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Abstract

Recent evidence suggests that, in some foci, elimination of onchocerciasis from Africa may
be feasible with mass drug administration (MDA) of ivermectin. To achieve continental elimi-
nation of transmission, mapping surveys will need to be conducted across all implementa-
tion units (IUs) for which endemicity status is currently unknown. Using boosted regression
tree models with optimised hyperparameter selection, we estimated environmental suitabil-
ity for onchocerciasis at the 5 1 5-km resolution across Africa. In order to classify IUs that
include locations that are environmentally suitable, we used receiver operating characteris-
tic (ROC) analysis to identify an optimal threshold for suitability concordant with locations
where onchocerciasis has been previously detected. This threshold value was then used to
classify IlUs (more suitable or less suitable) based on the location within the IU with the larg-
est mean prediction. Mean estimates of environmental suitability suggest large areas across
West and Central Africa, as well as focal areas of East Africa, are suitable for onchocerciasis
transmission, consistent with the presence of current control and elimination of transmission
efforts. The ROC analysis identified a mean environmental suitability index of 0 71 as a
threshold to classify based on the location with the largest mean prediction within the 1U. Of
the IUs considered for mapping surveys, 50 2% exceed this threshold for suitability in at
leastone 5 1 5-km location. The formidable scale of data collection required to map oncho-
cerciasis endemicity across the African continent presents an opportunity to use spatial data
to identify areas likely to be suitable for onchocerciasis transmission. National onchocercia-
sis elimination programmes may wish to consider prioritising these 1Us for mapping surveys
as human resources, laboratory capacity, and programmatic schedules may constrain sur-
vey implementation, and possibly delaying MDA initiation in areas that would ultimately

qualify.

Author summary

Asof 2018t wasunknownif onchocerciasifansmissioroccurredamongapproxi-
mately2 400implementationunits (IUs; typically,secondadministrative-levelinits, such
asdistricts) considerecpotentiallyendemic ThesdUs haveeitherneverbeensurveyed
for onchocerciasisr historicaldataarenot sufficientto definecontemporaryendemicity
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statusGiventhelargenumberof IUs for which baselinedatacollectionis likely required
to achievecontinentalelimination, thereis aneedto prioritise areador surveygo ensure
thatthosesuitablefor endemictransmissionandthereforepotentiallyeligiblefor mass
drug administration,areableto initiate interventionsassoonaspossibleWe used
boostedregressionreesto predictenvironmentakuitabilityfor onchocerciasisyith cor-
respondingmeasuresf uncertainty.We summarizedhefine scalespatialpredictionsat
thelU levelby usingreceiverperatingcharacteristi¢ROC) curveanalysigo identify a
thresholdthat maximizedagreementvith the occurrencdocationsto identify IUs that
maywarrantprioritisation for mappingsurveysThis analysisuggestthat approximately
half of the IUs consideredor surveysould beclassifiecasenvironmentallysuitablefor
onchocerciasidn orderto developanelimination strategymanynationalonchocerciasis
elimination programmeg{NOEPs)needa mechanisnto synthesisistoricaldatato
definepriority areador surveys.

Introduction

Onchocerciasiéadiseaseausedy infectionwith )  canleadto permanent
blindnessandskin diseaseand over99%of peopleinfectedresidein Africa[1]. Sincethe mid-
1970syectorcontrol of the blackfly vectorsand,sincethe late-1980snassdrug
administration(MDA) with ivermectin,havebeenimplemented(in combinationor using
MDA alone)with the goalof reducingonchocerciasis-relatadorbidity in areaf meso-to
hyper-endemicityf2]. To date,overonebillion ivermectintreatmentshavebeenadministered
by nationalonchocerciasisontrol programmesin addition to millions of ivermectintreat-
mentsprovidedfor the elimination of lymphaticfilariasis(LF) asapublic healthproblem[2].
Preventivechemotherapyith MDA (in whichindividualsresidingin endemicareasre
offeredivermectin)hasbeenidentified asthe primary interventionfor the control of oncho-
cerciasis-relatethorbidity andelimination of onchocerciasigansmissior{2]. Underthefor-
mer Onchocerciasi€ontrol ProgrammgOCP)in WestAfrica andthe African Programme
for Onchocerciasi€ontrol (APOC),aswellasonchocerciasis-contrggrogrammesupported
by otherpartners arealigiblefor MDA wereoftenidentified by purposivelysamplingcom-
munitiesnearknown or suspected breedingsites Prevalencef onchocerciasisias
estimatedvia skin snip biopsyto detectthe presencef microfilariaeunder standardisegbro-
tocols(for OCP)or nodulepalpation(onchocercomajthe latterleadingto the rapid epidemi-
ologicalmappingfor onchocerciasiSREMO)tool [3]. Thisapproachwasgenerallysuccessful
atidentifying foci with moderateto high levelsof transmissionnoduleprevalence20%) [4],
butislesssensitivan low-prevalencsettingq5].

In 2012 the paradigmfor onchocerciasiprogrammesegarto shift from control to elimi-
nation [6]. Recenevidencdrom the Americaq7,8] and Africa [9,10]hasshownthatannual
or semi-annuaMDA reachingat least80%of the eligiblepopulationmayhalt transmission
afteraperiodof variableduration (in part determinedby baselineendemicity)[11], achieving
localeliminationin somefoci [12]. To ultimatelyachieveelimination of transmissionthere-
fore,endemicareasmustfirst becorrectlydelineatedo ensurdimely initiation of interven-
tions[13]. Variousstakeholderarenow exploringthe feasibilityof eliminatingonchocerciasis
acrossAfrica[14], and severamethodsareunder consideratiorto identify areasligiblefor
MDA. Asof 2018 the ExpandedSpeciaProjectfor Elimination of Neglectedropical Diseases
(ESPENRtthe World HealthOrganizationAfrica Region(WHO-AFRO) identified approxi-
mately2 400implementationunits (IUs), typicallysecondadministrative-levelinits (suchas
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districts),for which endemicitystatusis uncertaindueto alackof current prevalencelata.Of
thesel 6511Us haveneverreceivedvermectinMDA, and 783IUs currently receivavermec-
tin (plusalbendazoleaspart of LF programmespr maybeunder post-MDA surveillancdor
LF[15]. The objectiveof this analysisvasto predictto whatextentthesdUs of uncertain
endemicitystatuswverelikely to beenvironmentallysuitablefor onchocerciasist heresultsof
this analysicouldbeusedby nationalprogrammesandimplementingpartnersto identify pri-
ority areador mappingsurveys.

Methods
Datainputs

Wefirst constructedan analyticaldatasetf locationsat which onchocerciasibasbeen
detected occurrences'Thecasalefinition of anoccurrencancludedanygeo-referenced
datapoint or polygon(i.e.,arealdata)for which atleastone persontestedpositiveusingany of
thefollowing diagnosticso measurgrevalencef onchocerciasigifection or onchocerciasis-
relateddiseasenodulepalpation;skin snip microscopypnchocerciasis-relatezyeor skin dis-
easegpr Ovl6seropositivity aswell asotherdiagnostidests(seeS1Text). Two alternativecase
definitionsweretestedn asensitivityanalysisdescribedn S1Text.Inputswereobtained
from asystematiditeraturereviewof the prevalencef humanonchocerciasiandonchocerci-
asis-relatednorbidity publishedfrom 1975to 2017 detailedelsewher§l6]. Sincethe majority
of onchocerciasiprevalencelatawerereportedby nationalonchocerciasisontrol and elimi-
nation programsfor the purpose®f programmemonitoring, wealsoextractedorevalence
datafrom the ESPEN15] online portal. We further requestegrevalencelatacollectedunder
the OCP+operationaih WestAfrica from 1974to 2002+from its former Director, BA Boatin,
PhD (personatommunication January2019) Locationsmissinggeographicahformation
(i.e.,latitude-longitudefor community-levelprevalencer ashapefildor arealdata)weregeo-
referencedollowing the procedureslescribedn Hill etal.[16]Furtherdetailson the dataset
arepresentedn S1Text.

Fortheboostedegressioriree(BRT)[17] modelto compareagainsta setof control condi-
tions,wemustalsoprovideit with example®f environmentalconditionswhereonchocercia-
sishasnot beendetectedSincemethodsusedto detectonchocerciasiscludedskin biopsy
andnodulepalpation,it is possiblahat reportsof zeroprevalencenaynot betrue absences,
particularlyamongareasf low prevalencegueto low sensitivityof thesemethodg18].
Ratherthanusereportedabsenceata(which mayincludefalsenegatives)vethereforeran-
domly sampledbackgrounddatato provideacontrastsignal re-implementingprotocolsfrom
prior ecologicabndepidemiologicaspecieglistribution analyseskin to pseudo-absenatata
[19]. BackgroundoointsweresampledndependentlyacrosslO0bootstrapsaand uniformly
from within 100km of theinput datalocations(polygonboundariesand point locations)such
thatthe numberof samplegrom eachregion(definedasa 100-kmbufferfrom anoccurrence
location)matchedthe numberof occurrencaecordsassociatewvith it. Sincethe 100-km
regionswould overlapwith the IUs for which endemicitystatuswasknown, wedid not sample
from 1Us consideredendemicfor onchocerciasigndavoidedsamplingwithin polygonaloca-
tionsin the occurrencedatasetWe useda shapefilgprovidedby ESPENo identify IlUs to con-
ductbackgroundsampling(S1Text).

Covariates

Tencovariatesvereincludedin the analysidasedn known evidencenf anassociationwith
presencefthevector.Thesdncludedvariableghatrepresentlimaticfactors(aridity, precipi-
tation, and daytimetemperature)yegetationenhancedsegetatiorindex,tasseledap
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brightnessandtasseledapwetness)breedingsitesnearfast-flowingrivers(distanceto rivers,
slopeandelevationlandtransmissioroccurringin rural areagurbanicity). Detailsregarding
covariateselectionsourceinformation, andvisualisationareincludedin S2Textand S4
Table.

Statisticalanalysis

Sincethe purposeof the analysisvasto predictenvironmentalsuitability of onchocerciasis
amongcountriesfor which onchocerciasiendemicitywasuncertain,weexcludedall IlUs
from countriesconsiderecentirelynon-endemig(asreportedby ESPEN)Algeria,Botswana,
CaboVerde,Eritrea,Eswatinithe Gambia LesothoMadagascaiauritius, Mauritania, Sey-
chellesSouthAfrica, and Zimbabwe(seeS1Text). Therationalefor this exclusionwasto
avoidselectingocationsin the backgroundsamplethat would introduceextremecovariate
valuednto the analysigsuchasthe Saharalesert).To predictthe environmentalsuitability of
onchocerciasisye employedl00optimisedBRTmodels[17] to produceafinal, bootstrap
aggregate@RTmodel. The BRT methodmodelsenvironmentalsuitability of onchocerciasis
transmissiorasa suitabilityindex (from Oto 1) basedn the valuesof environmentalcovari-
atesatthelocationscorrespondingo occurrencenputs. We first employedBayesiamparame-
ter optimisation[17,20+22}o selecwvaluedor threehyperparameterseededo implement
the BRTmethod:the numberof leave®f eachlearnedtree (treecomplexity) the weighting
assignedo previouslylearnedmodels(learningrate),andnumberof trees Additional details
on hyperparameteselectiorandthe BRT methodologyarepresenteds3Text. Oncefinal
hyperparametevaluesvereselectedwethenimplementedlOOBRTmodelsto generatehe
mean Jower2 5" percentileand97 5" percentilepredictionsfor every5 5-km location.We
usedcovariatevaluedrom theyear2016to generateredictionsacrosghe entiregeographical
extentof theanalysis.

Thefinal modelsfor the environmentalsuitability of onchocerciasisvereevaluatedased
ontheaverageoot meansquaresrror (RMSE)andareaunderthereceivermperatingcurve
(AUC) of eachbootstrapandtherelativeinfluenceand marginaleffectcurveof eachcovariate.
This allowedusto estimatehe significancewithin the modelof eachenvironmentaffactorand
its behaviourrelativeto all othercovariatesindto the covariatevaluesassociatewith the
input data.

We complywith the Guidelinesfor Accurateand TransparentealthEstimatesRkeporting
(GATHER)[23] asoutlinedin the S1Table.Completeinformation on datasourcess available
from the GlobalHealthDataExchangeRelatedstatisticakbodefor R 3 1 2is availableat
GitHub. MapswereproducedusingArcGISDesktopl0.6.

Thresholding and summarisationby implementation unit

We usedthe existingdatasetto identify an optimisedthresholdvalueto classifithe modelled
environmentakuitabilityindexinto abinary presence/absenctassificatiorj24]. Thethresh-
old selectedvasthe valuethat minimisedthe classificatiorerror associategith the model,
andthereforemostappropriatelyindicatedreportedoccurrenceso bein locationspredicted
to beenvironmentallysuitable and sampledbackgroundnputsto belesssuitable Usingthe
receivemperatingcharacteristi¢ROC) curve we evaluatedhe sensitivityand specificity
trade-offpossiblevaluesrom 0to 1, finding the valuewhich minimisedthe distanceto (0, 1)
ontheROCplot. SinceanIU (or areawithin anlU) would generallyqualifyfor MDA if any
locationwereidentified to haveevidencenf onchocerciasiransmissiorthrough primary data
collection,wesummariseceachlU asafunction of this binary classificatiorbasedn the value
ofthe5 5-kmlocationwith thelargesimeanpredictionwithin eachlU. Wethenestimated
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the posteriorprobabilitythatasinglelU would includeanylocationthat exceedethethresh-
old identified. We comparedhesewith the reportedendemicitystatusavailablen the shape-
file usedto conductthe backgroundsample Addition detailsarepresentedn the SOFig.

Results

Thefinal datasetontained13382occurrenceecords:11094from ESPEN689non-ESPEN
datapoints (from BK Mayala,PhD atthe Demographicand Health SurveygDHS) Program,
personatommunication);863from the systematiceview;and 736from OCPhistoricalrec-
ords.Of all theserecords,128weregeoreferencedspolygons A summaryof the original data
extractedby diagnostiaused year,andcountryis presentedn S1FigandS2andS3Tables.
After de-duplicationacrossll sourcesatotal of 987recordsreportedskin snip examination,
12161nodulepalpation,1550nchocerciasis-relatieskin or eyediseaseand 98reportedsero-
logicalantibodytesting(Ov16ELISAor rapid diagnostidest,RDT). Fig 1 presentamapof
locationsof the occurrenceandbackgroundsample Overall,the DemocraticRepublicof the
Congo(DRC)andNigeriareportedwhatamountedto be50%of occurrencdocations(3 933
locations(29%)in the DRC;2 755locations(21%)in Nigeria).

Resultsatthe5 5-km resolution

Theresultsof the environmentalksuitability modelfor Africa arepresentedn Fig 2. Themodel
resultsshowhigherenvironmentalsuitability acrosamostof the southernhalf of WestAfrica,
the DRC, SouthSudanandwesternEthiopia,aswellasin areaf Tanzanisand Mozambique.

Fig 1. Location of datasources{a)Locationof occurrene datapointsarevisualisedn blue.(b) Locationschoserfor the backgroundsamplearemappedn red.
Thebackgroum samplerepresentshe locationschoserto compareagainsthe occurrencedatapoints.|Us for whichendemidty statusvasuncertainand mapping
surveysareconsideredvereexcludedrom selectionDueto the densityof backgroum pointschosentheyappeaiaspolygondatain the map.Countriesin grey
with hatchmarkswereexcludedrom the analysidbasedn areviewof nationd endemidty status Areasin greyonly representocationsmaskedueto sparse
populaton. MapswereproducedusingArcGISDesktopl0.6andshapefile$o visualizeadministratve units areavailabé at https://esperafro.who.inttools-
resourcefgartograply-database

https://dbi.org/10.1371durnal.pntd®008824.g001
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Fig 2. Environmental suitability predictions:Visualisition of (a) mean,(b) lower95%uncertaintyinterval,and(c) upper95%uncertaintyinterval. Environmental
suitabilityindex predictedby the modelis boundedfrom 0%(low) to 100%(high). Countriesin greywereexcludedrom the analysisCountriesin greywith hatch
markswereexcludedrom the analysidasecn areviewof nationalendemicitystatusAreasin greyonly representocationsmaskeddueto sparsgpopulaton. Maps
wereproducedusingArcGISDesktopl0.6and shapefile$o visualizeadministratveunits areavailabé at https://esperafro.who.inttools-resouces/cartogaphy-
database.

https://doi.org/1A.371/journal ptd.0008824002

Thehighestc 5-km grid-cell-levepredictionswereobservedn EquatorialGuineaNigeria,
the DRC,and Cameroon(>0 98). Themeanpredictionsshowareassuitablefor transmission
thatgenerallyagreewith previousmodel-basedjeostatisticanalyse$?5,26].In WestAfrica,
our modelpredictionssuggeshigh suitabilityin areaxomparedo apreviousmodel[25] pre-
dicting lowerendemicityin Liberia,northwestGhanaandnorthern Guinea.ln otherregions,
wepredicthigh suitabilityin the areaborderingthe Republicof the Congo,the DRC,and
Angola,aswellasin easterrand southernMalawi,northern Nigeria,westernrKenya,andeast-
ern CentralAfrican Republictheseareasverepredictedto havelow prevalencén prior esti-
mateq26]. Modelfit statisticfor AUC were0 90andRMSEwas0 38.Themarginaleffectsof
the covariatesverehighestfor aridity (0 22),precipitation(0 15),andelevation(0 16).Covari-
ateinfluenceplots,andresultsof the sensitivityanalysesreincludedin S3 S9Figs.Model
resultsareavailablevia https://vizhub.healtbata.org/Ibd/onch@nd country-leveimapresults
areincludedin S1Appendix.
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Resultsat the IU level

TheROCanalysisdentifiedameanpredictionof 0 71, bestagreedwith thelocationof
occurrencesandwasusedto classifyilUs asenvironmentallysuitable We identified atotal 3
087IUs thatincludeatleastonelocationfor whichthe meanmodelresultssuggesénviron-
mentalsuitabilityfor onchocerciasigransmissionWe summarisehis acrosghe four typesof
IU endemicitystatus(asreportedat thetime of this analysis)n Tablel.Overall,theenviron-
mentalsuitability predictionsareconcordantwith areagpreviouslyidentified asendemicor
non-endemiovhenclassifyingpbasedn the maximummeangrid-cell-levepredictionwithin
theboundariesf anlU. Of the lUs consideredor elimination mapping,atotal of 8281Us
(50 2%)hadenvironmentalsuitability predictionsthat exceedethe 0 71thresholdin atleast
onegrid cell. The majority of IUs with high environmentalsuitability arelocatedin Angola
(811Us),the DRC(1911Us), Ethiopia(941Us), Kenya(891Us), andNigeria(791Us). Among
IUs currentlyunder MDA with ivermectinfor the purposeof LF elimination,495(63%)were
predictedto haveatleastonegrid cellexceedind 71.In Fig 3, wepresenthe posteriorproba-
bility thatalocationwithin IUs exceedshethreshold,incorporatinguncertaintyinto the clas-
sificationof “suitable'.

Within-1U differencesin environmental suitability

While programmaticdecisiongypicallyoccuratthe U level, wesummarisedhe rangeof pre-
dictionsto determineif any|Us identified assuitablewerethe resultof smallerareasf high
predictedsuitability,asthis would suggestUs for which theremaybefoci of transmissioras
opposedo potentialtransmissioracrosghe entirelU. AmonglUs thatexceedetheO 71
threshold the rangeof predictionswithin IU borderswasaslargeas0 95(suggestinghigh
degreeof variationwithin the lU). Only 20%o0f the IUs identified assuitablehad meanpredic-
tionsthatexceedethethresholdacrossll locationswithin IU boundariesTherangeof mean
suitabilityis presenteds3and S5Figs.

Discussion

Theenvironmentalsuitability modelidentified approximatelyhalf of the IUs currently consid-
eredfor elimination mappingsurveysasenvironmentallysimilar to areagor which onchocer-
ciasishasbeenpreviouslydetectedTheseaesultssuggesthat alargeproportion of IlUs
consideredor mappingmight beof lower priority for surveyimplementation particularlyfor
programmesn countriessuchasEthiopiathat mayneedto surveyasmanyas4611Us. Using
theresultsof this analysisthe nationalprogramin Ethiopiacould prioritise datacollectionfor
the 941Us that exceedethe threshold While not the primary targetof inferencetheseresults
alsosuggesthat overhalf of the IUs currentlyunderivermectinMDA for the purposeof
elimination of LF asapublic healthproblemmayalsobe suitablefor onchocerciasisGiventhe

Tablel. Comparisan of implementation unit (IU) classificatian using reported endemicity versusmodelled envi-
ronmental suitability model.

Endemicity status Total IUs Total (%) classifiedassuitable
Non-endenic 634 89(14%)
Endemic(currentandhistoric) 1710 1672(89%)

Considerd for eliminationmapping 1651 828(50%)

Uncertan (underMDA for LF) 783 498(63%)

IUs areclassifiel assuitablebasedn the modelresultsif anylocationwithin the lU exceedethethresholdof 0 71.

https://abi.org/10.1371durnal.pntdd008824.t001
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Fig 3. Posterior probability anylocation with Implementation Units (IU) exceedshe thresholdfor suitability. The posterior
probability (%) of an U including alocationthatexceedshe 0 71thresholdusedto identify areasf suitabilityis estimatedrom the
100BRTbootstrap.Areasin red arelesdikely to haveatleastonelocationdefinedassuitableareasn bluearemorelikley to include
environmerally suitablelocations Countriesin greywith hatchmarkswereexcludedrom the analysidasedn areviewof national
endemicitystatusAreasin greyonly representocationsmaskedueto sparseopulation.MapswereproducedusingArcGIS
Desktopl0.6andshapefile$o visualizeadministratveunits areavailabé at https://esgn.afro.whont/tools-re@urces/cartgraphy-
database.

https://doiorg/10.13714urnal.pntd008824.g003

goalof elimination of transmissionthe duration of MDA requiredfor onchocerciasis longer
thanwhatisimplementedfor LF. Survey®f onchocerciasiprevalencaevould bewarrantedin
thesdUs to determineif MDA with ivermectinshouldcontinue,or elserisk thereductionsin
onchocerciasiprevalencachievedhroughLF programinterventionsmaybelostowingto
interruption of MDA.

While the modelresultsdo not completelyrule out the needto conductmappingsurveysn
areagredictedto havelesssuitability,theymayenableprioritisation of surveyimplementation
planning,assumingsomeconstraintson surveyeffortin spaceandtime. Standardyuidelines
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for determininglU eligibility for MDA arecurrently underdevelopmentwith methodssuch
aspurposivesamplingof villagesbasedn proximity to breedingsites( first-linevillagesand
IU-levelclusterrandomsurveysinder considerationRegardlesesf the mappingstrategycho-
sento identify IUs warrantingMDA, NOEPswill likely needinformation to prioritise IUs for
implementationof surveysPrioritisation of datacollectionactivities suchasconsideringenvi-
ronmentalsuitabilityalongwith otherfactorssuchasproximity to endemicdistrictsand pres-
enceof existingprogrammeinfrastructure ,couldresultin more efficientresource
deploymentparticularlygiventhe costsof fieldwork, seasonatonstraintssuchasweatherand
otherhealthsystemactivities,aswellasdemandson lab capacityshouldconfirmation of Ov16
RDT resultswith ELISAberequired.Ultimately, prioritisation of IUs likely to beendemic
would alsoenablemorerapid scale-upf MDA (or otherstrategiesuchas’test-and-treain

areaso-endemidor filariasis);onceevidencenf onchocerciasigransmissions avail-
able donatedivermectincanbedeployedWe recommendhationalprogramscomparethese
resultswith dataon prevalencéo inform interventionstrategiesn co-endemic
settings.

Environmentalsuitability predictions,whenoverlaidwith mapsor satelliteimageryof
settlementsmayalsobeusefulto NOEPsfor otherapplicationsasidefrom IU-leveldeci-
sionmaking.Theymaywishto consideruseof theseresultsto identify areagor sampling
within IUs, especiallyhosewith no first-line villageor breedingsiteinformation. Among
the IUs for which our estimatesuggesénvironmentalsuitabilityis high, in settingssuch
asthe DRC,Malawi,andNigeria,predictionswerevariablewithin individual IUs, suggest-
ing that differenceswithin IlUs mayrequireconsiderationduring baselinesurveysiteselec-
tion or couldinform samplingstrategiesOncemappingfor onchocerciasis theseareads
conductednewlycollecteddatacanbeusedto validatethis model'sperformancgakinto a
naturalhold-out) andthensubsequentlincludedin future updateso improvethe quality
of predictions.

Strengths

With over13000occurrencepoint inputs,weexceedhe numberof inputs usedfor other
globalanalysesf environmentalsuitabilityfor diseas¢ransmission(e.g.dengug27] and
leishmaniasi§?8]). The methodemployedo selecwvaluedor the BRThyperparameteravoids
the computationaldemandof implementingadeterministicgrid searchandis superiorto a
randomsearchgcombiningfastercomputationwith iterativeselectiorof the besthyperpara-
metervalueqd29]. Conceptuallythe choiceto employabackgroundsampleratherthan
observedbsencelatais analogougo certaincase-controtiesignsyherethe controlsare
selectedo representhe exposuralistribution amongthe sourcepopulationthat gaveriseto
thecasedn this context the backgroundsamplerepresentgovariatepatternsthat describe
onchocerciasis-endem@ountriesgenerallyand allowsthe modelto testfor associations
betweercovariatepatternsidentified acrossll occurrencdocationswithin that setting.Fur-
ther, sincethe backgroundsamplereplaceshe observedibsencelata(whereno individuals
testpositiveat agivenlocation),weavoidbiasfrom diagnostigprocedureghat havepoor sen-
sitivity and specificity suchasnodulepalpation.It is possiblehat someobservedibsences
measuredy nodulepalpationwerefalsenegative$30] or positivesBy comparingthe [lUs
knownto becurrently or historicallyendemicandthoseknown to benon-endemicwith the
resultsof this analysisywe showedstrongagreementsuggestinghat the modelhasaccurately
characterisedUs for which knowledgeof endemicitystatusexists Finally, this analysidrans-
formsdetailed5 5-km-levelpredictionsinto IU-levelresultswhichis the unit of program-
matic decisionmaking.
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Limitations

Theprimary limitation of this analysiss that we predictmeanvaluesof environmentalsuit-
ability asanindex,ameasurenot directly comparabldo otherguantities.This analysican
only indicatehow similar alocationmaybe (relativeto the covariatesncludedin the analysis)
to otherlocationswhereonchocerciasibaspreviouslybeendetectedit doesnot predictthe
magnitudeof infection. We definesuitableregionsto beanyareawith ameanestimateexceed-
ing the optimalthreshold.In this way,lUs with “highsuitability' aredefinedrelativeto each
bootstrapandnot relativeto oneanother.Otherthresholdscould beusedto aggregat¢hese
resultsto characteriséndividual IUs. Secondit is possiblehat covariatepatternsidentified as
suitablefor onchocerciasisansmissiorarebiasedowardslUs of higherprevalenceasdata
collectionfor onchocerciasisontrol prioritised identification of areaswith greatemorbidity,
generallyassociatewith higherlevelsof infection prevalencelt is alsopossiblehe modelwill
predicthigh environmentalsuitabilityamonglocationssimilar to onchocerciasis-endemset-
tingsevenif thelocationlacksthe vectoror the parasitepr amongsettingsvheretransmission
hasbeeneliminated. We encourageNOEPsto considerthe modelresultsalongsidgprogram-
maticevidenceThird, it is alsopossibleghatthe covariatepatternsatthe5 5-km resolution
do not adequatelyapturethe specificecologicahichefor breedingsitesin all set-
tings,andthe vectorcantravelbeyondthe 5 km range[31]. abundancelatais not
availabldor the entire African continentnor isit availableperuniquespeciesyetherefore
rely on othercovariategsproxiesto representcologicatonditionsthat might be suitableto
thevector.In somesettingssmallerriversmayserveasviablebreedingsitesandfuture analy-
sisshouldconsidemmore detailedhydrologicaldatasourcesMatchingcovariatevaluesor
temperatureprecipitation,enhancedregetatiorindex, urbanicity, tasseled¢apwetnessand
tasseledapbrightnesdo input databy yearof datacollectionwasnot possibldor occurrence
datapre-200Q(approximately20%of the inputs), which mayalsointroducebiasfor areas
wheresubstantiathangefiaveoccurred althoughuseof annualmeanvaluesvould beless
sensitiveo seasonalariationfrom yearto year.We areunableto accountfor temporalshifts
in river locations but notethat calculatingdistanceo riversat the 5x5kmspatialscaldikely
reduceghe potentialerror. Remotesensingnethodshavebeenusedto generata spectrabig-
nalto identify potentialbreedingsitesatamuchfiner spatialscalg32] (0.6n7), butit would
becomputationallyinfeasibleo usethoseinputsfor acontinentalanalysisFourth, theremay
bepotentialdifferencesn the ecologicahicheof onchocerciasig WestAfrica comparedo
Centralor EastAfrica driven by forestor savannalhabitatg33]. Dueto thelimited dataavail-
ablefor WestAfrica (beyondNigeria),conductingseparatsub-continentahnalysesvasnot
feasibleparticularlyfor theformer OCPareasFinally,BRTmodelsarehighly sensitiveo the
selectiorof inputs;resultsmayvaryby the casedefinition of anoccurrenceOur sensitivity
analysigseeS3 S6Figs)did not resultin qualitativelydifferentresultsin meanpredictions.
We further did not excludeoccurrencanputsreporting Ovl6seropositivitywhichmaynot
representontemporarytransmissiorin casesvhereonly oneor two individualstestpositive.
Inclusionof nodulepalpationdatacould alsobesubjectto biasin areasf low endemicity[30].
Lesghan 1%of theinput datareportedusingserologicatestsand exclusionof thesedatafrom
preliminary modelsresultedn negligibledifferencesn theresults(resultsnot shown).It was
alsonot possibleo reviewthe original sourcedocumentatiornof datareportedviathe ESPEN
portal or historicaldatafrom OCP;biasmayhavebeenintroducedif thosesourcesontain
inaccuraciesTherewerealsonot sufficiententomologicamonitoring dataavailabléo com-
pareagainsall humanprevalencelatato includeevidencef transmissiorin the vectorpopu-
lation aspart of our casedefinition of anoccurrenceThebackgroundsamplecannotaccount
for possiblebiasin the occurrencedatawhich mayhavebeenselectegreferentiallywith
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respecto locationssuspectedr knownto beendemicFor this reasonwe do not recommend
themodelresultsbeusedto excludeanylocationfrom mappingto determineprogrameligibil-
ity for MDA or otherinterventions but ratherto usethe modelasatool for prioritization and
comparisonalongsidentherdatasources.

Thereareadditionalcomplexitieghat programmesshouldconsiderif thesemodelresults
areusedfor planning.In settingswherepopulationmovementdueto factorssuchasconflict,
instability,or seasonahigrationresultsin transmissiorof infection occurringatlocationsdis-
tant from settlementsthe resultsof surveymappingandthe modelestimatesnaybediscor-
dant.It will beimportant for NOEPsto characterissuchcommunities particularlyif
diagnosticghat detectOv16seropositivityareusedin adultpopulations asindividualsmay
testpositiveif theyhavebeenexposedo onchocerciasisarlierin life atotherlocations Since
themodelcanonly identify locationsfor which covariatepatternsaresimilar to areagor
whichonchocerciasibaspreviouslybeendetectedywewould encourageNOEPstanterpret
thesemodelresultsasamechanisio prioritise surveysnot asasubstitutefor primary data
collection.

Conclusions

Theshift from morbidity control in meso-to hyper-endemi@reago eliminating[13] transmis-
sionatthe pan-Africanscaleprovidesauniqueopportunity to developandvalidateamodelto
helpNOEPsdentify endemiclUs with greaterefficiency Our analysigexpandsipon prior
work [25,26]to incorporatemore datasourcesgeneratgredictionsfor the entire setof coun-
triessuspectedr knownto beonchocerciasis-endeminot only areaslefinedby regionalcon-
trol programmes)andtranslatesietailedspatialpredictionsinto 1U-levelresultsfor usein
programdecisionmaking.Thelargescaleof datacollectionrequiredthroughoutthe African
continentto achieveelimination of transmissiorcanbenefitfrom modelledestimate®f envi-
ronmentalsuitabilityto facilitateprogrammeplanning.If IUs mostlikely to sustaintransmis-
sionof onchocerciasisanbesurveyecearlier,this mayresultin fasterMDA initiation in those
areasEvidencdrom settingsvherelocalelimination of transmissiorhasalreadybeenachieved
suggestthatatleastl0to 15yearsof high coveragédlDA mayberequiredunderannualor
twice-yearlhtreatment[11,12,34]To reachelimination of onchocerciasigansmissionit is
imperativethat districtsin needof MDA areidentified asquickly aspossible.

Supporting information

S1Fig. Data coverageby year.Herewevisualisehe volumeof datausedin the analysidby
countryandyear.Largercirclesindicatemoredatainputs. 'NA' indicatesrecordsfor which no
yearwasreported(eg, pre-2000").

JPG)

S2Fig. lllustration of covariatevaluesfor year2000.MapswereproducedusingArcGIS
Desktopl0.6.
(JPG)

S3Fig. Environmental suitability of onchocerciasisncluding locationsthat havereceived
MDA for which no pre-intervention dataare available.This plot showssuitability predic-
tionsfrom green(low = 0%)to pink (high= 100%) representinghoseareasvhereenviron-
mentalconditionsaremostsimilarto prior pathogerdetectionsCountriesin greywith hatch
markswereexcludedrom the analysisasedn areviewof nationalendemicitystatus Areas
in greyonly representocationsmaskedueto sparsgopulation.Mapswereproducedusing
ArcGISDesktopl0.6andshapefileso visualizeadministrativeunits areavailablet https://
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espen.afro.who.int/tools-resoudeartography-database.
JPG)

S4Fig. Environmental suitability prediction uncertainty including locationsthat have
receivedMDA for which no pre-intervention dataare available.This plot showsuncertainty
associatewvith environmentalsuitability predictionscoloredfrom blueto red (leastto most
uncertain).Countriesin greywith hatchmarkswereexcludedrom the analysidasedn a
reviewof nationalendemicitystatus Areasin greyonly representocationsmaskeddueto
sparsepopulation.MapswereproducedusingArcGISDesktopl0.6and shapefile$o visualize
administrativeunits areavailableat https://espen.afro.who.iftbols-resources/cartogragh
database.

JPG)

S5Fig. Environmental suitability of onchocerciasiexcludingmorbidity data. Thisplot
showssuitability predictionsfrom green(low = 0%)to pink (high = 100%)representinghose
areasvhereenvironmentalconditionsaremostsimilar to prior pathogerdetectionsCoun-
triesin greywith hatchmarkswereexcludedrom the analysisasedn areviewof national
endemicitystatus Areasin greyonly representocationsmaskeddueto sparseopulation.
MapswereproducedusingArcGISDesktopl0.6andshapefileso visualizeadministrative
units areavailablet https://espen.afro.who.iftbols-resources/cartogragkdatabase.

(JPG)

S6Fig. Environmental suitability prediction uncertainty excludingmorbidity data. This
plot showsuncertaintyassociate@ith environmentalsuitability predictionscoloredfrom
blueto red (leastto mostuncertain).Countriesin greywith hatchmarkswereexcludedrom
theanalysidasedn areviewof nationalendemicitystatus Areasin greyonly representoca-
tions maskeddueto sparsepopulation.

(JPG)

S7Fig. CovariateEffect Curvesfor all onchocerciasi®ccurrence{measuresf infection
prevalenceand disability). On theright setof axesnve showthe frequencydensityof the
occurrencesaking covariatevaluesover20bins of the horizontalaxis.Theleft setof axes
showshe effectof eachon the model,wherethe meaneffectis plottedon the blackline andits
uncertaintyis representedby the upperandlowerconfidencentervalboundsplottedin dark
grey.Thefiguresshowthefit percovariaterelativeto the datathat correspondo specificval-
uesof the covariate.

(JPG)

S8Fig. CovariateEffect Curvesfor all onchocerciasi®ccurrence{measuresf infection
prevalenceand disability). On theright setof axesve showthe frequencydensityof the
occurrencesaking covariatevaluesver20bins of the horizontalaxis. Theleft setof axes
showghe effectof eachon the model,wherethe meaneffectis plottedon the blackline andits
uncertaintyis representedby the upperandlower confidencantervalboundsplottedin dark
grey.

(JPG)

S9Fig. ROCanalysisfor threshold. Resultf the areaunderthereceiveroperatingcharac-
teristic(ROC)curveanalysisaarepresentedelow,with falsepositiverate (FPR)on the x-axis
andtrue positiverate (TPR)on they-axis.Thered dot on the curverepresentshe locationon
the curvethat correspondgo athresholdthat mostcloselyagreedwith theinput data.For
eachof the 100BRT modelsweestimatedhe optimal thresholdthat maximisedagreement
betweeroccurrenceanputs (consideredrue positiveslandthe meanmodelpredictionsas
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