-1Roles present in the definition \gfral meningitis

Role Value

Causative agent Virus

Associated morphology  Inflammation

Finding site Meninges structure

Onset Sudden onset;
Gradual onset

Severitiy Severities

Episodicity Episodicities

Course Courses

SNOMED CT consists of eighteen independent hierarchiesctigit, in
part, the organization of previous versions of SNOMED into sasech as
DiseasesDrugs, Living organismsProceduresand Topography The first
level concepts are listed in Table 2 with their frequency digtaibu

Table #2.5-2.The eighteen top-level concepts in SNOMED CT ahdirt frequency
distribution

Top-level concepts Frequency
Attribute 991
Body structure 30,652
Clinical finding 95,605
Context-dependent categories 3,649
Environments and geographical locations 1,620
Events 87
Observable entity 7,274
Organism 25,026
Pharmaceutical / biologic product 16,867
Physical force 199
Physical object 4,201
Procedure 46,066
Qualifier value 8,134
Social context 4,896
Special concept 178
Specimen 1,053
Staging and scales 1,098

Substance 22,267




12 Chapter #2.5
34 Foundational Model of Anatomy

Development of the Foundational Model of Anatomy (FMA) at the
University of Washington grew out of earlier work to enharnbe
anatomical content of the UMLS. By focusing exclusively on the
representation of structure, the FMA expects to serve asfeaence
ontology, i.e., to allow other ontologies of which anatomy is apoorant to
be aligned with it (Rosse and Mejino 2003). Specifically, tbel @f the
FMA is to provide a conceptualization of the material objects and spetes t
constitute the human body. It integrates an Anatomical Ontolody twib
much smaller structures: the Physical State Ontology and plagiab
Ontology. The latter represents geometric objects and thmesndional
shape classes, and also distinguishes between bona fide (reaflatand
(virtual) boundaries of volumes, surfaces, and lines. Thetofmeal
Ontology contains nearly 70,000 concepts originally limited tosgr
anatomy and is now being extended to cellular and sub-cellulappiema.
FMA is implemented in Protégé a frame-based ontology editing
environment developed at Stanford University.

Definitions of physical anatomical entities in the Foundatidhatiel of
Anatomy are formulated by specifying constraints (Michael e2@01)
based on spatial dimension, mass, and inherent three-dimensional shape, a
well as the structural units that make up the body. Relationdmipgever,
are constrained to the structural organization of physical aiGtbentities.
The top level of the taxonomy Knatomical entitywhich is divided into
Physical anatomical entitand Non-physical anatomical entitfFigure 7).
Physical entities have spatial dimension, while non-physicdiesntsuch as
Developmental stagalo not. Further distinction is made between physical
entities that have mass, such as anatomical structures and bothneebs
(Material physical anatomical entty and those that do not, including
anatomical spaces, surfaces, lines, and poihsn{naterial physical
anatomical entity The attribute of inherent three-dimensional shape
contrasts anatomical structures, which are objects, with body substanc

4 http://protege.stanford.edu/
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Anatomical entit
Physical Non-physical
anatomical entit anatomical entit
Material physical Non-material physical
anatomical entit anatomical entity
Anatomical Body
structure substance

Figure #2.5-7Top level in the Foundational Model of Anatomy @snmical taxonomy)

In addition to the anatomical taxonomy, hierarchies have been formulated
using the transitivepart-of relation as well as two anatomical relations,
branch-of and tributary-of, which represent relationships among tree-like
structures such as nerves, arteries, veins, and lymphaselse Moreover,
the FMA extends these relationships to boundary, orientation, corityectiv
and location; the latter is specified using containment, adfgceand
anatomical coordinates (Mejino et al. 2001).

35 MENELAS ontology

MENELAS, a European Union project for accessing medical redords
several European languages (Zweigenbaum 1994), takes a knowledde-bas
approach to natural language understanding. A pilot application ogveri
coronary artery disease has been developed, and resources ftedrese
conceptual graphs) include domain-specific syntactic and senhaxitions
as well as an ontology of coronary artery diseases enhancedtmwittured
encyclopedic knowledge for each concept.

The MENELAS ontology (see Figure 8 for the top level) Ba®00
concepts and 300 relationship types acquired from several sourdedingc
interviews with physicians, reuse of existing terminologieslources, and
corpus analysis. It was initially developed as a latticeugiid et al. 1994);
however, to avoid ambiguities due to multiple inheritance, the iplascof
opposition of siblings and unique semantic axis were later adoptatinde
to a tree structure (Zweigenbaum et al. 1995). Concept labels in tlegynt
are simply mnemonic; the actual meaning of a concept comes ifsom
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position in the hierarchy. For exampRhysical objects a child ofAbstract
object which in turn is a child oBubstratumThe latter concept is defined
as having instances in the world and is opposedeal object Appleis an
Abstract objectwhereasTwois anldeal object

Abstract object
Intentional object Physical object

Figure #2.5-8.Top level in MENELAS

Relations are categorized according to the kinds of concepjslitik.
Relations between physical objects, for example, link nudgscts and
countable objectscdntains, has for dosage, andconstituted of) or real objects
and pseudo-objectsomponent of). The part of relation links any kind of
physical object and has childreart fragment andpart segment. There is also
a relation,functional part, to represent functional viewpoints. Models and
schemas provide additional knowledge, which may be limited to thaidem
specific and task-oriented context of the MENELAS application: Fo
example, the model for organ component includes the notion of duct in order
to accommodate the coronary arteries.

4, REPRESENTATIONS OF THE CONCEPT BLOOD

Having discussed the general characteristics and top |eaiaation of
several ontologies, we now examine the representation of bloodese th
systems and analyze the differences among representationslsdVehow
how most ontologies provide a rich representation compared eie m
taxonomies by including additional knowledge.
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4.1 Blood in biomedical ontologies

What makes the representationBbbod interesting is the dual nature of
blood as both tissue and fluid, a dichotomy reflected in medicabuizzy
definitions: (1) “the fluid that circulates through the hgaarteries,
capillaries, and veins, carrying nutriment and oxygen to the loedy”
(Dorland’s); and (2) “the ‘circulating tissue’ of the bodigetfluid and its
suspended formed elements that are circulating through the adertes,
capillaries, and veins” (Steadman’s). In the following discussion,
comparison of the ontologies is based on textual and formalitaefs of
Blood as well as ontological properties of that concept.

Although not represented as a typ€ipenCyc, Bloodis a specialization
of Mixture, along withMud, Air, andCarbonated beveragé€Blood referring
to lineage is represented separateMikture is a subclass oPartially
tangibleand represents a homogeneous, partially tangible thing composed of
two or more different constituents which have been mixed. Bed#ise
constituents do not form chemical bonds, a mixture may be resolvad by
separation event. As a mixtupodis an element of the collectidxisting
stuff type( #$i sa #$M xture #$Exi stingStuf f Type), which implies
that division in time or space does not destroy its stuff-like itgudh
OpenCycBloodis represented differently froBweatandSemenwhich are
subordinates oBodily secretionIn addition,Sweat considered as a waste,
is also a descendant Bkcretion substance

Blood is defined inWordNet as “the fluid (red in vertebrates) that is
pumped by the heart. Blood carries oxygen and nutrients to thegiasd
carries waste products away; the ancients believed that blaothevaeat of
the emotions.” There are five other meanings of “blood,” including one
referring to temperament or disposition. The direct hypernymBlobdd is
Liquid body substancgThe complete hierarchy fdlood in WordNet is
given in Figure 9a.Blood Sweat and Semen are categorized dsiquid
body substanceUnlike Blood Sweatis linked toLiquid body substance
through the syns@&ecretion

In OpenGALEN, Blood is a subordinate ofoft tissueas well as
Lymphoid tissue Integument and Erectile tissue,among others. The
hierarchy forBlood in GALEN appears in Figure 9b. This structure is
actually a lattice, sinc&ubstancds the common subtype @eneralised
substanceand Substance or physical structyréoth being subtypes of
Phenomenaonin GALEN, Blood is represented differently fro@weatand
Semenwhich are subordinates Bbdy fluid

Blood has the semantic tygassuein theUML S Metathesaur us, which
is defined as “An aggregation of similarly specializediscand the
associated intercellular substance. Tissues are edation-localized in
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comparison to body parts, organs or organ componeffissueis a
subordinate ofully-formed anatomical structuran the Semantic Network
(Figure 9c has the entirea hierarchy foiBlood). In the UMLS,Bloodis not
assigned the same semantic typ&agatandSemenwhich are categorized
as Body substanceMoreover, in the Metathesaurus, ancestorSBloiod
includeBody fluid Body substange&oft tissueandConnective tissue

In SNOMED CT, Bloodis found in the concept categdsybstanceas a
subordinate of Blood material as well asBlood component (The
hierarchical environment fd8loodin SNOMED CT is given in Figure 9d.)
Multiple inheritance allow8ody fluid an ancestor ddlood to inherit from
both Body substanceand Liquid substance These two concepts are
descendants of the top level categBobstanceSubordinates dBody fluid
also includeéSweatandSemenas well asymphandPus

The Foundational Model of Anatomy (FMA) representBlood as a
subordinate oBody substancewhich is defined as “a material physical
anatomical entity in a gaseous, liquid, semisolid or solite staith or
without the admixture of cells and biological macromoleculesglyced by
anatomical structures or derived from inhaled and ingested msubstéhat
have been modified by anatomical structures as they passhhiwibody.”

In addition toBlood, this definition covers other cellular fluids, such as
Semen as well as secretions (e.galiva and Swea}, transudates (e.g.,
Lymph andCerebrospinal fluigl, excretions (e.gkecesandUrine), along
with Respiratory airandAqueous humor of eyebailoodis not considered
to be a tissue in the FMA. The complatea hierarchy for Blood is
represented in Figure 9e, and this lineage is distinct fromahatssue
largely because substances, as defined in the FMA, do notimfasent
three-dimensional shapeTissue inherits properties from its ancestor
Anatomical structure which is a sister ofBody substanceand is
differentiated from it by the feature inherent 3D shape.

In MENELAS, Blood (along withLympH is a subordinate dody fluid
The ancestors d@lood can be found in Figure 9f. One of thelslass object
has three subtype#gglomerate(divided intolnorganic agglomerateand
Organic agglomerate Substance(Biochemical substancand Chemical
substanck andTissue(Body fluidand Connective tissyeBlood as a child
of Body fluid belongs to a different branch from the one dominated by
SubstanceFurthermore, Tissue defined as a set of cells, is differentiated
from Substancedefined as a set of molecules. A “model” (which provides
additional knowledge) is associated with the concBptly fluid and
emphasizes one property of fluids, namely viscostyeature pertinent to
natural language understanding in the MENELAS application. The
representation oBody fluidas tissue in MENELAS is noncanonical, given
that other ontologies separate fluids and substances from t&sonis
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outside the scope of this application ontology for interpretiagpreary
angiography reports, whileSweat is categorized asCutaneous sign
(sweating), rather thaBubstance

Blood a. WOI’dNet Blood d S'VOM ED CT
» Liquid body substance » Blood material
e « Body substance e« Body fluid
e e+ « Substance e + « Body substance
e ¢ o o Entity e ¢ « + Substance
* Soft tissue * Body substance
e « Tissue e « Material physical anatomical entit
e + « Body substance e ¢ « Physical anatomical entity
e« ¢ +  QOrganic substance e + « « Apatomical entity
e ¢  « « Substance
e + o « o « Generalised substancg Blood f. MENELAS
e ¢ o o ¢ o o Phenomenon Body fluid
Tissue
Blood c. UMLS + Mass object

o Tissue

¢ Fully-formed anatomical structure
e« Anatomical structure

e + « Physical object

e ¢ o o Entity

* Real object

¢ « Physical object

e « « Apstract object
e ¢ ¢ o Substratum
e o o o o Ent|ty

Figure #2.5-9 Representation @loodin several biomedical ontologies
4.2 Differing representations

The differing representations @lood in several systems raise issues
about compatibility among ontologies. Obviously, the representatiorosi
concepts is simpler than that Blood and the ontologies studied often
provide compatible views on the biomedical domain. What makes the
representation oBlood more complex is that two different superordinates
are found:Tissueand Body substanceGALEN and the UMLS Semantic
Network categorizeBlood as Tissue while the Foundational Model of
Anatomy categorizes it &ody substancdn between, WordNet, SNOMED
CT and MENELAS categoriz8lood as Body fluid itself categorized as
Body substanci WordNet and SNOMED CT, but dsssuein MENELAS.
Finally, in GALEN, Tissueis a subtype oBody substanceA composite
representation d8loodis shown in Figure 10.
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Extracellular material, or mixtures of cells and
extracellular material, produced, excreted, or
accreted by the body. [UMLS]

Material physical anatomical entity in a
gaseous, liquid, semisolid or solid state, with
without the admixture of cells and biological
macromolecules; produced by anatomical
structures or derived from inhaled and ingestd
substances that have been modified by
anatomical structures as they pass through the
body. Examples: saliva, semen, cerebrospinal

=

o

An aggregation of similarly specialized cells
and the associated intercellular substance.
Tissues are relatively non-localized in
comparison to body parts, organs or organ
components. [UMLS]

Anatomical structure, which consists of
similarly specialized cells and intercellular
matrix, aggregated according to genetically
determined spatial relationships. Examples:
epithelium, muscle tissue, connective tissue,
neural tissue, lymphoid tissue. [FMA]

fluid, inhaled air, urine, feces, blood, plasma,

lymph. [FMA]
SNOMED CT

Material physical
anatomical structure
FMA GALEN

ettreserersessssr s sss s sssas s sas s s e Body substance

WordNet

Fully-formed
anatomical structure

WordNet

UMLS

FMA

Figure #2.5-10 Composite representation Bfood

Superficially, this dual representation Bfood as bothTissueandBody
substance does not reveal any major incompatibility, such as circular
hierarchical relationships. However, a unified representation iohBibood
is a common subtype ofissue and Body substancevould violate the
constraint of opposition of siblings. Analyzed more carefully, theniiehs
of Tissuein the Foundational Model of Anatomy (FMA) and the Semantic
Network are closely related but not equivalent (the compglefimitions are
shown in Figure 10). In both systemBissueis a kind of anatomical
structure consisting of “similarly specialized cells aiatercellular
substance/matrix”. The difference between the two systesssih the
precision — found only in the FMA — that this aggregation musbwoll
“genetically determined spatial relationships”. Blood cellsuspension in
plasma or aggregated after sedimentation are indeed rbjnslaecialized
and correspond to the definition dissuein the UMLS Semantic Network.
However, their spatial organization differs from that of guithelium,
muscle tissue and neural tissue in that it is not genlgtidatermined but
rather depend on the characteristics of blood circulation. Tddgi@nal
criterion is particularly relevant for disambiguating thessification of
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Bloodin the FMA. Moreover, the categorizationBibod asBody substance
rather thanTissuein the FMA is consistent with the distinction introduced
betweenAnatomical structure(of which Tissueis a subtype) andBody
substancahrough the property has inherent 3D shapkich is present in
Tissueand absent iBody substance

The representation ofBlood illustrates other differences across
ontologies. While most ontologies represent the prototypical fwrisiood
(i.e., the fluid circulating in the cardiovascular systenGALEN
distinguishes between liquid and coagulated blood. The issueshéed the
properties inherent to fluids are inherited Bipod in WordNet, SNOMED
CT, FMA and MENELAS. As a consequence, if GALEN were integrat
with these representations as shown in Figure Qdagulated blood a
descendant oBlood would wrongly inherit such properties. Analogously,
Body substances likely to represent different entities in FMA and in
GALEN. As mentioned earlierBody substancen FMA is a Material
physical anatomical entitwith no inherent three-dimensional shape. In
GALEN, Body substancés more general, encompassing bdiksueand
Body fluidand defined as a@rganic substancplaying a role in physiology.

4.3 Additional knowledge

Taxonomy, i.e., the arrangement of conceptg-inhierarchies, plays a
central role in ontologies, of which such hierarchies constthé backbone.
In addition to the relative position dBlood in their hierarchies, most
ontologies provide additional knowledge abdlbod through properties
attached to this concept and through the associative relatioBkad to
other concepts. OpenCyc categoriBdsod as aMixture, indicating that it
can be subject to events such &eparation mixture Erythrocyte
sedimentation, resulting from the reversible separationomidotomponents,
is an example of such events. In SNOMED @Ilqod is involved in the
definition of other concepts through specific roles which proeidgitional
knowledge about itBlood can be analyzed (e.gBl ood speci men has
speci men substance Bl ood), can be the object of medical procedures
(e.g., Transfusion of whole blood has direct substance
Bl ood and Finger-prick sanpling has direct substance
Bl ood) and can enter in the composition of clinical drugs (e.g.,
Antithronbin 111 preparation has active ingredient
Bl ood). As a Body fluid in MENELAS, Blood acquires the_viscosity
property.Blood is also a subtype dflass objectand inherits the general
knowledge represented for this type through relations (dags objectnay
be a component ofCountable objegt and properties (e.g., quantity
expressed with quantitative values and units). GALEN identivesdistinct
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physical states foBlood Liquid blood and Coagulated blood (both
represented as descendants Bdood). In addition, Blood inherits the
properties of Body substance (e.g., Body substance plays
physi ol ogical role Organic role). Additionally, GALEN extends
the representation ofBlood through roles such asBlood has
countability Infinitely divisible. This role, inherited from
Substanceexpresses thaBlood is not a discrete object. By categorizing
Blood as Tissuein the UMLS, potential relationships with other kinds of
entities can be inferred from the Semantic Network. Reldtipaf Tissue
to other Semantic Types, result in predicates includiirgsue pr oduces

Bi ologically active substance, Tissue is a location of

Pat hol ogi c function, Enbryoni c structure is a
devel opnental form of Tissue, andTi ssue surrounds Tissue.

In the Foundational Model of AnatomBJood inherits fromBody substance
the valueFalse for the property has inherent 3D shafidne anatomical
structures containinBloodincluding Cavity of cardiac chambendLumen

of cardiovascular systerare represented through relations suclBlasd
contained in Cavity of cardi ac chanber.

S. ISSUESIN ALIGNING AND CREATING
BIOMEDICAL ONTOLOGIES

As more biomedical ontologies are created, users might be tknpte
integrate these sets of concepts and relations into a siygfiem. However,
the analysis of the differences in representatiorBloiod illustrated the
limitations of a naive approach to merging ontologies, even when
representations occur within a single theory of the domain (i.estéive
medicine). While difference in granularity is usually not a prohldiffering
naming conventions, the lack of reliable textual definitions andattie of
explicit and consistently applied classificatory principieay result in
merging difficulties. Additional difficulty is encountered whattempting to
merge ontologies that convey different theories of the doneagn, (VWestern
and Oriental medicine or modern medical knowledge and pre-saentifi
representations of the human body). In this case, the targemsysist be
able to clearly identify the underlying theories and to represesin
separately. Tools have been developed to assist the ontologpmkvid
merging existing ontologies (Noy and Musen 1999).

Ontology design can benefit from two complementary approachss, Fir
some methodologies such as the Protégé software engineering maglgpdol
aim at providing a clear division between domain ontologies and demai
independent problem-solvers that, when mapped to domain ontologies, can
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solve application tasks (Musen 1998). Second, ontologies can be imhprove
by drawing on the results of recent research in philosophy caileahl
ontology. For example, Guarino et al. (2000) have developed methods built
around the fundamental philosophical theories of identity, ungidity and
dependence, that can be used to reduce inconsistencies limerarchies.
Mereotopology, the theory of parts and boundaries, addresses isgaresfin
hierarchies. Exploiting these theories helps design principledlogms.
Applied to the biomedical domain, formal ontology addresses, for example
distinctions between a person and its body, or between being a person and
being a patient. More generally, formal ontology helps createsistent
upper-level ontologies to which domain ontologies can be hooked. For
example, the principles of mereotopology have been applied to the
representation of anatomical structures and subdivisions of the human body.

6. CONCLUSION

Although general ontologies and limited application ontologies may be
useful, biomedical applications (e.g., clinical decision supportesyst
medical language processing and information retrieval) would bdreafi
large, principled domain ontologies. We examined some of the Hioate
ontologies currently available and found that none of them fullgtenthe
requirements of formal organization. Not surprisingly, we obskaveertain
lack of compatibility among their representations. Sevacbrs contribute
to this situation. First, there is no agreement on an upper levabgytto
which a biomedical ontology could hook its concepts. Second, thare i
unique theory of the domain, and some characteristics of biomedizike
it particularly difficult to represent (e.g., large numhsr concepts and
vagueness of some concepts). Finally, pragmatic aspects ttaineformal
principles often prevail in the design of biomedical ontologieke T
contribution of formal ontology has been acknowledged and will
undoubtedly benefit medical ontology. Meanwhile, we believe that
identifying and clarifying the core concepts and relationshiigheodomain
will contribute to improve the sharability of existing ontologésswell as
the interoperability of the applications that rely on them.
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9. APPENDI X

Table #2.5-3References for the ontologies mentioned in thaptdr

Ontology URL

Foundational Model of Anatomy http://fma.biostr.\Wwagyton.edu/

MENELAS http://www.biomath.jussieu.fr/~pz/Menelas/
OpenCyc™ http://www.opencyc.com/

OpenGALEN http://www.opengalen.org/

SNOMED CT? http://www.snomed.org/

Unified Medical Language Syst€m  http://umisks.nlm.nih.gov/
(free UMLS registration required)

WordNef http://www.cogsci.princeton.edu/~wn/



Table #2.5-4Some characteristics of the ontologies mentionetis chapter

Name Verson Date Scope Objective Formalism Number  Number of  Number of
of relation- assertions
concepts shiptypes  (explicitly
repr esented)

OpenCyc¢™ 0.7 Dec. General To support commonsense CycL 6,000 n/a 60,000
2002 reasoning

WordNef 2.0 Aug. General Lexical reference Graph of 152,000 7 344,000
2003 synsets

OpenGALEN 6 Dec. Clinical To support terminology Description 25,000 594 216,000
2002 medicine  services logic (GRAIL)

UMLS® 2004 Nov. Bio- To provide a consistent Semantic 135 54 6864

Semantic (AC) 2004 medicine  categorization of all network

Network concepts represented in the

UMLS Metathesaurus

SNOMED CT° Jan. 31, Clinical Capturing, sharing and  Description 270,000 50 15M
2004 medicine  aggregating health data logic

Foundational Dec. Anatomy Reference ontology Frame-based 70,000 170 S5 M1

Model of 2003

Anatomy

MENELAS Final March Coronary  To support natural language Conceptual 1,800 300 n/a
1995 artery processing graphs

diseases




