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Abstract areto be usableby software,they mustmeetexplicit

In the contet of the SemanticWeb, ontolagies have
to be usable by softwae agents as well as by hu-
mans. Theefore, they mustmeetexplicit representa-
tion and consistencyrequirments. This article de-
scribesa methodfor managing the semanticconsis-
tency of an ontolagy of brain-cortex anatomy The
methodolgy relieson the explicit identi cation of the
relationshippropertiesand of the dependenciethat
might exist amongconceptsor relationships. These
dependencielaveto berespectedor insuringthe se-
manticconsistencyfthemodel.We proposea method
for automaticallygeneating all the dependenitems.
Asa consequencgé&nowled@ baseupdatesare easier
andsafer

Our approach is composedof three main steps:
(1) providing a realistic representation(2) ensuring
the intrinsic consistencyf the modeland (3) ched-
ing its incrementalconsistency The corner stoneof
ontolagical modelinglies in the expressivenessf the
modeland in the sound principles that structuee it.
Thispart de nestheideal possibilitiesof the ontolagy
andis called realismof representationRegardlessof
howwell a modelrepresentgeality, the intrinsic con-
sisteny of a modelcorrespondso its lack of contra-
diction. This stepis particularly importantassoonas
dependenciebetweerrelationshipsor conceptshave
to beful lled. Eventuallytheincrementatonsisteng
encompassethe respectof the two previous criteria
during the successivepdatesof the ontolagy.
Keywords Ontolagy, consistencydependencies

Context

A symbolicmodelallows developerdo represengen-
eralknowledgeaboutadomainandthemeaninghatis
commonlyassociatedvith it. This knowledgecanbe
usedby itself (e.g.,for teaching) or indirectly asaref-
erenceto processspeci c facts(e.g.,to assistqueries
or dataretrieval). In the latter case,symbolic mod-
elsareperceved asa key featureto provide software
assistancéor tasksthatnow requiredomain-avarein-
tervention by a human. As interoperabilityof these
software applicationsis desirable,sharedconceptual
models,andspeci cally ontologies play a majorrole
in a SemanticWeb context [1]. Sincethesemodels

representatioandconsisteng requirements.

For medical applications,anatomyprovides a com-
mon referenceusedto reasonaboutpathologyor lo-
calization of functional actiity [2, 3]. The Foun-
dation Model of Anatomy (FMA) [4] and Galen|[5]
aretwo major conceptuamodelsthat provide a sym-
bolic representationf humananatomyHowever, nei-
ther of them providesa satistctory representatiomof
brain-cortex anatomy The major sourcesof neuro-
anatomicalknowledge are paperbasedatlaseq6, 7]
andterminologicalsystemsuchasNeuronameg$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 previouspublicationd9, 10]. It comprises304con-
ceptsand 1254 relationshipsthat representhe orga-
nization of anatomicalstructures. Becausethe brain
surfacepresentomplicatedfolding patternstypical
anatomicalstructuresare gyri (the bulgesof cerebral
matter similar to hills), the sulci (the hollow foldings,
similarto valleys) andlobes(setsof gyri).
Ourmodel'staxonomyhierarchyis composeaf three
levels. First, the genericlevel containsconceptssuch
asLobe or Sulcus , andis mainly usedto de ne the
domainandrangeof therelationshipsSecondtheab-
stractlevel representa prototypicalbrainhemisphere,
and containsconceptssuch as Frontal  Lobe or
Central ~ Sulcus . Third, the lateralizedlevel is
usedto representeft/right asymmetriesandcontains
conceptsuchasLeft Frontal lobe .

For mereology the model identi es several rela-
tionshipssuch as hasDirectAnatomicalPart ,
hasAnatomicalPart , hasSegment and their
properties,inspired from previous theoreticalworks
[11, 12].
Themodelalsorepresentseighborhoodelationships
suchasthe separatiorof two cortical structureshy a
sulcusanatomicakontinuity, andsulci connection.

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



Thiswork hasconsistedn checkingthatthe modelre-
ects reality, and that the relationshippropertiesare
respected. The last point hasled us to identify de-
pendencieamongrelationshipsThisarticledescribes
someof thesedependencieand proposesn original
methodfor makingsurethatthey arerespectediuring
successie updatesThis methodconsistsof automati-
cally generatingll thedependentelationshipswhich
alsomake theknowledgebasemaintenanceasier
The“Realismof representation$ectiondescribesur
effortsto keepourmodelascloseaspossibleo reality.
The"Intrinsic consisteng” sectiondescribesheiden-
ti cation of dependenciesmong relationships,and
their representatioby implicationruleswhich canbe
usedto generate self-consisteng of a versionof the
ontology The “Incrementalconsisteng” sectionde-
scribeshow to make surethat the successie updates
areall self-consistenandprovide the expectedmodi-
cations.

Realismof representation

The adequag of the modelwith respectto somere-
ality is a coreaspectof ontologicalmodeling. It en-
suresthatthe de nitions andthe propositionsderived
from the model are acceptable.Sincereality is hard
to de ne andcanberelative,canonicaknowledge[4],
(i.e., derivedfrom generalizatiorandsynthesiof pre-
vious obsenations) provides at leasta gold standard
[13]. For ourwork on brainanatomyreferencetlases
[6, 7] anddiscussiorwith anexpertprovidedthe base
of thecanonicaknowledge.

The correspondencbetweenthe conceptsof a sym-
bolic model and the elementsof some reality is
achiesed through an interpretation function [14],
which mapsevery conceptto its individual instances.
The structureof the modelde nes the possibleinter-
pretationfunctions. A lax modelwould allow inter-
pretationfunctionsthatassociateonceptghatdo not
matchgenerallyadmittedknowledgeto concretesit-
uations. Corwversely a restrictve model would dis-
misstheinterpretatiorfunctionsthatassociatelesired
conceptgo concretesituations.This sectiondescribes
how wetriedto make oursymbolicmodelasrestrictive
aspossiblewith regardto anatomicawariability.

All reality An ontologyis asimpli ed view of some
reality. However, an ontologyhasto comply with all

thesituationsof the domainof study For instancepur

modelof brainanatomyhasto copewith a precentral
sulcuscomposedf two segmentsfor oneindividual,

aswell asa precentralsulcuscomposecdf four seg-

mentsfor anotherone.

For our brain anatomyontology, the main dif culties

lay in left/right asymmetriesbetweenthe two hemi-

spheresaswell asin inter-individual variability. The
acknavledgmentof this variability and its explicit
representatiorin our model is particularly apparent
in part/wholeaswell asin topologicalrelationships,
wherea distinction hasto be madebetweenmanda-
tory and possiblerelationships.Necessargonditions
arerepresentethy the existentialoperator( ). Possi-
ble conditionsare representedby the universaloper
ator ( ). For instance,‘the precentralsulcus(precs)
must have a superiorsegment(sup-precsjyndan in-
ferior sggment(inf-precs),andcanhave anintermedi-
ate (int-precs)and a mamginal sggment(marg-precs)”
is representedby “all the segmentsof precsare sup-
precsor inf-precsor int-precsor mamg-precsandthere
is a sup-precsandthereexistsaninf-precs”. In addi-
tion, existenceprobabilitiesfor conceptaswell asfor
relationshipsarespeci edwheneer possiblé.
Modelingall realityis prettyeasyby reducingthecon-
straints.ThereforeJax modelsarefavoredhere.

Only reality Ideally, anontologymustnotallow de-
velopersto describethingsotherthanthosein there-
ality beingmodeled.A modelof anatomythatwould
allow abrainhemispheré¢o have any numberof lobes,
or two frontal lobes,cannotbe considerecas a good
model. Therefore,the model hasto enforceenough
constraintgn orderto rejectary badinterpretationof
thereality. We took this pointinto accountfor special-
ization,compositionandtopologicalrelationships.

In thetaxonomichierarchythedistinctionbetweerthe
generic,abstractandlateralizedevels, aswell asthe
considerationthatthe conceptof asamdevel aremu-
tually exclusive (e.g.,a lobe cannotbe both a frontal
lobe anda parietallobe) conformto this principle.

For mereologicalrelationships,both the cardinality
constraintsandthe partitioningprinciple thatrequires
that anatomicalstructureshave no commonpart also
play importantroles. For instance,we do not sim-
ply statethat“a hemispherés composeaf velobes;
frontal lobeis alobe; parietallobeis alobe; temporal
lobeis alobe, occipitallobeis alobe andlimbic lobe
is alobe”, asmostsymbolicmodelsof anatomywould
do. We statedhatahemispheréas vedirectanatom-
ical partsthatincludeexactly onefrontal lobe, exactly
oneparietallobe, etc.;these ve lobesare mereologi-
cally mutuallydisjoint.

For topologicalrelationshipsrepresentationising bi-
nary relationshipshata sulcusseparate$wo cortical
structuresjust asa river separateswo regions,could
leadto erroneousnferences Figurel illustratessuch
situations.If we usea binaryrelationshipto represent
that a sulcusS is a boundaryof a cortical structure

IMainly from Ono's Atlas [6].



(e.g.,G) asshaowvn in the middle column,thenwe are
unableto infer correctlythat S separate&s from G
but not from G . The bottomof Figure 1 shavs an-
othertypical situationwheresomeerroneoussepara-
tions cannotbe ruled out. Therefore,we hadto use
aternaryseparates relationshipqright columnof
Figurel).

Intrinsic consistency

Thereareimportantdependencieamongtherelation-
shipsin our modelof brainanatomy The variousde-
pendenciewve couldidentify aredescribedn the“De-

pendenciebetweernrelationships’subsection.These
dependenciesanbeseerasconsequences theprop-
ertiesof therelationships.

Thesedependenciesould be modeledby implication
rules. Examplesof suchrules are provided in the
“Consisteng rules” subsection.

Dependenciedbetweenrelationships

Specializationdependencies Specialization-related
dependenciesccur betweena generalconceptanda
more speci ¢ one. Suchdependencieare similar to
thoseof inheritancefor object-orientednodels. Al-
thoughvery simple,suchdependenciestill haveto be
takeninto account.

In our model of anatomy specializationdependen-
cies occur betweenthe three taxonomic levels of
our model. For instance,a Sulcus (genericlevel)
is lled with cerebro-spinaluid. Therefore, the
Central  Sulcus (abstractlevel) which is sub-
sumedby Sulcus , is also lled with cerebro-spinal
uid, andsoarethelLeft Central Sulcus and
theRight Central Sulcus (lateralizedevel).
Specialization dependenciescan also take place
between relationships. Thus, the existence of
thehasDirectAnatomicalPart relationshipbe-
tweentwo anatomicaktructuredmpliesthatthey are
also linked by the broaderhasAnatomicalPart
relationship. Similarly, if a Sulcus isBranchOf
anothemone,bothof themalsohaveto belinkedby the
isConnectedTo relationship.

Dependencies between mereological relation-
ships The dependencies between part/whole
relationshipsare mainly consequence®sf the tax-
onomy of mereological relationships (Fig 2) and
of the transitve property of some of them. Par
ticularly, the isDirect... relationships are
non-transitve sub-relationshipsof transitve ones.
This is a standardpractice both in programming
and in knowledge representation.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 consideredto be transitve (whereas
isDirectAnatomicalPartOf isn't), it
also must hold between Orbital Pars of
Inferior Frontal Gyrus and Frontal
Lobe .

The spatialextensionf anatomicaktructuresonsti-
tute anotherexampleof dependencie@-ig 3). Indeed,
thereis a mereologicahierarchybetweenthe spatial
extensionsof an anatomicalstructure(Fig 4). This
hierarchycombineswith the mereologicalhierarchy
of anatomicaktructuresasmereologicatelationships
betweenanatomicalstructuresimplies mereological
relationshipsbetweentheir 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 (respectiely ExtendedCor-
ticalZone ) of Frontal Lobe. This example
shavs that dependenciescan occur between re-
lationships such as isVisiblePartOf and
isAnatomicalPartOf that are not sub-relations
of eachothet

Dependencies between topological relationships
The dependenciedetweentopological relationships
aremainly dueto thetaxonomyof theserelationships.
For instance,f a sulcusseparate$wo cortical struc-
tures,thenthesestructuresalsohave to be contiguous.
Theduality betweerthe con guration of the sulciand
that of the gyri is anotherexample of dependencies.
However, thesedependencieare hardto model and
have notyet beentakeninto consideration.

Combined dependencies Of course,it is alsopos-
sible to combinethe three previous kinds of depen-
dencieswhich makes it harderto cateyorize them.
These combinationsare particularly interesting be-
causethey involve dependeng patternsthataremore
complex than simple sub-relations. For instance,if
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Figurel: Exampleof situationsvhereaternaryrelationshigds necessaryo infer if two corticalstructuresreseparated
byasulcus.(a ) and(a ) illustratetwo con gurationsinvolving asulcusS andsomegyriG ...G . (b ) and(b )
modelthe correspondingeparatiorrelationshipsby binary relationships.(c ) and(c ) show all the separation
relationshipghatareinferredfrom (b) . The erroneousnes,suchasS separate§&s andG for (¢ ), arecrossed
out.
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two cortical structuresare separatedy a segmentof
a sulcus,they are also separatedy this sulcus(e.g.,
PreCentral Gyrus and Superior  Frontal
Gyrus areseparatedy Superior  PreCentral
Sulcus ; therefore, they are also separatedby
PreCentral Sulcus ), thuscombiningmereolog-
ical andtopologicaldependencies.

Another example of dependeng combining both
mereologicaland topological relationshipsalso in-
volvesrelationshipproperties.Two cortical structures
are anatomically continuousif and only if their
visible partsare externally connected. If one of the
two cortical structuresis an anatomical part of a
whole, but the otheris not a part of this whole, then
the visible part of the whole can be proved to be
externally connectedo the visible part of the second
anatomicalstructure. Figure 6a shavs a schemaof
such a dependeng 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 are mereologicallydisjoint (they do not have
ary commonpart), they alsohave to be anatomically
continuous. In addition, this inferred relationship
can be usediteratively to apply the sameprinciple
(whichis equialentto usingthetransitive propertyof
isAnatomicalPartOf ). Figure6bto 6d illustrate
the successie applicationof this principle.

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 seenas a consequence
of the fact that Central Sulcus separates

PreCentral Gyrus (apartof Frontal Lobe)
and PostCentral Gyrus (a part of Parietal
Lobe).

Finally, specializingabstracievel conceptdnto later
alizedconceptsalsogenerateslependencies.

Consistencyrules

The previous dependenciesanbe representedsim-

plication rules. Suchrules, alongwith the relation-
ship properties constituteknowledge aboutanatomi-
cal knowledge. They belongto a level separatdrom

thatconceptsandrelationships.

Theimplicationscanform the basisof aninference
enginethat automaticallygeneratesll the dependent
conceptsandrelationships.

We maintainonly an abstract restrictedmodelcom-
posedof :

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

all theindependentelationships

a restrictedbaseof asymmetry-speci dacts,such
as the different existenceprobabilitiesfor the left
andright intermediatgrecentrakulcus.

Typically, it consistsin representingaxonomicrela-
tionships,directmereologicaltelationshipsandtopo-
logical relationshipsamongthe smallestparts.

The extendedabstiact modelis generatedautomati-
cally. This stepconsistsof inferring all the dependent
relationshipsamongcomposedanatomicaktructures.
59.7%o0f therelationshipfrom the extendedabstract
modelareautomaticallycreated10].

The extendedlateralized modelis generatecby ap-
plying specializatiorrulesfor lateralizationto the ex-
tendedabstracimodel. Theserules:

createthe lateralized conceptsas subconceptf
those de ned on the abstractlevel (e.g., Left
Frontal Lobe and Right Frontal Lobe
aresubsumedby Frontal  lobe );

addconsisteng statementg¢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 (respectiely right) and that Left
Frontal Lobe (respectiely right) has-
AnatomicalPart Left PreCentral
Gyrus (respectiely right)).

Incremental consistency

Managingincrementalkonsistencygonsistan making
surethatintrinsic consisteng is still respectedfteran
updateof theknowledgebaseandthattheresultmeets
the “realism of representationfequirementlt canbe
reducedo answeringhefollowing questions

1. Does every concept and relationshipsthat we
wantedto addbelongto the model? For instance,
if we adda partfor a gyrus,we wantthis structure
to beapartof every anatomicatoncepthegyrusis
apartof.
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ontopologicalrelationshipof continuity, contiguityor separatiorby a sulcus(in thelattercase pnly thetwo cortical

structuresare representean the schema).Example: for a, G =Opercular
Frontal  Gyrus . Theseparatiorof G andG depend®n

Gyrus , G =PreCentral Gyrus , G =Inferior
thatof G andG by PreCentral ~ Sulcus .

2. Did the consisteng rulesgeneratearny conceptsor
relationshipsthat do not correspondwith anything
in canonicalknowledge?For instanceawrongin-
ferencerule will generatesrroneouselationships.

3. Hasevery conceptandrelationshipthat we wanted
to remove actuallydisappeared?

4. Did weremovefromthemodelmorethanwe should
have? For instanceremoving arelationshign order
to x themodelhasfor consequencef removing all
the dependentelationships,someof which being
right.

Becauseéhis stepconsistdn comparingheresultwith
canonicaknowledge,it hasto be performedmanually
by a (human)domainexpert. However, a simpletool
hasbeendevelopedto assisthis task.

Every update of the knowledge baseonly takes
placein therestrictedabstractmodel. Theabstractnd
lateralizedextendedmodelsarethenregenerate@uto-
matically. A simpleXML Stylesheehelpsthedomain
specialistto comparethem with their previous ver-
sions.As aresult,anHTML pageis generatedvhich
explicitly representi greenall theconceptandrela-
tionshipsthathave beenaddedandin redthosewhich
have beenremoved,similarto the diff command.

Discussion

As we are confrontedwith an increasingnumberof

conceptandrelationshipsimaintainingtheontology's

consisteng becomesnore and moredif cult. In ad-

dition, the growth of the modelis complicatedby the

needto adda lot of integrity constraintso the model
sothatit is nottoolax. Thereforepurapproactseems
to bemoreandmorerelevant.

Unfortunately to our knowledge, none of the main

symbolic models of anatomy such as the Digital

Anatomist FoundationalModel and Galen supports

Pars of Inferior Frontal

an explicit representationf the dependencieamong
concept®or relationshipsThispointis particularlyim-
portant,sinceboth of theseontologieshave to handle
conceptsandrelationshipghat numberin the tensof
thousandsGalens sanctioningstatement§l 5] areas-
sertionspreventingimpossiblesituations(e.g., “frac-
ture of the eyelid”) or redundanbnes(e.g.,“the hand
which is a partof the arm”). They play animportant
rolein Galenconsisteng, but do notaddressemantic
dependencieletweerrelationships.

Although our approachhas only beenappliedto a
model of the brain corte, it seemghat the principle
couldbeextendedo arny anatomicamodel.Moreover,
it could alsobe extendedto otherdomains.However,
anatomicaknowledgeis ratherstable.Otherdomains
suchaspathologyor the study of brain functionsare
morelik ely to evolve, whichwould requirein addition
amanagemertf obsolescencesomethingve haven't
studied.

In additionto beingusedin speci ¢ domains,identi-
cation of semantiadependenciets alsoof particular
importancewhen establishingmappingsbetweendo-
mains. For instance pathologylocatedin a partof an
anatomicalstructuremay also needto be recognized
aslocatedin the anatomicaktructureoverall. Schulz
provides an interestinganalysisof this kind of prob-
lems[16, 17]. Thesecapabilitiesareneededconsider
ing therole of anatomyasalocalizationreferenceand
its usein applicationcontexts that require automatic
reasoning.

The dependencie@denti ed in this article, and their
usageo maintainsemanticonsistenyg of ananatomic
model are beyond the scopeof logical consisteng-
checkingtools suchasConsVISor{13] or FaCT2. For
instance,ConsVISorwould not issuearny warning if
thecentralsulcusseparatetheprecentrabhndpostcen-
tral gyri but notthefrontal andparietallobes.

This paperdescribeshe managemenof consisteng

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



from the modelingpoint of view. It doesnotrely on
ary representatiofiormalism. However, it turnedout
that the consisteng rules could not be easily repre-
sentedn ontologylanguagesuchasOWL [18]. Ex-

tensionssuchas RuleML2 or SWRL* could provide
very interestingfuture extensions. They would allow

to represenexplicitly someconsisteng constraintgo

map anatomyto pathology(e.qg.,to expressthat a tu-
mor locatedin a partof anorganhasalsoto be consid-
eredasatumorlocatedin the organitself).

The functionality of the script usedfor managingthe
incrementalconsisteng is similar to that of the diff
commandor of the PROMPT plugin for Proege [19]

(but less e xible). However, the usageof a specic

modelingervironmentis beyondthe scopeof this arti-
cle.

By automaticallygeneratingnorethan59% of there-
lationships,our approachmakesthe task of the cura-
tor easieylesserrorproneandhopefully lesstedious.
However, choosingthe appropriatemodi cations in

the abstractrestrictedmodel requiresa good under

standingof the existing dependengrules.Hereagain,
it is possibleto devise sometoolsfor assistinghe cu-
ratoranddetectingary principleviolation. Eventually
if any problemis detectedy thedomainexpertduring
the enforcingof incrementalconsisteng, the curator
will bein chage of determiningif it comesfrom a
modelingerroror from anerroneousule.

Conclusion

Oureffort to identify explicitly thepropertieof there-
lationshipswve used aswell asthe experienceof build-
ing the ontology allowed us to identify dependencies
amongconceptsand relationships. The explicit rep-
resentatiorof thesedependencieis importantfor the
representationf thesemanticef thedomain.In addi-
tion, it turnedoutthatit canbe helpfully usedto assist
in the managemenof the knowledgebaseandto en-
surethe model's semanticonsisteny.

Themethodwe adoptedconsistdn maintainingonly a
coresetof independentonceptsandrelationshipsAll
the dependenitemsarethenautomaticallygenerated.
A domainexpertstill have to manuallyscreerthe re-
sultin orderto make surethatit is correctwith regard
to canonicaknowledge.
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