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Abstract
In the context of the SemanticWeb, ontologies have
to be usableby software agents as well as by hu-
mans. Therefore, they mustmeetexplicit representa-
tion and consistencyrequirements. This article de-
scribesa methodfor managing the semanticconsis-
tency of an ontology of brain-cortex anatomy. The
methodology relieson theexplicit identi�cation of the
relationshippropertiesand of the dependenciesthat
might exist amongconceptsor relationships. These
dependencieshaveto berespectedfor insuringthese-
manticconsistencyof themodel.Weproposea method
for automaticallygenerating all the dependentitems.
Asa consequence, knowledgebaseupdatesare easier
andsafer.
Our approach is composedof three main steps:
(1) providing a realistic representation,(2) ensuring
the intrinsic consistencyof the modeland (3) check-
ing its incrementalconsistency. The corner stoneof
ontological modelinglies in the expressivenessof the
model and in the soundprinciples that structure it.
Thispart de�nestheidealpossibilitiesof theontology
and is called realismof representation. Regardlessof
howwell a modelrepresentsreality, the intrinsic con-
sistency of a modelcorrespondsto its lack of contra-
diction. Thisstepis particularly importantassoonas
dependenciesbetweenrelationshipsor conceptshave
to beful�lled. Eventually, theincrementalconsistency
encompassesthe respectof the two previouscriteria
during thesuccessiveupdatesof theontology.
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Context
A symbolicmodelallowsdevelopersto representgen-
eralknowledgeaboutadomainandthemeaningthatis
commonlyassociatedwith it. This knowledgecanbe
usedby itself (e.g.,for teaching),or indirectlyasaref-
erenceto processspeci�c facts(e.g.,to assistqueries
or dataretrieval). In the latter case,symbolic mod-
els areperceivedasa key featureto provide software
assistancefor tasksthatnow requiredomain-awarein-
tervention by a human. As interoperabilityof these
software applicationsis desirable,sharedconceptual
models,andspeci�cally ontologies,play a major role
in a SemanticWeb context [1]. Sincethesemodels

areto be usableby software,they mustmeetexplicit
representationandconsistency requirements.
For medical applications,anatomyprovides a com-
mon referenceusedto reasonaboutpathologyor lo-
calization of functional activity [2, 3]. The Foun-
dation Model of Anatomy (FMA) [4] and Galen[5]
aretwo majorconceptualmodelsthatprovide a sym-
bolic representationof humananatomy. However, nei-
ther of themprovidesa satisfactoryrepresentationof
brain-cortex anatomy. The major sourcesof neuro-
anatomicalknowledgeare paper-basedatlases[6, 7]
andterminologicalsystemssuchasNeuronames[8].

We are working on an ontology of brain-cortex
anatomy. Our goal is more to formalize existing
knowledgethanit is to proposenew anatomicalcon-
ceptsor relationships.Our modelhasbeendescribed
in previouspublications[9, 10]. It comprises304con-
ceptsand 1254 relationshipsthat representthe orga-
nization of anatomicalstructures.Becausethe brain
surfacepresentscomplicatedfolding patterns,typical
anatomicalstructuresaregyri (the bulgesof cerebral
matter, similar to hills), thesulci (thehollow foldings,
similar to valleys)andlobes(setsof gyri).
Ourmodel's taxonomyhierarchyis composedof three
levels. First, thegenericlevel containsconceptssuch
asLobe or Sulcus , andis mainly usedto de�ne the
domainandrangeof therelationships.Second,theab-
stractlevel representsaprototypicalbrainhemisphere,
and containsconceptssuch as Frontal Lobe or
Central Sulcus . Third, the lateralizedlevel is
usedto representleft/right asymmetries,andcontains
conceptssuchasLeft Frontal lobe .
For mereology, the model identi�es several rela-
tionshipssuch as hasDirectAnatomicalPart ,
hasAnatomicalPart , hasSegment and their
properties,inspired from previous theoreticalworks
[11, 12].
Themodelalsorepresentsneighborhoodrelationships
suchasthe separationof two cortical structuresby a
sulcus,anatomicalcontinuity, andsulci connection.

In this context, managingthesemanticconsistency
of the ontology hasbeenone of our main concerns.



Thiswork hasconsistedin checkingthatthemodelre-
�ects reality, and that the relationshippropertiesare
respected.The last point has led us to identify de-
pendenciesamongrelationships.Thisarticledescribes
someof thesedependenciesandproposesan original
methodfor makingsurethatthey arerespectedduring
successiveupdates.This methodconsistsof automati-
cally generatingall thedependentrelationships,which
alsomaketheknowledgebasemaintenanceeasier.
The“Realismof representation”sectiondescribesour
effortsto keepourmodelascloseaspossibleto reality.
The“Intrinsic consistency” sectiondescribestheiden-
ti�cation of dependenciesamongrelationships,and
their representationby implicationruleswhich canbe
usedto generatea self-consistency of a versionof the
ontology. The “Incrementalconsistency” sectionde-
scribeshow to make surethat the successive updates
areall self-consistentandprovide theexpectedmodi-
�cations.

Realismof representation
The adequacy of the modelwith respectto somere-
ality is a coreaspectof ontologicalmodeling. It en-
suresthat thede�nitions andthepropositionsderived
from the modelareacceptable.Sincereality is hard
to de�ne andcanberelative,canonicalknowledge[4],
(i.e., derivedfrom generalizationandsynthesisof pre-
vious observations)providesat leasta gold standard
[13]. For ourwork onbrainanatomy, referenceatlases
[6, 7] anddiscussionwith anexpertprovidedthebase
of thecanonicalknowledge.
The correspondencebetweenthe conceptsof a sym-
bolic model and the elementsof some reality is
achieved through an interpretation function [14],
which mapsevery conceptto its individual instances.
The structureof the modelde�nes the possibleinter-
pretationfunctions. A lax model would allow inter-
pretationfunctionsthatassociateconceptsthatdo not
matchgenerallyadmittedknowledgeto concretesit-
uations. Conversely, a restrictive model would dis-
misstheinterpretationfunctionsthatassociatedesired
conceptsto concretesituations.This sectiondescribes
how wetriedtomakeoursymbolicmodelasrestrictive
aspossiblewith regardto anatomicalvariability.

All reality An ontologyis asimpli�ed view of some
reality. However, an ontologyhasto comply with all
thesituationsof thedomainof study. For instance,our
modelof brainanatomyhasto copewith a precentral
sulcuscomposedof two segmentsfor oneindividual,
aswell asa precentralsulcuscomposedof four seg-
mentsfor anotherone.
For our brain anatomyontology, the main dif�culties
lay in left/right asymmetriesbetweenthe two hemi-

spheres,aswell asin inter-individual variability. The
acknowledgmentof this variability and its explicit
representationin our model is particularly apparent
in part/wholeas well as in topologicalrelationships,
wherea distinction hasto be madebetweenmanda-
tory andpossiblerelationships.Necessaryconditions
arerepresentedby theexistentialoperator(

�

). Possi-
ble conditionsare representedby the universaloper-
ator ( � ). For instance,“the precentralsulcus(precs)
musthave a superiorsegment(sup-precs)andan in-
ferior segment(inf-precs),andcanhave anintermedi-
ate(int-precs)anda marginal segment(marg-precs)”
is representedby “all the segmentsof precsaresup-
precsor inf-precsor int-precsor marg-precs;andthere
is a sup-precs;andthereexistsan inf-precs”. In addi-
tion, existenceprobabilitiesfor conceptsaswell asfor
relationshipsarespeci�edwheneverpossible1.
Modelingall reality is prettyeasyby reducingthecon-
straints.Therefore,lax modelsarefavoredhere.

Only reality Ideally, anontologymustnotallow de-
velopersto describethingsotherthanthosein the re-
ality beingmodeled.A modelof anatomythatwould
allow abrainhemisphereto haveany numberof lobes,
or two frontal lobes,cannotbe consideredasa good
model. Therefore,the model hasto enforceenough
constraintsin orderto rejectany badinterpretationof
thereality. Wetook thispoint into accountfor special-
ization,compositionandtopologicalrelationships.
In thetaxonomichierarchy, thedistinctionbetweenthe
generic,abstract,andlateralizedlevels,aswell asthe
considerationthattheconceptsof asamelevel aremu-
tually exclusive (e.g.,a lobe cannotbe both a frontal
lobeanda parietallobe)conformto this principle.
For mereologicalrelationships,both the cardinality
constraintsandthepartitioningprinciple that requires
that anatomicalstructureshave no commonpart also
play important roles. For instance,we do not sim-
ply statethat“a hemisphereis composedof � ve lobes;
frontal lobeis a lobe;parietallobeis a lobe; temporal
lobe is a lobe,occipital lobe is a lobeandlimbic lobe
is a lobe”, asmostsymbolicmodelsof anatomywould
do. Westatedthatahemispherehas� vedirectanatom-
ical partsthatincludeexactlyonefrontal lobe,exactly
oneparietallobe,etc.; these� ve lobesaremereologi-
cally mutuallydisjoint.
For topologicalrelationships,representationusingbi-
nary relationshipsthata sulcusseparatestwo cortical
structures,just asa river separatestwo regions,could
leadto erroneousinferences.Figure1 illustratessuch
situations.If we usea binaryrelationshipto represent
that a sulcusS is a boundaryof a cortical structure

1Mainly from Ono's Atlas [6].



(e.g.,G� ) asshown in themiddlecolumn,thenwe are
unableto infer correctly that S separatesG� from G�

but not from G� . The bottomof Figure1 shows an-
other typical situationwheresomeerroneoussepara-
tions cannotbe ruled out. Therefore,we had to use
a ternaryseparates relationships(right columnof
Figure1).

Intrinsic consistency
Thereareimportantdependenciesamongtherelation-
shipsin our modelof brainanatomy. Thevariousde-
pendencieswecouldidentify aredescribedin the“De-
pendenciesbetweenrelationships”subsection.These
dependenciescanbeseenasconsequencesof theprop-
ertiesof therelationships.
Thesedependenciescouldbemodeledby implication
rules. Examplesof such rules are provided in the
“Consistency rules”subsection.

Dependenciesbetweenrelationships
Specializationdependencies Specialization-related
dependenciesoccurbetweena generalconceptanda
morespeci�c one. Suchdependenciesaresimilar to
thoseof inheritancefor object-orientedmodels. Al-
thoughverysimple,suchdependenciesstill haveto be
takeninto account.
In our model of anatomy, specializationdependen-
cies occur between the three taxonomic levels of
our model. For instance,a Sulcus (genericlevel)
is �lled with cerebro-spinal�uid. Therefore, the
Central Sulcus (abstract level) which is sub-
sumedby Sulcus , is also �lled with cerebro-spinal
�uid, andso arethe Left Central Sulcus and
theRight Central Sulcus (lateralizedlevel).
Specialization dependenciescan also take place
between relationships. Thus, the existence of
thehasDirectAnatomicalPart relationshipbe-
tweentwo anatomicalstructuresimplies that they are
also linked by the broaderhasAnatomicalPart
relationship. Similarly, if a Sulcus isBranchOf
anotherone,bothof themalsohaveto belinkedby the
isConnectedTo relationship.

Dependencies between mereological relation-
ships The dependencies between part/whole
relationshipsare mainly consequencesof the tax-
onomy of mereological relationships (Fig 2) and
of the transitive property of some of them. Par-
ticularly, the isDirect... relationships are
non-transitive sub-relationshipsof transitive ones.
This is a standardpractice both in programming
and in knowledgerepresentation.For example, the
Orbital Pars of Inferior Frontal
Gyrus isDirectAnatomicalPartOf

Inferior Frontal Gyrus . isDirect-
AnatomicalPartOf is a sub-relation of
isAnatomicalPartOf . Therefore, the lat-
ter also holds between the two cortical struc-
tures. Similarly, Inferior Frontal Gyrus
isDirectAnatomicalPartOf Frontal
Lobe . It follows that Inferior Frontal
Gyrus isAnatomicalPartOf Frontal
Lobe . As the isAnatomicalPartOf rela-
tionship is considered to be transitive (whereas
isDirectAnatomicalPartOf isn't), it
also must hold between Orbital Pars of
Inferior Frontal Gyrus and Frontal
Lobe .
Thespatialextensionsof anatomicalstructuresconsti-
tuteanotherexampleof dependencies(Fig 3). Indeed,
thereis a mereologicalhierarchybetweenthe spatial
extensionsof an anatomicalstructure(Fig 4). This
hierarchycombineswith the mereologicalhierarchy
of anatomicalstructures,asmereologicalrelationships
betweenanatomicalstructuresimplies mereological
relationshipsbetween their spatial extensions (Fig
5). For instance, the VisibleCorticalZone
of a cortical anatomical structure isSubAreaOf
the ExtendedCorticalZone of the same
structure. This is true for the PreCentral
Gyrus as well as for the Frontal Lobe . But
since the former isAnatomicalPartOf the
latter, the VisibleCorticalZone (respec-
tively ExtendedCorticalZone ) of PreCen-
tral Gyrus isSubAreaOf the Visible-
CorticalZone (respectively ExtendedCor-
ticalZone ) of Frontal Lobe . This example
shows that dependenciescan occur between re-
lationships such as isVisiblePartOf and
isAnatomicalPartOf that are not sub-relations
of eachother.

Dependencies between topological relationships
The dependenciesbetweentopological relationships
aremainlydueto thetaxonomyof theserelationships.
For instance,if a sulcusseparatestwo cortical struc-
tures,thenthesestructuresalsohaveto becontiguous.
Theduality betweenthecon�gurationof thesulci and
that of the gyri is anotherexampleof dependencies.
However, thesedependenciesare hard to model and
havenotyet beentakeninto consideration.

Combined dependencies Of course,it is alsopos-
sible to combinethe threeprevious kinds of depen-
dencieswhich makes it harder to categorize them.
Thesecombinationsare particularly interestingbe-
causethey involve dependency patternsthataremore
complex than simple sub-relations. For instance,if
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two cortical structuresareseparatedby a segmentof
a sulcus,they arealsoseparatedby this sulcus(e.g.,
PreCentral Gyrus and Superior Frontal
Gyrus areseparatedby Superior PreCentral
Sulcus ; therefore, they are also separatedby
PreCentral Sulcus ), thuscombiningmereolog-
ical andtopologicaldependencies.
Another example of dependency combining both
mereologicaland topological relationshipsalso in-
volvesrelationshipproperties.Two corticalstructures
are anatomically continuous if and only if their
visible partsare externally connected. If one of the
two cortical structuresis an anatomicalpart of a
whole, but the other is not a part of this whole, then
the visible part of the whole can be proved to be
externally connectedto the visible part of the second
anatomicalstructure. Figure 6a shows a schemaof
such a dependency. For example, PreCentral
Gyrus and Opercular pars of Inferior
frontal Gyrus are anatomically continuous.
Since the Opercular pars is an anatomical
part of Inferior Frontal Gyrus and since
Inferior Frontal Gyrus and PreCentral
Gyrus aremereologicallydisjoint (they do not have
any commonpart), they alsohave to be anatomically
continuous. In addition, this inferred relationship
can be used iteratively to apply the sameprinciple
(which is equivalentto usingthetransitivepropertyof
isAnatomicalPartOf ). Figure6b to 6d illustrate
thesuccessiveapplicationof thisprinciple.
This approach can be extended to anatomical
contiguity or the separationof two cortical struc-
tures by a sulcus. Thus, the fact that Central
Sulcus separates Frontal Lobe and
Parietal Lobe can be seen as a consequence
of the fact that Central Sulcus separates
PreCentral Gyrus (a part of Frontal Lobe )
and PostCentral Gyrus (a part of Parietal
Lobe ).
Finally, specializingabstractlevel conceptsinto later-
alizedconceptsalsogeneratesdependencies.

Consistencyrules
The previousdependenciescanbe representedasim-
plication rules. Suchrules, along with the relation-
ship properties,constituteknowledgeaboutanatomi-
cal knowledge. They belongto a level separatefrom
thatconceptsandrelationships.

Theimplicationscanform thebasisof aninference
enginethat automaticallygeneratesall the dependent
conceptsandrelationships.
We maintainonly an abstract restrictedmodelcom-
posedof :

� the conceptsof the abstractlevel (i.e., non lateral-
ized, suchas Central Sulcus and Frontal
Lobe );

� all theindependentrelationships

� a restrictedbaseof asymmetry-speci�cfacts,such
as the different existenceprobabilitiesfor the left
andright intermediateprecentralsulcus.

Typically, it consistsin representingtaxonomicrela-
tionships,directmereologicalrelationships,andtopo-
logical relationshipsamongthesmallestparts.
The extendedabstract model is generatedautomati-
cally. This stepconsistsof inferring all thedependent
relationshipsamongcomposedanatomicalstructures.
59.7%of therelationshipsfrom theextendedabstract
modelareautomaticallycreated[10].
The extendedlateralized model is generatedby ap-
plying specializationrulesfor lateralizationto theex-
tendedabstractmodel.Theserules:

� createthe lateralizedconceptsas subconceptsof
those de�ned on the abstract level (e.g., Left
Frontal Lobe and Right Frontal Lobe
aresubsumedby Frontal lobe );

� addconsistency statements(e.g.,Left Frontal
Lobe andRight Frontal Lobe aretaxonom-
ically disjoint, andFrontal Lobe is equivalent
to Left Frontal Lobe or Right Frontal
Lobe );

� generate all the required relationships (e.g.,
from the statement “Frontal Lobe
hasAnatomicalPart PreCentral
Gyrus ”, we would infer that Frontal Lobe
hasAnatomicalPart Left PreCentral
Gyrus (respectively right) and that Left
Frontal Lobe (respectively right) has-
AnatomicalPart Left PreCentral
Gyrus (respectively right)).

Incrementalconsistency
Managingincrementalconsistencyconsistsin making
surethatintrinsicconsistency is still respectedafteran
updateof theknowledgebase,andthattheresultmeets
the“realismof representation”requirement.It canbe
reducedto answeringthefollowing questions:

1. Does every concept and relationships that we
wantedto addbelongto the model? For instance,
if we adda part for a gyrus,we want this structure
to beapartof everyanatomicalconceptthegyrusis
a partof.
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2. Did the consistency rulesgenerateany conceptsor
relationshipsthat do not correspondwith anything
in canonicalknowledge?For instance,a wrong in-
ferencerulewill generateerroneousrelationships.

3. Hasevery conceptandrelationshipthatwe wanted
to removeactuallydisappeared?

4. Did weremovefrom themodelmorethanweshould
have?For instance,removingarelationshipin order
to �x themodelhasfor consequenceof removingall
the dependentrelationships,someof which being
right.

Becausethisstepconsistsin comparingtheresultwith
canonicalknowledge,it hasto beperformedmanually
by a (human)domainexpert. However, a simpletool
hasbeendevelopedto assistthis task.

Every updateof the knowledge baseonly takes
placein therestrictedabstractmodel.Theabstractand
lateralizedextendedmodelsarethenregeneratedauto-
matically. A simpleXML Stylesheethelpsthedomain
specialistto comparethem with their previous ver-
sions.As a result,anHTML pageis generatedwhich
explicitly representsin greenall theconceptsandrela-
tionshipsthathavebeenadded,andin redthosewhich
havebeenremoved,similar to thediff command.

Discussion
As we are confrontedwith an increasingnumberof
conceptsandrelationships,maintainingtheontology's
consistency becomesmoreandmoredif�cult. In ad-
dition, thegrowth of themodelis complicatedby the
needto adda lot of integrity constraintsto themodel
sothatit is not too lax. Therefore,ourapproachseems
to bemoreandmorerelevant.
Unfortunately, to our knowledge, none of the main
symbolic models of anatomy such as the Digital
Anatomist FoundationalModel and Galen supports

an explicit representationof the dependenciesamong
conceptsor relationships.Thispoint isparticularlyim-
portant,sincebothof theseontologieshave to handle
conceptsandrelationshipsthat numberin the tensof
thousands.Galen'ssanctioningstatements[15] areas-
sertionspreventingimpossiblesituations(e.g., “frac-
tureof theeyelid”) or redundantones(e.g.,“the hand
which is a part of the arm”). They play an important
role in Galenconsistency, but do notaddresssemantic
dependenciesbetweenrelationships.
Although our approachhas only beenapplied to a
modelof the brain cortex, it seemsthat the principle
couldbeextendedtoany anatomicalmodel.Moreover,
it couldalsobeextendedto otherdomains.However,
anatomicalknowledgeis ratherstable.Otherdomains
suchaspathologyor the studyof brain functionsare
morelikely to evolve,whichwould requirein addition
amanagementof obsolescence–somethingwehaven't
studied.
In additionto beingusedin speci�c domains,identi-
�cation of semanticdependenciesis alsoof particular
importancewhenestablishingmappingsbetweendo-
mains.For instance,pathologylocatedin a partof an
anatomicalstructuremay alsoneedto be recognized
aslocatedin theanatomicalstructureoverall. Schulz
providesan interestinganalysisof this kind of prob-
lems[16, 17]. Thesecapabilitiesareneededconsider-
ing theroleof anatomyasalocalizationreference,and
its usein applicationcontexts that requireautomatic
reasoning.
The dependenciesidenti�ed in this article, and their
usageto maintainsemanticconsistency of ananatomic
model are beyond the scopeof logical consistency-
checkingtoolssuchasConsVISor[13] or FaCT2. For
instance,ConsVISorwould not issueany warning if
thecentralsulcusseparatestheprecentralandpostcen-
tral gyri but not thefrontalandparietallobes.
This paperdescribesthe managementof consistency

2http://www.cs.man.ac.uk/ � horrocks/FaCT



from the modelingpoint of view. It doesnot rely on
any representationformalism. However, it turnedout
that the consistency rules could not be easily repre-
sentedin ontologylanguagessuchasOWL [18]. Ex-
tensionssuchas RuleML3 or SWRL4 could provide
very interestingfuture extensions.They would allow
to representexplicitly someconsistency constraintsto
mapanatomyto pathology(e.g.,to expressthat a tu-
mor locatedin apartof anorganhasalsoto beconsid-
eredasa tumorlocatedin theorganitself).
The functionality of the script usedfor managingthe
incrementalconsistency is similar to that of the diff
commandor of thePROMPT plugin for Prot́eǵe [19]
(but less�e xible). However, the usageof a speci�c
modelingenvironmentis beyondthescopeof thisarti-
cle.
By automaticallygeneratingmorethan59%of there-
lationships,our approachmakesthe taskof the cura-
tor easier, lesserror-proneandhopefully lesstedious.
However, choosingthe appropriatemodi�cations in
the abstractrestrictedmodel requiresa good under-
standingof theexistingdependency rules.Hereagain,
it is possibleto devisesometoolsfor assistingthecu-
ratoranddetectingany principleviolation. Eventually,
if any problemis detectedby thedomainexpertduring
the enforcingof incrementalconsistency, the curator
will be in charge of determiningif it comesfrom a
modelingerroror from anerroneousrule.

Conclusion
Oureffort to identify explicitly thepropertiesof there-
lationshipsweused,aswell astheexperienceof build-
ing theontology, allowedus to identify dependencies
amongconceptsand relationships.The explicit rep-
resentationof thesedependenciesis importantfor the
representationof thesemanticsof thedomain.In addi-
tion, it turnedout thatit canbehelpfully usedto assist
in the managementof the knowledgebaseandto en-
surethemodel'ssemanticconsistency.
Themethodweadoptedconsistsin maintainingonly a
coresetof independentconceptsandrelationships.All
thedependentitemsarethenautomaticallygenerated.
A domainexpert still have to manuallyscreenthe re-
sult in orderto make surethatit is correctwith regard
to canonicalknowledge.
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