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A huge gapexistshetweerwhatweknowis possiblewith today's madines
andwhatwe havesofar beenableto nish.
—DonaldKnuth

1.1 INTRODUCTION

The challengesdiscovered when studying humansas complex systems,from a
biomedicalviewpoint (from cells to interactingindividuals),cover the whole spec-
trum from genometo healthandcrosstemporalandspatialscaleq1]. Thisincludes
studyingbiomedicalissuesisingmultiscaleandmultisciencenodelsandtechniques
all theway from genomicgo themacroscopienedicalscale.Thisis alsoaggraated
by the continuousncreasean the amountof digital dataproducedby modernhigh-
throughputbiomedicaldetectionandanalysissystems.As reportedby Hey etal., it
is expectedthatlargeramountsof digital datawill be generatedby next generations
of large scale collaboratve e-Sciencexperimentq2]. New experimentsn science
and engineeringwill cover the whole spectrum,from the simulationof complete
biological systemsto cutting-edgeaesearchn bioinformatics.

At the macroscopicscale,for instance thereare researchefforts in biomedical
informaticsthataregraduallypushingthe boundarie®f the stateof the art, moving
from monolitic software architecturego building more genericcomponents.Such
efforts normallyleverageobject-orientec&nddistributedcomponenarchitectureso
encapsulater wraplegag datain orderto improve applicationinteroperabilityand
scalability[3, 4]. Thisallowsfor enhancedataandprocesso w atthe macroscopic
level, where modelssuchas DICOM provide supportfor dataaccesfrom work
stationgo archving andcommunicationsystemsndbackto hospitals'information
systems.
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Currentdistributedcomputingechnol@iesaddesscomnunicationamorgtightly-
coupledsystemsvery well, thoughmay fail when addressindoosely-couplede-
sources. Suchresourcesnay belongto siteswithin large distributed virtual orga-
nizationsthat usedistributed computingmodelslik e the CommonObjectResource
Broker Architecture(CORBA) [5]. Thesetechnologiesallow seamlessandsecure
dataacceswwithin a singleorganization Large amountsof datacanbe distributed
acrosglomainswith distributedapplicationdorming federationghatmaybescaled
but thatassumerchitecturallyinvariantsystemsRelationaldatarepresentatioand
accessmodularcomponentand object orientedmodelshave clearly advancedthe
stateof the art. New setsof conditionsandrequirementgor softwarearchitectures
for biomedicalapplicationsareemepingin the eld, particularlyin systemsiology,
where:

ahigh degreeof userinteractionis required
digitalizedbiomedicalresourcausagespacedbecomeancreasinglydistributed

inaccessibilityand lack of interoperabilityamongmodeling, simulationand
analysigoolsshouldbeleveragedor multi-disciplinarybiomedicalinformat-
ics researcho bepossible

In this chapterwe discussinteractive decisionsupportervironments,from the
perspectie of both healthinformaticsand bioinformatics,for a system-leel ap-
proachto distributedcollaboratve laboratoriedor biomedicine.In the rst casewe
presenta problemsolving environmentfor decisionsupportthroughvirtual bypass
sugery. In the secondcasewe focuson a morecomplex systemcenterecarounda
decisionsupportenginefor drugrankingin Humanimmunode cieng Virus (HIV)
drug-resistance.Our reasongo usethis bioinformaticsapplicationas main case
studyin this chapterare twofold: HIV drug resistances becomingan increasing
problemworldwide, with combinationtherafy with antiretroviral drugsfailing to
completelysuppresshevirusin aconsiderabl@eumberof HIV-infectedpatients.On
theotherhand HIV drugresistancés oneof thefew areasn medicinewheregenetic
informationis widely availableandhasbeenusedfor mary years.This hasresulted
in largenumbersof dataavailable,notonly on complex geneticsequencebut on all
levels, up to populations. The sheercomplexity of the diseasethe distribution of
thedata,therequiredautomaticupdatego the knowledgebase andtheef cient use
andintegrationof advancedstatisticalandnumericaltechniquesiecessaryo assist
the physicianmotivate our research.We discussheresomeof the possibilitiesfor
individualizede-Scienceahatcanbesupportedy virtual collaboratve ervironments
basedbn Grid technology6].

This chapteris divided asfollows: in sectionl.2 we discussa ProblemSolving
Environment(PSE)for biomedicalapplicationson the Grid, focusingon interac-
tive simulation scenarios. In section1.3 we presentresearchon a collaboratve
virtual laboratoryfor e-Sciencewhich ful lls the requirementsgresentedy deci-
sion support-centricapplications. We nalize in section,1.4 wherewe presenta
discussiorandfuturework in the eld.
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1.2 A GRID FORINTERACTIVE APPLICATIONS

Processingyisualizationandintegration of informationfrom varioussourcesplay
anincreasinglyimportantrolein modernhealthcarg7]. Informationsourcesnaybe
widely distributed,andthedataprocessingequirementsanbehighly variable both
in thetypeof resourcesequiredandtheprocessinglemandgutuponthesesystems.
Grid technologyis one of the cornerstone®f today's computationalscienceand
engineeringit offersauni ed meansf accesso differentanddistantcomputational
and instrumentalresourcesunprecedentegossibilitiesand bene ts are expected.
Connectiity betweendistantlocations,interoperabilitybetweendifferentkinds of
systemandresourcesandhighlevelsof computationaperformanceresomeof the
mostpromisingfeaturesof the Grid. In the caseof biomedicalapplicationsjssues
suchasremoteaccesso patientdata,medicalknowledgebasesadwvancedvisualiza-
tiontechnologiesndspecializednedicalinstrumentsareof themostimportancg8].
For theseapplicationsGrid technologyprovidesdedicatedupporsuchasstrongse-
curity, distributedstoragecapacity andhigh throughpuboverlong distancenetworks
[9]. Besidegheseimmediatebene ts, the computationatesource®f the Grid pro-
vide therequiredperformancdor largescalesimulationscomplex visualizationand
collaboratve ervironments which are expectedto becomeof majorimportanceto
mary area®f medicinein orderto studythepossibilitiesandlimitationsof interactive
andcollaboratve problemsolvingervironments.

We proposean architectureor interactve biomedicalapplicationsrunningon a
Grid [10], focusingon a simulation-centri@applicationandon production-typeGrid
infrastructureequirementsWe mapthisarchitectureo aninteractive ProblemSolv-
ing Environment(PSE)[11, 12] for computersimulationof pre-operatie planning
of vasculareconstructiofbeingdevelopedby theUniversityof Amsterdan{13, 14],
andde ne amodelfor representing thatre ectstheloosely-couplec&ndconcurrent
natureof Grid computing.

OurGridarchitecturallowsusto build aninteractive PSEwhichoffersanintegra-
tive approactior constructingandrunningcomple interactive systemsn the Grid:
highly distributedcomputationalstorageandGrid serviceresourcesireusedfor ac-
cesgo medicalimagerepositoriesor the simulationandvisualizationof blood o w.
We deployed this interactve PSEwithin the EuropeanCrossGridframeawork [15]
(Figure 1.1), exploiting available achiezementsfrom other EuropeanGrid projects
suchasEuropeanDataGrid(EDG) [16] andthe Large hedroncollider Computing
Grid (LCG) [17]. For additionalbackgroundmotivation,andthe latestGrid-based
resultswe referthereaderto [18].

1.2.1 Interactive Simulation on the Grid

Scalabilityand seamlessesourcesharingare at the heartof the Grid-basedarchi-
tecturaldesign,which we baseon requirementdy a simulation-centridnteractve
biomedicalapplication,anda productionGrid infrastructureand services. We use
the Virtual RadiologyExplorer(VRE) ervironment,developedat the University of
Amsterdamjs partof a PSEthatputsa userat the centerof an experimentalcycle
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Fig. 1.1 The CrossGridtestbed: layeredarchitecturalview, with local resourcesat the
bottomfabriclayer, a setof commonGrid servicesand middlewvare from Globus, DataGrid
and CrossGrid,applicationdevelopmentsupportfor cross-sitgob submissionand a setof
interactive applicationssuchasthe bimedicalVRE

controlledby acomputerandallows him to applyhis expertisein-silicoto nd better
solutionsfor treatmenbf vasculadiseasesTheaim of the VRE is to provideanend
userwith anintuitive virtual simulatedenvironmentto accesanedicalimagedata,
visualizeit, andexplore patientvascularcondition.

Naturally; sincethis kind of medicalimageprocessings usuallya complicated
and resourceintensie task, additional computationakesourcesare needed. The
VRE containsan efcient parallel computationahemodynamicsolver [19] that
computegressureyelocities,andshearstressesluring a full systolicperiod. The
simulatoris basednthe Lattice-Boltzmanmethod(LBM), amesoscopiapproach
for simulating uid o w basedon the kinetic Boltzmannequation[20]. To corvert
themedicalscansnto LBM meshestheraw medicaldatais rst sggmentedsuchthat
only thearterialstructuref interestremainin the data. The sggmentediatais then
convertedinto ameshthatcanbeusedby theLBM solver; boundarynodesjnlet and
outletnodesare addedto the Grid usinga variety of imageprocessingechniques.
The simulatorgenerateshe patientblood o w parametersisingGrid resourceslin
orderto allow for parallelexecution,the simulationvolumeis divided into several
sub-wlumesandeachsub-wlumeis processedoncurrentlyf21]. For visualization
the VRE usesa semi-immersie 2-dimensionalwall as a projection ervironment
[22, 23, 24].

The VRE systemusesa virtual reality environmentwherethe patients dataob-
tainedfrom theimagingmodalityis visualizedasa 3D stereoscopiamage together
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with the graphicalinterpretationof the simulationresults[25]. A usercan then
manipulatethe 3D imagesof arteries,patients body andblood o w structuresin
virtual reality, anervironmentwhereuserdnteractfreely in a 3D spacewith entities
within it. Theworking prototypeof theVRE is providedwith amulti-modalinterface
describedn [26].

1.2.2 UsageScenario

Oncewedesignedandspeci edtheGrid architectureye considethefollowing sce-
nario (Figure1.2): a patientwalksinto a Medical Centerscanningoomsomevhere
in Europeto gethis blood o w measuredthe technicianscanghe abdominalaorta
areaandtheresultingimageis storedin theradiologyinformationsystenrepository
or PictureArchiving and CommunicationsSystem(PACS), to be pre-ecaminedand
segmented.Later, a physician(user)somavhereelse(e.g.,in Amsterdam)ogsinto
the CrossGridMigrating Desktop(MD) Grid portal using his Grid certi cate and
privatekey. The userchecksif therearesggmentedor non-sgmentednedicaldata
setsreadyfor analysisandsimulationin oneof the virtual nodesto work with them
locally, and securelytransfersa few. The userthen startsthe DesktopVREfrom
within theportal,loadsthesegmentednedicaldata,selectsaregion of interestcrops
image,addsa bypass,and createsa LBM mesh. The userselectsthe biomedical
applicationicon within the portal (parameterand les aretaken from users pro-
le), andsubmitsthe job to the CrossGrid,to the nearest/mosadequateCE in the
Grid, usinga replicamanageiservice. The usermay thencheckjob submissioror
simulationprogressvia the portal. After the job hasbeencompletedthe velocities,
pressureand shearstressare transferredo the local SE or to the appropriatevi-
sualizationengineto be renderedandreviewed by the user This scenarioimplies
downloadingthe portal,from PoznarSupercomputingndNetworking Centerto a
local roamingstorageelement;secureaccesdo the testbed;virtual exploration of
availableSEsthroughouthe Grid; securedatatransferfrom animagerepositorySE
(LeidenMedical Center);the preparatiorof the datafor the blood o w simulation
within the DesktopVREversionof the biomedicalapplication;ob submissiorio the
LBM solverviatheRB, atLisbonlInstrumentatiomndExperimentaParticle Physics
Laboratory;andvisualizationof the simulationresultsusingthe visualizationtools
from Johanne&eplerUniversityLinz. All processearetransparenio theuser For
moredetailson integrationof thevisualizationserviceinto the testbedwe referthe
readerto [27].

1.2.2.1 Medical Image Segmentation Oncemedicalimagesare acquired,e.g.,
by magneticresonancangiography(MRA), the datais storedin a medicalimage
repositoryfor further analysis. Next, advancedimagesegmentationtechniquesare
applied: the accurateassessmertf the presenceand extent of vasculardiseasee-
quiresthe determinatiorof vesseldimensions.For this, a methodfor automatically
determiningthetrajectoryof the vessebf interestthe luminal boundariesandsub-
sequenthevesseldimensiondasbeendevelopedby the Departmenbf Radiology
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LeidenUniversity Medical Center(LUMC) [28]. This way, relevant 3D structures
suchasarteriesareextractedfrom theraw data.

TheGrid portalwe useenablegheuserto accessheGrid resourcefrom roaming
machinedik e stand-alond®Cs, notebooksor desktopworkstations. It allows run-
ning applicationsmanagingdata les, andstoringpersonakettingsindependently
of thelocalizationor theterminaltype. Usersmay handleGrid andlocal resources,
run applications,managedata les, and store personalsettings. The portal pro-
vides a front-endframawvork for embeddingsomeof the applicationmechanisms
andinterfaces,and facilitatesthe uservirtual accesgo Grid resourcesrom other
computationahodes.Accesso the CrossGridtestbeds basedn globus Grid secu-
rity infrastructurgGSl). GSl usespublickey encryption X.509 certi cates,andthe
securesocletslayer (SSL)communicationprotocol. Extensiongo thesestandards
have beenaddedfor single sign-onanddelegation. The GSI providesa delegation
capability with an extensionof the standardSSL protocolto reducethe numberof
timestheusermustenterhis passphrase If a Grid computatiorrequireshatseveral
Grid resourcesireused(eachrequiringmutualauthentication)or if thereis aneed
to have agentglocal or remote)requestingserviceson behalfof a user the needto
re-enterthe users passphrasecanbe avoidedby creatinga proxy.

Averagetransfertimesfor the medicalimagedata,oncetaking into accountthe
Globuscachingmechanismglid notvary muchabove 400msfor thesmallersize les
andno morethan850msfor thelargersize les.

The sggmentationstepis connectedto the DesktopVRE-basedeconstruction
of a 3D model of an artery A geometricalmodelingtool allows the interactve
manipulationwith 3D geometryand proceduressuch as the clipping operation,
editingof LBM mesh handlingof problematicareasandinteractive placemenbf a
bypasqFigurel.3).

1.2.2.2 Simulation Job Submission Within the portal,application-speci dnfor-
mationcanbe describedisingextensiblemarkuplanguaggXML) schemaln order
tointegratevisualizationlibrariesinto thecomputationarid testbedye createdand
postedapplicationXML schematéor job submissionto bedynamicallylinkedto the
portalvia ajob submissionwizard. ThenXML style sheettransformationgXSLT)
is usedin orderto transformtheschemadnto appropriateXHTML. Theportalsends
thejob requesto theRAS, whichthenis sentto ajob submissiorservice whichthen
sendghejob to a RB andlogsall operations.The RB startsajob onthetarget CE.
Beforethe job is started,a job submissiorscript downloadsall necessaryles for
simulationfrom a virtual node. Within the portal, we usethe EDG replicamanager
for replicationservices,which allows oneto copy les into Grid storage register
les, replicate les betweerSEs,deleteindividual replicas,anddeleteall replicasof
aparticular le.

Grid monitoringin CrossGridncludesservicegor applicatiormonitoring,aswell
asservicesfor monitoring instrumentsand infrastructure. Application monitoring
is substantiallydifferentfrom monitoringinfrastructureandinstrumentsso separate
approachesreoffered,with applicationmonitoringaimedat observinga particular
executionof an application. The collecteddatais usefulfor tools for application
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Fig. 1.3 Seggmenteddatarendering bypasscreation,and Lattice-Boltzmanrmeshcreation

in the 2D DesktopVirtual RadiologyExplorer;the LBM mesheditingalsoallows indicating
boundaryconditions
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Fig. 1.4 Simulationmonitoringvia the CrossGridight-weightportal,basednanEnterprise
InformationPortal,usingJavaandXML, andinterfacingwith alight-weightPersonaDigital
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developmentsupportwhich areusedto detectbugs,bottleneckr justvisualizethe
applications behaior, in the contet of a particularexecution. For our purposeswe
usethe MD portalandCrossGridight-weightportal capabilitiesfor monitoringjob
submissior(Figurel.4).

We integratedmoreadvancedapplicationmonitoringandperformancerediction
tools, aswell as ne-grain infrastructuremonitoringto allow for more interactve
usageof collectedinformation. Theapplicationmonitoringinfrastructuredeveloped
in the CrossGridis the Grid-basedOMIS-compliantMonitoring (OCM-G) [29], a
distributeddescentralizedgutonomousystenthatrunsasapermanenGrid service.
It provides monitoring servicesaccesiblevia a standardizednterface,to be used
by visual tools suchas Grid-PerformanceéMonitoring (GPM)[3(. We use GPM
extensiely (Figurel.5)tode ne ourown performancenetricsandalsoto accesaset
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Fig. 1.5 Simulationmonitoring of the blood o w simulationin the CrossGrid,via OCM-

G/G-PM: graphsshaving communicationdelay per iteration or percentageof time which
the solver spendsin communicationroutinesin one iteration, at 2 differenttime-scalesof

simulationwithin 5 and 7 minutesof runningtime (x-axis) and delay (y-axis). The gure

identi es atwo-fold jump in amountof time in communicatiorat 5.4 minuteson the shorter
time scale which continueson the largertime scaleandpointsout to possiblebottleneckson
kernelperformance

of x edonesandto handletheproces®f measuringheperformanceroperties We
alsouseGridBench[31], atool developedto administetbenchmarkingxperiments,
publishtheir results,andproducegraphicalrepresentationsf their results.

After jobs have beencompleted the usercanthensubmitthe resultsfor visual-
izationonthe Grid usingGrid visualizationtools, eitherto anywherein the network
or to speci ¢ CE wherethesimulationhasrun, to avoid large datatransfers.Finally,
visualizationresultsaretransferredo the VRE to be renderedandreviewed by the
user

We addresshe combinationof Grid applicationsandcorrespondingisualization
clientson the Grid. While Grids offer a meansto procesdarge amountsof data
acrossdistantresourcesyisualizationaidsin understandindhe meaningof data.
For this reason,visualizationcapabilitiesuse Globus services,therebyproviding
Grid visualizationservicesvia dedicatednterfacesandprotocolswhile at the same
time exploiting the performanceof the Grid for visualizationpurposes.A resource
intensive moduleof the visualizationpipelineis instantiatedbn a high-performance
computer Then,the visualizationpipelineon a graphicsworkstationconnectyvia
re-directionthroughthe portal service)to this module,usesthe power of the high-
performancecomputerto generatethe visual results,and downloadsthemto the
visualizationdevice. We createdlinks within the MD portal for initialization of
the visualizationclient application,and experimentedwith renderingthe o w both
remotelyandlocally in the accessstorageelement. This way, remotevisualization
andlocalrenderingarefully linkedvia theportal,for nal rendering.
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1.3 INDIVIDU ALIZED BIOMEDICAL E-SCIENCE

Computerscienceprovidesthe languageneededo study and understanccomplex
biomedicalsystems Computersystemarchitecturese ect the samelaws andorga-
nizing principlesusedo build individualizedbiomedicakystemswhich canaccount
for variationsin physiology treatmentanddrugresponse.

Ontheotherhand closingthecomputationagiapin systemsiologyrequirescon-
structing,integrating,andmanaginga plethoraof models.A bottom-up,data-drven
approachdoesnotwork in this case.Integratingoftenincompatibleapplicationsand
tools for dataacquisition,registration,storage provenanceprganization,analysis,
andpresentatiomequiresusingWebandGrid services.Oncethe computationabnd
integration challengesare adressedye needa system-lgel approachto closethe
collaboratiorandinteractiongap[32]. Suchanapproachinvolvessharingprocesses,
data,information,andknowledgeacrossgeographicandorganizationaboundaries
within the context of distributed, multidisciplinary and multi-organizationalcol-
laborative teams,or virtual organizations. Thesemethodsdynamically streamline
and,mostimportantly individualizescienti ¢ data o w processedependingntheir
availability, reliability, andthespeci c interestof medicaldoctors surgeonsglinical
experts,researchersand otherend usersWe call this a moleculeto manapproach
(Figurel.6).

1.3.1 The ViroLab Collaboratory

Duringthepastdecadetesearchensavemadesigni cant progressn treatingpatients
with viral diseasesEffective antiretraviral theragy hasleadto sustainedHIV viral
suppressiorand immunologicalrecovery in patientswho have beeninfectedwith
thevirus. Adherenceo antiretroviral treatmenttherefore remainsthe cornerstone
of effective treatmentandfailure to adheres the strongespredictorof virological
failure. Long-termtherafy canleadto metaboliccomplications. Othertreatment
optionsarenow available,with the recentintroductionto clinical practiceof fusion
inhibitors,second-generatiamonnucleosideeversetranscriptas@nhibitors,andnu-
cleotidereversetranscriptasénhibitors. However, in orderto completelysuppress
thevirus, patientamusttake acombinatiorof atleasttwo of thefour differentclasses
of antiretraviral drugs[33]. Neverthelessin a signi cant proportionof patientsthe
drugsfail to completelysuppressheviral diseasetesultingin therapid selectionof
drug-resistantirusesandlossof drugeffectivenessThis complicategheclinician's
decisionprocesssinceclinical interpretatioris basedn datasetsrelatingmutations
to changesn drugsensitvity andrelatingmutationspresentn the virus to clinical
responsefo speci ¢ treatmentegimens.
Inrecentyearsresearchensavedevelopedsereralgerotypicresistancenterpretation
toolsthat help cliniciansandvirologists chooseeffective therapeutialternatvesto
addressg.g., genotypicresistancanterpretation. Furthermore applying arti cial
intelligenceand computationatechniqueshasresultedin the developmentof spe-
cializedcomputerbasedecisionSupportSystemgDSSs).Recendevelopmentsn
distributedcomputingfurtherallow thevirtualizationof the delugeof availabledata,
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Fig. 1.6 Data ow modelin ViroLab, shaving the model for predictionof the temporal
behaiour of theimmunesystemto drugtheray aimsto qualitatively correspondo clinical
data. The multiscaleapproachfrom micro parametersuchasproteasemutationsto macro
resultsattheclinical level gothroughprimary, interventionalandmetavirological parameters,
assupportedy the Virtual Laboratory
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computationabndsoftwareresourcesequiredby complex e-Science ViroLab[34]
is an internationalcollaborative laboratorywhich goal is to provide suchvirtual
laboratorywhereresearcheraind medicaldoctorshave easyaccesdo distributed
simulationsandcanshare processandanalyzevirological,immunological clinical,
andexperimentalnfectiousdiseaselata[35]. Currently virologistsbrowsejournals,
selectresults,compilethemfor discussionandderive rulesfor rankingandmaking
decisions.

ViroLab's Grid-basedDSSfor infectiousdiseasesonsistsof modulesfor indi-
vidualizeddrug rankingin humanimmunode cieng disease.lt offerscliniciansa
distributedvirtual laboratorysecurelyaccessibldrom their hospitalsandinstitutes
throughoutEurope.

1.3.2 SystemRequirements

ViroLab'sresearclyoalis to investigatsmnovel computationaiethodsandtechniques
thatsupporthedevelopmenbf asecureanduserfriendly integrateddecisiorsupport
systenfor physicians We useemeging Grid technologyto combinedatadiscovery,
datamining, statisticalanalysesnpumericalsimulationandresultspresentation.
Someof the maintechnicalrequirementsor building sucha systeminclude:

efcient datamanagement

integrationandanalysis

errordetection

recoveryfrom failures

monitoringandloggingfor processo ws

distributedexecutionof data-andcompute-intensie tasks
visualizationandimageprocessingn the datathroughthe analysissteps
metadata-baseathtaaccessauthenticationandauthorization

For the systemto supportGrid-baseddistributed dataaccessand computation,
virtualizationof its componentss important. ViroLab includesadwancedtools for
biostatisticahnalysisyisualization modeling,andsimulationthatenableprediction
of the temporalvirological andimmunologicalresponseof viruseswith comple
mutationpatterndor drugtheray [36, 37].

1.3.2.1 DecisionSupportSystem A DSSanddataanalysistoolsareatthecenter
of theViroLab distributedcollaboratory Suchtools may estimatethe sensitvity for
availabledrugsby interpretinga patients genotypausingmutationalalgorithmsthat
expertsdevelopedbasedon scienti ¢ literature,taking into accountthe published
datarelatinggenotypeo phenotype This way, rankingsarealsobasedn datafrom
clinical studiesof therelationshipbetweerthe presencef particularmutationsand
theclinical or virological outcome.

A numberof bioinformaticssoftware programshave beendevelopedin the last
few yearsto supportbioinformaticsdecisionmakingin clinical ervironments. A
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coupleof examplesof suchsystemsarethe Virtual Phenotypd&developedby Virco
NV)?!, andRetrogram(developedby Virology Networks BV?). The outputof these
programsconsistsof a predictionof the drug sensitvity of the virus, generatedy
comparingthe viral genotypeto a relationaldatabaseontaininga large numberof
phenotype-genotypgairs. The Retrograni decisionsoftware, in particulag inter-
pretsthe genotypeof a patientby usingrulesdevelopedby expertson the basisof
the literature, taking into accountthe relationshipof the genotypeand phenotype
[38]. In addition,it is basedon (limited) availabledatafrom clinical studiesandon
the relationshipbetweenthe presenceof genotypedirectly to clinical outcome. It
is importantto note, hawever, that thesesystemsocus on biological relationships
andarelimited to the role of resistance.The next stepis to useclinical databases
andinvestigataherelationshipdetweertheviral resistancero le (mutationalpro-
le and/orphenotypicdata)andtheray outcomemeasuresuchasamountof virus
(HIV-RNA) andCD4+cells.

In DSSslike the Retrogram the primary goal of the dataanalysisis to identify
patternsof mutations(or naturallyoccurringpolymorphismsgassociatedvith resis-
tanceto antiviral drugsandto predictthe degreeof in-vitro or in-vivo sensitvity
to availabledrugsfrom an HIV geneticsequence The statisticalchallengesn do-
ing suchanalysesarisefrom the high dimensionalityof thesedata. A variety of
approachebave beendevelopedto handlethis type of data,includingclusteringre-
cursie partitioning,andneuralinformatics. Neuralinformaticsis usedfor synthesis
of heuristicmodelsrecevedby methodof knowledgeengineeringandresultsof the
formal multivariatestatisticalanalysisin uniform systems Clusteringmethodshave
beenusedto group sequencethat are neareachotheraccordingto somemeasure
of geneticdistance:onceclustershave beenidenti ed, recursve partitioningcanbe
usedo determingheimportantpredictorsof drugresistanceasmeasuredy in-vitro
assay®r by patientresponséo antiiral drugs.

1.3.2.2 Interactivity and ProcessFlow The availability of Grid infrastructures
andtoolsfor interactive applicationgresentanimportantresearclopportunity For
bioinformaticscollaboratorywork we build on previousefforts wherewe developed
a uni ed approachfor runninginteractve distributed applicationson the Grid by
providing solutionsto the following issues:

automatigoortingof applicationdo Grid ervironments

userinteractionservicesfor interactive startupof applications,online output
control,parametestudy andruntimesteering
adwanceduserinterfaceghatenablesasyplug-in of applicationsandtools, like
interactve performanceanalysiscombinedwith onlinemonitoring

schedulingof distributedinteractve applications

Ihttp://wwwvircolabcom/
2http://wwwvironet.com/
SRagisteredTrademarkUniversity of Amsterdam:no. 713908
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benchmarkingindperformancerediction

optimizationof dataaccesdo differentstoragesystems

In ViroLab, animportantissueis for usersto be ableto registerandpublishde-
riveddataandprocesseandto keeptrackof the provenancef information o wing
throughthe generategipelines,aswell asaccessingxisting (patientandscienti ¢
literature)dataandacquiringnew datafrom scienti ¢ instruments.Thesedomain-
independenteaturecanthenbecustomizedy addingdomain-speci ccomponents
andsemanti@nnotatiorof thecomponentanddatabeingused.In orderto automate
the constructiorof processo w applicationsthe systemneedso generatentolog-
ical descriptionsof services systemcomponentsandtheir infrastructure[39, 40.
Semanticdatais usuallystoredasa registry that containsWeb Ontology Language
(OWL) descriptionsof serviceclassfunctionality, instanceproperties,and perfor-
mancerecords. The userprovidesa setof initial requirementaboutthe process
o w use,thenthe systembuilds anabstracprocesso w usingthe knowledgeabout
services'functionality that serviceprovidershave suppliedto the registry. Subse-
qguently the systemmustapply semanticinformation on servicepropertieswhich
resultsfrom analyzingthemonitoringdataof servicesandresourcesp steerrunning
processo wsthatstill have multiple possibilitiesof concretéNebserviceoperations.

The systemcan selectthe preferableserviceclassby comparingsemanticde-
scriptionsof the availableservicesclasseandmatchingthe classesfeaturesto the
actualrequirementsViroLab userscanthereforeverify andidentify thedatasorigin
andrerunexperimentsvhenrequired. ViroLab extendsthis featureby cateyorizing
the level of information,including the dataand processo ws. The collecteddata-
provenancénformationis archivedin ViroLab's portalandaccessibl¢hroughsearch
anddiscovery methods.

1.3.2.3 Virtual Organization Grid computingis basedon the centralconceptof
distributed Virtual Organizationsthat spanmultiple trust domains. Trustin Grids
is commonlyestablishediia a Public Key Infrastructure(PKI): every entity in the
systemis issuedwith a "certi cate" that links an identi er to a piece of unique
cryptographidata.

In Virolab we developeda distributedvirtual organisatiorthat bindsthe various
component®f thedistributedVO. This binding layer spansa numberof geograph-
ically separategbhysicalinstitutionsacrossEurope,including v e hospitals. Viro-
Lab's VO-basedsecurityinfrastructureis basedon Grid middlewvare and a set of
interfacegroviding usetfriendly andtransparendiccesso theViroLab applications,
within a Grid portal.

Securityis, naturally an importantconcern. The sensitve natureof clinical
patientdata, togetherwith concernsthat dataand resourcede madeavailable in
a timely fashionto just thosewho are authorizedto accesshem, is supportdby
Grid authenticationand authorizationcomponentswhich spanall aspectsof the
infrastructure. It is importantto note,though,thatin ViroLab Grid securitypolicy
de nition is left to the local owner's trust policy. VO memberswith accesgo the
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VOsresourcesanthereforeuseandsharedistributedresourcesecurelyleveraging
single-signon.

Maintainingcon dentiality is importantin the developmentof monitoringproto-
colsandproceduresThereforejn orderto guarante@atientcon dentiality, database
accesss limited andanorymized,especiallyin the caseof overview in which HIV
resultscanbelinkedto individuals. In this casesuchoverviewsaredestryedassoon
asrelevantdatahave beenretrieved.

1.3.3 SystemAr chitecture

The ViroLab systems designguaranteegheinteractionbetweera userandrunning
applications,similar to methodsusedin real experiments,so the usercanchange
a selectedsetof input dataor parametersit runtime. For instanceundera typical

usagescenarian ViroLab:

ascientistfrom a clinical andepidemiologicaVirology laboratoryin Utrecht,
Netherlandsecurelyaccessesirus sequenceaminoacid, or mutationsdata
fromahospitalAIDS labin RomeusingGrid technologycomponentsunning
in Stuttgart,Germauy.

the scientistappliesquality indicatorsneededfor data-preenancetracking
usingprovenance-serercomponentsunningin Krakow, Poland.

researcherasethis datais usedasinputto (moleculardynamics)simulations
andimmunesystensimulationgunningon Grid nodeghatresideatUniversity
College Londonandthe University of Amsterdam.

thevirtualizedDSSautomaticallyderivesmetarules.

intelligentsystemcomponent§rom Amsterdamuse rst-order logic to clean
rules,identify con icts andredundang, andchecklogical consisteng.

thescientistvalidatesnew rulesthatthe systemautomaticallyuploadsinto the
virtualizedDSS.

the systenpresents new ranking.

We next elaborateon ViroLab's Grid-basedarchitecturedesign,in termsof the
systems$ virtual laboratory presentatiomndvirtualizationviewpoints(Figure1.7).

Our systems architectureis basedon the Grid conceptof distributed virtual
organizationgVOs),whichhasavirtualizeddecisionsupporisystematits core,anda
penasieGridinfrastructurghatprovidesPKI securityaccessWe distinguishabase
Grid Resouceslayer, wherecomputationa{computingelementswithin hospitalsor
researcltenterspnddataresourcegstorageelementsvhereindividual patientdata,
medicaknowledgedatajntermediatexperimentatiataandsoforth) isarchived On
top of thislayer, avirtual laboratorycomponenéencapsulatetheruntimesystenthat
interactawith thecollaboratioranddataaccessomponentsiaasessionmanagrthat
handlesasweeltheprovenance&eomponentsFinally, anapplicationandpresentation
layerscontainthe userinterfacesandindividual applicationinterfacesto eitherthe
corerule-basedystemusedfor initial decisionsupportandranking,or thescienti ¢
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Fig. 1.7 ViroLab systemarchitecturedistributedresourcegcomputingelementsdata,and
storageYhatthe biomedicalapplicationsusearecoordinatedvith the Grid middlevareanda
virtualizedruntimesystem.Resourcesreautomatedndvirtualized,andtheresultingdatais
fedto anorymizing componentsaswell asdirectly to the DecisionSupportSystem
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tools for the enhancemenof suchrankings. We next elaborateon the different
componentandtheir functionalities.

1.3.3.1 Virtual Laboratory In orderto coverthetemporalandspatialscalesre-
quiredto infer informationfrom a molecularevel up to patientmedicaldata,multi-
scalemethodsareappliedin ViroLab, wheredistributedsimulation,statisticalanal-
ysisanddatamining arecombinedandusedto enhancehebaserule-basedlecision
process.In this scenarioyesourcesarewidely distributed,andthe dataprocessing
requirementsare highly variable,both in the type of resourcesequiredand com-
putationalprocessinglemands Experimentdesign,integrationof informationfrom
varioussourcesaswell astransparenschedulingand executionof experimentsis
initially supportedby the DAS2 testbedin The Netherlandsproviding additional
computationapower for computationalntensie jobs. We reuseGrid middleware
from successfuEuropearprojectsto provide basicGrid servicesfor datamanage-
ment,resourcananagemengndinformationservicesontop of Globusmiddleware.

In orderto supportsuchadistributeddecisionsupportinfrastructurewe startwith
VO supporfor aDSS-centeredrototype.Here,usersareassistedy rulesdeveloped
by expertson the basisof available literature,taking into accountthe relationship
betweerrelevantgenotypeandphenotypealata. We extendthis monolithicbaseDSS
by virtualizing its basicbuilding blocks, and distributing the relevant components
anddatafrom clinical studiesacrossheVO.

1.3.3.2 Presentation In theinitial designphasesve aim to maintainthe same
level of usability and readabilityasthe original Web versionof the DSSinterface.
Thisis accomplishethy maintainingthesamestructureput with somemodi cations.
A Proxy methodis implementedor accessinghe web-basedoftwarefrom mobile
devicesaswell, wherethe Proxy sener actsbetweenthe remotesener (the DSS)
and a mobile device. Here,a navigation scriptin the Proxy is responsibldor the
following:

take the patient data from the mobile user (i.e. patientdetail, laboratory
information)

createanHTTP communicatiorwith theremotesener

submitdatato theremotesener

take theresultfrom theremotesener

parseHTML codeandretrieve only relevantinformation(i.e. drugranking,
errormessagegjrugreferencegtc.)

sendthewirelesspagego the mobiledevice

In theinitial Webversion theProxyisimplementedisingahypertet preprocessor
as a sener-site scripting languagerunning on the Web sener (Figure 1.8). Two
versionsaredevelopedusingthe Proxy method: WAP versionandweb clipping. If
auserwantsto enterthe patientdetails elds, he hasto move from onescreerto the
otherandcomebackagain. The elds already lled in the previousscreenshould
notbelost.
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Fig. 1.8 WebRetrogram:Userentersgpatientsubstitutionsn orderto getdrugrankingresults
by login into theinterface,accessingatientdetailandlaboratoryinformation,andaccessing
theDSSfor drugrankingandinterpretationcourtesyof PM.A. Sloot,A.V. Boukhaneosky, W.
KeulenA. Tirado-RamosindC.A. Bouchey"A Grid-basedIV ExpertSystem"Journal of
Clinical Monitoring and ComputingOctober2005,vol. 19,nr. 4-5,pp. 263-78



XX GRID-BASED INTERACTIVE DECISION SUPPORT IN BIOMEDICINE

For ViroLab, an extra layer of Grid servicesis implementedin orderto allow
accesdo bothapplicationsandresourcewia a Grid portal. The portalsenesasthe
centralaccespointwhereusersareauthenticatedisingsinglesign-on,andprovides
directaccessothevirtual laboratoryinfrastructureruntimesystenmandcollaboration
support. Our aim is thatthe portal is basedon standardportlettechnologiesusing
a setof portletweb applicationghat collaboratewithin the framewvork andsupport
standardGrid security We initially leveragethe supportfor Grid integrationof the
GridSphereportalframawvork. In GridSpherea collectionof Grid portletsprovided
asadd-onmodulesform acohesive end-useervironmentfor managingisersgroups
andsupportingemotgob execution, le stagingandproviding accesso information
services.GridSphereprovidestwo portletimplementationspneis the JSR168 de
factoportletAPI standardind theothe isbasediponthelBM WebSplerePottlet API.
GridSpheresupportsthe developmentof re-usableportletsand portlet services. It
includesasetof coreportletsandportletserviceghatprovidethebasicinfrastructure
requiredfor developingandadministeringMeb portals.

1.3.3.3 ApplicationandResourcévirtualization ViroLabinfrastructurerovides
virologistswith anadvancecervironmert to studytrerdsonanindividual, population,
andepidemiologicalevel. Thatis, by virtualizing the hardware,computenfrastruc-
ture, and databaseghe virtual laboratoryoffers a userfriendly ervironment,with

tailored processo w templateso harnessand automatesuchdiversetasksasdata
archiing, integration,mining, andanalysis;modelingandsimulation;andintegrat-
ing biomedicalinformation from viruses(proteinsand mutations),patients(viral

load),andtheliterature(drug-resistancexperiments).

In ViroLab we needaccesdgo differenttypesof dataresourcesvia Grids. In
orderto achieve this goal, we provide a way of querying,updating,transforming
anddelivering datavia web servicesin a consistentjndependentvay. In orderto
automaterchiing, integration,mining, aswell astransparenaccesso applications,
we work with metadatandthe dataresource$n which this datais stored,accessed
via web serviceshatcanbe combinedto provide higherlevel serviceshat support
Grid-basedlatafederationranddistributedqueryprocessing.

We approachvirtualization by allowing dataand applicationresourcesto be
accessettia webservices.Thatis, awebserviceallows datato bequeriedupdated,
transformedand delivered, while integrating the datavia servicesto clients. In
ViroLab we usethe OGSA-DAI webserviceamodel,which canbe deployedwithin
a Grid ervironment. This allows usto Grid-enablehe distributeddataresources.

1.4 DISCUSSIONAND SUMMARY

With theincreasingavailability of geneticinformationandextensve patientrecords,
researchersannow study diseasedrom the DNA level all the way up to medical
responses. Resolvingthe long-standingchallengesof individual-based targeted
treatmentss comingwithin reach. It is necessaryo provide integratingtechnology
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to the medicaldoctorsandresearcherbridging the gapsin multiscalemodels,data
fusion,andcross-disciplinargollaboration.

With the rst casestudywe shaved a frameawork for rapid prototypingof explo-
ration ervironmentsthat permitsusersto exploreinteractvely thevisualizedresults
of a simulation,and manipulatethe simulationparametersn nearreal-time. We
introduceda genericarchitecturatequirementsge ned agenericcomponent-based
software architectureandits abtractinteractionsandidenti ed a speci ¢ usecase
for validationof thearchitecture.

The secondand main casestudy presentechere consistsof a decisionsupport
systemcomparepatients'viral genotypeo adistributedrelationaldatabaseontain-
ing alarge numberof phenotype-genotypgairs. The decisionsoftwareinterpretsa
patients genotypeby usingrulesdevelopedby expertson the basisof theliterature,
takinginto accountherelationshipof the genotypeandphenotype.In addition,the
outputis basednavailabledatafrom clinical studiesandontherelationshigbetween
the presencef genotypeandtheclinical outcome.

We have shaved how in the understandingf processedrom bioionformatics
to heathinformatics,from moleculeto man, distributed computingin generaland
Grid technologyin particularcan play a crucial role. We found that in orderto
coverthehugetime andspatialscalegequiredto infer informationfrom amolecular
(genomic)level up to patientmedicaldata,we needto apply multi-scalemethods
wheresimulation,statisticalanalysis,data-miningis combinedin an ef cient way.
Moreover, suchrequiredintegrative approachrequiresdistributed data collection
(e.g. HIV mutationdatabasespatientdata, literaturereports,etc.) anda virtual
organization(physicians hospitaladministrationcomputationatesourcesetc.) to
supportit. Theacces$o anduseof large-scaleeomputationbothhigh performance
aswell asdistributed)is essentiasincemary of the computationsnvolvedrequire
nearreal-timeresponsandareto completo runonapersonatomputeror personal
digital assistantFurthermoregatapresentatiofs crucialin orderto lowerthebarrier
of actualusageby the physiciansherethe Grid technology(sener-clientapproach)
canplay animportantrole.

Forfuturework,wewill work onenhancerentstothecurrenttesttedlik e scierti ¢
collaborationsupport,as requiredto processthe variety of dataand information
generatedrom a numberof ViroLab applicationsas well as data providers and
hospitals. For instance,in additionto the basicrequirementf voice and video
supportbetweenscientistswe will work on scienti ¢ collaborationsupportfor the
sharingof drug rankings(currentrankingsandnew rankingsresultingfrom the new
applications),collaboratve validation of drug rankings(oncevalidation of a new
rankinghasbeenperformedusersmaywantto discussandsharetheir ndings with
relevant staleholders) andfeedbackirom expertsvia links to the work o w engine
(collaborationtools may allow the direct andinstantcommunicatiorwith experts
duringandatall stepsof scienti ¢ work o w execution).
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