


Conclusions

Poor sanitation facilities appear to be a major source of Salmonella Typhi in Fiji, with trans-

mission by drinking contaminated surface water and consuming unwashed produce.

Improved sanitation facilities and protection of surface water sources and produce from con-

tamination by human feces are likely to contribute to typhoid control in Fiji.

Author summary

ModelingsuggeststhatOceaniahassurpassedAsiaandsub-SaharanAfrica astheregion
with thehighesttyphoid feverincidence.While PacificIslandsareoftenneglecteddueto
smallpopulationsizes,thereisanurgentneedto understandtheepidemiologyof typhoid
feverin theregion.Fiji, anupper-middleincomecountryin Oceania,hasreportedan
increasein typhoid fevernotificationsoverthelastdecade.However,theepidemiologyof
typhoid feverin Fiji is incompletelyunderstooddueto gapsin surveillanceandlackof
epidemiologicalresearchon localrisk factors.Weconductedacase-controlstudyin the
CentralDivision of Fiji to helpinform preventionandcontrol strategies.Wefoundunim-
provedsanitationfacilitiesto bemajorsourceof typhoid feverin Fiji, with transmission
bydrinking contaminatedsurfacewaterandconsumptionof unwashedproduce.Wealso
foundanassociationbetweenpoorwateravailabilityandpoorhygienewith typhoid fever.
Improvementsin sanitationfacilitiesto protectsurfacewaterandproducefrom contami-
nationarelikely to contributeto improvedtyphoidcontrol in Fiji. Becauseof thedistinct
socio-demographicandenvironmentalconditionsfound in Oceania,our findingsmay
reflectsourcesandmodesof transmissionpredominantelsewherein theregion.

Introduction

Typhoidfeverremainsasubstantialcauseof morbidity andmortality in manylow- andmid-
dle-incomecountries,with anestimated17.8million newepisodesannually[1]. By2015,Oce-
aniahadfallenbehindbothAsiaandsub-SaharanAfrica to becometheregionwith thelowest
coverageof improveddrinking waterandimprovedsanitation[2, 3]. Pacificislandnations
includingFiji [4], Nauru[5], andPapuaNewGuinea[6] reporthighcasecountsof typhoid
feverandfrequentlargeoutbreaksof thedisease.Despitethisapparenthigh incidence,studies
to investigatesourcesandmodesof transmissionof typhoid feverin thePacific,whereunique
socio-demographic,behavioral,andenvironmentalconditionsmayexist,havebeenrare[4, 7].
A detailedunderstandingof localrisk factorsfor typhoid feverisnecessaryto inform non-vac-
cinecontrol measures.Furthermore,arobustunderstandingof theepidemiologyof typhoid
feverin Fiji isneededto inform decisionsabouttheintroduction of recentlyrecommended[8]
andprequalifiedtyphoidconjugatevaccine.

Typhoidfeverisendemicin Fiji with diseaseoccurringamongboth rural andurban
residents[4, 7]. Bloodculture-confirmedtyphoid feverinfectionshaveincreasedsincethe
1990s,rising rapidlysince2005[9]. By2010,theincidenceof typhoid feverin Fiji, identified
bypassivesurveillance,was52per100000population[10]. However,giventhelimited sensi-
tivity of bloodcultures,patternsof healthseekingbehavioramongFijians,andlow accessto
bloodculturesservices,theactualincidenceof typhoid feverin Fiji is likely to exceedthis rate
[10].
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Previoustyphoid fevercase-controlstudiesin endemiccountrieshavedemonstratedcon-
siderablevariationin majorsourcesandmodesof transmissionby location[11,12].Thisvaria-
tion underscorestheimportanceof localresearch,especiallyin distinctenvironmentssuchas
thosethatexistin thesmallerislandstatesof Oceania.To identify risk factorsfor typhoid fever
relevantto thedistinctiveislandecologyof Oceania,weconductedacase-controlstudyto
inform typhoidcontrol effortsin Fiji's CentralDivision.

Methods

Setting

TheRepublicof Fiji, locatedin thesouthernPacificOcean,consistsof 332islands.Our study
wasundertakenin theCentralDivision with apopulation>370,000people,representing43%
of thenationalpopulation,andincluding thecapitalcity Suva.At thetime of thestudy,Central
Division residentswerecomprisedof 56%iTaukei(indigenousFijians),38%Fijiansof Indian
descent,and6%whoidentifiedasbeingof anotherethnicity[13]. Themajority of Central
Division'spopulationresidedin Suva,andtheremainderlivedin smallrural villagesandset-
tlementsnearmajorwaterways[7]. All publichealthservicesin Fiji areprovidedat thedivi-
sionalandsub-divisionallevel.TheColonialWar MemorialHospital(CWMH) in Suvais the
largestpublic referralhospitalin thecountryprovidingclinicalandlaboratoryservicesto all of
theCentralDivision.

Design

Weconductedaneighborhood,ethnicity,andageintervalmatchedcase-controlstudyfrom
27January2014through31January2017in CentralDivision,Fiji. Casesweredefinedas
patientsresidingin CentralDivision whosoughtcareatanyCentralDivision publichealth
facility,andhadSalmonella enterica serovarTyphi (Salmonella Typhi) isolatedfrom bloodcul-
ture.Thoseaged>18yearswereeligiblefor enrollmentuntil 1 May2014whenregulatory
approvalwasreceivedto extendenrollmentto all ages.Forpersonsaged<12years,weinter-
viewedtheparentor guardianof thepatient.If morethanonecasewasdetectedin ahouse-
hold,weonly enrolledthefirst case.

Two neighborhoodcontrolswereselectedfor eachcase,onefrom anearneighborhoodand
theotherfrom amoredistantneighborhoodfrom wherethecasearose.Wesoughtnear-
neighborhoodcontrols100pacesin arandomdirectionfrom thecasehouseholdusingapen
spinmethod.Wesoughtdistant-neighborhoodcontrolsin thesamerandomdirectionasa
near-neighborhoodcontrol, from thenextclosestriver basinin rural areasandfrom thenext
closestsub-divisionin urbanandperi-urbanareas.Wesoughtpotentialage-matchedcontrols
in theintervals<4 years,5±14years,15±24years,25±34years,35±44years,45±54years,55±
64years,65±74years,and>75yearsof age.Weexcludedpotentialcontrolsthathadexperi-
encedfeverwithin thepastonemonth.

Data collection

Weadministeredastandardizedquestionnaireto all participants.Thequestionnairesought
information on basicdemographicsandfocusedon modifiabletyphoid feverrisk factorsand
exposuresoccurringduring thetwo-weekperiodprior to theonsetof symptomsfor casesand
prior to thedateof recruitmentfor controls.Domainsof questionsincludedthoserelatedto
waterandfoodconsumption,includingkava,alocaldrink of Fiji madeof waterinfusedwith
Piper methysticum, andbehavioralpracticessuchasattendanceatcommunitygatheringsand
handwashing.Weinvestigatedlonger-termenvironmentalfactorsincluding theoccurrenceof
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floods,droughts,andtropicalstormstwo monthsprior to theonsetof symptomsor interview.
Werecordedobservationson thetypeandcondition of watersourceandsanitationfacility
within theboundsof thehouseholdandalsoon distalenvironmentalconditions.

Laboratory evaluations

Bloodcultureswerecollectedfrom febrilepatientsat theclinicians'discretion[14].Bloodwas
collectedin BacT/ALERTstandardaerobicandanaerobicbloodculturebottlesfor adults(5±
10mL)andpediatricFAN bottlesfor children(2±5mL) (bioMeÂrieux,MarcyL'Etoile,France).
Bottleswereincubatedfor 5±7daysat35ÊCin theBacT/Alertsystem.Broth from positiveblood
culturebottleswassubculturedon blood,chocolate,andMacConkeyagar.Non-lactosefer-
mentingcolonieswereidentifiedbiochemicallyasprobableSalmonella Typhi usingMicrobact
identificationsystem,Triple SugarIron (TSI),andLysineIndoleMotility (LIM) media.Salmo-
nella Typhi wereconfirmedbyslideagglutination,usingantibodyreagentsspecificfor ser-
ogroupO9andVi (Difco Salmonella Antiserum,BectonDickinson,FranklinLakes,NJUSA).

Statistical analysis

A three-levelsocioeconomicstatus(SES)indexwascreatedbyprincipalcomponentanalysis
of education,employment,householdconditions,andassetvariables[15]. Categoricalvari-
ableswerecreatedfor watersourceandsanitationfacilities,with improvedmunicipalwater
sourceandundamaged,improvedmunicipalsewerageusedasthereferentcategoryfor each
variable.Handwashingbehaviorquestionsatpre-specifiedtimes(beforeeating,beforecook-
ing,andafterdefecation)wererecodedasanordinal variablerangingfrom 0 (never)to 2
(always).A knowledge-baseddimensionreductionstrategy,whichconsideredthecausalpath-
waythroughdirectedacyclicgraphs,wasusedto guidevariableselectionfor modelbuilding
andinterpretationof multivariableanalysis[16]. Oddsratios(OR)with exact95%confidence
interval(CI) weremeasuredin aunivariableanalysisusingconditionallogisticregressionfor
theselectedvariables.A multivariableconditionallogisticregressionmodelwith all variables
with ap-value<0.1in theunivariableanalysiswasappliedandvariableswith p-value>0.05
wereremovedfrom themodelin astep-wisemanner.Populationattributablefractions(PAF)
for categorical,potentiallymodifiablerisk factorswereestimatedfrom theprevalenceof expo-
surein casepatientsandadjustedORfrom themultivariableconditionallogisticregression
model[17,18].Theproportion of participantswith missingdatafor variablesselectedfor
modelbuilding rangedfrom 0±4%.Missingvalueswereimputedusingall availabledatafor
eachparticipant.Specifically,fivecompletedatasetswerecreatedusingthemultivariateimpu-
tation bychainedequations(MICE) methodof imputation in STATA[19]. Resultsobtained
from imputeddatasetswerenot significantlydifferentfrom non-imputeddata,hencewe
choseto presentour unimputedresults.Analysiswasdonecomparingcasesto near-neighbor-
hoodanddistant-neighborhoodcontrolsseparatelyandtogether.MatchedORswith control
groupsseparatelywerenot significantlydifferentto ORswith controlstogether.Therefore,we
choseto presentresultsfor thecombinedcontrol groups.Detailson samplesizeestimation(S1
File),questionnaireusedfor responsecollection(S2File),directedacyclicgraph(S1Fig),and
univariableresultswith analysisof control groupsseparately(S1andS2Tables)areprovided
in thesupportinginformation.Analyseswereconductedwith Stata/SE14.0for Windows
(Stata,TX, USA).

Research ethics

Ethicsapprovalswereobtainedfrom theFiji NationalHealthResearchCommittee,the
HumanEthicsCommitteeof theUniversityof Otago,andtheHumanResearchEthics
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Committeeof Edith CowanUniversity.Verbalandwritten detailsof thestudywereprovided
in Fijian,Hindi, or Englishasnecessaryandwritten informedconsentwasobtainedfrom all
participantsor their guardians.

Results

Of 39,775bloodculturesperformed,279(0.7%)patientswith bloodculture-confirmed
typhoid feverwereidentified.No Salmonella ParatyphiA, B,or C wereisolatedduring the
studyperiod.Of thosebloodculture-confirmedtyphoid fevercases,175(62.7%)wereenrolled
in thecase-controlstudy.Reasonsfor non-enrolmentareshownin Fig1.A totalof 349con-
trolswereenrolledin thestudy.Baselinecharacteristicsof enrolledcasesandcontrolsare
describedin Table1.Of enrolledcases84(48.0%)werefrom arural area,while59(33.7%)and
32(18.3%)werefrom urbanandperi-urbanareasrespectively.

In theunivariableanalysis(Table2), theoddsof acasebeingfrom alow SESindexhouse-
hold wasalmost3 timesthatof controls(matchedOR2.98and95%CI 1.64±5.44).Cases
morefrequentlyaccessedtheir mainwatersourcefrom outsidethehouse(OR= 2.96,95%
CI 1.20±7.29),hadinterruptedwateravailability(OR= 2.40,95%CI 1.39±4.12),anddrank
waterfrom anuntreatedsourcein thelasttwo weeks(OR= 1.80,95%CI 1.07±3.03).Among
participantswhoreporteddrinking waterfrom asourceotherthantheir mainhousehold
watersource,casesweremorelikely to havedrunk waterfrom asurfacewatersourcethan
controls(OR= 3.04,95%CI 1.33±6.92).No differencein kavaconsumptionwasobserved
betweencasesandcontrols.

Comparedto controls,casesweremorelikely to eatunwashedproduce(OR= 3.48,95%CI
2.06±5.89).Caseswerealsomorelikely to haveeatenoutsideof thehousein thepasttwo
weeks(OR= 1.56,95%CI 1.04±2.34),andhaveattendedamassgatheringin thepasttwo
weeks(OR= 1.59,95%CI 1.05±2.40).

Fig 1. Flowchart illustrating recruitment of patients with Salmonella Typhi infection in Central Division Fiji,

2014–2017.

https://doi.org/10.1371/journal.pntd.0006571.g001
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Whencategorizedby latrinetype,casesweremorelikely to haveeitheranunimprovedpit
latrine(OR= 26.62,95%CI 5.20±136.37),or no toilet or latrine in thehousehold(OR= 14.17,
95%CI 1.97±102.14),or adamaged,improvedmunicipalsewerage(OR= 5.28,95%CI 1.23±
22.73),or animprovedpit latrine(OR= 4.40,95%CI 1.46±13.26)comparedto controls.Fur-
thermore,casesweremorelikely thancontrolsto reporthavingalatrinebuilt bysomeone
within their ownhousehold(OR= 1.53,95%CI 1.12±2.30).With respectto hygienebehaviors,
ahigherhandwashingscoreafterdefecating(OR= 0.41,95%CI 0.27±0.62)andusingsoapfor
handwashing(OR= 0.38,95%CI 0.24±0.58)wereassociatedwith loweroddsof typhoid fever.

In termsof distalenvironmentalfactors,comparedto controls,casesweremorelikely to
haveexperiencedfloodingof their nearestriver or streamin thepasttwo months(OR= 2.42,
95%CI 1.13±5.12).Caseswerealsomorelikely to haveadamlocatedupstreamfrom their
closestriver basin(OR= 2.18,95%CI 1.22±3.91)thancontrols.

On multivariableanalysistenexposuresremainedindependentlyassociatedwith typhoid
fever(Table3) includingdrinking waterfrom analternativesurfacewatersourcein thelast
two weeks(OR= 3.61,95%CI 1.44±9.06),not havingconstantwateravailability(OR= 2.17,
95%CI 1.18±4.00),andeatingunwashedproduce(OR= 2.69,95%CI 1.48±4.91).Thepopula-
tion attributablefraction(PAF)for theseexposureswas7%,15%,and19%,respectively.Hav-
ing anyunimprovedseweragesystemor adamagedimprovedseweragesystemwasassociated
with increasedoddsof typhoid fever(OR= 4.30,95%CI 1.14±16.21).ThesummaryPAFfor
thesepoorsanitationfacilitieswas72%.Frequenthandwashingafterdefecatingwasassociated
with loweroddsof Salmonella Typhi infection(OR= 0.57;95%CI 0.35±0.93),aswasusing
soapfor handwashing(OR= 0.61,95%CI 0.37±0.95).

Discussion

To our knowledge,this is thefirst case-controlstudyto investigatesourcesandmodesof trans-
missionfor typhoid feverin Fiji. Wedemonstratethatunimprovedsanitationfacilitiesarea
likely majorsourceof Salmonella Typhi,with transmissionoccurringthroughdrinking

Table 1. Baseline characteristics of 175 typhoid fever cases and 349 age, ethnicity, and neighborhood matched

controls enrolled in study, Central Division, Fiji, 2014–2017.

Characteristic Cases Controls

(n = 175) (n = 349)

N (%) N (%)

Total 175 (100.0) 349 (100.0)

Gender

Male 86 (49.1) 171 (49.0)

Age group

< 5 years 9 (5.1) 15 (4.3)

5±17years 44 (25.1) 84 (24.1)

18±49years 97 (55.4) 207 (59.3)

� 50years 25 (14.3) 43 (12.3)

Ethnicity

iTaukei(indigenousFijians) 166 (94.9) 331 (94.8)

Fijiansof Indian descent 9 (5.1) 18 (4.9)

Residential Area

Urban 59 (33.7) 118 (33.5)

Peri-urban 32 (18.3) 63 (18.1)

Ruralarea 84 (48.0) 168 (47.9)

https://doi.org/10.1371/journal.pntd.0006571.t001
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Table 2. Univariable analysis of risk factors for blood-culture-confirmed typhoid fever among 175 cases and 349 age, ethnicity, and neighborhood matched con-

trols, Central Division, Fiji, 2014–2017.

Risk factor/ Exposure Number and (%)

of cases with risk

factor/ exposure

Number and (%)

of controls with

risk factor/

exposure

Conditional

odds ratio

Exact 95%

confidence Intervals

p-value

Total no. of

cases = 175

Total no. of

controls = 349

N (%) N (%)

Household

High socioeconomic statusindex 32 (18.3) 98 (28.1) ref

Medium socioeconomic statusindex 57 (32.6) 127 (36.4) 1.72 0.97±3.06 0.063

Lowsocioeconomic statusindex 86 (49.1) 124 (35.5) 2.98 1.64±5.44 <0.001

Animalsin household 86 (49.1) 195 (55.9) 0.72 0.49±1.06 0.099

Water source, treatment, and drinking

Main householdwatersource

Pipedtreated 88 (50.3) 172 (49.3) ref

Pipeduntreated 31 (17.7) 77 (22.1) 0.50 0.18±1.42 0.196

Rainwater 4 (2.3) 5 (1.4) 1.67 0.38±7.39 0.502

Surfacewater 52 (29.7) 95 (27.2) 1.28 0.35±4.70 0.713

Main watersourceaccessedfrom outsidehouse 118 (67.4) 68 (19.5) 2.96 1.20±7.29 0.018

Waternot alwaysavailablefrom mainsource 49 (28.0) 62 (17.8) 2.40 1.39±4.12 0.002

Treatedwaterin house 50 (28.6) 107 (30.7) 0.89 0.57±1.39 0.596

Storedwaterin house 139 (79.4) 269 (77.1) 1.16 0.73±1.85 0.530

Drank untreatedwater 76 (43.4) 126 (36.1) 1.80 1.07±3.03 0.027

Only drankwaterfrom mainhouseholdwatersource 104 (59.4) 232 (66.5) ref -

Drank from analternatewatersource(non-surfacewatersource) 53 (30.3) 100 (28.7) 1.31 0.78±2.21 0.313

Drank from analternatewatersource(surfacewatersource) 18 (10.3) 17 (4.9) 3.04 1.33±6.92 0.008

Drank wateratamassgathering 14 (8.0) 19 (5.4) 1.51 0.74±3.10 0.256

Consumedice 69 (39.4) 131 (37.5) 1.14 0.77±1.68 0.524

Drank water/other drink from astreetvendor 57 (32.6) 97 (27.8) 1.34 0.86±2.09 0.189

Drank kavaa 71 (40.6) 164 (47.0) 0.68 0.43±1.06 0.091

Food and behavior

Did not washproducebeforeeating 53 (30.3) 48 (13.8) 3.48 2.06±5.89 <0.001

Storedfood 121 (69.1) 252 (72.2) 0.83 0.53±1.29 0.399

Sharedfoodon thesameplate 20 (11.4) 22 (6.3) 2.13 1.07±4.25 0.032

Ate outsideof house 77 (44.0) 121 (34.7) 1.56 1.04±2.34 0.032

Consumeddairyproducts 156 (89.1) 316 (90.5) 0.81 0.41±1.62 0.551

Ate kai/mussels 72 (41.1) 181 (51.9) 0.57 0.37±0.87 0.009

Ate lolo/coconut milk 129 (73.7) 276 (79.1) 0.61 0.36±1.06 0.080

Attendedamassgathering 64 (36.6) 97 (27.8) 1.59 1.05±2.40 0.029

Sanitation and hygiene

Sharedtoilet with non-householdmembers 24 (13.7) 42 (12.0) 1.30 0.64±2.67 0.461

Householdersbuilt their own toilet 92 (52.6) 154 (44.1) 1.53 1.12±2.30 0.039

Haveaunimproved/damagedimprovedseweragesystemb 167 (95.4) 318 (91.1) 2.80 1.02±7.65 0.045

Undamaged improved,municipalsewerage 8 (4.6) 31 (8.9) ref -

Unimprovedpit latrine 16 (9.1) 10 (2.9) 26.62 5.20±136.37 <0.001

No toilet/opendefecation 5 (2.9) 3 (0.9) 14.17 1.97±102.14 0.009

Damagedimproved,municipal sewerage 7 (4.0) 10 (2.9) 5.28 1.23±22.73 0.025

Improved pit latrine 62 (35.4) 109 (31.2) 4.40 1.46±13.26 0.009

(Continued )
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contaminatedsurfacewaterandeatingunwashedproduce.Wealsoshowtyphoid to becom-
mon amongboth rural andurbanpopulationsin Fiji (Table1). Improving sanitationfacilities
andincreasingaccessto safewaterandcleanproducefor rural populationspresentsamajor
challengein Fiji andmorebroadlyfor otherislandnationsof Oceania.

Themedianageof casesin our studywas29years,which ishigherthanthemedianage
reportedin severalothertyphoidendemicareas[11,12].While thismaysuggestadistinct
typhoidepidemiologyin Fiji, under-ascertainmentbybloodcultureof typhoid feveramong
youngeragegroupsisalsoapossibilityasyoungerpatientsin Fiji havebeenreportedto receive
earlyempiric treatmentfor feverwithout bloodculture[4]. Of casesin our study,95%were
amongiTaukei.This finding is in contrastto asero-epidemiologicsurveyconductedin Fiji in
2013,whichfoundboth iTaukeiandFijiansof Indian ancestryto havesimilarsero-prevalence
of antibodiesagainsttheVi antigenof Salmonella Typhi [20]. BesidesVi serologybeingan

Table 2. (Continued)

Risk factor/ Exposure Number and (%)

of cases with risk

factor/ exposure

Number and (%)

of controls with

risk factor/

exposure

Conditional

odds ratio

Exact 95%

confidence Intervals

p-value

Total no. of

cases = 175

Total no. of

controls = 349

N (%) N (%)

Intact septic 77 (44.0) 186 (53.3) 2.41 0.86±6.71 0.093

Separatewatersourcefor washinghands 35 (20.0) 90 (25.8) 0.64 0.38±1.08 0.095

High handwashing frequencyafterdefecation 0.41 0.27±0.62 <0.001

Usedsoapfor handwashing 80 (45.7) 227 (65.0) 0.38 0.24±0.58 <0.001

Environment

Heavyto moderaterain 2 weeks 87 (49.7) 169 (48.4) 1.09 0.69±1.72 0.700

Heavyto moderaterain 2 months 98 (56.0) 180 (51.6) 1.31 0.83±2.09 0.245

Householdevacuated2 weeks 2 (1.1) 6 (1.7) 0.59 0.10±3.54 0.567

Householdevacuated2 months 3 (1.7) 7 (2.0) 0.50 0.03±7.99 0.624

Drought2 weeks 1 (0.6) 1 (0.3) 2.00 0.13±31.98 0.624

Drought2 months 1 (0.6) 3 (0.9) 0.59 0.05±7.43 0.685

Floodingadjacent2 weeks 5 (2.9) 12 (3.4) 0.79 0.24±2.56 0.695

Floodingadjacent2 months 2 (1.1) 8 (2.3) 0.47 0.09±2.34 0.356

Villageflooded2 weeks 6 (3.4) 7 (2.0) 1.92 0.57±6.52 0.294

Villageflooded2 months 5 (2.9) 8 (2.3) 1.31 0.38±4.45 0.671

Toilet flooded2 weeks 2 (1.1) 1 (0.3) 4.00 0.36±44.1 0.258

Toilet flooded2 months 1 (0.6) 1 (0.3) 2.00 0.13±31.98 0.624

River/stream flooded2 weeks 14 (8.0) 16 (4.6) 2.24 0.90±5.60 0.083

River/stream flooded2 months 19 (10.9) 19 (5.4) 2.42 1.13±5.12 0.020

Farmsabovewatercollection 11 (6.3) 13 (3.7) 2.38 0.82±6.88 0.109

Livestockabovewatercollection 7 (4.0) 5 (1.4) 3.78 0.95±15.4 0.059

Loggingaboveriver basin 1 (0.6) 4 (1.1) 0.43 0.04±4.61 0.489

Roadbuilding aboveriver basin 3 (1.7) 11 (3.2) 0.21 0.02±2.01 0.179

Damsaboveriver basin 71 (40.6) 112 (32.1) 2.18 1.22±3.91 0.009

Oddsratioswereestimatedusingconditionallogisticregression.All exposuresarefocusedon the2-weekperiodprior to onsetof symptomsfor casesandthedateof

recruitment for controls,unlessspecifiedotherwise.
a TraditionalFijian drink (waterinfusedwith Piper methysticum).
b Summaryvariableof all sanitationfacilities.

https://doi.org/10.1371/journal.pntd.0006571.t002
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inaccuratemeasureof Salmonella Typhi infection,apossibleexplanationfor thisdifferenceis
under-ascertainmentbybloodcultureof typhoid feveramongFijiansof Indian ancestry,who
havebeenshownto preferentiallypresentto privategeneralpractitionersandareagainlikely
to receiveearlyandempiric treatmentfor feverwithout bloodculture[21].

Our resultssuggestthatunimprovedor damagedsanitationisamajorsourceof Salmonella
Typhi in Fiji. Wefound thatpeoplewithout accessto improvedsanitationfacilitiesor with
damagedimprovedseweragesystemswereatparticularrisk.Thosewith typhoid feverwere
morelikely thancontrolsto havesomeonewithin their householdbuild their toilet (Table2).
Othershaveshownlatrinesbuilt bypersonswithout expertiseto bepoorlyconstructed,built
into permeablesoil,andsubjectto flooding[7, 22].Notably,householdswith improvedpit
latrineshadgreateroddsof typhoid feverin our study,comparedto undamaged,improved
municipalsanitation(Table3). In Fiji, acommon`improvement'isuseof buriedsteeldrums
asthereceptaclefor sewerage[23]. Suchreceptaclesaresubjectto flooding,corrosion,and
leakage[23] leadingto contaminationof surfacewaterandcropsbyhumanfeces[24]. Inter-
estingly,eatingunwashedproducewasanindependentrisk factorfor typhoid in our study.
Relatedresearchhasshownthatgardensof patientswith typhoid feverweremoreoftenposi-
tionedcloserto thehouseholdtoilet or septictank thanin control householdsandthemajority
of casespropagatedvegetablesdirectlyon or belowthetoilet drainagearea[25]. In contrastto
water-relatedfactors,poorsanitationhasseldombeenreportedasarisk factorfor typhoid
fever[11,12,26],highlightingthevalueof our localresearch.

Contaminateddrinking wateriscommonlyidentifiedasarisk factorfor typhoid feverin
case-controlstudies[26]. Weshowedthatcasesweremorelikely to reporthavingpoorwater
availabilitythancontrols(Table3). Intermittent accessto waterisacommonproblemfor
householdsin manylow-resourcecountries[27] andcanleadto increasedrisk of typhoid
feverbyanumberof mechanisms.First,in Fiji, asin manyotherlocations,poorwateravail-
ability from aprimary sourceresultsin householdsshiftingperiodicallyto alternativewater
sources,includingunsafesurfacewater[28,29].Second,during periodsof reducedwatersup-
ply,householdsmayrelyon storeddrinking waterthat isnot disinfected.Althoughwedid not
demonstrateconsumptionof storedwaterasarisk factorfor typhoid feverin Fiji, related

Table 3. Multivariable analysis of risk factors for blood-culture-confirmed typhoid fever among 175 cases and 349 age, ethnicity, and neighborhood matched con-

trols, Central Division, Fiji, 2014–2017.

Risk factor/ Exposure Conditional odds ratio 95% confidence intervals P-value Population attributable risk

Drank from analternatewatersource(surfacewatersource) 3.61 1.44±9.06 0.006 0.07

Waternot alwaysavailablefrom mainsource 2.17 1.18±4.00 0.013 0.15

Did not washproducebeforeeating 2.69 1.48±4.91 0.001 0.19

Hadanyunimprovedsewerage/damagedimprovedseweragesystema 4.30 1.14±16.21 0.031 0.72

Undamaged, improved, municipalsewerage ref -

Unimprovedpit latrine 49.47 9.42±259.92 0.000

No toilet/Opendefecation 9.87 0.85±114.35 0.067

Damagedimproved,municipal sewerage 6.00 1.22±29.51 0.027

Improved pit latrine 5.55 1.46±21.09 0.012

Intact septic 3.73 1.08±13.81 0.049

High handwashing frequencyafterdefecation 0.57 0.35±0.93 0.025

Usesoapfor handwashing 0.61 0.37±0.95 0.041 -0.23

Oddsratioswereestimatedusingconditionallogisticregression.All exposuresarefocusedon the2-weekperiodprior to onsetof symptomsfor casesandthedateof

recruitment for controls,unlessspecifiedotherwise.
a Summaryvariableof all sanitationfacilities.

https://doi.org/10.1371/journal.pntd.0006571.t003
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researchshowedasignificantlyhigherconcentrationof E. coli in storeddrinking waterin
typhoidcasehouseholdscomparedto control households,but not in sourcewater[25]. Third,
pressuredropsassociatedwith regularinterruption in reticulatedwatersuppliescanresultin
negativepressuresituationswhich,whencombinedwith leaksin thedistribution system,can
resultin inflow of environmentalmaterial[30]. While our studywasnot designedto confirm
thismechanism,wehypothesizethat thismayoccurin Fiji andwarrantsfurther investigation.
Finally,poorwateravailabilitycanaffectthequalityof sanitationfacilitiesthat relyon wateras
wellasaffectpersonalhygiene[31,32].However,our multivariableanalysisshowedpoor
wateravailabilityasassociatedwith increasedoddsof havingtyphoid feverevenafteradjust-
mentfor unimprovedsanitationandhandwashingfrequency.

Factorsrelatedto hygienewerealsoindependentlyassociatedwith typhoid in our studyset-
ting (Table3).Frequenthandwashingafterdefecatingandusingsoapfor handwashingwere
associatedwith loweroddsof typhoid fever.Bothof thesehandwashingbehaviorshavebeen
associatedwith reducedrisk of typhoid in otherstudies[12,28].

Distalconditionswithin thewatercatchmenthaveyetto bethoroughlyevaluatedin case-
control studiesof typhoid fever.However,geospatialstudiesarebeginningto examinesuch
relationshipson broadspatialscales[7, 33,34].Althoughno distalenvironmentalconditions
werestatisticallyassociatedwith typhoid feverin our multivariablemodel,experiencingflood-
ing of thenearestriver or streamin thepasttwo monthsandreportingdamsupstreamin the
river basinweresignificantin univariableanalysis.Descriptiveaccountsof damconstruction
andburstshavebeenlinked to anincreasein typhoidcasesin Nigeria[35]. However,thebasis
for theserisksisnot wellunderstoodandcouldbethesubjectof futureresearch.At asub-
catchmentscale,typhoid infectionanddiseasein theFijian settinghasbeenlinkedwith forest
fragmentation,increasederosion,rainfall,andflood risk [7, 34].It is likely thatsuchenviron-
mentalfactorsresultin overflowanddamageto alreadypoorsanitationfacilitiesleadingto
contaminationof produceanddrinking watersources.

Our studyhadanumberof limitations.First,recallbiasmayinfluencethereliability of
potentialexposuresoverthelongincubationperiodof typhoid fever[36] andsocialdesirabil-
ity biasisacommonconcernfor sanitationandhygienequestions[37]. Wesoughtto control
theformerbymakingobservationsof sanitationfacilities.However,observationsandmore
objectivemeasuresof handwashingpracticeswerenot possible.Therefore,our findingson
handwashingshouldbeinterpretedwith caution.Second,sincetheinterviewersin thisstudy
knewthecasestatusof theparticipant,it ispossiblethat theymayhaveacquireddifferential
exposureinformation from cases.However,our questionnairewasstandardizedandinter-
viewersweretrainedto ensurecasesandcontrolswerequestionedin thesameway.Third, the
relativehomogeneityof sampledenvironmentsandthecollinearrelationshipof manyfactors
mayhavemaskedthedetectionof potentialrisk factors.However,by recruitingasecondcon-
trol in adistantneighborhoodandbyobtainingalargesamplesizeweexpectedto address
powerconcernsof `over-matching'andhaveadequatestatisticalpowerto identify minor asso-
ciations.Finally,sincecasedetectionwasbypassivesurveillanceatpublichealthcarefacilities,
weareunlikely to haveidentifiedall typhoid feverillnessesandwemayhavemissedcasesthat
weremorelikely to betreatedempiricallyor preferentiallyaccessprivatehealthcareservices.
Thiscouldhavealsoresultedin usmissingexposuresassociatedwith increasedrisk of typhoid
feverin thesepopulations.Futureresearchshouldincludecasefinding atprivatehealthcare
facilities.

In conclusion,our studydemonstratesthatunimprovedanddamagedsanitationfacilities
areanimportant sourceof Salmonella Typhi in Fiji. Transmissionappearsto bebydrinking
contaminatedsurfacewaterandconsumptionof unwashedproduce,andiscommonin both
rural andurbanpopulations.Poorhygienepracticesalsoappearto increaseoddsfor typhoid
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fever.Althoughnot detectedin thisstudy,landscapefactorscontributing to floodingof poor
sanitationfacilitiesmayalsocontributeto enhancedrisk [7, 34].Thesituationin Fiji may
reflectsourcesandmodesof transmissionpredominantelsewherein Oceania,wheretyphoid
incidenceisalsohigh [1] andsimilarsocio-demographicandenvironmentalcircumstances
prevail.Meetingthe2030SustainableDevelopmentGoalsgoals[2] to improvesanitationfacil-
itiesandprotectsurfacewaterandproducefrom contaminationbyhumanfecesarelikely to
contributeto typhoidcontrol in Fiji. Centralor householdbasedwaterdisinfectionwouldalso
helpto renderfecallycontaminatedwatersafefor consumption.Suchlong-termsocioeco-
nomic,landandwatermanagement,andsanitationinfrastructuredevelopmentstogetherwith
uptakeof typhoidconjugatevaccinationin theinterim arelikely to resultin effectivetyphoid
control in Fiji andOceania.
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