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Abstract

Japanese encephalitis (JE) is a vector-borne zoonosis and the leading cause of human viral

encephalitis in Asia. Its transmission cycle is usually described as involving wild birds as res-

ervoirs and pigs as amplifying hosts. JE is endemic in Cambodia, where it circulates in

areas with low pig densities (��70 pigs per km2), and could be maintained in a multi-host sys-

tem composed of pigs, but also poultry as competent hosts, and dogs, cattle and humans as

non-competent hosts. We used a mathematical model representing Japanese encephalitis

virus (JEV) transmission in a traditional Cambodian village that we calibrated with field data

collected in 3 districts of Kandal province, Cambodia. First, R0 calculations allowed us to

assess the capacity of the epidemiological system to be invaded by JEV and sustain virus

transmission in villages in the 3 districts, and we predicted human exposure at the epidemio-

logical equilibrium, based on simulations. Changes in spatial density of livestock, in agricul-

tural practices, and epizootics (e.g., African swine fever), can profoundly alter the

composition of host communities, which could affect JEV transmission and its impact on

human health. In a second step, we then used the model to analyse how host community

composition affected R0 and the predicted human exposure. Lastly, we evaluated the poten-

tial use of dog JE seroprevalence as an indicator of human exposure to JEV. In the modeled

villages, the calculated R0 ranged from 1.07 to 1.38. Once the equilibrium reached, pre-

dicted annual probability of human exposure ranged from 9% to 47%, and predicted aver-

age age at infection was low, between 2 and 11 years old, highlighting the risk of severe

forms of JEV infection and the need to intensify child immunization. According to the model,

increasing the proportion of competent hosts induced a decrease in age at infection. The

simulations also showed that JEV could invade a multi-host system with no pigs, reinforcing

the assumption of poultry acting as reservoirs. Finally, the annual human exposure probabil-

ity appeared linearly correlated with dog seroprevalence, suggesting that in our specific

study area, dog seroprevalence would be a good proxy for human exposure.
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Author summary

Japaneseencephalitisvirus(JEV)isendemicin Cambodiaandremainsthemostcommon
causeof acuteviral encephalitis,particularlyin childrenandadolescents.Thetraditionally
describedcycleof JEV,involvingwild birdsasreservoirs,pigsasamplifyinghostsand
����� mosquitoesasvectorsisquestioned,with increasingevidenceof amorecomplex
multi-hostsysteminvolvedin areaswheredensitiesof pigsarelow. In Cambodia,the
infectioncouldbemaintainedin amulti-hostsystemconsistingof pigsandpoultry as
competenthosts,anddogs,cattleandhumansasnon-competenthosts.Wedefineda
compartmentaldynamicmodelof JEVtransmissionin amulti-hostsystemrepresentinga
rural Cambodianvillage,to predicthumanexposureto JEVin thestudiedarea,andto
analysehowhostcommunitycompositionmayaffecthumanexposureandR0 value.Our
theoreticalapproachshowedthatvariationsof thecompositionof themulti-hostsystem
mayhaveanimpacton humanexposureto JEV,andthuson thediseaseburdenin
humans,especiallyin youngchildren.Besideschildrenvaccinationin JEVendemicareas,
aproperevaluationof theimpacton humanhealthisneededto targetpreventionactions
andreduceJEVburdenin Cambodia.

Introduction
Japaneseencephalitisvirus(JEV)is theleadingcauseof humanacuteviral encephalitisin Asia.
Evenif theglobalburdenof JEVon humanhealthisdifficult to evaluate,thisvaccine-prevent-
ablevector-bornezoonosiswasestimatedto havecausedaround100,000casesandmorethan
25,000deathsin 2015[1], with anobservedcasefatalityrateup to 30%.Severeneurological
sequelaemaypersistin 30%to morethan50%of survivors[2±6].Approximatelythreequar-
tersof casesconcernchildrenandJEremainsasubstantialpublichealthissueevenin areas
wherehumanvaccinationprogramsareimplemented[7]. Furthermore,JEVexposurefigures
arelikely to beunderestimateddueto under-detectionandunder-diagnosisof acuteencepha-
litis, particularlyin developingcountries,aswellascross-reactivityof serologicaltestswith
otherflaviviruses,especiallydenguevirus[8,9].

It iscommonlyacceptedthatJEVis transmittedfrom Ardeid birds(wild reservoirhosts)or
domesticpigs(amplifyinghosts)to humansthroughthebitesof �����, andprobablysome
����� mosquitoes[10,11].However,JEVcirculatesin areaswith low densitiesof domesticpigs
or Ardeid birds,suchasin Singapore,whereits circulationwasdetectedin sentinelpoultry
yearsafterpig farmingwasphasedout [12]. Thus,theepidemiologyof JEmaydiffer from one
regionto another[13,14].Domesticchickensandduckshavebeenshownto beexposedto
JEVin severalregionsin Asia[8,15±18].A serosurveyconductedin Kandalprovince,Cambo-
dia,showedthatJEVforceof infection,	.�. theinstantaneousprobabilityto becomeinfected,
exertedon duckswascomparableto thatexertedon pigs[16]. Chicksandducklingsalso
developsignificantviremiaafterbeingbittenby infectedmosquitoes[19±22]andmaybeable
to infectsusceptiblemosquitoesfeedingon them[23,24],suggestingthatyoungpoultry may
becompetenthosts,	.�. ableto transmitJEVto vectors[25]. However,no studyhasyetfully
investigatedthepotentialof poultry ascompetenthostsfor JEVundernaturalconditions.

����� �

. mosquitoes,themainvectorsof JEV,areopportunisticandcanfeedon various
hostspecies,dependingon localabundanceof hostsandvectorspecies-specificintrinsic fac-
tors[26±28].Thesehostscanbecompetent,suchaspigs,waterfowlandpoultry [8,12,29,30],
or not, suchascattle,dogs,humansandhorses,whichmayªdiluteº mosquitobites[31±34].
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Thebasicreproductionnumber(R0) is theexpectednumberof secondarycasesgeneratedbya
primary casein anentirelysusceptiblepopulation[35]. R0 is theindicatorcommonlyusedto
measurewhetheror not apathogencaninvadeapopulation.R0 greaterthan1 isanecessary
but not sufficientcondition for self-sustainedtransmission,whichalsorequiresarenewalof
thesusceptibleandcompetenthostpool.Variationsin thecompositionof themulti-hostsys-
temmaythusaffectR0 value.

Japaneseencephalitisisendemicin Cambodia,andremainsthemostcommoncauseof
acuteencephalitis,particularlyin childrenandadolescents[33,36].Cambodiaisapredomi-
nantlyrural country,althoughthedensityof domesticpigsis low (around20pigsperkm2 on
average)comparedto othercountrieswhereJEViscirculating,suchasJapan,Chinaor Viet-
namwheredensitiescanreach700pigsperkm2 [13,37±39].In Kandalprovince,arural area
of CambodiasurroundingthecapitalPhnomPenh,themajority of thelivestockis raisedin
backyards,with closeproximity betweenpigs,chickens,ducks,cattleandhumans.In thisarea,
arecentsurveyshowedayearlongpresenceof JEVvectorsfeedingon pigs,chickens,humans,
dogsandcattle[26,40].AlthoughJEVhostdensitiesarelow (353chickensand66pigsperkm2

in Kandalprovince[37,41]),thismulti-hostsystemcouldallowfor year-roundcirculationof
JEV.

Theoverallexposureof thehumanpopulationto JEVisprobablyunderestimatedandthe
clinical incidenceof JEin Cambodiaremainsdifficult to assess[1,7],althoughthiswouldhelp
to promotevaccinationcampaigns.Measuringtheexposureof dogsto JEVcouldbeanalter-
nativesolution.Indeed,exposureof dogsto JEVhasbeenshownin SingaporeandJapan(with
JEVneutralizingantibodiesdetectedin 17%to 39.6%of dogssampled)[32,42].In Kandal
province,thedog-to-humanratio hasbeenestimatedto 1:3.8in 2017[43]. A recentserological
surveycarriedout in thesameareashowedthat35%of sampleddogshadJEVneutralizing
antibodies[16], andbloodmealanalysisof ����� �

. trappedin thisareaconfirmedthatJEV
vectorscanfeedon dogs[26]. Asdogslive in closeproximity to humans,their exposureto JEV
couldbeagoodproxyfor humanexposure.

Theobjectivesof thisstudywere(i) to evaluateR0 andpredict,basedon simulations,
humanexposureto JEVin villagesof Kandal,arural provinceof Cambodia,(ii) to analyse
how,in suchvillages,hostcommunitycompositionaffectsR0 valueandhumanexposure,and
(iii) to assessthepotentialuseof dogsassentinelsof humanexposureto JEV.

Materials and methods

Studyarea,hostpopulationsandserologicaldata
Thestudyfocuseson threerural districtsof Kandalprovincenumbered1±3below(D1:
KhsachKandal,D2:Kien SvayandD3:KaohThum), locatednortheast,eastandsoutheastof
PhnomPenhrespectively.In these3districts,aJEVserologicalsurveywascarriedout in 2018
to assesstherelativeexposureto JEVof pigs,ducks,chickens,anddogs[16]. During thissur-
vey,thenumberof animalsandhumansperhouseholdwasnotedfor eachbackyardwhere
animalsweresampled.To calculatetheaveragepopulationsizeperanimalspeciesandpervil-
lagein eachof thethreedistricts,weusedthenumberof householdspervillageprovidedby
thecommunalofficesof 9 of the20villagesvisited.Accordingto thesevillageauthorities,on
average,20%of thehouseholdsraisedpigsand90%raisedchickens.Thepercentageof house-
holdsbreedingducks(30%)wascomputedbasedon our field observations,bycalculatinga
ratio of householdsbreedingducksto householdsbreedingchickens(Table1). In thethree
districtsof thestudyarea,112pigs,185chickens,128ducksand188dogsfrom 20villages
wereblood-sampledbetweenMarchandDecember2018.Sampleswereanalysedbyhemag-
glutination inhibition andvirusneutralizationassays.Dependingon thedistrict,neutralizing
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antibodieswerefound in 0 to 42%of thepigs,0 to 33%of theducks,0 to 0.02%of thechickens,
and35%of thedogs[16].

Model description
Structureof the model. Wedevelopedamodelof JEVtransmissionbetweencompetent

hosts(pigs,ducks,andchickens)andvectors(����� �

.), andfrom vectorsto non-competent
hosts(cattle,humans,anddogs)at thevillagescale.Thismodelwasbuilt to allowcomputing
R0 andto analysetheepidemiologicalequilibrium situation.For this reason,andsinceprevi-
ousstudiesconductedin thestudyareahadshownhighabundanceof JEVvectors[40,44,45]
andanintensecirculationof thevirus(seroconversionbefore4 monthsof agein sentinelpig-
lets,on average)[44,45],wechoseto implementthemodelasadeterministicsystem,using
ordinarydifferentialequations.A detailedmodeldescriptionisgivenin S1File.Theepidemio-
logicalsystemrepresentedarural villageof Kandalprovincewhereswine,ducks,chickens,cat-
tle,dogsandhumansareliving. Becauseof differentlife expectancy,swineweresplit into two
compartments:fatteningpigsandsows.In thestudyarea,thesehostsareexposedto bitesfrom
����� ��	�
��	���������, ����� �	����	 and����� ���	���, themostabundantvectorsof JEVin
this region,andthefeedingpreferencesof thesevectorsaresimilar [26]. For this reason,and
dueto thesmallsurfaceareaof villagesin thestudyarea(3±4km2) comparedto theflight
rangeof ����� �

.[46], thesedifferentvectorspecieswererepresentedin themodelbyasingle
populationof ����� �

. Weassumedthatdirectpig-to-pigtransmissionanddisease-induced
deathwerenegligible[47].

In our studyarea,pigsareraisedin openpens,andpoultry areoftenfreeroamingin the
gardensduring thedayandlockedin pensatnight.Mosquitonetsarerarelyusedin animal
pens.Basedon this livestockorganization,weassumedthatall hosts,includinghumans,were
homogeneouslyexposedto thevectorpopulation.For this reason,andbecausedirect trans-
missionwasneglected,it wasnot necessaryto structurethehostpopulationbyhouseholds.

Weassumedthat therewaslittle or no exchangeof infectedhostsor vectorsbetweenthe
modelledandneighboringvillages.Movementsof liveanimalsbetweenvillagesareindeed
extremelyrare[37,41].Only pigsmaysometimesbetransportedto aslaughterhousein a
nearbyvillagewheretheyareslaughteredwithin two days.Weassumedconstanthostpopula-
tion sizes,with birthsoffsettingdeathsor slaughters.Themodelincorporatedseasonalvaria-
tionsin vectorpopulationsizeaccordingto sinusoidaldynamics.A parameterdenoted� (with
0���1) representedtheamplitudeof thesevariations,relativeto theyearlyaveragevalue� � :
vectorpopulationsizecouldthenvarybetween� � (1��) in themiddleof thedry season,and
� � (1+�) in themiddleof therainy season,with � = 0 denotingaconstantsizeof vectorpopu-
lation throughouttheyear(seeS1File).

Fig1showstheflowchartof themodel.Hostswerecategorizedinto 5 infectionstates:pro-
tectedby their maternalantibodies(�), susceptible(�), latent(�), infectious(�) andrecovered
(�). Hostsborn from recoveredfemaleswereassumedto beprotectedbymaternalantibodies
beforebecomingsusceptible.After beingbittenbyaninfectiousmosquito,hostshadaspecies-
specificprobability(
) of enteringthelatentstate(�). Theythenenteredtheinfectiousstate

Table1. Averagehostpopulation sizesin a tradition al villageof the threestudieddistricts.

District Pigs Ducks Chicken Dogs Cattle Humans

D1 516.4 2020 7330 232 53.3 1630

D2 3644 509 14766 1460 39.2 4062

D3 3275 683 10312 1203 156 3880

https://doi.org/10.1371/journal.pntd.0010572.t001
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afteranincubationperiod(1/F� ). After theinfectious(viremic)period(1/��� ), hostsentered
therecoveredstate(�) wheretheystayeduntil death(1/� � ). AlthoughJEVverticaltransmis-
sionhasbeendocumentedin ����� �

., thisphenomenonappearsto belimited [48,49].
Moreover,thevectorpopulationandintensityof JEVtransmissionin thestudyareaaresuch
thatweassumedthisverticaltransmissionof JEVto benegligible:all vectorsemergedin the
susceptiblestate.Susceptiblevectorshadagivenprobability(�) of beinginfectedandentering
thelatentstatewhenbiting aninfectioushost,� beingnull for non-competenthosts.After the
extrinsicincubationperiod(of duration1/F� ), vectorsbecameinfectiousandremainedin the
infectiousstateuntil death.

Forcesof infection. Theforceof infectionin hosts,��	 	(�), is theinstantaneousrateat time
� thatasusceptiblehostof species	 becomesinfected.It representsthetransitionratebetween
thesusceptiblestate(S)andthelatentstate(E) andwasdefinedin our modelby:

��	 	…�†ˆ �� 	
 	

� � …�†
� 	

…1†

where:

· � wasthebiting rateof thevector(numberof bitespervectorperday),or theinverseof the
durationof its gonotrophiccycle,

· 
 	 wasthetransmissionprobabilityperbite from thevectorto ahostof species	,

· � � (�) wasthenumberof infectedvectorsat time �, and� 	 thenumberof hostsof species	.

· � 	 wastheprobabilitythatavectorwill chooseahostof species	 for its bloodmeal,calculated
bymultiplying thepreference 	 for host	 by thenumberof hostsof species	, dividedby the
sumof all preferencestimeshostpopulationsizes:

� 	 ˆ
p	� 	P

!p!� !

…2†

Fig 1. Schematicflowchart of the JEVmodel.Theboxesrepresentthehealthstatesof hosts(h) andvectors(v): under
maternalimmunity (M), susceptible(S),latent(E), infected(I) andrecovered(R).Solid-linearrowsdepicttheflow
into andout of compartments,determinedby theassociatedparameters: � = mortality rate,�� = 1/durationof maternal
immunity,F = 1/duration of incubationperiod,�� = 1/durationof viremicperiod.Nv is thetotalpopulationof vectors.
Dashedarrowsdepicttheforcesof infection (foi) exertedbyaninfectedvectoron asusceptiblehost(foih) andby
infectiouscompetenthostson asusceptiblevector(foiv). Theforceof infectionexertedon avectorbyanon-competent
hostisnull astheprobabilityof beinginfected(q) in thiscaseiszero.

https://doi.org/10.1371/journal.pntd.0010572.g001
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� 	
 	 wasthenthehost-specificperbite transmissionratefrom thevectorto host	, definedas
thefractionof successfultransmissioneventsfrom oneinfectedvectorto asusceptiblehost
of species	, perbite [50].

Theglobalforceof infectionon vectorsat time � wasthesumof theforcesexertedby the
differenthostspeciesat time �:

��	 � …�†ˆ �
X

	

� 	� 	

� 	…�†
� 	

…3†

Where� 	 wastheprobabilitythatasusceptiblemosquitobecameinfectedafterabloodmeal
takenon aviremichostof species	, thevalueof thisparameterbeing> 0 for thecompetent
hostspecies(pigs,sows,ducksandchickens)andnull for thenon-competenthostspecies
(humans,dogs,cattle).

Parameterization. Thedefinitionsandvaluesof themodelparametersareprovidedin
Table2,anddetailsof howfixedparameterswereobtainedaregivenin S1File

Weestimatedthreeof themodelparameterswhichwereunavailablein theliterature,using
seroprevalencedatacollectedin thesameareain pigs,poultry anddogs:thefeedingprefer-
encesof ����� �

. for ducks( � ) anddogs( ��� ), relativeto pigs(usedasareference),aswell
asthenumberof vectorsinvolvedin JEVtransmission.This latterparameterwasseparately
estimatedfor eachdistrict (� �" , � �#, � �$) to control for differencesbetweendistrictsthat
wouldnot becapturedby themodel,suchasinter-district variationsin vectorbreedingsites
densitiesor in theaccessibilityof vectorsto hosts.WeusedtheNelder-Meadoptimization
algorithmto minimize thenegativelog-likelihoodof our serologicaldata(numberof positive
amongthetestedanimalsin eachhostgroupanddistrict),with respectto � �" , � �#, � �$,  � and
 � (seeS1Filefor thedefinition of thelikelihoodfunction).

Weusedtheªoptimº function of R(version4.0.2)[73] to minimize thelog-likelihood.The
variance-covariancematrix,obtainedby invertingtheHessianmatrix,wasusedto compute
theconfidenceintervalsof theestimatedparameters.

Model exploitation
Evaluationof R0 andhuman exposurein the studyarea. Wefirst usedthemodelto

characterizethecirculationof JEVin villagesin eachof thethreestudydistricts,simulating
humanexposureandevaluatingthebasicreproductionnumber(R0). Thedetailsof its compu-
tation areprovidedin S1File.Wethenusedthreeindicatorscomputedon the30th simulated
yearto predicthumanexposurein thestudieddistricts,assumingtheepidemiologicalsystem
wasin asteadystate:

· theannualprobabilityof humanexposure,which is theprobabilityof receivingat leastone
infectivebiteover1 year.This indicatorwasgivenby:1 � ���…�

P �%
�
�ˆ�%
 �� 365 ��	 � …�††,with

�%
� thelastdayof simulation(10,958th day,seeS1File)and��	 � (�) thevalueof theforceof
infectionin humansat time �;

· theaverageageat infection,in years.This indicatorwascalculatedas1=
P �%
�

�ˆ�%
 �� 365 ��	 � …�†,
assumingthatpeopleliving in themodeledvillageareequallyexposedto JEVsincebirth
(this indicatorwascalculatedonly in situationswhereR0 wasabove1);

· theannualincidencerateof humaninfections,whichrepresentstheproportion of persons
infectedin oneyear,at theepidemiologicalequilibrium.This indicatorwasgivenby

PLOS NEGLECTED TROPICAL DISEASES Modelling Japanese encephalitis transmission dynamics and human exposure in Cambodia

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010572 July 11, 2022 6 / 24

https://doi.org/10.1371/journal.pntd.0010572


P �%
�

�ˆ�%
 �� 365
��	 � …�†�� …�†

� �
, with � � &�' thenumberof susceptiblepeopleatday�, and� � thetotalnum-

beror personsin thevillage.

The95%confidenceintervals(CIs)of R0 andof thethreeaboveindicatorswerecalculated
bydrawing1000joint valuesof � �" , � �#, � �$,  � , and ��� , from amultidimensionalGaussian
distribution centeredon theestimatedparametervalues,andwhosedispersionparameters
weregivenby thevariance-covariancematrix (producedbyparameterestimationprocedure).
Weran themodelusingthese1000joint values,computedR0 andhumanexposureindicators:

Table2. Parametersof the deterministic model.

Parameter Definition Value References

Hosts

"(� 
 , "(� � Averagelifespanof pigs& chickens 6m� Fielddata

"(� � Averagelifespanof sows 3y Fielddata

"(� � Averagelifespanof ducks 2y Fielddata

"(� � Averagelifespanof humans 70y [51]

"(� � Averagelifespanof cattle 7y Fielddata

"(� ��� Averagelifespanof dogs 5y [43]

"(�� 
 Duration of maternalimmunity in pigs& sows 2.5m [44,45]

"(�� � , "(�� � Duration of maternalimmunity in ducks& chickens 1m [52,53]

"(�� � Duration of maternalimmunity in humans 5m [54,55]

"(�� � , "(�� ��� Duration of maternalimmunity in cattle& dogs 3m [56,57]

"(F 
 Incubation periodin pigs& sows 2d [58±60]

"(F � Incubation periodin ducks 2d [19±22]

"(F � Incubation periodin chickens 1.5d [19,61]

"(F � Incubation periodin humans 10d [38]

"(F � , "(F ��� Incubation periodin cattle& dogs 4d [62,63]

"(�� 
 Viremic periodin pigs& sows 1.5d [58,59]

"(�� � , "(�� � Viremic periodin ducks& chickens 3d [19±21,61]

"(�� � , "(�� � , "(�� ��� Recoveryperiodin humans& cattle& dogs 5d [62±65]

Vectors

"(� � Averagelifespanof ��. �

. 25d [66]

� ��. �

. biting rate 0.25 [67,68]

"(F � Extrinsic incubationperiodin ��. �

. 10d [21,69]

� Seasonalvariationsof vectorpopulationsize 0 [40,44]

Vector/Hostinteractions

 
 Feedingpreferenceof ��. �

. for pigs& sows 1� � [26]

 � Feedingpreferenceof ��. �

. for ducks� � Estimated

 � Feedingpreferenceof ��. �

. for chickens� � 0.09 [26]

 � Feedingpreferenceof ��. �

. for humans� � 0.5 [26]

 � Feedingpreferenceof ��. �

. for cattle� � 1.7 [26]

 ��� Feedingpreferenceof ��. �

. for dogs� � Estimated


 Vector(��. �

.) to hosttransmission probability 0.5 [70,20]

� 
, � �, � � Competenthostto vector(��. �

.) transmission probability 0.5 [21,69±72]

� � , � ��� , � � , Non-competenthostto vector(��. �

.) transmission probability 0 [62,63]

Subscripts: p = pigs,s= sows,d = ducks,c = chickens,b = cattle,h = human.
� y = year;m = month;d = day.
� � Feedingpreferencesrelativeto pig,usedasareference.

https://doi.org/10.1371/journal.pntd.0010572.t002
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CI boundswerethe2.5%and97.5%percentilesof theresultingdistribution.Themodelwas
implementedusingR(version4.0.2)[73].

Influenceof hostcommunity composition on R0 andhuman exposure. In asecond
step,weusedthemodelto analysehowthecompositionof thehostcommunityaffectedthe
ability of theepidemiologicalsystemto beinvadedbyJEVandinfluencedhumanexposure.
To assesstheeffectof thehostcommunitycompositionvariationon theestimatedindicators,
thesizeof thevectorpopulationhadto remainconstantin orderto distinguishtheeffectof a
changein hostcommunitycompositionfrom thatof achangein thenumberof vectors.Sec-
ond,variationsin hostcommunitycompositionhadto berealistic:sincemostanimalsare
raisedfor self-consumptionin thestudyarea,thehostcommunityhadto varywhilemaintain-
ing aroughlyconstantlevelof foodresourcesfor villagers.For ���	��	��� midges,vectorpopu-
lation sizehasbeenshownto dependon thetotalavailablebodysurfacearea(BSA)of hosts
[74]. Assumingthesamefor ����� �

., varyingthehostcommunitycompositionwhilekeep-
ing their totalBSAequalto areferencevaluesatisfiedthefirst constraint.It alsosatisfiedthe
secondconstraint,asBSAis linked to bodymassbyanallometricrelationship.Wethusvaried
thehostcommunitycompositionbychangingtheproportion of eachhostgroupin aconstant
totalBSA.Weanalysedtheeffectson R0 andthethreeindicatorsof humanexposuredefined
above(calculatedfrom thesimulationsatepidemiologicalequilibrium),considering3 typesof
variationsof thehostcommunitycomposition:

· variation1:relativeshareof competenthostsBSA,versusnon-competenthostsBSA(per-
centageof competenthostsBSArangingfrom 5%to 95%of thewholesystemBSA).Asnon-
competenthostsªdiluteº mosquitobites,weexpectedanimpacton theproportion of infec-
tiousvectors;

· variation2:relativeshareof pigs,chickensandducksBSAamongcompetenthostsBSAwas
alsoexpectedto influenceJEVtransmissiondynamics,aseachcompetenthosthasspecies-
specificinfectionparameters(e.g.durationof viraemia),andvectorfeedingpreferencesdif-
fer from onespeciesto another.For thisvariation,wefixedthepercentageof chickens
amongpoultry BSAat5%(scenarioA), 55%(scenarioB) and95%(scenarioC) andmade
varytheproportion of pigsamongcompetenthostsBSA.

· variation3:relativeshareof cattleBSAamongcattle-and-pigsBSAtogether(percentageof
cattleBSArangingfrom 0%to 100%of thecattle-and-pigsBSA).Cattle,beingnon-compe-
tenthostson which ����� �

. feed,candilute infectingbitesanddecreaseR0. Thisvariation
wasintendedto explorethisdilution effecton humanexposure,thehumanpopulationsize
beingconstant(contraryto variation1).

Foreachof thethreevariations,thetotal referenceBSA(heldconstant)wascalculated
basedon theaveragenumberof hostspercategory(Table1) in villagesof the3 districts(using
asweightsthenumberof villagesvisitedduring thefield survey):3420people,2446pigs,285
sows,941ducks,10639chickens,107cattleand1044dogs.TheBSAof atypicalindividual was
calculatedusingexistingallometricformulas[75±77]:1.53m2 for apig,3.47m2 for asow,0.15
m2 for aduck,0.13m2 for achicken,1.81m2 for ahuman,4.29m2 for acattle,and0.61m2 for
adog.

Theconstantsizeof thevectorpopulationwastheaverageof thethreedistrict-specificesti-
matesof � �" , � �# and� �$.

Useof dogsassentinelsof human exposure. Finally,weusedthemodelto analysethe
relationshipbetweenJEseroprevalencein dogsandtheannualprobabilityof exposurein
humans.Therelationshipbetweendogseroprevalenceandannualprobabilityof humanexpo-
suremaybeinfluencedby(i) theproportion of eachhostspeciesin themulti-hostsystem
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(including thehuman/dogratio), (ii) theaveragevectorpopulationsize(� � ), and(iii) thelife-
spanof dogs(linked to themortality rate� ��� ) astheprobabilityof beingseropositiveincreases
with agein thecaseof anendemicdiseaseandwhenantibodiesremainall life longafterasin-
gleinfectionasit is thecasewith Flaviruses.Therefore,weran10,000simulationsfor which
thecompositionof thehostcommunity,� � , andthelifespanof dogsvariedrandomly,andR0

was>1. Foreachsimulation,theproportion of BSAof eachhostspecieswasrandomlydrawn
between0.01and0.99whileensuringthat theoverallBSAof thesystemremainedconstant.� �

wasrandomlydrawnbetween1,000and200,000vectors,andthelifespanof thedogswasran-
domlydrawnbetween2 and11years,with their averageobservedlifespanbeing5 years[43].

Wethenplottedtheannualprobabilityof humanexposureto JEVasafunction of JEV
seroprevalencein dogsandvisuallyanalysedtherelationshipbetweenthesetwo indicators.

Sensitivityanalysis
To rank themodelparametersaccordingto their influenceon R0, wefirst performedasemi-
quantitativesensitivityanalysis,usingtheMorris method[78]. Detailsareavailablein S2File.

Wethenfocusedthesensitivityanalysison specificparameters,(i) for whichhypotheses
hadbeenmadewhenparameterizingthemodel,	.�. theseasonalvariationsof vectorpopula-
tion size� � (�), (ii) for whichdataavailablein literaturewerehighlyvariable,	.�. thetransmis-
sionprobabilityfrom viremichoststo vectors(� 
 , � � , � � ), or (iii) for whichtheavailabledata
maynot representthefield condition,	.�. thefeedingpreferencesof ����� �

. for humans
( � ). Followingaªoneatatimeº planandfor thetraditionalvillagesof thethreestudieddis-
tricts (Table1) aswellasfor thethreetypesof variationsof thehostcommunitycomposition,
wesuccessivelyconsideredalternativevaluesof theseparameters.Foreachof thesevalues,we
re-estimated� �1, � �2, � �3,  ���) , and ��� , computedR0 andtheindicatorsof humanexposure
whentheepidemiologicalsystemhasreachedasteadystate.Twoalternativevalueswerecon-
sideredfor � 
 , � � , and� � : 90%lowerand90%higher.A decreasefrom 10%to 50%wasconsid-
eredfor  � . Finally,andto beconsistentwith field observations[40,44],weconsidereda
seasonalvariationof thevectorpopulationsize(�) of +/-20%relativeto theaverageannual
value.

Results

Parameterestimation andmodel fit
Theestimatedaveragesizeof thevectorpopulationwas17,789mosquitoesfor atraditionalvil-
lageof district D1 (� �" , 95%CI: 12,304±25,723),52,353mosquitoesfor district D2 (� �#, 95%
CI: 44,276±61,905),and59,536mosquitoesfor district D3 (� �$, 95%CI: 49,993±70,902)(see
Table1 for averagehostpopulationsizesin thesevillages).Theestimatedfeedingpreferenceof
����� �

. (relativeto pigsthatwereusedasreference)was0.43for ducks( ���) , 95%CI: 0.22±
0.85),and0.12for dogs( ��� , 95%CI: 0.08±0.21).Model fit resultsbasedon observedandpre-
dictedJEVseroprevalencesarereportedin Table3.

Model exploitation
Evaluationof R0 andhuman exposurein the studyarea. R0 wasabove1 in the3districts

(Table4).Theestimatedannualprobabilityof humanexposureto JEVrangedfrom 9%to
47%,andtheestimatedincidencerateof humanJEVinfectionsrangedfrom 1.37%to 1.46%,
correspondingto 24to 56peopleinfectedperyearpervillage(Table4,populationsizesare
givenin Table1).Theestimatedaverageageat infectionvariedbetween2 yearsold and11
yearsold.
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Influenceof hostcommunity composition on R0 andhuman exposure. Variation 1:
Influenceof the relativeshareof competenthostsBSAversusnon-competenthostsBSA.
In anaveragevillageof Kandalprovince,competenthostsrepresented46.1%of thetotalBSA
of thevillage(Fig2,dashedline).As����� �

. hadlowerfeedingpreferencesfor competent
hosts(pigs,poultry) thanfor cattle,whicharenon-competenthosts,asufficientquantityof
competenthostswasrequiredto allowJEVto invadetheepidemiologicalsystem.R0 became
greaterthan1 whenthepercentageof competenthostsBSAreached15%of thewholesystem's
BSA.R0 thenincreasedwith theproportion of competenthostsandstabilizedatabout1.35.
WhenR0 was>1, theannualprobabilityof humanexposureto JEVat theequilibrium varied
from 0.024to 0.45andtheannualincidencerateof humanJEVinfectionsvariedfrom 0.012to
0.014.

Wecomparedtwo contrastedhostcommunitycompositions,highlightedin Fig2 (dotted
lines),thefirst with 15%of competenthostsBSA,andthesecondwith 85%of competenthosts
BSA.In thefirst hostcommunitycomposition(left dottedline),anindividual hadanannual
probabilityof exposureto infectionof 0.02.Thepredictedannualincidencerateof human
infectionswas0.0122,correspondingto 72.4infectionsamong5939people.In thesecondhost
communitycomposition,theannualincidencerateof humaninfectionswassimilar (0.0139),
althoughthepredictednumberof infectionswaslowerthanin thefirst situation(13infec-
tions)dueto thelowerpopulationsize(952people).Conversely,theannualexposureprobabil-
ity wasmuchhigherin thesecondthanin thefirst hostcommunitycomposition,	.�. 0.44.

Table3. ObservedandpredictedJEVseroprevalenceper speciesin traditional villagesof the threestudied
districts.

District Species Observedseroprevalence[16] Predictedseroprevalence

D1 Pigs 0a/5b 0.00c (0.00±0.52)d 0.05c (0.0001±0.16)d

Ducks 1/81 0.01(0.00±0.07) 0.01(0.00±0.05)

Chickens 1/82 0.01(0.00±0.07) 0.004(0.00±0.01)

D2 Pigs 15/59 0.25(0.15±0.38) 0.25(0.15±0.36)

Ducks 0/5 0.00(0.00±0.52) 0.07(0.03±0.14)

Chickens 1/46 0.02(0.00±0.12) 0.01(0.007±0.02)

D3 Pigs 20/48 0.42(0.28±0.57) 0.40(0.27±0.52)

Ducks 14/42 0.33(0.20±0.50) 0.28(0.18±0.40)

Chickens 0/57 0.00(0.00±0.06) 0.02(0.02±0.04)

Dogs 65/188 0.35(0.28±0.42) 0.32(0.26±0.38)

aNumberof seropositiveanimals.
bNumberof testedanimals.
cSeroprevalencerate.
d95%confidenceinterval

https://doi.org/10.1371/journal.pntd.0010572.t003

Table4. Estimatedvaluesof R0 andof humanexposureindicators in traditional villagesof the threestudieddistricts.

District R0 (95%CI) Annual probabilit y of human
exposureto JEV(95%CI)

Annual incidencerate of human
JEVinfections (95%CI)

Annual incidenceof human JEV
infections(95%CI)

Averageageat infection in
humans(years)(95%CI)

D1 1.07(0.996±
1.20)

0.09(0.0002±0.3) 0.0146(0.0002±0.015) 23.7(0.3±25.1) 10.6(3.1->100)

D2 1.25(1.16±
1.37)

0.34(0.21±0.47) 0.0137(0.0135±0.0139) 55.8(54.9±56.4) 2.9(2.0±4.6)

D3 1.38(1.29±
1.53)

0.47(0.34±0.62) 0.0139(0.0137±0.0140) 53.9(53.3±54.3) 2.0(1.5±2.8)

https://doi.org/10.1371/journal.pntd.0010572.t004
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Fig 2. R0, annualprobability of humanexposureto JEV(bluesolid line), proport ion of susceptiblehumans(blue dashedline), annual incidencerate of
humanJEVinfections (red line), andaverageageat infection, at the epidemiologicalequilibrium , according to the proportion of competenthostsin
the wholesystem(BSA).Theverticaldashedline correspondsto thehostcommunity compositionobservedin anaveragevillageof Kandalprovince.The
two verticaldottedlinescorrespondto two contrasted hostcommunitycompositions:onewith 15%andthesecondwith 85%of competenthostsBSA.Total
BSAof hostsandthesizeof vectorpopulation (48,663mosquitoes, 95%CI: 40,347±58,863)remainconstant.

https://doi.org/10.1371/journal.pntd.0010572.g002
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Interestingly,theannualincidencerateof humaninfectionswasquitestablealthoughthe
probabilityof exposureincreasedwith theproportion of competenthostsin thesystem.Assum-
ing homogeneousexposureof all agegroups,thepredictedaverageageat infectionwas40years
old in thefirst hostcommunitycomposition(left dottedline) wheretheprobabilityof exposure
waslow.In thesecondsituation(right dottedline),wheretheprobabilityof exposurewashigh,
thepredictedaverageageat infectionwas2yearsold. In thefirst hostcommunitycomposition,
theannualincidenceof infectionswasthereforedistributedamongall agegroups,whereasin the
secondhostcommunitycomposition,infectionswereconcentratedon theyoungestagegroups.

Variation 2: Influenceof the relativeshareof pigs,chickensandducksBSAamongcom-
petenthostsBSA.In anaveragevillageof thestudyarea,pigsBSArepresented35%of the
wholevillage'sBSAand76%of thecompetenthostsBSA.ChickensBSArepresented91%of
thepoultry (chickensandducks)BSA(Fig3).

Fig 3. R0, annualprobability of humanexposureto JEV(blue solid line), proportio n of susceptible humans(dashedblue line), annual incidencerate of human
JEVinfection (red line), andaverageageat infection, at the epidemiologicalequilibrium , accordingto the proportion of pigsin competenthosts(BSA),for three
fixed percentagesof chickensamongpoultry (BSA):5%(scenarioA), 55%(scenarioB) and95%(scenarioC). TotalBSAof hostsandthesizeof vectorpopulation
(48,663mosquitoes,95%CI: 40,347±58,863) remainconstant.

https://doi.org/10.1371/journal.pntd.0010572.g003
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Dueto thestrongfeedingpreferenceof vectorsfor pigsandsows(lowerthanfor cattlebut
twicehigherthanfor ducksand10timeshigherthanfor chicken,Table2),R0 wasmainly
influencedby theproportion of pigsBSA,andit increasedalmostlinearlywith thisproportion,
regardlessof thepercentageof chickensamongpoultry BSA.In scenarioA (percentageof
chickenin poultry BSAsetto 5%),R0 was>1 whentherewasmorethan30%of pigsin compe-
tenthostsBSA.In scenarioB(percentageof chickenin poultry BSAsetto 55%),R0 was> 1
with only 10%of pigsin competenthostsBSA.At first, R0 slightlyincreasedalsowith theper-
centageof chickensin poultry BSAbecausetheir lifespan(6 months)isshorterthanthatof
ducks(2 years):ashortlifespanensuresafasterturnoverof susceptibleanimalsin thesystem.
However,whenthepercentageof chickenamongcompetenthostswasveryhigh (95%,sce-
nario C),R0 became>1 with at least35%of pigsin competenthostsBSA.Indeed,themosqui-
toes'feedingpreferencefor chickensis thelowestamongthesixstudiedspecies( � = 0.09).
Whentherewerealmostonly chickensamongthecompetenthosts,vectorsbit thenon-com-
petenthostsmorefrequently,resultingin adecreaseof R0.

Startingfrom 25%of chickensin poultry BSA(S1Fig),andwith 55%of chickensin poultry
BSA(Fig3,scenarioB),andno pigs,R0 wascloseto 1 andits 95%confidenceintervalencom-
passed1.

WhenR0 was>1, theannualprobabilityof humanexposureto JEVat theequilibrium var-
iedfrom 0.004to 0.58andtheannualincidencerateof humanJEVinfectionsvariedfrom
0.003to 0.015.In scenarioB,20%of pigsin competenthostsBSAledto apredictedannual
probabilityof exposureof 0.05andapredictedannualincidencerateof 0.0155(corresponding
to 53.2infectionsperyearpervillage).In thesamescenariobut with 80%of pigsin competent
hostsBSA,theannualexposureprobabilityreached0.40,andtheannualincidenceratewas
similar:0.0138(correspondingto 47.2infectionsperyearpervillage).

Again,theannualincidencerateof infectionvariedslightlywhereastheannualprobability
of exposureincreasedwith theproportion of pigsin thecompetenthostsBSA.Asthelatter
increased,theaverageageat infectiondecreasedandinfectionsweremorelikely concentrated
in theyoungeragegroups.In scenarioB,theaverageageat infectionwasover70yearsold
(thegraphshavebeentruncatedabovethelifespanof humans),over20yearsold andlessthan
5yearsold with respectively10%,20%andmorethan50%of pigsin competenthostsBSA.

Variation 3: Influenceof the relativeshareof cattleBSAamongcattle-and-pigsBSA.In
anaveragevillageof Kandalprovince,cattleBSArepresented8.9%of thetotal cattle-and-pigs
BSA.Dueto thestrongfeedingpreferenceof vectorsfor cattle(thehighestof all competent
andnon-competenthosts,Table2),R0 andhumanexposuredecreasedasthepercentageof
cattleincreased(Fig4).From65%of cattleamongthetotal cattle-and-pigsBSA,R0 fell below
1.Theannualincidenceratewasmaximal,	.�. 0.015,whentherewas60%of cattleamongcat-
tle-and-pigsBSA(correspondingto 23%of cattleand15%of pigsin thewholesystem'sBSA).
This incidenceratecorrespondedto 51.3humaninfectionsperyearin thevillage(3420peo-
ple).For thissystemcomposition,theannualprobabilityof humanexposureto JEVwas0.06
andtheaverageageat infectionwasapproximately18yearsold.

Useof dogsassentinelsof human exposureto JEV. Therelationshipbetweenthepre-
dictedannualprobabilityof humanexposureandthepredictedseroprevalencein dogs
appearedroughlylinear(Fig5),with theslopeof thecurvesinfluencedonly by theaveragelife-
spanof dogs(S2Fig).It isworth noting that,for thedogaveragelifespanestimatedin the
studyarea(5 years[43]), theslopeof thecurvewascloseto 1,theannualprobabilityof human
exposureto infectivebitesbeingthenapproximatelyequalto theseroprevalencein dog.This
resultsuggeststhat,in thestudiedarea,JEseroprevalencein dogswouldbeagoodproxyfor
humanexposureto JEVinfection.
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Fig 4. R0, annualprobability of humanexposureto JEV(bluesolid line), proport ion of susceptiblehumans(blue dashedline), annual incidencerate of
humanJEVinfections (red line), andaverageageat infection, at the epidemiologicalequilibrium , according to the proportion of cattleamongcattle
andpigs(BSA).Theverticaldashedline correspondsto thehostcommunitycomposition observedin anaveragevillageof Kandalprovince. TotalBSAof
hostsandthesizeof vectorpopulation(48,663mosquitoes,95%CI: 40,347±58,863)remainconstant.

https://doi.org/10.1371/journal.pntd.0010572.g004
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Sensitivityanalysis
Detailsof Morris sensitivityanalysisresultsareavailablein S2File.Amongthe51model
parameters,9 hadasignificantandlinearinfluenceon R0. Asexpected,theseweremostlyvec-
tor andpig relatedparameters:thevectorbiting rate�, thevectormortality rate� � , theaverage
vectorpopulationsize� � , thepig recoveryrate��
 , theprobabilityof JEVtransmissionfrom
pigsto vectors� 
 , theprobabilityof JEVtransmissionfrom vectorsto pigs
 
 , andthefeeding
preferenceof vectorsfor pigs 
 .

Detailsof sensitivityanalysisof modelparameterestimates,R0 andhumanexposureindica-
torsto host-to-vectortransmissionprobabilityandto ����� �

. feedingpreferencefor
humans,in traditionalvillagesof thethreestudieddistricts,aregivenin S2File.Largevaria-
tionsin thevalueof host-to-vectortransmissionprobabilityhadalmostno impacton R0 and
on humanexposureindicatorsin thehostcommunitycompositionobservedin thefield
(TableA in S2File).A 50%decreasein thevectorfeedingpreferencefor humans,basedon the
assumptionthathumansmaybelessexposedto mosquitobitesthananimalsliving outdoors,
did not influenceparameterestimates,but resultedin adoublingof theaverageageof infec-
tion in district D1 (TableB in S2File).Finally,incorporatingseasonalvariationsof vectorpop-
ulationsizedid not significantlyinfluenceR0 andhumanexposureindicators(TableC in S2
File).

Theindicators(R0, annualexposureprobability,annualincidencerateandaverageageat
infectionof humans)werethencalculatedfor eachvariationin hostcommunitycomposition
with thenewinput parametervaluesandparameterestimates(S2File).In variation1 (relative
shareof competenthostsversusnon-competenthostsBSA),varyinginput parametershad
almostno impacton output indicators,exceptanexpecteddecreaseof humanexposure

Fig 5. Annual probabilit y of humanexposureto JEVaccordingto dogJEVseroprevalence.

https://doi.org/10.1371/journal.pntd.0010572.g005
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probabilitywhen � washalved.Overall,themainqualitativeresultsobtainedpreviously,	.�.
anR0 increasingwith theproportion of competenthostsandadistribution of annualinci-
denceof infectionsconcentratedon theyoungestagegroupswhenthereisamajority of com-
petenthostsin thesystem,werenot changed(FigB in S2File).In variation2 (relativeshareof
pigs,chickensandducksamongcompetenthosts),the90%decreasein � 
 ledto aprofound
changein thedynamicsof thesystemsince,on theonehand,theestimatedaveraged� � was
muchlargerthanin theinitial situation,andon theotherhand,thesystemconvergedtowards
atransmissiondynamicwheretheviruscirculatedmainlybetweenbirds.Whenmodifying the
otherinput parameters(� � , � � ,  � , �), keyqualitativeresultswerenot changedcomparedto
thoseobtainedfrom simulationswith thedefaultparameters(FigC in S2File).In variation3
(relativeshareof cattleamongcattleandpigs),varyinginput parametershadalmostno impact
on output indicatorsandkeyqualitativeresultspresentedaboveremainedsimilarwith those
obtainedfrom simulationsperformedwith thedefaultparameters(FigD in S2File).

Discussion
Our model,calibratedon field-collectedserologicalanddemographicdatafirst showedan
intensecirculationof JEVin Kandalprovince,with R0 valuesrangingfrom 1.07and1.38and
anannualprobabilityof humanexposurefrom 9 to 47%dependingon thedistrict.Theaver-
ageageat infectionwasalwayslow, 	.e.between2 and11yearsold suggestinganimportant
clinical impacton childrenhealthin absenceof vaccination.Secondly,thesimulationresults
confirm previousexperimentalresults[19±24]:poultry couldserveasareservoirandJEV
couldinvadeasystemwithout pigs.Lastly,dogsmight beagoodproxyfor humanJEVexpo-
surein thestudyarea.

Estimationof themodelparameterswasbasedon theassumptionthat thesystemin which
sampleswerecollectedto calculateseroprevalenceswasatendemicequilibrium state,which
maynot beaccurate.However,serologicalstudiesperformedin thesameregionsuggestlittle
seasonalandinter-annualvariationin JEVcirculationin pigs[44,45]andducks[8,16],and
allowedusto makethisassumption.

Availabledataon theclinical incidenceof JEVin Cambodiaarescarceandcomemainly
from hospital-basedstudies,sometimesin areaswhereaccessto carestructuresandclinical
caseidentificationcapacitiesarelimited [33,36,79,80].Thecommunity-levelclinicalJEVinci-
denceis thusprobablyunderestimated.Under theseconditions,Tarantolaetal.(2014)esti-
matedthat1/250to 1/500JEVinfectionsresultedin symptomaticcasesin Cambodia[81].
Basedon theseratiosandtheannualincidenceof humanJEVinfectionspredictedbyour
model(between23.7and56infectionsperyearin avillageof 1630and4062peoplerespec-
tively),onecanexpect0.05(if therateis1/500)to 0.09(if therateis1/250)clinicalcasesper
yearpervillagein district D1,and0.11to 0.22clinicalcasesperyearpervillagein districtsD2
andD3.Althoughthis isonly aroughestimate,it wouldcorrespondto aclinical incidenceof
2.8to 5.8/100,000JEVcasesperyear.In comparison,Maoetal.(2020),andTian etal.(2015),
estimatedtheaverageannualincidenceof JEVcasesin YunnanandChangshaprovinces,
China,to be0.16/100,000(in 2017,after10yearsof vaccinationprogram)and0.15/100,000
respectively,bycollectinghospitaldatafor 6 to 10years[82,83].After 19yearsof follow-up,
Montini etal.(2020)estimatedanincidenceof 0.16/100,000casesperyearin Malaysia[84]. In
Bhutan,0.3/100,000and0.8/100,000casesperyearwereestimatedin 2020for adultsandchil-
drenrespectively,basedon datafrom 5 sentinelhospitals[85]. Finally,Campbelletal.(2011)
extrapolatedhospital-baseddataof 12southeastAsiacountries,andestimatedaglobalinci-
denceof 1.8/100,000and5.4/100,000casesperyearfor adultsandchildrenrespectively,in all
the24countrieswhereJEVcirculates[7]. Althoughtheyonly concerntheprovinceof Kandal
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in Cambodia,our estimatesareconsistentwith thelatterfigures.However,theseexposurefig-
uresareto besetagainsttheJEvaccinationdatain Cambodiasincetheconsequenceof this
exposurewill dependon thevaccinationcoverageof thepopulation.Theimplementationof
vaccinationin Cambodiais recent,andthereportednumberof individualsvaccinatedwent
from 0 before2010to morethan500,000in 2015[1]. Evenif Quanetal,2020estimatedacon-
sequentreductionof JEcasesthroughvaccination[1], JEVwasstill reportedin 2017,afterthe
mainvaccinationcampaignsin 2016,astheprimary causeof acutemeningitis-encephalitis in
children,with 35%of 1160patientsconfirmedor highlyprobableto haveJEVinfection[36].

Theproportion of severecasesoccurringin Kandalprovinceremainsunknown.However,
thepredictedaverageageat infectionin themodeledvillageswasverylow, (rangingfrom 2 to
11yearsold).Sinceyoungchildrenaremorelikely to developsevereformsafterJEVinfection,
aswellasseveresequelae[2,33,82,84,85],theseresultsandthecurrentknowledgewehave
aboutJEVcirculationin Cambodiawould justify to intensifychild immunization.

Accordingto our results,variationsof hostcommunitycompositionwould influencethe
averageageat infection:in peri-urbanareas(with fewcompetenthostsin thesystem(Fig2) or
fewpigsamongcompetenthosts(Fig3)), infectionsmight beconcentratedin adults,whereas
in rural areas(with morecompetenthostsin thesystem(Fig2) or morepigsamongcompetent
hosts(Fig3)), infectionsmight beconcentratedin theyoungeragegroups.In thethreestudied
districts,themodelledvillagesbelongedto thelattercategorywherethepredictedaverageage
of infectionwaslow whiletheexposureprobabilitywashigh.

Resultsof simulationsconfirmedthemajor roleplayedbypigsin JEVcirculation.However,
it appearedthat in asystemwithout pigs,theupperboundof R0 confidenceintervalremained
>1 whentherewasmorethan25%of chickensin poultry BSA(S1Fig).Thissuggeststhat,in a
pig-freesystem,chickensandduckscouldbesufficientfor thevirusto invadetheepidemiolog-
icalsystem.Asshownby thesensitivityanalysis,our resultsappearedrobustwith respectto
thevaluesof uncertainparameters(� 
 , � � , � � ,  � ) or for whichspecificassumptionshadbeen
madeduring modelparameterization.

AsLord etal.(2015)andBaeetal.(2018)havealreadypointedit out, theepidemiologyof
JEVneedsto berethought,asJEVcirculationcouldbemaintained,or not, within complex
andarea-dependentepidemiologicalsystems[13,14].

Epidemiologicalsystemsareboundto change,for political,economic,culturalor sanitary
reasons.Traditionalpig farminghasbeenwidespreadin Cambodiasincebeforethe1950s.
TheKhmerRougeperiodconstitutedarupture in thecountry'shistory,andpig farming
resumedonly from the1980s[37,41].Sincethen,traditionalpig farminghasbeenfacingsani-
tarycrisessuchasClassicalSwinefeverandrecentlyAfrican Swinefever(ASF)[86], which
coulddrasticallyreduceswinedensity.Moreover,theindustrializationof thesectorandthe
competitionwith intensiveproduction,notablyfrom Thailand,isdriving downthepriceof
meatandgraduallydiscouragingsmallfarmersfor whomtraditionalpig farmingisno longer
profitable(NationalAnimal HealthandProductionResearchInstitute,personalcommunica-
tion). On theotherhand,landscapemanagement,throughdrainageor reductionof ricefields
dueto industrialization,aswellasclimatechangeandclimatichazardscouldalsotransform
theepidemiologicalsystembydirectlyaffectinghostandvectorpopulations,andthusthe
transmissionpatternof JEV.Thechangesin hostcommunitycompositionwehavesimulated
arethuslikely to occurandthecurrentsanitarycontextrelatedto thecirculationof ASFin
Asiaisaconcreteexampleof thesechanges.In Vietnam,morethan21%of thetotalpig herd
wasdecimatedin 2020dueto theASFoutbreak.Thereductionof thetotalnumberof pig
herdshasledto arapidgrowthof cattleproduction(+5%in oneyear)[87]. Our modelcon-
firmed thatR0 might decreaseandthelevelof viruscirculationatendemicequilibrium be
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lowerin systemswheretheproportion of cattleincreases.Thiszooprophylactic-likeeffectis
explainedby thefactthatcowsarenon-competenthostson whichJEVvectorsfeed[26,28].

In our studyarea,it hasbeenshownthatdogs,whicharenumerousandlive in closeprox-
imity to humans,arewidelyexposedto JEVinfection[16]. In anendemicareawheredogslive
anaverageof 5 years,theannualprobabilityof humanexposureto JEVwassimilar to the
valueof seroprevalencein dogs(Fig5).Thesimulationsindicatedthat therelationship
betweenthesetwo indicatorsmaybegeneralizable,asit wasapproximatelylinearregardlessof
thesizeandcompositionof thehostcommunityandthesizeof thevectorpopulation(Fig5).
In theparticularcontextof Kandalprovince,seroprevalencein dogsmaybeagoodproxyfor
humanexposure,andatool for estimatingtheimpactof JEVon publichealth.If this result
wasconfirmedin variedepidemiologicalcontexts,thepracticaluseof dogsassentinelsfor
humanJEVexposurewoulddependon theepidemiologicalsituationof theregion.In endemic
contextsasin Cambodia,averifiedcorrelationbetweendogseroprevalenceandhumanexpo-
sureprobabilitywouldhelpquantifyingpeopleexposure,by implementingserologicalsurveys
in dogs.In epidemiccontextswhereJEVcirculationisseasonalasin Thailandor Vietnam
[39,88],detectingJEVcirculationin sentineldogswouldhelpimplementingpreventionor
information measuresaheadof theexpectedwavesof exposure.In disease-freeareas,sentinel
dogscouldbeusedasanearly-surveillancesystemof JEVemergencein riskyareas.Exposure
datafrom sentineldogscanalsobeusedto targetvaccinationto areaswhereexpectedhuman
exposureisgreatestor whereaccessto JEVvaccineor resourcesto implementvaccinationare
limited. Evenif in-depthsurveysundervariousenvironmentalconditionsshouldbefurther
implementedto infer thepotentialuseof dogsasJEVsentinelsin thefuture,thiscomplements
theresultsof studiessuggestingthatdogscouldbeusedassentinelsfor otherflavivirusessuch
asWNV [89,90].

Our theoreticalapproachshowedthatvariationsof thecompositionof themulti-hostsys-
temidentifiedin Cambodiamayhaveanimpacton theability of theepidemiologicalsystem
to sustainJEVtransmission,on thehumanexposureto JEV,andthuson thediseaseburdenin
humans,especiallyin youngchildren.Besideschildrenvaccinationin JEVendemicareas,a
properevaluationof theimpacton humanhealthisneededaswellasfurther investigationon
thepotentialuseof dogassentinelsof humanexposure,to targetpreventionactionsand
reduceJEVburdenin Cambodia.
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theR0 for 100%of pigsin competenthostsBSA.
(TIF)

S2Fig.Annual probability of human exposureto JEVaccordingto dogJEVseropreva-
lence,for varying human-dogratios andvectorpopulation sizes.
(TIF)
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