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Wedescribeanontologyengineeringmethodologyby whichconceptualknowledgeis extracted
from an informal medical thesaurus(UMLS) and automaticallyconverted into a formal de-
scriptionlogicssystem(LOOM). Our approachconsistsof four steps:conceptdefinitionsare
automaticallygeneratedfrom theUMLS, integrity checkingof taxonomicandpartonomichier-
archiesis performedby LOOM’s terminologicalclassifier, cyclesandinconsistenciesareelim-
inated,aswell asincrementalrefinementof theevolving knowledgebaseis performedby ado-
mainexpert.Wereportonexperimentswith avery largeknowledgebasecomposedof 164,000
conceptsand76,000relations.

1 Intr oduction

Unlikemany otherdisciplines,medicinehasalongstandingtraditionin structuringits
domainknowledge,e.g,diseasetaxonomies,medicalprocedures,anatomicalterms,
in awidevarietyof medicalterminologies,thesauriandclassificationsystems.These
efforts aretypically restrictedto theprovisionof broaderandnarrower terms,related
termsor synonymousterms.This is mostevidentin theUMLS, theUnifiedMedical
LanguageSystem

�
, anumbrellasystemwhich coversmorethan60 medicalthesauri

andclassifications(e.g.,MeSH,ICD, SNOMED,Digital Anatomist).
Froma conceptualperspective, the UMLS canbedivided into two majorparts.

TheUMLS SemanticNetwork(SN), on theonehand,formstheupperontologyand
consistsof 134semantictypeslinkedby54typesof semanticrelations,whichmakesa
totalof 7,473edges,TheUMLS Metathesaurus, on theotherhand,contains776,940
concepts(2002version),eachof which is assignedto oneor moreUMLS SN types.
Theseconceptsarelinkedby thesemanticrelationsalsosuppliedby theUMLS SN.In
total,10,147,419semanticlinks betweentheseMetathesaurusconceptsexist, mostof
themdirectly takenfrom thesources,someaddedby theUMLS developers.Thevast
majorityof theselinks introducethesaurus-likebroader/narrowertermrelationships.

Both, theUMLS SN andtheMetathesaurus,form a hugesemanticnetwork. Its
semanticsis shallow and entirely intuitive, which is due to the fact that their us-
agewasprimarily intendedfor humansin orderto supporthealth-relatedknowledge
management.Giventhesize,theevolutionarydiversityandinherentheterogeneityof
the UMLS, thereis no surprisethat the lack of a formal semanticfoundationleads



to inconsistencies,circular definitions,etc.
��� �

. This may not causeutterly severe
problemswhenhumansarein the loop andits useis limited to diseaseor procedure
encoding,accountancy or documentretrieval tasks.However, anticipatingits usefor
moreknowledge-intensive applicationssuchasmedicaldecisionmakingor the un-
derstandingof medicalnarrativesthoseshortcomingsmight leadto animpasse.

As aconsequence,formalmodelsfor dealingwith medicalknowledgehavebeen
proposedsuchasconceptualgraphs,semanticnetworksor descriptionlogics

� � ��� ��� 	
.

Not surprisingly, thereis a priceto bepaidfor moreexpressivenessandformal rigor,
viz. increasingmodelingefforts and,hence,increasingmaintenancecosts



. Opera-

tional systemsmakingfull useof suchrigid approaches,especiallythosewhich em-
ploy high-endknowledgerepresentationlanguages,are usually restrictedto rather
small subdomains. The most comprehensive of thesesourceswe know of is the
GRAIL-encodedGALEN knowledgebasewhich coversup to 9,800concepts

�
. The

limited coveragethenhamperstheir routineusage,an issuewhich is alwayshighly
rewardedin themedicalinformaticscommunity.

Almost all of the knowledgebasesdevelopedon the basisof formal represen-
tation languageshave beendesignedfrom scratch– without makingsystematicuse
of the large body of knowledgecontainedin widely spreadmedicalterminologies.
Hence,it would be an intriguing approachto join the massive coverage offeredby
informal medicalterminologieswith the high level of expressivenessandreasoning
capabilitiessupportedby rigid knowledgerepresentationsystemsin orderto develop
formally solidmedicalknowledgebasesona largerscale.This ideahasalreadybeen
fosteredby Pisanelliet al.

�
who extractedknowledgefrom theUMLS SN andfrom

partsof the Metathesaurus,andmergedthemwith logic-basedtop-level ontologies
from varioussources.Anotherexampleis there-engineeringof SNOMED

��
from a

multi-axial codingsysteminto a formally foundedontology
����� ���

.
Unfortunately, the efforts madeso far are entirely focusedon generalization-

basedreasoningalong taxonomiesand lack a reasonablecoverageof partonomies.
As the latter form a crucial part of medicalknowledge,modelingefforts not only
have to be directedat generalizationhierarchiesandtaxonomicreasoningbut must
incorporatepart-wholeknowledgeandpartonomicreasoning,aswell. We herede-
scribesuchanintegratedknowledgeengineeringmethodology. Theresultingmedical
ontologywill form thedomainknowledgebackboneof MEDSYNDIKATE, a system
for theautomaticacquisitionof knowledgefrom medicalfinding reports

���
.

2 ReasoningAlong Part-Whole Hierar chies

Medical knowledge is typically organizedaroundgeneralizationhierarchies– on
which taxonomicreasoningalong is-a relationsis based– and part-wholehierar-
chies– allowing partonomicreasoningalongpart-of or has-partrelations. Unlike



generalization-basedreasoningin concepttaxonomies,no fully conclusive mecha-
nism exists up to now for reasoningalong part-wholehierarchies(for a survey of
differentapproaches,cf. Artale etal.

� �
).

Within thedescriptionlogics(DL) paradigmseveralextensionsto representation
languageshavebeenproposedwhichprovidespecialconstructorsfor part-wholerea-
soning

��� ���
. Thisseemsareasonablewayto proceedaslongasthetransitivity property

of arelationcanbeassumed,in general.In themedical
���

, aswell asin commonsense
domains

��	�� ��

, however, this view hasbeeninvalidated. Obviously, variousexcep-

tionsexist suchthatthetransitivity of part-of relationscannotbegranted,in general.
Hence,both the expressionof regular transitive use,aswell asexceptionhandling
for nontransitivepart-of relationshave to betakeninto consideration.Anotherchal-
lengecomeswith the propagationof propertiesacrosspart-wholehierarchies,often
referredto as‘inheritanceacrosstransitive roles’ (e.g.,inflammation-of� part-of �
inflammation-of)

���
. Especiallywith biomedicalknowledgethis reasoningpattern

cannotbegeneralized,sinceit faceslots of exceptions,too.
Motivatedby previous approaches

����� ���
, we formalizeda modelof partonomic

reasoning
���

that accountsfor the above considerationsand,also, doesnot exceed
theexpressivenessof thewell-understood,parsimoniousconceptlanguage

����� ���
.�

Our proposalis centeredarounda particulardatastructurefor partonomicreasoning,
so-calledSEPtriplets (cf. Figure1). They defineacharacteristicpatternof is-ahierar-
chieswhichsupporttheemulationof inferencestypicalof transitivepart-of relations.
In this formalism,therelationanatomical-part-ofdescribesthepartitive relationbe-
tweenphysicalpartsof anorganism.

���
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Figure1: SEPTriplets: PartitiveRelationswithin Taxonomies

A triplet consists,first of all, of a compositeStructure concept,the so-called
S-node(e.g., Hand-Structure, ·¹¸ ). EachStructure conceptsubsumesdirectly an
anatomicalEntityconcept,ontheonehand,andacommonsubsumerof anythingthatº¼»�½¿¾

allows for the constructionof concepthierarchies,where‘ À ’ denotessubsumptionand ‘ ÁÂ ’
definitionalequivalence.Existential( Ã ) anduniversal(Ä ) quantification,negation( Å ), disjunction( Æ ) and
conjunction( Ç ) arealsosupported.Role filler constraints(e.g., typing by È ) are linked to the relation
nameÉ by adot, Ã¼É . È .



is a Part of thatentity concept,on theotherhand.Thesetwo conceptsarecalledE-
nodeandP-node, e.g.,Hand-Entity( ·¹Ê ) andHand-Part ( ·ÌË ), respectively. Whereas
E-nodesdenotethe anatomicalconceptsproperto be modelledin our domain,S-
nodesandP-nodesconstituterepresentationalartifactsrequiredfor theformal recon-
structionof thesystematicpatternsandexceptionsunderlyingpartonomicreasoning.
More precisely, a P-nodeis thecommonsubsumerof thoseconceptsthathave their
role anatomical-part-offilled by thecorrespondingE-nodeconcept,asanexistential
condition. For example,Hand-Part subsumesthoseconceptsall instancesof which
have a Hand-Entityasa necessarywhole. As an additionalconstraint,E-nodesand
P-nodescanbemodelledasbeingmutuallydisjoint. This is a reasonableassumption
for mostconceptsdenotingsingletonobjects,wherepartsandwholescannotbe of
thesametype(a redbloodcell cannotbepartof yet anotherredbloodcell). On the
contrary, massesandcollectionscanhave partsandwholesof thesametype,e.g.,a
tissuecanbepartof anothertissue.

For thereconstructionof theanatomical-part-ofrelationby taxonomicreasoning,
we assumeÍ Ê and Î Ê to denoteE-nodes,ÍÏ¸ and ÎÐ¸ to denotethe S-nodesthat
subsumeÍ Ê and Î Ê , respectively, and Í Ë and Î Ë to denotethe P-nodesrelated
to Í Ê and Î Ê , respectively, via the role anatomical-part-of(cf. Figure1). These
conventionscanbecapturedby thefollowing terminologicalexpressions:

Í ÊÒÑ ÍÓ¸ Ñ Î ËÔÑ Î¹¸ (1)

ÎÌÊ Ñ Î ¸ (2)

The P-nodeis definedasfollows (we hereintroducethe disjointnessconstraint
betweenÎ¹Ê and Î¹Ë , i.e., no instanceof Î can be anatomical-part-ofany other
instanceof Î ):

Î¹ËÖÕ× Î ¸ÙØÛÚ Î¹Ê ØÝÜ:ÞàßáÞãâ�ä�åÛæç�Þ=è -é Þãê¼â - ä³ë Õ ÎÌÊ (3)

Since Í Ê is subsumedby Î Ë (accordingto (1)), we infer that the relation
anatomical-part-ofholdsbetweenÍÏÊ and Î¹Ê , too:ì

Í ÊÒÑ Ü:ÞàßáÞãâ�ä�åÛæç�Þ=è -é Þãê¼â - ä³ë Õ Î Ê (4)

Theencodingof concepthierarchiesin termsof SEPtripletsallows the knowl-
edgeengineerto switch the transitivity propertyof part-wholerelationsoff andon,
dependenton whetherthe E-nodeor the S-node,respectively, is addressedas the
target conceptfor a conceptualrelation. In the first case,the propagationof rolesí

An extensionof this encodingschemewhich allows additionalreasoningabouthas-partin a similar
way, is proposedin î`ï , thoughit hasnot beenconsideredin theknowledgebasedescribedin thispaper.
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Figure2: Enabling/DisablingRolePropagationin a SEP-EncodedPartonomy

acrosspart-wholehierarchiesis disabled,in thesecondcaseit is enabled.As anex-
ample(cf. Figure2), Enteritis is definedashas-locationIntestineÊ , i.e., the range
of the relationhas-locationis restrictedto the E-nodeof Intestine. This precludes,
e.g., the classificationof Appendicitisas Enteritis though the Appendixis related
to the Intestinevia an anatomical-part-ofrelation. In the ‘switch-on’ mode,how-
ever, Glomerulonephritis(has-locationGlomerulum̧ ) is classifiedasNephritis(has-
locationKidney̧ ), with Glomerulumbeingananatomical-part-oftheKidney. In the
sameway, Perforation-of-Appendixis classifiedasIntestinal-Perforation(cf. Hahnet
al.

���
for anin-depthanalysisof thesephenomena).

3 Ontology EngineeringWorkflow

Our goal is to extract conceptualknowledge from two major subdomainsof the
UMLS, viz. anatomyandpathology, in orderto constructa formally soundknowl-
edgebasebasedon ALC-type descriptionlogics

���
. Sucha researchprogramputs

considerablepressureonwell-engineeredterminologicalreasoningsystems,sincewe



requiretheir inferenceengineto performclassification-basedreasoningreliably on
very largedatasets( ë 100,000items).Hence,we considertheLOOM system

� �
, at

thesystemlevel, themostconvenientmatchof our requirementsandthestateof the
art in terminologicalreasoning(for anempiricalstudy, cf. Heinsohnet al.

�}�
).

Theontologyengineeringtaskwill bedividedinto four steps:(1) automaticgen-
erationof terminologicalexpressions,(2) automaticconsistency checkingby atermi-
nologicalclassifier, (3) manualrestitutionof formal consistency in caseof inconsis-
tencies,and,(4) manualcurationof theformal representationstructures.

Step 1: Automatic Generation of Terminological Expressions.Sourcesfor
conceptsandrelationswerethe1999releaseof theUMLS SNandtheUMLS metathe-
saurus. Figure 3 exhibits the semanticlinks betweentwo UMLS CUIs (concept
uniqueidentifier).ì Thesetables,availableasASCII files, wereimportedinto a Mi-
crosoftAccessrelationaldatabaseandmanipulatedusingSQLembeddedin theVBA
programminglanguage.For eachCUI in themrrel subsetits alphanumericcodewas
substitutedby theEnglishpreferredterm.

CUI1 REL CUI2 RELA x y
C0005847 CHD C0014261 part_of MSH99 MSH99
C0005847 CHD C0014261 CSP98 CSP98
C0005847 CHD C0025962 isa MSH99 MSH99
C0005847 CHD C0026844 part_of MSH99 MSH99
C0005847 CHD C0026844 CSP98 CSP98
C0005847 CHD C0034052 SNMI98 SNMI98
C0005847 CHD C0035330 isa MSH99 MSH99
C0005847 CHD C0042366 part_of MSH99 MSH99
C0005847 CHD C0042367 part_of MSH99 MSH99
C0005847 CHD C0042367 SNM2 SNM2
C0005847 CHD C0042449 isa MSH99 MSH99

Figure3: SemanticRelationsin theUMLS Metathesaurus

After manualremodelingof thetop-levelconceptsof theUMLS SNweextracted,
from atotalof 85,899metathesaurusconcepts,38,059anatomyand50,087pathology
concepts.The criterion for the inclusioninto oneof thesesetsis the assignmentto
predefinedUMLS SNtypes.Also,2,247conceptsappearedin bothsets,anatomyand
pathology. Sincewe wantedto keepthe two subdomainsstrictly disjoint, we dupli-
catedtheseoverlappingconcepts,andprefixedall conceptsby ana-or pat-according
to their propersubdomain.Indeed,thesehybrid conceptsmirror multiple meanings.
For instance,tumorhasthemeaningof a malignantdisease,on theonehand,andof
ananatomicalstructure,on theotherhand.

í
As a conventionin UMLS, any two CUIs mustbeconnectedby at leasta shallow relation(in Figure

3, CHilD relationsin thecolumnREL areassumedbetweenCUIs). Shallow relationsmaybe refinedin
the columnRELA, if a thesaurusis availablewhich containsmorespecificinformation. SomeCUIs are
linkedeitherby part-ofor is-a. In any case,thesourcethesaurusfor therelationsandtheCUIs involvedis
specifiedin thecolumnsX andY (e.g.,MeSH1999,SNOMEDInternational1998).



As targetstructuresfor theanatomydomainwechoseSEPtriplets.Only UMLS-
suppliedpart-of (includingconceptual-part-of), has-part(includinghas-conceptual-
part) and is-a relationattributeswereconsideredfor the constructionof taxonomic
andpartonomichierarchies.Hence,for eachanatomyconceptoneSEPtriplet was
created.For the pathologydomain,we treatedCHD (child) andRN (narrower re-
lation) from the UMLS as indicating taxonomic(is-a) links. No part-wholerela-
tionswereconsidered,sincetherewereonly two occurencesof therelationattribute
part-ofbetweenpathologyconceptsin thewholemetathesaurus.Furthermore,for all
anatomyconceptscontainedin thedefinitionalstatementsof pathologyconceptsthe
S-nodeis thedefault conceptto which they arelinked,thusenablingthepropagation
of rolesacrossthepart-wholehierarchy.

As afundamentalassumption,all rolesgeneratedin thisprocesswereconsidered
asbeingexistentiallyquantified.Thismeansthatany relation ê (part-of, has-location,
etc.)whichholdsbetweentwo concepts,î and ï , is mappedto acorrespondingroleðê Õ ï which is anecessaryconditionin thedefinitionof theconceptî . All conceptual
constraintsfor a conceptdefinitionaremappedto aconjunctionof constraints.

Anotherbasicassumptionconcernsthe strict antisymmetryof is-a andpart-of.
As a consequence,we did not processreflexive relationssuchas“C1 broader-than
C1” ( ß = 9,546casesof reflexivehierarchicalrelationswerefound).

Furthermore,type-to-typerelationsfrom theUMLS SN (e.g.,AnatomicalStruc-
ture location-ofDiseaseor Syndrome) werenot considered,sincethey indicate“pos-
sible” relationsthatcannotbeadequatelyexpressedin descriptionlogics.

Step2: Automatic ConsistencyCheckingby the LOOM Classifier. Theimport
of UMLS anatomyconceptsresultedin 38,059deftriplet expressionsfor anatom-
ical conceptsand 50,087defconceptexpressionsfor pathologicalconcepts. Each
deftriplet was expandedinto threedefconcept(S-, E-, and P-nodes),and two def-
relation (anatomical-part-of-x, inv-anatomical-part-of-x) expressions,summingup
to 114,177concepts.This yielded(togetherwith theconceptsfrom theUMLS SN) a
totalof 240,764definitoryLOOM expressions.

From38,059anatomytriplets,1,219deftripletstatementscontaineda :has-part
clausefollowedby alist of avariablenumberof triplets,with morethanoneargument
in 823cases(3.3,onaverage).4,043deftripletstatementscontaineda :part-of clause,
only in 332 casesfollowed by morethanoneargument(1.1, on average).We then
submittedtheresultingknowledgebaseto theterminologicalclassifier, theinference
enginewhich computessubsumptionrelations,andchecked for terminologicalcy-
clesandconsistency. In theanatomysubdomain,oneterminologicalcycle and2,328
inconsistentconceptswere found, in the pathologysubdomain355 terminological
cyclesthoughnot a singleinconsistentconceptweredetermined.

Step3: Manual Restitution of Consistency. Theinconsistenciesin theanatomy
part of the knowledgebaseidentified by the classifiercould all be tracedback to



the simultaneouslinkageof two triplets by both is-a andpart-of links, an encoding
that raisesa conflict due to the disjointnessrequiredfor correspondingP- and E-
nodes(cf. expression(3)). In mostof thesecasesthe parentsinvolved belongedto
a classof conceptsthat obviously cannotbe appropriatelymodeledasSEPtriplets,
e.g.,Subdivision-Of-Ascending-Aortaor Organ-Part. Themeaningof eachof these
conceptsalmostparaphrasesthatof aP-node,sothattheviolationof theSEP-internal
disjointnesscondition could be accountedfor by substitutingthe triplets involved
with simple LOOM concepts,by matchingthem with alreadyexisting P-nodes,or
by disabling is-a or part-of links. B In the pathologypart of the knowledgebase,
we expecteda large numberof terminologicalcycles to occur, simply as a conse-
quenceof interpretingtheextremelyweaknarrowertermandchild relationsin terms
of taxonomicsubsumption(is-a). Bearingin mindthesizeof theknowledgebase,we
consider355cyclesquitealow number(Bodenreider

�
foundatotalof 1,920cyclesin

thecomplete2001metathesaurusrelease.).Thosecycleswereprimarily dueto very
similar concepts,e.g.,Arteriosclerosisvs.Atherosclerosis, Amaurosisvs.Blindness,
andresidualcategories(“other”, “NOS” = not otherwisespecified). Theseconcepts
weredirectly inheritedfrom thesourceterminologiesandarenotoriouslydifficult to
interpretoutof theirdefinitionalcontext, e.g.,Other-Malignant-Neoplasm-of-Skinvs.
Malignant-Neoplasm-of-Skin-NOS. In many casesthedecisionwhich relationscould
be maintainedandwhich oneshadto be eliminatedwastaken arbitrarily, sincefor
biomedicalterminologyoftenno consensuscanbereachedon theexactmeaningof
terms.As theresultof theanalysisweobtainedanegativelist whichconsistedof 630
conceptpairs. In a subsequentextractioncycle we incorporatedthis list in theauto-
matedconstructionof theLOOM conceptdefinitionsand,with thesenew constraints
added,a fully consistentknowledgebasewasgenerated,finally.

Step4: Manual Curation of the KnowledgeBase.To setup this high-volume
knowledgebaseincludingtheaforementionedworkingstepsrequiredthreemonthsof
work for asingleperson.Thefourthstep– whenperformedfor thewholeknowledge
base– is very time-consumingand requiresbroadand in-depthmedicalexpertise.
Randomsamplesfrom both subdomainswereanalyzedby the secondauthor, a do-
mainexpert.Thedatawe heresupplyreferto theanalysisof two randomsamplesof
each100anatomyand100pathologyconcepts.This took onepersonabouta single
month.Fromtheexperiencewegainedsofar, thefollowing workflow canbederived:

ñ Checking thecorrectnessof thetaxonomicandpartonomichierarchies.Taxo-
nomicandpartonomiclinks aremanuallyaddedor removed.

Results:In the anatomysample,only 76 in 100 conceptscouldbe unequivo-
cally classifiedasbelongingto ‘canonical’anatomy. (Theremainder, e.g.,ana-
Phalanx-of-Supernumerary-Digit-of-Hand, referringto pathologicalanatomy,
wasimmediatelyexcludedfromanalysis.)Besidestheassignmentto theUMLS



semantictypes,only 27 (direct) taxonomiclinks werefound. 83 UMLS rela-
tions (mostly child or narrower relations)were manuallyupgradedto taxo-
nomic links. 12 (direct) part-of and19 has-partrelationswere found. Four
part-of relationsandonehas-partrelationhadto be removed, sincewe con-
sideredthemas implausible. 51 UMLS relations(mostly child or narrower
relations)weremanuallyupgradedto part-of relations,and94UMLS relations
(mostlyparentor broaderrelations)wereupgradedto has-partrelations.Af-
ter this workupandupgradeof shallow UMLS relationsto semanticallymore
specificrelations,thesamplewascheckedfor completenessagain.As a result,
14 is-a and37 part-of relationswerestill consideredasmissing.

In thepathologysample,theassignmentto thepathologysubdomainwascon-
sideredplausiblefor 99 of 100concepts.A total of 15 falseis-a relationswas
identifiedin 12conceptdefinitions.24 is-a relationswerefoundto bemissing.

ñ Check of the :has-partargumentsassuming‘real anatomy’. In the UMLS
sourcespart-of andhas-partrelationsareconsideredassymmetric. Accord-
ing to our transformationrules,the attachmentof a role has-anatomical-part
to an E-node ï Ê , with its rangerestrictedto î Ê , implies the existenceof a
conceptA for the definition of a conceptB. On the other hand,the classifi-
cationof î Ê assubsumeeof the P-nodeï Ë , the latter beingdefinedvia the
roleanatomical-part-ofrestrictedto ï Ê , impliestheexistenceof ï Ê giventhe
existenceof î Ê .

Theseconstraintsdonotalwaysconformto ‘real’ anatomy, i.e.,anatomicalen-
tities that may exhibit pathologicalmodifications. Figure 4 (left) sketchesa
conceptA that is necessarilyanatomical-part-ofa conceptB, but whoseex-
istenceis not requiredfor the definition of B. This is typical of the resultsof
surgical interventions,e.g., a large intestinewithout an appendix,or an oral
cavity without teeth,etc.

Results:All 112 has-partrelationsobtainedby the automaticimport andthe
manualworkupof our samplewerechecked. Theanalysisrevealedthatmore
thanhalf of them(62) shouldbe eliminatedin ordernot to obviate a coher-
entclassificationof pathologicallymodifiedanatomicalobjects.For instance,
maintaininghas-anatomical-part.Thumbasanexistentialrestrictionin thedef-
inition of Hand would disallow to classify asHand all thoseanatomicalen-
tities thathave no thumbdueto congenitalor acquiredabnormalities.As an-
otherexample,mostinstancesof IleumdonotcontainaMeckel’sDiverticulum,
whereasall instancesof Meckel’s Diverticulum are necessarilyanatomical-
part-of Ileum. Many surgical interventionsthat remove anatomicalstructures
(appendix,gallbladder, etc.),producesimilar patterns.
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Figure4: Patternsfor Part-WholeReasoningUsingSEPtriplets

In formalismwe propose,this correspondsto a singletaxonomiclink between
an S-nodeanda P-node(cf. Figure 4, left part). The contraryis alsopossi-
ble (cf. Figure4, right part): thedefinitionof î Ê doesnot imply that therole
anatomical-part-ofbe filled by ï Ê , but ï Ê doesimply that the inverserole,
has-anatomical-part, be filled by î Ê . As an example,a Lymph-nodeneces-
sarily containsLymph-follicles, but thereexist Lymph-folliclesthatarenot part
of a Lymph-node. This patternis typical of themereologicalrelationbetween
macroscopic(countable)objects,suchasorgans,andmultiple uniform micro-
scopicobjects.

ñ Analysisof thesibling relations.In UMLS, theSIBrelationlinks conceptsthat
sharethesameparentin a taxonomicor partonomichierarchy.

Results:We foundon theaverage6.8 siblingsperconceptin theanatomydo-
main,8.8 in thepathologydomain.Sofar, theanalysisof sibling relationshas
beenperformedonly for theanatomydomain.Fromatotal of 521sibling rela-
tions,9 wereidentifiedasis-a, 14 aspart-of, and17 ashas-part, whereas404
referredto topologicallydisconnectedconcepts.

ñ Completionand modificationof anatomy–pathology relations. Surprisingly,
only very few pathologyconceptscontainedan explicit referenceto a corre-
spondinganatomyconcept.Therefore,theserelationshave to be addedby a
domainexpert. In eachcase,a decisionmustbemadewhetherthe E-nodeor
theS-nodehasto beaddressedasthetargetconceptfor modificationsuchthat
the propagationof rolesacrosspart-wholehierarchiesis disabledor enabled,
respectively (cf. Figure2).

Results:In thesample,wefound522anatomy-pathologyrelations,from which
358 (i.e., 69%!) werejudgedincorrectby the domainexpert. In 36 casesan
adequateanatomy-pathologyrelationwasmissing.All 164has-locationroles
wereanalyzedasto whetherthey hadto be filled by an S-nodeor an E-node
of an anatomicaltriplet. In 153 cases,the S-node(which allows propagation



acrossthe part-wholehierarchy)was consideredto be adequate,in 11 cases
theE-nodewaspreferred.Theanalysisof the100pathologyconceptsrevealed
thatonly 17 hadto belinkedwith ananatomyconcept.In 15 cases,thedefault
linkageto theS-nodewasconsideredascorrect,in onecasethelinkageto the
E-nodewaspreferred,in anothercasethelinkagewasconsideredasfalse.

Thehighnumberof implausibleconstraintspointsto thelightweightsemantics
of has-locationlinks in the UMLS sources.While we interpretedthemasa
conjunctionfor themappingprocedure,adisjunctivemeaningseemsto prevail
implicitly in many definitionsof top-level conceptssuchasTuberculosis. In
this example,all anatomicalconceptsthat canbe affectedby this diseaseare
linkedby has-location. All theseconstraints(e.g.,has-locationUrinary-Tract)
are inheritedto subconceptssuchas Tuberculosis-of-Bronchus. A thorough
analysisof the top-level pathologyconceptsis necessary, andconjunctionsof
constraintswill have to besubstitutedby disjunctionswherenecessary.

In conclusion,our study shows that it is relatively straightforward to restitute
consistency of theUMLS knowledgebase,but it is nearlyimpossibleto reacha high
degreeof bothadequacy andcompletenessdueto thehugeamountof manualwork
required.Restitutingadequacy should,however, notbeconsideredprimarily aselim-
inatingobviouscategorization‘errors’ from theUMLS sources,but ratherasmaking
choicesbetweenalternativeconceptualizationsof medicaltermswhosemeaningdif-
fersslightly dueto theheterogeneityof theknowledgesources.Anotheraspectis the
needfor the curationof conceptdefinitions. Thesemay have becomeobsoleteasa
consequenceof imposingparticularlyrigid axiomaticassumptionson them. For in-
stance,theconjunctivereadingof definingattributesis not truein all cases,and,thus,
necessarilyrequiresindividual manualspecification.Finally, from a technicalper-
spective, we found the implicationsof usingthe terminologicalclassifierof utmost
importanceand of outstandingheuristicvalue. Hence,the knowledgerefinement
cyclesaretruly semi-automatic,fed by medicalexpertiseon the sideof the human
knowledgeengineer, but alsodriven by the reasoningsystemwhich makesexplicit
theconsequencesof (im)properconceptdefinitions.
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