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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 �î 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 IUs (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 IU. Of

the IUs considered for mapping surveys, 50�2% exceed this threshold for suitability in at

least one 5 �î 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 IUs 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 2018,it wasunknownif onchocerciasistransmissionoccurredamongapproxi-
mately2 400implementationunits (IUs; typically,secondadministrative-levelunits,such
asdistricts)consideredpotentiallyendemic.TheseIUs haveeitherneverbeensurveyed
for onchocerciasisor historicaldataarenot sufficientto definecontemporaryendemicity
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status.Giventhelargenumberof IUs for whichbaselinedatacollectionis likely required
to achievecontinentalelimination,thereisaneedto prioritiseareasfor surveysto ensure
that thosesuitablefor endemictransmission,andthereforepotentiallyeligiblefor mass
drugadministration,areableto initiate interventionsassoonaspossible.Weused
boostedregressiontreesto predictenvironmentalsuitabilityfor onchocerciasis,with cor-
respondingmeasuresof uncertainty.Wesummarizedthefine scalespatialpredictionsat
theIU levelbyusingreceiveroperatingcharacteristic(ROC)curveanalysisto identify a
thresholdthatmaximizedagreementwith theoccurrencelocationsto identify IUs that
maywarrantprioritisation for mappingsurveys.Thisanalysissuggeststhatapproximately
halfof theIUs consideredfor surveyscouldbeclassifiedasenvironmentallysuitablefor
onchocerciasis.In orderto developaneliminationstrategy,manynationalonchocerciasis
eliminationprogrammes(NOEPs)needamechanismto synthesisehistoricaldatato
definepriority areasfor surveys.

Introduction
Onchocerciasis(adiseasecausedby infectionwith ���������� 	�
	�
��) canleadto permanent
blindnessandskindisease,andover99%of peopleinfectedresidein Africa [1]. Sincethemid-
1970s,vectorcontrol of the���
��� blackfly vectorsand,sincethelate-1980s,massdrug
administration(MDA) with ivermectin,havebeenimplemented(in combinationor using
MDA alone)with thegoalof reducingonchocerciasis-relatedmorbidity in areasof meso-to
hyper-endemicity[2]. To date,overonebillion ivermectintreatmentshavebeenadministered
bynationalonchocerciasiscontrol programmes,in addition to millions of ivermectintreat-
mentsprovidedfor theeliminationof lymphaticfilariasis(LF) asapublichealthproblem[2].
Preventivechemotherapywith MDA (in whichindividualsresidingin endemicareasare
offeredivermectin)hasbeenidentifiedastheprimary interventionfor thecontrol of oncho-
cerciasis-relatedmorbidity andeliminationof onchocerciasistransmission[2]. Under thefor-
merOnchocerciasisControl Programme(OCP)in WestAfrica andtheAfrican Programme
for OnchocerciasisControl (APOC),aswellasonchocerciasis-controlprogrammessupported
byotherpartners,areaseligiblefor MDA wereoftenidentifiedbypurposivelysamplingcom-
munitiesnearknownor suspected���
��� breedingsites.Prevalenceof onchocerciasiswas
estimatedviaskinsnipbiopsyto detectthepresenceof microfilariaeunderstandardisedpro-
tocols(for OCP)or nodulepalpation(onchocercoma),thelatter leadingto therapidepidemi-
ologicalmappingfor onchocerciasis(REMO)tool [3]. Thisapproachwasgenerallysuccessful
at identifyingfoci with moderateto high levelsof transmission(noduleprevalence�20%) [4],
but is lesssensitivein low-prevalencesettings[5].

In 2012,theparadigmfor onchocerciasisprogrammesbeganto shift from control to elimi-
nation [6]. Recentevidencefrom theAmericas[7,8] andAfrica [9,10]hasshownthatannual
or semi-annualMDA reachingat least80%of theeligiblepopulationmayhalt transmission
afteraperiodof variableduration(in partdeterminedbybaselineendemicity)[11], achieving
localelimination in somefoci [12]. To ultimatelyachieveeliminationof transmission,there-
fore,endemicareasmustfirst becorrectlydelineatedto ensuretimely initiation of interven-
tions[13]. Variousstakeholdersarenowexploringthefeasibilityof eliminatingonchocerciasis
acrossAfrica [14], andseveralmethodsareunderconsiderationto identify areaseligiblefor
MDA. Asof 2018,theExpandedSpecialProjectfor Eliminationof NeglectedTropicalDiseases
(ESPEN)at theWorld HealthOrganizationAfrica Region(WHO-AFRO) identifiedapproxi-
mately2400implementationunits (IUs), typicallysecondadministrative-levelunits (suchas
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districts),for whichendemicitystatusisuncertaindueto alackof currentprevalencedata.Of
these,1 651IUs haveneverreceivedivermectinMDA, and783IUs currentlyreceiveivermec-
tin (plusalbendazole)aspartof LFprogrammes,or maybeunderpost-MDA surveillancefor
LF [15]. Theobjectiveof thisanalysiswasto predictto whatextenttheseIUs of uncertain
endemicitystatuswerelikely to beenvironmentallysuitablefor onchocerciasis.Theresultsof
thisanalysiscouldbeusedbynationalprogrammesandimplementingpartnersto identify pri-
ority areasfor mappingsurveys.

Methods

Data inputs
Wefirst constructedananalyticaldatasetof locationsatwhichonchocerciasishasbeen
detected(`occurrences').Thecasedefinition of anoccurrenceincludedanygeo-referenced
datapoint or polygon(i.e.,arealdata)for whichat leastonepersontestedpositiveusinganyof
thefollowingdiagnosticsto measureprevalenceof onchocerciasisinfectionor onchocerciasis-
relateddisease:nodulepalpation;skinsnipmicroscopy;onchocerciasis-relatedeyeor skindis-
ease;or Ov16seropositivity,aswellasotherdiagnostictests(seeS1Text).Twoalternativecase
definitionsweretestedin asensitivityanalysis,describedin S1Text.Inputswereobtained
from asystematicliteraturereviewof theprevalenceof humanonchocerciasisandonchocerci-
asis-relatedmorbidity publishedfrom 1975to 2017,detailedelsewhere[16]. Sincethemajority
of onchocerciasisprevalencedatawerereportedbynationalonchocerciasiscontrol andelimi-
nationprogramsfor thepurposesof programmemonitoring, wealsoextractedprevalence
datafrom theESPEN[15] onlineportal.Wefurther requestedprevalencedatacollectedunder
theOCP±operationalin WestAfrica from 1974to 2002±from its formerDirector,BA Boatin,
PhD(personalcommunication,January2019).Locationsmissinggeographicalinformation
(i.e.,latitude-longitudefor community-levelprevalenceor ashapefilefor arealdata)weregeo-
referencedfollowing theproceduresdescribedin Hill etal.[16]Furtherdetailson thedataset
arepresentedin S1Text.

For theboostedregressiontree(BRT)[17] modelto compareagainstasetof control condi-
tions,wemustalsoprovideit with examplesof environmentalconditionswhereonchocercia-
sishasnot beendetected.Sincemethodsusedto detectonchocerciasisincludedskinbiopsy
andnodulepalpation,it ispossiblethat reportsof zeroprevalencemaynot betrueabsences,
particularlyamongareasof low prevalence,dueto low sensitivityof thesemethods[18].
Ratherthanusereportedabsencedata(whichmayincludefalsenegatives),wethereforeran-
domlysampledbackgrounddatato provideacontrastsignal,re-implementingprotocolsfrom
prior ecologicalandepidemiologicalspeciesdistribution analysesakin to pseudo-absencedata
[19]. Backgroundpointsweresampledindependentlyacross100bootstrapsanduniformly
from within 100km of theinput datalocations(polygonboundariesandpoint locations)such
that thenumberof samplesfrom eachregion(definedasa100-kmbufferfrom anoccurrence
location)matchedthenumberof occurrencerecordsassociatedwith it. Sincethe100-km
regionswouldoverlapwith theIUs for whichendemicitystatuswasknown,wedid not sample
from IUs consideredendemicfor onchocerciasis,andavoidedsamplingwithin polygonalloca-
tionsin theoccurrencedataset.WeusedashapefileprovidedbyESPENto identify IUs to con-
ductbackgroundsampling(S1Text).

Covariates
Tencovariateswereincludedin theanalysisbasedon knownevidenceof anassociationwith
presenceof thevector.Theseincludedvariablesthat representclimaticfactors(aridity, precipi-
tation,anddaytimetemperature),vegetation(enhancedvegetationindex,tasseledcap
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brightness,andtasseledcapwetness),breedingsitesnearfast-flowingrivers(distanceto rivers,
slope,andelevation)andtransmissionoccurringin rural areas(urbanicity).Detailsregarding
covariateselection,sourceinformation,andvisualisationsareincludedin S2TextandS4
Table.

Statisticalanalysis
Sincethepurposeof theanalysiswasto predictenvironmentalsuitabilityof onchocerciasis
amongcountriesfor whichonchocerciasisendemicitywasuncertain,weexcludedall IUs
from countriesconsideredentirelynon-endemic(asreportedbyESPEN):Algeria,Botswana,
CaboVerde,Eritrea,Eswatini,theGambia,Lesotho,Madagascar,Mauritius,Mauritania,Sey-
chelles,SouthAfrica,andZimbabwe(seeS1Text).Therationalefor thisexclusionwasto
avoidselectinglocationsin thebackgroundsamplethatwould introduceextremecovariate
valuesinto theanalysis(suchastheSaharadesert).To predicttheenvironmentalsuitabilityof
onchocerciasis,weemployed100optimisedBRTmodels[17] to produceafinal, bootstrap
aggregatedBRTmodel.TheBRTmethodmodelsenvironmentalsuitabilityof onchocerciasis
transmissionasasuitabilityindex(from 0 to 1) basedon thevaluesof environmentalcovari-
atesat thelocationscorrespondingto occurrenceinputs.Wefirst employedBayesianparame-
ter optimisation[17,20±22]to selectvaluesfor threehyperparametersneededto implement
theBRTmethod:thenumberof leavesof eachlearnedtree(treecomplexity),theweighting
assignedto previouslylearnedmodels(learningrate),andnumberof trees.Additional details
on hyperparameterselectionandtheBRTmethodologyarepresentedS3Text.Oncefinal
hyperparametervalueswereselected,wethenimplemented100BRTmodelsto generatethe
mean,lower2�5th percentile,and97�5th percentilepredictionsfor every5 � 5-km location.We
usedcovariatevaluesfrom theyear2016to generatepredictionsacrosstheentiregeographical
extentof theanalysis.

Thefinal modelsfor theenvironmentalsuitabilityof onchocerciasiswereevaluatedbased
on theaverageroot meansquareerror (RMSE)andareaunderthereceiveroperatingcurve
(AUC) of eachbootstrapandtherelativeinfluenceandmarginaleffectcurveof eachcovariate.
Thisallowedusto estimatethesignificancewithin themodelof eachenvironmentalfactorand
its behaviourrelativeto all othercovariatesandto thecovariatevaluesassociatedwith the
input data.

Wecomplywith theGuidelinesfor AccurateandTransparentHealthEstimatesReporting
(GATHER)[23] asoutlinedin theS1Table.Completeinformation on datasourcesisavailable
from theGlobalHealthDataExchange.Relatedstatisticalcodefor R3�1�2isavailableat
GitHub. MapswereproducedusingArcGISDesktop10.6.

Thresholdingandsummarisationby implementation unit
Weusedtheexistingdatasetto identify anoptimisedthresholdvalueto classifythemodelled
environmentalsuitabilityindexinto abinarypresence/absenceclassification[24]. Thethresh-
old selectedwasthevaluethatminimisedtheclassificationerror associatedwith themodel,
andthereforemostappropriatelyindicatedreportedoccurrencesto bein locationspredicted
to beenvironmentallysuitable,andsampledbackgroundinputsto belesssuitable.Usingthe
receiveroperatingcharacteristic(ROC)curve,weevaluatedthesensitivityandspecificity
trade-offpossiblevaluesfrom 0 to 1,finding thevaluewhichminimisedthedistanceto (0,1)
on theROCplot.SinceanIU (or areawithin anIU) wouldgenerallyqualifyfor MDA if any
locationwereidentifiedto haveevidenceof onchocerciasistransmissionthroughprimary data
collection,wesummarisedeachIU asafunction of thisbinaryclassificationbasedon thevalue
of the5 � 5-km locationwith thelargestmeanpredictionwithin eachIU. Wethenestimated
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theposteriorprobabilitythatasingleIU would includeanylocationthatexceededthethresh-
old identified.Wecomparedthesewith thereportedendemicitystatusavailablein theshape-
file usedto conductthebackgroundsample.Addition detailsarepresentedin theS9Fig.

Results
Thefinal datasetcontained13382occurrencerecords:11094from ESPEN;689non-ESPEN
datapoints(from BK Mayala,PhDat theDemographicandHealthSurveys(DHS)Program,
personalcommunication);863from thesystematicreview;and736from OCPhistoricalrec-
ords.Of all theserecords,128weregeoreferencedaspolygons.A summaryof theoriginaldata
extractedbydiagnosticused,year,andcountryispresentedin S1FigandS2andS3Tables.
After de-duplicationacrossall sources,atotalof 987recordsreportedskinsnipexamination,
12161nodulepalpation,155onchocerciasis-related skinor eyedisease,and98reportedsero-
logicalantibodytesting(Ov16ELISAor rapiddiagnostictest,RDT).Fig1 presentsamapof
locationsof theoccurrenceandbackgroundsample.Overall,theDemocraticRepublicof the
Congo(DRC)andNigeriareportedwhatamountedto be50%of occurrencelocations(3 933
locations(29%)in theDRC;2 755locations(21%)in Nigeria).

Resultsat the 5 � 5-km resolution
Theresultsof theenvironmentalsuitabilitymodelfor Africa arepresentedin Fig2.Themodel
resultsshowhigherenvironmentalsuitabilityacrossmostof thesouthernhalfof WestAfrica,
theDRC,SouthSudan,andwesternEthiopia,aswellasin areasof TanzaniaandMozambique.

Fig 1. Locationof datasources:(a)Locationof occurrencedatapointsarevisualisedin blue.(b) Locationschosenfor thebackgroundsamplearemappedin red.
Thebackground samplerepresentsthelocationschosento compareagainsttheoccurrencedatapoints.IUs for whichendemicity statuswasuncertainandmapping
surveysareconsideredwereexcludedfrom selection.Dueto thedensityof background pointschosen,theyappearaspolygondatain themap.Countriesin grey
with hatchmarkswereexcludedfrom theanalysisbasedon areviewof national endemicity status.Areasin greyonly representlocationsmaskeddueto sparse
population.MapswereproducedusingArcGISDesktop10.6andshapefilesto visualizeadministrativeunitsareavailableathttps://espen.afro.who.int/tools-
resources/cartography-database.

https://doi.org/10.1371/journal.pntd.0008824.g001
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Thehighest5 � 5-km grid-cell-levelpredictionswereobservedin EquatorialGuinea,Nigeria,
theDRC,andCameroon(>0�98). Themeanpredictionsshowareassuitablefor transmission
thatgenerallyagreewith previousmodel-basedgeostatisticalanalyses[25,26].In WestAfrica,
our modelpredictionssuggesthighsuitabilityin areascomparedto apreviousmodel[25] pre-
dicting lowerendemicityin Liberia,northwestGhana,andnorthernGuinea.In otherregions,
wepredicthighsuitabilityin theareaborderingtheRepublicof theCongo,theDRC,and
Angola,aswellasin easternandsouthernMalawi,northernNigeria,westernKenya,andeast-
ernCentralAfrican Republic;theseareaswerepredictedto havelow prevalencein prior esti-
mates[26]. Model fit statisticsfor AUC were0�90andRMSEwas0�38.Themarginaleffectsof
thecovariateswerehighestfor aridity (0�22),precipitation(0�15),andelevation(0�16).Covari-
ateinfluenceplots,andresultsof thesensitivityanalysesareincludedin S3�S9Figs.Model
resultsareavailableviahttps://vizhub.healthdata.org/lbd/onchoandcountry-levelmapresults
areincludedin S1Appendix.

Fig 2. Environmental suitability predictions:Visualisationof (a)mean,(b) lower95%uncertaintyinterval,and(c) upper95%uncertaintyinterval.Environmental
suitabilityindexpredictedby themodelisboundedfrom 0%(low) to 100%(high). Countriesin greywereexcludedfrom theanalysis.Countriesin greywith hatch
markswereexcludedfrom theanalysisbasedon areviewof nationalendemicitystatus.Areasin greyonly representlocationsmaskeddueto sparsepopulation.Maps
wereproducedusingArcGISDesktop10.6andshapefilesto visualizeadministrativeunitsareavailableathttps://espen.afro.who.int/tools-resources/cartography-
database.

https://doi.org/10.1371/journal.pntd.0008824.g002
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Resultsat the IU level
TheROCanalysisidentifiedameanpredictionof �0�71, bestagreedwith thelocationof
occurrences,andwasusedto classifyIUs asenvironmentallysuitable.Weidentifiedatotal3
087IUs that includeat leastonelocationfor whichthemeanmodelresultssuggestenviron-
mentalsuitabilityfor onchocerciasistransmission.Wesummarisethisacrossthefour typesof
IU endemicitystatus(asreportedat thetime of thisanalysis)in Table1.Overall,theenviron-
mentalsuitabilitypredictionsareconcordantwith areaspreviouslyidentifiedasendemicor
non-endemicwhenclassifyingbasedon themaximummeangrid-cell-levelpredictionwithin
theboundariesof anIU. Of theIUs consideredfor eliminationmapping,atotalof 828IUs
(50�2%)hadenvironmentalsuitabilitypredictionsthatexceededthe0�71thresholdin at least
onegrid cell.Themajority of IUs with highenvironmentalsuitabilityarelocatedin Angola
(81IUs), theDRC(191IUs),Ethiopia(94IUs),Kenya(89IUs),andNigeria(79IUs).Among
IUs currentlyunderMDA with ivermectinfor thepurposeof LFelimination,495(63%)were
predictedto haveat leastonegrid cellexceeding0�71.In Fig3,wepresenttheposteriorproba-
bility thatalocationwithin IUs exceedsthethreshold,incorporatinguncertaintyinto theclas-
sificationof `suitable'.

Within-IU differencesin environmentalsuitability
While programmaticdecisionstypicallyoccurat theIU level,wesummarisedtherangeof pre-
dictionsto determineif anyIUs identifiedassuitableweretheresultof smallerareasof high
predictedsuitability,asthiswouldsuggestIUs for whichtheremaybefoci of transmissionas
opposedto potentialtransmissionacrosstheentireIU. AmongIUs thatexceededthe0�71
threshold,therangeof predictionswithin IU borderswasaslargeas0�95(suggestingahigh
degreeof variationwithin theIU). Only 20%of theIUs identifiedassuitablehadmeanpredic-
tionsthatexceededthethresholdacrossall locationswithin IU boundaries.Therangeof mean
suitabilityispresentedS3andS5Figs.

Discussion
Theenvironmentalsuitabilitymodelidentifiedapproximatelyhalfof theIUs currentlyconsid-
eredfor eliminationmappingsurveysasenvironmentallysimilar to areasfor whichonchocer-
ciasishasbeenpreviouslydetected.Theseresultssuggestthatalargeproportion of IUs
consideredfor mappingmight beof lowerpriority for surveyimplementation,particularlyfor
programmesin countriessuchasEthiopiathatmayneedto surveyasmanyas461IUs.Using
theresultsof thisanalysis,thenationalprogramin Ethiopiacouldprioritisedatacollectionfor
the94IUs thatexceededthethreshold.While not theprimary targetof inference,theseresults
alsosuggestthatoverhalfof theIUs currentlyunderivermectinMDA for thepurposesof
eliminationof LFasapublichealthproblemmayalsobesuitablefor onchocerciasis.Giventhe

Table1. Comparison of implementation unit (IU) classification usingreportedendemicityversusmodelled envi-
ronmental suitability model.

Endemicity status Total IUs Total (%)classifiedassuitable�

Non-endemic 634 89(14%)

Endemic(currentandhistoric) 1 710 1 672(89%)

Considered for eliminationmapping 1 651 828(50%)

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

� IUs areclassified assuitablebasedon themodelresultsif anylocationwithin theIU exceededthethresholdof 0�71.

https://doi.org/10.1371/journal.pntd.0008824.t001
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goalof eliminationof transmission,thedurationof MDA requiredfor onchocerciasisis longer
thanwhatis implementedfor LF.Surveysof onchocerciasisprevalencewouldbewarrantedin
theseIUs to determineif MDA with ivermectinshouldcontinue,or elserisk thereductionsin
onchocerciasisprevalenceachievedthroughLFprograminterventionsmaybelostowingto
interruption of MDA.

While themodelresultsdo not completelyruleout theneedto conductmappingsurveysin
areaspredictedto havelesssuitability,theymayenableprioritisation of surveyimplementation
planning,assumingsomeconstraintson surveyeffort in spaceandtime.Standardguidelines

Fig 3. Posteriorprobability anylocation with Implementation Units (IU) exceedsthe threshold for suitability. Theposterior
probability(%)of anIU includingalocationthatexceedsthe0�71thresholdusedto identify areasof suitabilityisestimatedfrom the
100BRTbootstraps.Areasin redarelesslikely to haveat leastonelocationdefinedassuitable,areasin bluearemorelikley to include
environmentallysuitablelocations.Countriesin greywith hatchmarkswereexcludedfrom theanalysisbasedon areviewof national
endemicitystatus.Areasin greyonly representlocationsmaskeddueto sparsepopulation.MapswereproducedusingArcGIS
Desktop10.6andshapefilesto visualizeadministrativeunitsareavailableathttps://espen.afro.who.int/tools-resources/cartography-
database.

https://doi.org/10.1371/journal.pntd.0008824.g003

PLOS NEGLECTED TROPICAL DISEASES Environmental suitability for onchocerciasis in Africa

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008824 July 28, 2021 13 / 23



for determiningIU eligibility for MDA arecurrentlyunderdevelopment,with methodssuch
aspurposivesamplingof villagesbasedon proximity to breedingsites(`first-linevillages')and
IU-levelclusterrandomsurveysunderconsideration.Regardlessof themappingstrategycho-
sento identify IUs warrantingMDA, NOEPswill likely needinformation to prioritise IUs for
implementationof surveys.Prioritisationof datacollectionactivities,suchasconsideringenvi-
ronmentalsuitabilityalongwith otherfactorssuchasproximity to endemicdistrictsandpres-
enceof existingprogrammeinfrastructure,couldresultin moreefficientresource
deployment,particularlygiventhecostsof fieldwork,seasonalconstraintssuchasweatherand
otherhealthsystemactivities,aswellasdemandson labcapacityshouldconfirmationof Ov16
RDT resultswith ELISAberequired.Ultimately,prioritisation of IUs likely to beendemic
wouldalsoenablemorerapidscale-upof MDA (or otherstrategiessuchas`test-and-treat'in
areasco-endemicfor ��� 
�� filariasis);onceevidenceof onchocerciasistransmissionisavail-
able,donatedivermectincanbedeployed.Werecommendnationalprogramscomparethese
resultswith dataon ��� 
�� prevalenceto inform interventionstrategiesin co-endemic
settings.

Environmentalsuitabilitypredictions,whenoverlaidwith mapsor satelliteimageryof
settlements,mayalsobeusefulto NOEPsfor otherapplicationsasidefrom IU-leveldeci-
sionmaking.Theymaywishto consideruseof theseresultsto identify areasfor sampling
within IUs,especiallythosewith no first-line villageor breedingsiteinformation.Among
theIUs for whichour estimatessuggestenvironmentalsuitabilityis high, in settingssuch
astheDRC,Malawi,andNigeria,predictionswerevariablewithin individual IUs, suggest-
ing thatdifferenceswithin IUs mayrequireconsiderationduring baselinesurveysiteselec-
tion or couldinform samplingstrategies.Oncemappingfor onchocerciasisin theseareasis
conducted,newlycollecteddatacanbeusedto validatethis model'sperformance(akin to a
naturalhold-out) andthensubsequentlyincludedin futureupdatesto improvethequality
of predictions.

Strengths
With over13000occurrencepoint inputs,weexceedthenumberof inputsusedfor other
globalanalysesof environmentalsuitabilityfor diseasetransmission(e.g.,dengue[27] and
leishmaniasis[28]). Themethodemployedto selectvaluesfor theBRThyperparametersavoids
thecomputationaldemandsof implementingadeterministicgrid searchandissuperiorto a
randomsearch,combiningfastercomputationwith iterativeselectionof thebesthyperpara-
metervalues[29]. Conceptually,thechoiceto employabackgroundsampleratherthan
observedabsencedataisanalogousto certaincase-controldesigns,wherethecontrolsare
selectedto representtheexposuredistribution amongthesourcepopulationthatgaveriseto
thecases.In thiscontext,thebackgroundsamplerepresentscovariatepatternsthatdescribe
onchocerciasis-endemiccountriesgenerallyandallowsthemodelto testfor associations
betweencovariatepatternsidentifiedacrossall occurrencelocationswithin thatsetting.Fur-
ther,sincethebackgroundsamplereplacestheobservedabsencedata(whereno individuals
testpositiveatagivenlocation),weavoidbiasfrom diagnosticproceduresthathavepoorsen-
sitivity andspecificity,suchasnodulepalpation.It ispossiblethatsomeobservedabsences
measuredbynodulepalpationwerefalsenegatives[30] or positives.BycomparingtheIUs
knownto becurrentlyor historicallyendemicandthoseknownto benon-endemicwith the
resultsof thisanalysis,weshowedstrongagreement,suggestingthat themodelhasaccurately
characterisedIUs for whichknowledgeof endemicitystatusexists.Finally,thisanalysistrans-
formsdetailed5 � 5-km-levelpredictionsinto IU-levelresults,which is theunit of program-
maticdecisionmaking.
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Limitations
Theprimary limitation of thisanalysisis thatwepredictmeanvaluesof environmentalsuit-
ability asanindex,ameasurenot directlycomparableto otherquantities.Thisanalysiscan
only indicatehowsimilaralocationmaybe(relativeto thecovariatesincludedin theanalysis)
to otherlocationswhereonchocerciasishaspreviouslybeendetected;it doesnot predictthe
magnitudeof infection.Wedefinesuitableregionsto beanyareawith ameanestimateexceed-
ing theoptimal threshold.In thisway,IUs with `highsuitability'aredefinedrelativeto each
bootstrapandnot relativeto oneanother.Otherthresholdscouldbeusedto aggregatethese
resultsto characteriseindividual IUs.Second,it ispossiblethatcovariatepatternsidentifiedas
suitablefor onchocerciasistransmissionarebiasedtowardsIUs of higherprevalence,asdata
collectionfor onchocerciasiscontrol prioritisedidentificationof areaswith greatermorbidity,
generallyassociatedwith higherlevelsof infectionprevalence.It isalsopossiblethemodelwill
predicthighenvironmentalsuitabilityamonglocationssimilar to onchocerciasis-endemicset-
tingsevenif thelocationlacksthevectoror theparasite,or amongsettingswheretransmission
hasbeeneliminated.WeencourageNOEPsto considerthemodelresultsalongsideprogram-
maticevidence.Third, it isalsopossiblethat thecovariatepatternsat the5 � 5-km resolution
do not adequatelycapturethespecificecologicalnichefor ���
��� breedingsitesin all set-
tings,andthevectorcantravelbeyondthe5 km range[31]. ���
��� abundancedataisnot
availablefor theentireAfrican continentnor is it availableperuniquespecies;wetherefore
relyon othercovariatesasproxiesto representecologicalconditionsthatmight besuitableto
thevector.In somesettings,smallerriversmayserveasviablebreedingsitesandfutureanaly-
sisshouldconsidermoredetailedhydrologicaldatasources.Matchingcovariatevaluesfor
temperature,precipitation,enhancedvegetationindex,urbanicity,tasseledcapwetness,and
tasseledcapbrightnessto input databyyearof datacollectionwasnot possiblefor occurrence
datapre-2000(approximately20%of theinputs),whichmayalsointroducebiasfor areas
wheresubstantialchangeshaveoccurred,althoughuseof annualmeanvalueswouldbeless
sensitiveto seasonalvariationfrom yearto year.Weareunableto accountfor temporalshifts
in river locations,but notethatcalculatingdistanceto riversat the5x5kmspatialscalelikely
reducesthepotentialerror.Remotesensingmethodshavebeenusedto generateaspectralsig-
nal to identify potentialbreedingsitesatamuchfiner spatialscale[32] (0.6m2), but it would
becomputationallyinfeasibleto usethoseinputsfor acontinentalanalysis.Fourth,theremay
bepotentialdifferencesin theecologicalnicheof onchocerciasisin WestAfrica comparedto
Centralor EastAfrica drivenby forestor savannahhabitats[33]. Dueto thelimited dataavail-
ablefor WestAfrica (beyondNigeria),conductingseparatesub-continentalanalyseswasnot
feasible,particularlyfor theformerOCPareas.Finally,BRTmodelsarehighlysensitiveto the
selectionof inputs;resultsmayvaryby thecasedefinition of anoccurrence.Our sensitivity
analysis(seeS3�S6Figs)did not resultin qualitativelydifferentresultsin meanpredictions.
Wefurther did not excludeoccurrenceinputsreportingOv16seropositivity,whichmaynot
representcontemporarytransmissionin caseswhereonly oneor two individualstestpositive.
Inclusionof nodulepalpationdatacouldalsobesubjectto biasin areasof low endemicity[30].
Lessthan1%of theinput datareportedusingserologicaltestsandexclusionof thesedatafrom
preliminarymodelsresultedin negligibledifferencesin theresults(resultsnot shown).It was
alsonot possibleto reviewtheoriginal sourcedocumentationof datareportedviatheESPEN
portalor historicaldatafrom OCP;biasmayhavebeenintroducedif thosesourcescontain
inaccuracies.Therewerealsonot sufficiententomologicalmonitoring dataavailableto com-
pareagainstall humanprevalencedatato includeevidenceof transmissionin thevectorpopu-
lation aspartof our casedefinition of anoccurrence.Thebackgroundsamplecannotaccount
for possiblebiasin theoccurrencedatawhichmayhavebeenselectedpreferentiallywith
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respectto locationssuspectedor known to beendemic.For this reason,wedo not recommend
themodelresultsbeusedto excludeanylocationfrom mappingto determineprogrameligibil-
ity for MDA or otherinterventions,but ratherto usethemodelasatool for prioritization and
comparisonalongsideotherdatasources.

Thereareadditionalcomplexitiesthatprogrammesshouldconsiderif thesemodelresults
areusedfor planning.In settingswherepopulationmovementdueto factorssuchasconflict,
instability,or seasonalmigrationresultsin transmissionof infectionoccurringat locationsdis-
tant from settlements,theresultsof surveymappingandthemodelestimatesmaybediscor-
dant.It will beimportant for NOEPsto characterisesuchcommunities,particularlyif
diagnosticsthatdetectOv16seropositivityareusedin adultpopulations,asindividualsmay
testpositiveif theyhavebeenexposedto onchocerciasisearlierin life atotherlocations.Since
themodelcanonly identify locationsfor whichcovariatepatternsaresimilar to areasfor
whichonchocerciasishaspreviouslybeendetected,wewouldencourageNOEPstointerpret
thesemodelresultsasamechanismto prioritisesurveys,not asasubstitutefor primary data
collection.

Conclusions
Theshift from morbidity control in meso-to hyper-endemicareasto eliminating[13] transmis-
sionat thepan-Africanscaleprovidesauniqueopportunity to developandvalidateamodelto
helpNOEPsidentify endemicIUs with greaterefficiency.Our analysisexpandsuponprior
work [25,26]to incorporatemoredatasources,generatepredictionsfor theentiresetof coun-
triessuspectedor knownto beonchocerciasis-endemic(not only areasdefinedbyregionalcon-
trol programmes),andtranslatesdetailedspatialpredictionsinto IU-levelresultsfor usein
programdecisionmaking.Thelargescaleof datacollectionrequiredthroughouttheAfrican
continentto achieveeliminationof transmissioncanbenefitfrom modelledestimatesof envi-
ronmentalsuitabilityto facilitateprogrammeplanning.If IUs mostlikely to sustaintransmis-
sionof onchocerciasiscanbesurveyedearlier,thismayresultin fasterMDA initiation in those
areas.Evidencefrom settingswherelocaleliminationof transmissionhasalreadybeenachieved
suggeststhatat least10to 15yearsof highcoverageMDA mayberequiredunderannualor
twice-yearlytreatment[11,12,34].To reacheliminationof onchocerciasistransmission,it is
imperativethatdistrictsin needof MDA areidentifiedasquicklyaspossible.

Supporting information
S1Fig.Data coverageby year.Herewevisualisethevolumeof datausedin theanalysisby
countryandyear.Largercirclesindicatemoredatainputs.`NA' indicatesrecordsfor whichno
yearwasreported(eg,`pre-2000').
(JPG)

S2Fig. Illustration of covariatevaluesfor year2000.MapswereproducedusingArcGIS
Desktop10.6.
(JPG)

S3Fig.Environmental suitability of onchocerciasisincluding locationsthat havereceived
MDA for which no pre-intervention dataareavailable.Thisplot showssuitabilitypredic-
tionsfrom green(low = 0%)to pink (high = 100%),representingthoseareaswhereenviron-
mentalconditionsaremostsimilar to prior pathogendetections.Countriesin greywith hatch
markswereexcludedfrom theanalysisbasedon areviewof nationalendemicitystatus.Areas
in greyonly representlocationsmaskeddueto sparsepopulation.Mapswereproducedusing
ArcGISDesktop10.6andshapefilesto visualizeadministrativeunitsareavailableathttps://
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espen.afro.who.int/tools-resources/cartography-database.
(JPG)

S4Fig.Environmental suitability prediction uncertainty including locationsthat have
receivedMDA for which no pre-intervention dataareavailable.Thisplot showsuncertainty
associatedwith environmentalsuitabilitypredictionscoloredfrom blueto red(leastto most
uncertain).Countriesin greywith hatchmarkswereexcludedfrom theanalysisbasedon a
reviewof nationalendemicitystatus.Areasin greyonly representlocationsmaskeddueto
sparsepopulation.MapswereproducedusingArcGISDesktop10.6andshapefilesto visualize
administrativeunitsareavailableathttps://espen.afro.who.int/tools-resources/cartography-
database.
(JPG)

S5Fig.Environmental suitability of onchocerciasisexcludingmorbidity data.Thisplot
showssuitabilitypredictionsfrom green(low = 0%)to pink (high = 100%),representingthose
areaswhereenvironmentalconditionsaremostsimilar to prior pathogendetections.Coun-
triesin greywith hatchmarkswereexcludedfrom theanalysisbasedon areviewof national
endemicitystatus.Areasin greyonly representlocationsmaskeddueto sparsepopulation.
MapswereproducedusingArcGISDesktop10.6andshapefilesto visualizeadministrative
unitsareavailableathttps://espen.afro.who.int/tools-resources/cartography-database.
(JPG)

S6Fig.Environmental suitability prediction uncertainty excludingmorbidity data.This
plot showsuncertaintyassociatedwith environmentalsuitabilitypredictionscoloredfrom
blueto red(leastto mostuncertain).Countriesin greywith hatchmarkswereexcludedfrom
theanalysisbasedon areviewof nationalendemicitystatus.Areasin greyonly representloca-
tionsmaskeddueto sparsepopulation.
(JPG)

S7Fig.CovariateEffectCurvesfor all onchocerciasisoccurrences(measuresof infection
prevalenceanddisability). On theright setof axesweshowthefrequencydensityof the
occurrencestakingcovariatevaluesover20binsof thehorizontalaxis.Theleft setof axes
showstheeffectof eachon themodel,wherethemeaneffectisplottedon theblackline andits
uncertaintyis representedby theupperandlowerconfidenceintervalboundsplottedin dark
grey.Thefiguresshowthefit percovariaterelativeto thedatathatcorrespondto specificval-
uesof thecovariate.
(JPG)

S8Fig.CovariateEffectCurvesfor all onchocerciasisoccurrences(measuresof infection
prevalenceanddisability). On theright setof axesweshowthefrequencydensityof the
occurrencestakingcovariatevaluesover20binsof thehorizontalaxis.Theleft setof axes
showstheeffectof eachon themodel,wherethemeaneffectisplottedon theblackline andits
uncertaintyis representedby theupperandlowerconfidenceintervalboundsplottedin dark
grey.
(JPG)

S9Fig.ROCanalysisfor threshold.Resultsof theareaunderthereceiveroperatingcharac-
teristic(ROC)curveanalysisarepresentedbelow,with falsepositiverate(FPR)on thex-axis
andtruepositiverate(TPR)on they-axis.Thereddot on thecurverepresentsthelocationon
thecurvethatcorrespondsto athresholdthatmostcloselyagreedwith theinput data.For
eachof the100BRTmodels,weestimatedtheoptimal thresholdthatmaximisedagreement
betweenoccurrenceinputs(consideredtruepositives)andthemeanmodelpredictionsas
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S3Text. Boostedregressiontreemethodologyadditional details.
(DOCX)

S1Appendix. Country-levelmapsanddataresults.MapswereproducedusingArcGIS
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