


Conclusions

The results of this study show that in rural Kenya characteristics of poverty determine the

occurrence and the severity of tungiasis. Intra-domiciliary transmission seems to occur

regularly.

Author summary

Tungiasis(sandfleadisease)isanectoparasiticskindiseaseandbelongsto thegroupof
NTDs(NeglectedTropicalDiseases).It is causedbysandfleaspenetratinginto theskinof
thefeet,causinganinflammatoryreactionwith painanditching.Attemptsto removethe
fleawith inappropriatesharptoolsarepainfulandcausebacterialsuperinfection,eventu-
ally leadingto restrictedmobility. In resource-poorcommunitieswithout accessto health
care,preventionis themostvaluablecontrol measure.In thisstudyweidentifiedimpor-
tant risk factorsfor theoccurrenceof tungiasisandseverdisease.Themostrelevantrisk
factorswerepoorhygienepracticesandpoorhousingconditions.Simplecontrol inter-
ventionssuchashavingsolidwallsandfloorsin thehouse,improvedaccessto waterand
washingwith soapcouldreducethediseaseburdenconsiderably.

Introduction
Tungiasis(sandfleadisease)isaparasiticskindiseasecausedby femalesandfleas(Tunga pene-
trans) penetratedinto theskinof humanor animalhosts.Tungiasisbelongsto thefamilyof
neglectedtropicaldiseases(NTDs) [1,2]. It isprevalentin resource-poorrural communitiesin
sub-SaharanAfrica, theCaribbeanandSouthAmerica[3±7].Childrenbetween5 and14years
andtheelderlybearthehighestdiseaseburdenwith prevalencesup to 85%[7]. While thegreat
majority of patientsharbourslessthan10embeddedsandfleas,singleindividualsmayhave
hundredsof parasites[8,9].Onceembeddedin theskin,typicallyof thetoes,thesolesandthe
heels[10], thefleamatures.Within theperiodof up to fiveweeksit growsuntil it reachesthe
sizeof apea,producesandreleaseseggsandfinally dies[11]. Morbidity is relatedto anintense
inflammatoryresponsetriggeredby thedevelopmentof sandfleasembeddedin theepidermis
[10,12,13].Bacterialsuperinfectioniscommonandintensifiestheinflammation.Inflamma-
tion andmutilation of thefeeteventuallyleadto impairmentof mobility [12]. Main risk factors
found in previousstudiesin BrazilandNigeriaarepoorhousingandthepresenceof animals
on thecompound[14,15].Awarenessof thepublichealthimportanceof tungiasishasbeen
growingin Kenyain recentyears,but validdataon epidemiologicalcharacteristicsdo not
exist.In orderto developasustainablecontrol programfor tungiasisin resource-poorcom-
munitiesalongtheKenyanCoast,two population-basedstudieswereperformed:onein
householdsandtheotherin schools.Here,wereport theresultsof thehousehold-basedstudy.

Materials and methods

Ethics statement

Thestudywasapprovedby theEthicsReviewCommitteeatPwaniUniversity,Kilifi County,
Kenya;approvalnumberERC/PhD/010/2014.Thecustodiansandtheir proteÂgeÂswere
informedabouttheobjectivesandproceduresof thestudyin their motherlanguage(Giriama
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or Swahili)byaCommunityHealthWorker (CHW). Theright to denyparticipationandwith-
drawconsentatanygiventime wasclearlyexplained.

Theinformedconsentform wasreadout loud word byword in Giriamaor Swahiliand
explainedfurther whenrequired,beforeanyinterviewswereconducted.Questionsof thecus-
todianandthechildrenwerediscussedandansweredbyaCHW. Consentwasobtainedvia
fingerprint or signaturefrom thelegalguardian.Theexaminationwasperformedin apro-
tectedsurroundingto guaranteetheprivacyof thepatient.Childrenandadolescentswereonly
examinedin thepresenceof their caregiver.

Any individualsfound to havetungiasiswerereferredto thelocalCHWsfor treatmentand
follow up accordingto their standardprotocolswhichhavebeenapprovedfor useby theMin-
istry of Healthatnationalandcountylevel.Forotherillnessesrequiringtreatmentareferral
form waspreparedbyaCHW, andpatientswerereferredto thenearestHealthFacility.Wash-
ing andtreatmentwerealsomadeavailablefor compoundmemberswith tungiasiswhodid
not participatein thestudy.

Theinformation providedto thehouseholdsverballyis includedassupplementaryelec-
tronic information alongwith theconsentform whichwasto besigned(S1Appendix).

Study area and study population

Thestudywasperformedin eightvillageslocatedin KakuyuniandMalangaSub-locationsof
Malindi Sub-county,Kilifi County,easternKenya,in thedry seasonfrom Augustto October
2014.In theareatungiasisisendemicwith prevalencesrangingfrom 30to 85%in schoolage
children(S2Appendix).

In Malindi Sub-countyrural communitiesaresmallandconsistof clustersof two to five
housesseparatedbybushor farm land.Theareaisdividedinto two ecologicalzones:
KakuyuniSub-location,averydenselypopulatedareain thecoastalstrip with homesteads
locatedsidebyside.It hasatropicalclimatewith anaverageannualrainfall of 1,200mm, tem-
peraturesrangingfrom 28±34ÊCandhighhumidity mostof theyear.MalangaSub-locationis
locatedinland andismuchdrier with averageannualrainfall of 400mm. Homesteadsare
locatedabout100m from eachotherin thisarea.Therearetwo rainy seasons:onebetween
MarchandMayandtheotherbetweenOctoberandNovember,interspersedwith dry seasons.

Malindi Sub-countyhasapopulationof 272,000with 42.3%beingunder15yearsof age.
Thepopulationincludedin thesurveyareentirelyof theGiriamatribe.While 55%of house-
holdshaveaccessto pipedwaterand60%to improvedsanitation,only 17%haveaccessto elec-
tricity (Malindi PublicHealthOffice2015).Manyof thepeoplelive in mud-walledhouses
with athatchroof andsandyfloor (FirstKilifi CountyIntegratedDevelopmentPlan2013±
2017).ForKilifi Countyaswholethepovertyrate(i.e.< 1 US$perday)is71.4%(http://www.
crakenya.org/county/kilifi/).Themajority of thepopulationin thestudyareapracticesubsis-
tenceagriculture,charcoalburning andsmallscalebusinesses.Themain foodstuffscultivated
aremaize,cassava,coconuts,andmangoes.

Study design

Thestudywasacross-sectionalsurveyof arandomsampleof householdsin Kakuyuniand
MalangaSub-locations,Kilifi County,Kenya.Thesesublocationswereselectedbecauseno
interventionagainsttungiasishadbeenperformedsofar.

For thisstudyahouseholdwasclassifiedasasinglestructure/house.Sincemostpeoplelive
in homesteadsof extendedfamilies,sharingeating,washingandsanitationfacilities,we
selectedonestructure/houseperhomesteadin astandardizedmanner,alwayschoosingthe
first houseon theleft whenenteringthecompound.
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Individualsof anyageandsexwereeligiblefor participationaslongastheyhadspentat
least4nightsperweekin theselectedhouseholdfor thelastthreemonths.To beincluded,a
householdneededto havesomeoneovertheageof 18presentat thetime of thevisit to sign
theconsentformsandrespondto theinterviewquestions.

During thepreparationphasecontactwasmadewith theCountyandDistrict leadershipin
both theMinistry of HealthandtheMinistry of Education,theZonalEducationOfficerand
theCommunityHealthOfficersto obtaintheir approvalsandsupportfor thestudy.Weheld
meetingswith all CHWsin eachSub-location,gavespecifictraining on tungiasisand
explainedtheaimsandproceduresof thestudy,emphasizingthatparticipationwascompletely
voluntaryandsubjectshadtheopportunity to withdrawfrom thestudyatanypoint of time.

Thestudywascarriedout betweenAugust13andOctober5,2014,i. e.during adry season.
A totalof 1,086individualsfrom 233householdsin eightvillageswereincludedin thestudy.

Datawerecollectedthroughadoor-to-doorsurveyof theselectedhouseholdswith thehelp
of localCHWs.Eligiblepatientswereexplainedtheprocedureandwereaskedfor consent.In
caseof minorsacaregiver(usuallythemother)wasaskedto provideinformedconsent.If
householdmemberswerenot presentduring our first visit,wereturnedto thehouseon one
further occasion.Individualswhocouldnot bereachedathomeduring thesecondvisit were
invited to cometo thelocalhealthfacility within thenextdays.Householdmemberswho
couldnot beexaminedon anyoccasionwerenot includedin thestudy.

In orderto identify risk factorsfor theoccurrenceof tungiasisandseveredisease,we
requestedinformation aboutdemographic,socio-economic,environmentalandbehavioural
characteristicsof theindividualsandthehousehold.Structuredinterviewswereconducted
with theheadof household(usuallythemother)usingapre-testedquestionnairein Giriama
or Swahili.Environmental,socioeconomicandsomebehaviouralrisk factorswereassessedat
thehouseholdlevel,otherrisk factorswereassessedon theindividual level.

Sincecashflow doesnot correctlyindicatetheeconomicstatusof ahouseholdin low-
incomecommunities[16,17],weusedanassetscoresimilar to theonepreviouslyestablished
for cutaneouslarvamigrans,anotherneglectedtropicalskindiseaseassociatedwith poverty
[18]. Thescoreiscomposedof thefollowingassets:

Presencein thehouseholdof aradio(2 points),television(5 points),fridge(5 points),gas/
solarlamp(1 point); possessionof at leastonemobilephone(1 point), bicycle(3 points)and
motor bike(10points).Thescorecanvarybetween0 and27points.

For thediagnosisof tungiasis,thefeetof thepatientswerecarefullywashedwith soapin a
basin.Eachindividual wasexaminedfor tungiasisbasedon astandardizedprocedure[3].
Sinceahighnumberof lesionsat thefeetfrequentlycoincideswith thepresenceof ectopic
lesionsat thehands[19], wealsosystematicallyexaminedthehandsof thepatients.Patients
werealsoaskedwhethertheyhadtungiasislesionsin otherregionsof thebody.Lesionswere
stagedaccordingto theFortalezaclassificationandcounted[11]:

· stageI: penetratingsandflea

· stageII: brownish/blackdot with adiameterof 1±2mm surroundedor not byanerythema

· stageIII: circularyellow-whitewatchglass-likepatchwith adiameterof 3±10mm andwith a
centralblackdot

· stageIV: brownish-blackcrustwith or without surroundingnecrosis

StageI to III areviablesandfleas;in stageIV theparasiteisdyingor alreadydead[11]
Lesionsmanipulatedwith asharpinstrument(by thepatientor their caregiver)with theinten-
tion to removetheembeddedparasiteweredocumentedasmanipulatedlesions.Basedon the
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numberof lesionspresent,theintensityof tungiasiswasclassifiedaslight (1±5lesions),mod-
erate(6±30lesions)or high (>30lesions)[14].

Statistical analysis

Thedatawereenteredinto anExceldatabase(ExcelVersion2013,Microsoft,Redmont,Wash-
ington,USA),checkedfor errorswhichmight haveoccurredduring dataentryandthentrans-
ferredto SPSS(PASWStatistics18.0,SPSSInc.,Chicago,IL, USA).Thedataanalysiswas
carriedout usingtheAnalysisToolPackAdd-In (Microsoft,Redmont,Washington,USA).
Graphswerecreatedwith thePowerPivotAdd-In (Microsoft,Redmont,Washington,USA).
Relativefrequencieswerecomparedwith theChi-squaretestandFisher'sexacttest.TheSpear-
manrank correlationcoefficientwascalculatedto determinethesignificanceof correlations.
Oddsratiostogetherwith their 95%confidenceinterval(CI) werecalculatedfirst in abivariate
analysis.In asecondstep,variableswhichweresignificantly(p< 0.05)relatedto theoccur-
renceof tungiasisand/orseverediseasewereenteredin amultivariatelogisticregression
modelwith stepwiseforwardinclusionof variablesto identify independentexposurevariables.
Factorswhichshowedup assignificantin thebivariateanalysisbut wereassessedonly in indi-
vidualsolderthan18werenot includedin thelogisticregressionmodel.For risk factorssuit-
ablefor anintervention,populationattributablefractions(PAF)werecalculated.ThePAF,
calculatedas%exposedamongcasesx attributablerisk (AR), is thefractionof caseswhich
wouldnot haveoccurredif anexposurehadbeenavoided,assumingtheexposureiscausal
andtheotherrisk factorsin thepopulationremainunchanged.AR iscalculatedas(OR±1)/
ORandis therisk of tungiasisin theexposedgroupdueto theexposure.Thesamplesizeof
thisstudywasestimatedbasedon field studiesperformedin BrazilandNigeriaandcontained
thefollowingassumptions:control-case-ratio1:3;hypotheticalproportion of controlswith
exposure30%;leastdetectableoddsratio 1.75;powerof thetest0.90;confidencelevel0.95.
Thiswouldrequire205casesand610controls.To accountfor uncertaintiesanddrop out we
attemptedto includeasampleof 1000individuals.

Results

Characteristics of the study population

Of the239homesteadsvisited233fulfilled thecriterion of havinganinhabitedfirst houseon
theleft.Of the1,203individualsliving in thesehouseholds,114(72malesand42females)
werenot encounteredon anyof thevisits,reducingthestudypopulationto 1,089.Of these,
threedid not fulfil theinclusioncriterion of havingspentat leastfour nightsperweekin the
selectedhomesteadduring thelastthreemonths.Thus,thenumberof individualsavailable
for theassessmentof risk factorswas1,086,all of whichagreedto beinginterviewedandexam-
ined(Fig1).Threehundredandtwentyfour patients(70households)wererecruitedfrom
Kakuyuni,221(41)from Goshi,and172(43)from Vihingoni communityin KakuyuniSub-
location;116(24)from Mtoroni, 27(5) from Yembe,133(28)from Kadzitsoni,76(18)from
Chembeand17(4) from Bahaticommunityin MalangaSub-Location.

Thestudypopulationcomprised57.3%females,and58.6%undertheageof 15years.Of
thoseover18years,54.1%reportedbeingChristianswhile19.6%wereMuslims,31.4%were
illiterateandafurther 34%hadnot completedprimary schooleducation.Themajority of
houses(89%)haddirt floorsandmud walls(84.5%),did not haveimprovedlatrines(56.7%
usedthebush,32.6%usedtraditional latrines)andsharedcommunitytapsfor their sourceof
water(83.7%)(Tables1and2).

Theoverallprevalenceof tungiasisin thestudypopulationwas25.0%(95%CI 22.4±27.5%),
but in 42.5%of thehouseholdsat leastoneindividual hadtungiasis.Of thosewith tungiasis,
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52.8%hadalight (1 to 5 lesions),32.1%amoderate(6 to 30lesions)and15.1%ahigh intensity
of infection(>30lesions).Fivepercentof thepatientshadectopiclesions,almostexclusively
on thehands.Age-specificprevalencesandintensityof infectionareshownin Fig2.Therewas
atendencyof higheroccurrenceof tungiasisin elderlyindividualsliving alone,althoughit was
not significant(p = 0.2111).In 14single-personhouseholdsthereweretwo adults< 40years
without tungiasis,six40to 59yearoldsof whom2 hadtungiasisandsix> 60yearoldsof
whom4 hadamild to severetungiasis.Theprevalenceof infectionandhigh intensityof infec-
tion correlatedsignificantly(Fig3) (rho = 0.90,p = 0.0059),with thehighestprevalencebeing
in theunder15yearoldsandover40years.Theyoungestpatientwasfour monthsold,4
patientswereyoungerthanoneyear,while theoldestpatientwas80yearsold.

Fig 1. Flow chart of study population.

https://doi.org/10.1371/journal.pntd.0005925.g001
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Risk factor analysis

Prevalenceandseverityof tungiasisvariedconsiderablybetweenthevillageswith Yembeand
Bahatihavingaprevalenceof 59.3%and64.7%respectively,whileMtoroni andVihingoni had
prevalencesof 7.8%and13.4%(Table3).Residencein YembeandBahatiwasasignificantrisk
factorfor tungiasis(OR17.3and21.8respectively,p<0.0001)andin Kakuyunifor bothoccur-
renceof tungiasis(OR6.5,p<0001)andseveretungiasis(OR9.2,p<0.05).Tables3 to 5show

Table 1. Demogra phic characterist ics of the study popu lation (n = 1,086 individu als).

Charact eristic Frequen cy (%)

Sex

Female 622 57.3

Male 464 42.7

Age (years)

0–4 211 19.4

5–9 245 22.6

10–14 180 16.6

15–19 80 7.4

20–39 189 17.4

40–59 114 10.5

� 60 64 5.9

n.k. 3 0.3

Village

Kakuyuni 324 29.8

Goshi 221 20.3

Vihingoni 172 15.8

Mtoroni 116 10.7

Yembe 27 2.5

Kadzitsoni 133 12.2

Chembe 76 7.0

Bahati 17 1.6

Religiona

None 19 4.9

Muslim 76 19.6

Christian 210 54.1

Traditionist 76 19.6

n.k. 7 1.8

Educationa

Illiterate 122 31.4

Primary school not completed 132 34.0

Primary school completed 133 34.3

n.k. 1 0.3

Occupationa

Unemployed 89 22.9

Farmer 179 46.1

Other occupation 113 29.1

n.k. 7 1.8

a information on religion, education and occupation were only collected for adults � 18 years (n = 381)

n.k. = not known

https://doi.org/10.1371/journal.pntd.0005925.t001
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Table 2. Socio-e conomic characterist ics of the study population (n = 233 household s).

Charact eristic Frequency (%)

Housing

Type of floor material

Cement/stone 26 11.2

Smeared mud 136 58.4

Sand/dust 70 30.0

Mixed mud and sand 1 0.4

Type of wall material

Stone 31 13.3

Mud 197 84.5

Mixed stone and mud 5 2.1

Type of roof material

Makutia 112 48.1

Mabatib 118 50.6

Mixed makuti and mabati 1 0.4

Tiles 2 0.9

Sanitation

Toilet

Flush toilet 10 4.3

Ventilated pit latrine 15 6.4

Traditional latrine 76 32.6

Bush 132 56.7

Waste disposal

Pit 85 36.5

Pile 100 42.9

Spread 47 20.2

Compost 1 0.4

Water source

Tap on compound 36 15.5

Shared community tap 195 83.7

Mud puddles 2 0.9

Time to reach water source (min)

0–4 73 31.3

5–9 53 22.7

10–14 42 18.0

15–19 20 8.6

20–29 12 5.2

� 30 33 14.2

Healthcare

Time to reach next health facility (min)

0–9 16 6.9

10–19 40 17.2

20–29 43 18.5

30–39 70 30.0

40–49 16 6.9

50–59 2 0.9

� 60 46 19.7

Economic status

(Continued)
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demographic,socio-economic,behavioral,environmentalandgeographicrisk factorsin the
bivariateanalysis.

Thebivariateanalysesidentifiedmanyrisk factorsfor tungiasis(Table4).Theseincluded
beingof malesex(OR= 1.59,p = 0.001)andage< 15and� 40years(ORbetween4.04and
12.45,p<0.001andp<0.01,respectively).Living in ahousewith afloor of sand/earth
(OR= 4.31,p< 0.0001)andmud walls(OR= 4.11,p< 0.0001)weresignificantlyrelatedto
theoccurrenceof tungiasis.Othersignificantrisk factorswere:usingatraditional latrineor
bushasatoilet; spreadingwasteon thecompoundor disposingwasteon apile;usingmud
puddlesasawatersource(all p< 0.05);alow frequencyof washing(only onceaday,
OR= 1.99,p<0.0001)andnot usingsoap(OR= 3.81,p<0.001);living in crowdedhouses(4±
6personsperhousehold,OR= 1.69,p< 0.05);sleepingtogetherwith manyotherpersonsin a
room (p< 0.001)or childrensleepingon thefloor (OR= 1.89,p< 0.001).In individuals18
yearsor older,not completingprimary schoolor neverhavingattendedprimary schoolatall
increasedtheoddsof beingaffectedby tungiasisbyafactorof three(OR= 3.37,p<0.05,
Table5).

On conductingthemultivariateanalyses,only thedemographicexposurevariablesmalesex
andageunder15remainedhighlysignificant(Table6).Exposurevariablesindicatingalow
economicstatussuchaspoorconstructioncharacteristicsof thehouse,directsleepingon the

Table 2. (Continued)

Charact eristic Frequency (%)

Monthly income per household (KSh)c

0–4850 87 37.3

�! 4850 40 17.2

n.k. 106 45.5

Number of meals per day

1 6 2.6

2 62 26.6

�! 2 165 70.8

Land ownership

Own 228 97.9

Rent 3 1.3

Squatt 2 0.9

Domestic animals

Animals on compound

Any animal 205 88.0

Dogs 59 25.3

Cats 59 25.3

Goats 140 60.1

Cows 70 30.0

Chicken 172 73.8

Ducks 42 18.0

a palm leaves
b corrugated iron sheets
c KSh 4850 correspond to the minimum wage in Kenya for an unskilled worker in agricultural industry at the

time of the survey and is equivalent to ~ 55 USD

n.k. = not known

https://doi.org/10.1371/journal.pntd.0005925.t002
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floor, manypeoplesleepingin asingleroom andrestrictedaccessto wateralsoremainedas
significantfactors.

PopulationAttributableFractionswerecalculatedfor thosevariableswhichareamenable
to modification(Table7).ThePAFfor living in ahousewith mud wallswas64.45%,for wash-
ing without soap16.61%andwashingonly onceaday20.18%.

Discussion
TungiasisisaNTD prevalentin resource-poorcommunitiesin SouthAmerica,theCaribbean
andsub-SaharanAfrica [3±7].Althoughthediseaseisassociatedwith important morbidity, it
isneglectedbyhealthcareprovidersglobally[2,20±23].Widespreadcontrol hasneverbeen
attempted,only isolatedeffortsto treatinfectedindividuals,oftenbynon-governmental

Fig 2. Age-spec ific prevalence and intensity of tungiasis in the study area. Column heights indicate overall prevalence in age

groups.

https://doi.org/10.1371/journal.pntd.0005925.g002
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organizations.In EastAfrica, this is largelydueto thelackof dataon prevalenceandseverity
of diseaseandhitherto risk factorshaveonly beeninvestigatedin restrictedagegroups.

Thisstudyshowedaprevalenceof 25%in theoverallstudypopulationand33.8%in chil-
drenunder15years.Theoverallprevalenceissimilar to that found in acommunity-based
studyin CentralUganda(wherethemedianprevalencein humanswas22%,but only animal
keepinghouseholdswereincluded),but considerablylowerthanprevalencesobservedin rural
andurbanresource-poorcommunitiesin BrazilandNigeria(with prevalencesup to 45%)
[6,7,20,24,25].Age-specificprevalencefollowedanS-shapecurve,peakingin the5 to 9year
agegroupandtheelderly,anunusualepidemiologicalcharacteristicwhichseemsto betrue
for all geographicareasandindependentof theoverallprevalence[6,7,15,21].Thismaybedue
to certainage-specificbehaviouralpatternsassociatedwith differentdegreesof exposure,e.g.

Fig 3. Correlation between age-speci fic prevalence and age-specific frequency of high intensit y of
infectio n (> 30 lesions); rho = 0.90, p = 0.006.

https://doi.org/10.1371/journal.pntd.0005925.g003

Table 3. Bivariate analysis of geograp hic risk factors (n = 1,086 individua ls).

Exposu re variable n Frequency of tungiasis Presence of tungiasi s Presence of severe Tungias is
(> 30 lesions)

(%) any (%) heavy OR (95% CI) P value OR (95% CI) P value

Location

Malanga Sublocati ona Mtoroni 116 7.8 0.9 Reference

Yembe 27 59.3 3.7 17.29 (6.20–48.23) <0.0001 4.42 (0.27–73.05) 0.2987

Kadzitsoni 133 33.8 3.8 6.08 (2.82–13.12) <0.0001 4.49 (0.52–30.02) 0.1732

Chembe 76 10.5 0.0 1.40 (0.51–3.80) 0.5106 0.50 (0.02–12.52) 0.6754

Bahati 17 64.7 0.0 21.80 (6.53–72.74) <0.0001 2.20 (0.09–56.17) 0.6334

Kakuyun i Sublocatio n Kakuyuni 324 35.5 7.4 6.54 (3.19–13.40) <0.0001 9.20 (1.23–68.80) 0.0306

Goshi 221 19.9 2.7 2.96 (1.39–6.30) 0.0050 3.21 (0.38–26.98) 0.2831

Vihingoni 172 13.4 2.3 1.84 (0.82–4.12) 0.1416 2.74 (0.30–24.81) 0.3704

a The village with the lowest prevalence was used as reference.

https://doi.org/10.1371/journal.pntd.0005925.t003
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Table 4. Bivariate analysis of demograp hic, housing , economic and behavio ral risk factors (n = 1,086).

Exposu re variable n Frequency of
tungiasi s

Presence of tungiasi sa Presence of severe tungiasi s
(> 30 lesions)

(%)any (%)heavy OR (95% CI) P value OR (95% CI) P value

Demographic characteristics

Sex Female 622 21.2 2.4 Reference

Male 464 30.0 5.6 1.59 (1.20–2.09) 0.001 2.40 (1.26–4.59) 0.008

Age group (years) 0–4 211 31.8 2.8 8.84 (3.10–25.17) <0.001 5.09 (0.28–91.45) 0.27

5–9 245 39.6 7.3 12.45 (4.41–35.15) <0.001 13.09 (0.78–219.77) 0.07

10–14 180 28.3 5.6 7.51 (2.61–21.60) <0.001 9.92 (0.57–171.31) 0.11

15–19 80 5.0 0.0 Reference

20–39 189 10.6 1.6 2.25 (0.74–6.80) 0.15 3.02 (0.15–59.17) 0.47

40–59 114 17.5 2.6 4.04 (1.33–12.33) 0.01 5.05 (0.26–99.21) 0.29

�60 64 18.8 1.6 4.38 (1.34–14.35) 0.01 3.80 (0.15–94.95) 0.42

Persons per household 1–3 148 18.2 4.7 Reference

4–6 453 27.4 4.2 1.69 (1.06–2.69) 0.03 0.88 (0.36–2.14) 0.78

�7 485 24.7 3.1 1.47 (0.93–2.35) 0.10 0.64 (0.26–1.61) 0.34

Children/household 0–3 454 23.6 2.9 Reference

4–5 324 24.4 4.9 1.05 (0.75–1.46) 0.79 1.76 (0.84–3.72) 0.13

�6 308 27.6 3.9 1.24 (0.89–1.72) 0.21 1.38 (0.62–3.06) 0.43

Adults/household 0–1 224 29.9 6.3 1.65 (0.89–3.07) 0.11 10.81 (0.64–183.47) 0.09

2–3 784 24.0 3.4 1.22 (0.69–2.17) 0.49 5.70 (0.34–94.35) 0.22

�4 78 20.5 0.0 Reference

Housing

Type of floor material Cement/stone 129 11.6 0.0 Reference

Smeared mud 661 22.7 4.2 2.23 (1.26–3.94) 0.005 11.65 (0.71–192.08) 0.08

Sand/dust 293 36.2 4.4 4.31 (2.39–7.76) <0.0001 12.47 (0.74–211.31) 0.08

Type of wall material Stone 153 8.5 0.0 Reference

Mud 901 27.6 4.6 4.11 (2.29–7.40) <0.0001 14.81 (0.91–241.97) 0.06

Mixed 32 28.1 0.0 4.21 (1.62–10.98) 0.003 4.72 (0.09–242.42) 0.43

Type of roof material Mabati 553 21.9 1.4 Reference

Makuti 519 28.7 6.4 1.44 (1.09–1.90) 0.01 4.36 (2.12–10.11) 0.0001

Both 7 0.0 0.0 0.24 (0.01–4.18) 0.32 4.38 (0.23–81.08) 0.33

Other 7 14.3 0.0 0.60 (0.07–4.99) 0.63 4.38 (0.23–81.08) 0.33

Location of kitchen Outside the house 757 25.8 3.6 Reference

Inside the house 329 23.1 4.3 0.87 (0.64–1.17) 0.35 1.20 (0.62–2.32) 0.58

Number of sleeping rooms �4 68 13.2 0.0 Reference

3 179 20.7 2.8 1.71 (0.78–3.76) 0.18 4.32 (0.24–79.15) 0.32

2 435 23.2 2.3 1.98 (0.95–4.14) 0.07 3.38 (0.20–58.36) 0.40

1 404 30.7 6.4 2.90 (1.40–6.04) 0.004 9.59 (0.58–159.27) 0.11

Persons/sleeping room ��3 403 18.4 2.2 Reference

3–4 366 24.3 1.9 1.43 (1.01–2.02) 0.04 0.85 (0.31–2.32) 0.75

4,5–6 195 33.8 8.7 2.27 (1.54–3.36) <0.0001 4.18 (1.83–9.56) <0.001

�7 122 34.4 6.6 2.33 (1.49–3.66) <0.001 3.07 (1.16–8.14) 0.02

Sleeping situation of children Raised beda 910 23.2 2.9 Reference

Floor 146 36.3 8.2 1.89 (1.30–2.74) <0.001 3.04 (1.50–6.18) 0.002

Taking turns 30 23.3 10.0 1.01 (0.43–2.38) 0.98 3.78 (1.08–13.25) 0.04

Sanitation

(Continued)
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youngchildrenplayingon theground,assuggestedbyMuehlenetal.[6] andtheelderly
spendinglargeamountsof time lying on theground.Otherhypothesesareaprotectingeffect
of theincreasingcorneallayerof thefeet[26,27],ahigherlevelof practiceanddexterityin tak-
ing out embeddedsandfleaswith increasingage[7] andmoreattentiongivento personal
hygiene.

Table 4. (Continued)

Exposu re variable n Frequency of
tungiasi s

Presence of tungiasi sa Presence of severe tungiasi s
(> 30 lesions)

(%)any (%)heavy OR (95% CI) P value OR (95% CI) P value

Water source Tap on compound 159 22.0 3.8 Reference

Shared community tap 918 24.9 3.6 1.18 (0.79–1.76) 0.42 0.95 (0.39–2.31) 0.91

Mud puddles 9 77.8 22.2 12.40 (2.46–62.39) 0.002 7.29 (1.24–42.80) 0.003

Toilet Flush toilet 36 5.6 0.0 Reference

Ventilated pit latrine 88 17.0 0.0 3.49 (0.76–16.14) 0.11 0.41 (0.01–21.18) 0.65

Traditional latrine 314 25.8 4.8 5.91 (1.39–25.15) 0.01 3.78 (0.22–64.48) 0.35

Bush 648 26.7 4.0 6.19 (1.47–26.05) 0.01 3.11 (0.19–52.02) 0.43

Waste disposal Pit 415 24.1 1.9 Reference

Pile 465 23.7 4.7 0.98 (0.72–1.33) 0.87 2.53 (1.11–5.74) 0.03

Spread 199 30.7 5.5 1.39 (0.96–2.03) 0.08 2.98 (1.18–7.52) 0.03

Compost 7 0.0 0.0 0.21 (0.01–3.70) 0.28 3.20 (0.19–60.59) 0.43

Time to reach water source (min) 0–4 341 25.2 4.4 Reference

5–9 272 29.8 5.5 1.26 (0.88–1.80) 0.21 1.27 (0.61–2.64) 0.53

10–14 202 21.8 3.0 0.83 (0.55–1.25) 0.36 0.67 (0.25–1.74) 0.41

15–19 79 19.0 0.0 0.69 (0.38–1.28) 0.24 0.13 (0.01–2.24) 0.16

20–29 46 23.9 8.7 0.93 (0.45–1.92) 0.85 2.07 (0.66–6.53) 0.21

�30 146 23.3 0.7 0.90 (0.57–1.42) 0.65 0.15 (0.02–1.15) 0.07

Frequency of washing Twice a day 828 21.7 3.0 Reference

Once a day 236 35.6 6.4 1.99 (1.45–2.72) <0.0001 2.18 (1.13–4.21) 0.02

Less often 22 31.8 4.5 1.68 (0.67–4.18) 0.27 1.53 (0.20–11.82) 0.68

Use of soap Always 566 22.8 3.2 Reference

Sometimes 486 25.5 4.3 1.16 (0.87–1.54) 0.30 1.37 (0.72–2.61) 0.33

Never 34 52.9 5.9 3.81 (1.89–7.69) <0.001 1.90 (0.42–8.56) 0.40

Always 566 22.8 3.2

Economic status

Income per capita (KSh/month)b �!3400 25 12.0 0.0 Reference

1000–3400 166 18.1 1.2 1.62 (0.45–5.76) 0.46 0.78 (0.04–16.61) 0.87

��1000 414 27.1 2.9 2.72 (0.80–9.26) 0.11 1.58 (0.09–27.52) 0.75

n.k. 481 26.2 5.6 2.60 (0.77–8.85) 0.13 3.09 (0.18–52.04) 0.43

Asset score 0–4 761 27.2 4.3 7.85 (1.05–58.71) 0.04 2.07 (0.12–34.85) 0.61

5–15 303 20.8 2.6 5.51 (0.73–41.77) 0.10 1.29 (0.07–23.16) 0.86

�16 22 4.5 0.0 Reference

Number of meals/day �!2 773 23.7 3.5 Reference

2 291 27.8 4.1 1.24 (0.92–1.69) 0.16 1.19 (0.59–2.38) 0.63

1 22 31.8 9.1 1.50 (0.60–3.75) 0.38 2.76 (0.61–12.43) 0.19

a Bed height was not assessed systematically, but was approximately 45 cm above the ground (personal observation)
b KSh 4850 correspond to the minimum wage in Kenya for an unskilled worker in agricultural industry at the time of the survey and is equivalent to ~ 55 USD

n.k. = not known

https://doi.org/10.1371/journal.pntd.0005925.t004
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Table 5. Bivariate analysis of educationa l, occupation al and enviro nmental risk factors (n = 1,086).

Exposu re variable s n Frequen cy of
tungiasis

Presence of tungiasi s Presence of severe
tungiasis

(> 30 lesions)

% (any) (%)
heavy

OR (95% CI) p-value OR (95% CI) p-value

Educati ona Primary school completed 133 6.8 0.8 Reference

Primary school not

completed

132 15.9 3.8 2.61 (1.15–

5.93)

0.02 5.20 (0.60–

45.10)

0.14

Illiterate 122 19.7 0.8 3.37 (1.50–

7.59)

0.003 1.09 (0.07–

17.63)

0.95

Occupati ona Other occupation 113 8.8 0.9 Reference

Farmer 179 15.6 1.1 1.91 (0.89–

4.10)

0.10 1.27 (0.11–

14.12)

0.85

Unemployed 89 15.7 4.6 1.92 (0.81–

4.56)

0.14 5.27 (0.58–

48.02)

0.14

Religion a None 19 26.3 0.0 Reference

Muslim 76 5.3 0.0 0.16 (0.04–

0.65)

0.01 0.25 (0.00–

13.26)

0.50

Christian 210 13.3 1.0 0.43 (0.14–

1.29)

0.13 0.47 (0.02–

10.09)

0.63

Traditionist 76 21.1 6.6 0.75 (0.23–

2.38)

0.62 3.00 (0.16–

56.64)

0.46

Presence of domestic animals on
compoun d

Dogs Yes 300 26.3 4.3 1.11 (0.82–

1.50)

0.52 1.23 (0.63–

2.40)

0.55

No 786 24.4 3.6 Reference

Cats Yes 260 26.5 3.5 1.12 (0.81–

1.53)

0.50 0.89 (0.42–

1.89)

0.76

No 826 24.5 3.9 Reference

Goats Yes 633 28.3 3.9 1.55 (1.16–

2.06)

0.003 1.12 (0.59–

2.13)

0.72

No 453 20.3 3.5 Reference

Cows Yes 339 28.3 3.8 1.29 (0.97–

1.73)

0.08 1.02 (0.52–

2.00)

0.94

No 747 23.4 3.7 Reference

Chicken Yes 801 24.3 3.9 0.88 (0.65–

1.20)

0.44 1.11 (0.54–

2.29)

0.79

No 285 26.7 3.5 Reference

Ducks Yes 215 25.6 4.7 1.04 (0.74–

1.47)

0.81 1.32 (0.64–

2.74)

0.45

No 871 24.8 3.6 Reference

Access to health care

Time to reach the nearest health facility
(min)

0–9 70 37.1 11.4 Reference

10–19 192 21.9 2.1 0.47 (0.26–

0.86)

0.01 0.004

20–29 184 28.8 7.6 0.68 (0.38–

1.22)

0.20 0.33

30–59 436 23.9 2.1 0.53 (0.31–

0.90)

0.02 0.001

�60 204 22.5 2.9 0.49 (0.27–

0.88)

0.02 0.01

a calculated for individuals �18 years (n = 388)

https://doi.org/10.1371/journal.pntd.0005925.t005
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More thanhalfof all cases(52.8%)hadalow intensityof infection(lessthan6 lesions),
while15%hadmorethan30lesions.Thepercentageof patientswith severetungiasiswas
lowerthanobservedin Brazil[7,15,20,24,25].However,this isnot surprising,takinginto
accountthatprevalenceandintensityof infectionarepositivelycorrelated[6,21,28].The
observationthatage-specificprevalencesignificantlycorrelatedto high intensityof infection
(rho = 0.90;Fig3) confirmsthatchildrenandtheelderlybearthehighestburdenof disease.
Anecdotalreportsshowthatelderlyindividualswithout socialsupportstructurestendto be
infectedwith tungiasismorefrequently[21]. This tendencywasconfirmedin thisstudy,
althoughit wasnot significant.

Tungiasisisazoonosisin whichsylvatic,peri-domiciliaryanddomesticcyclesareinter-
linked in acomplexmanner[2]. Thesituationbecomesevenmoreintricatewhentransmission
alsooccursinsidethehouse,without theinvolvementof ananimalreservoir.Intra-domiciliary
transmissionindicatesthat theoff-hostcycleof T. penetrans is completedinsidethehouse.

Table 6. Risk factors of tungiasis/s evere tungiasis after multivariat e analysis.

Presence of tungiasis Presence of severe tungiasis
(> 30 lesions)

Adjusted OR (95% CI) P value Adjuste d OR (95% CI) P value

Being of male sex 2.29 (1.18–4.46) 0.01

Age

0–4 8.90 (2.94–26.89) ��0.0001

5–9 12.88 (4.31–38.54) ��0.0001

10–14 7.23 (2.37–22.02) ��0.0001

40–59 3.49 (1.07–11.39) 0.04

� 60 5.32 (1.50–18.85) 0.01

Using mud puddles as water source 25.48 (3.50–185.67) 0.001

Washing only once a day 2.23 (1.11–4.51) 0.03

Using soap when washing:

sometimes 1.57 (1.09–2.28) 0.02

never 7.36 (3.08–17.62) ��0.0001

Staying in a house with:

4.5–6 persons/sleeping room 1.77 (1.07–2.93) 0.03

children sleeping on the floor 1.68 (1.03–2.74) 0.04

Time to health facility 10–19 min 0.47 (0.23–0.95) 0.04 0.20 (0.06–0.69) 0.01

30–59 min 0.12 (0.04–0.34) ��0.0001

� 60 min 0.22 (0.07–0.68) 0.009

Living in a house with mud walls 3.35 (1.71–6.58) ��0.0001

https://doi.org/10.1371/journal.pntd.0005925.t006

Table 7. Population attributa ble fractions for exposure variables amenable to modificat ion.

AR
(%)

% exposed among cases PAF
(%)

Washing only once a day 55.16 36.6 20.18

Not using soap when washing 36.31 45.8 16.61

Staying in a house with mud walls 70.15 91.9 64.45

PAF is the fraction of cases which would not have occurred if an exposure had been avoided and is

calculated as % exposed among cases x attributable risk (AR).

AR is the risk of tungiasis in the exposed group due to the exposure and is calculated as (OR– 1)/OR.

https://doi.org/10.1371/journal.pntd.0005925.t007
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Usually,this isaroom in whichfamilymembersspendmanyhoursaday,suchasthesleeping
room.If thefloor in this room consistsof sand,driedmud or ruggedcementwith holesand
cracks,eggsthathavebeenexpelledbyembeddedfemalesandfleasovernightandwhichhave
fallenon thefloor aresweptinto crevicesof thefloor or into thecracksbetweenfloor andwall,
whentheroom iscleanedwith abroomin themorning.Eggscandevelopinto larvaeand
pupaein suchcracks[29].

That intra-domiciliary transmissionoccursin thestudyareaissupportedby thefinding
thatdirectsleepingon thefloor or if wallsof thesleepingroom consistedof mud remainedsig-
nificant risk factorsin themultivariateanalysis.Themorepeoplesleptin aroom thehigher
weretheoddsof tungiasisin householdmembers.

It isknown thatdifferentanimalspeciesactasreservoirsin differentcountries[25,30,31].
In our studypopulation,74%of all householdshadchicken,60%hadgoats,25%haddogsand
25%hadcats.However,no specificanimalspecieswasidentifiedasarisk factorfor tungiasis
in thisstudy.Thisfinding supportstheassumptionthatperhapsin thesecoastalcommunities
theTunga penetrans cycleisalmostentirelyhumananddoesnot involveanimalreservoirs.It
shouldbenotedthatanimalswerenot examinedfor infectionin thisstudy,only observedas
presentin thecompoundandreportedasto wheretheysleepatnight (S3Appendix).In
NortheastBrazil,straydogsandcatsareimportant reservoirsin urbanareas,whereasin rural
areaspigsarethemostimport species[30,31].Pigswerealsoidentifiedasthemajor reservoir
of T. penetrans in Nigeriaandin Uganda[15,25].However,pigswerenot keptin anyof the
householdsin thestudyarea,becauseaconsiderablepartof thepopulationisMuslim.Actu-
ally,beingMuslim wasidentifiedasasignificantprotectivefactorin thebivariateanalysis
(Table5),whichmaybeexplainedby thefactthatMuslimswashtheir feetseveraltimesaday
beforeenteringthemosquefor prayer.

Otherrisk factorswhichremainedsignificantaftermultivariateregressionanalysiswerethe
limited accessto water(wateronly availablefrom muddypools),frequencyof washingaswell
asbathingwithout soap.A similar finding wasmadein aresource-poorcommunityin North-
eastBrazil[14]. It is temptingto speculatethat theserisk factorsarecorrelatedto thereproduc-
tivebiologyof T. penetrans. Femalesandfleasarefertilizedbymalesexploringtheskinonly
afterfemalesareembeddedin theepidermisandhavestartedneosomy[32]. Thereiscircum-
stantialevidencethatmalesareattractedbyodor emittedfrom thefaecalmaterialreleasedby
femalesin regularintervals[12,13].Thefaecalmaterialspreadsinto dermalpapillaearound
thelesion,andsinceit isverysticky,it needssoapto bewashedoff. Hence,whensoapisnot
usedor unavailabilityof waterpreventsanywashingatall,moremalesandfleasshouldbe
attractedto theskinand,hence,morefemaleswill befertilized.Overtime, thiswill leadto a
higherintensityof infection.

It haspreviouslybeenreportedthatwithin endemicareas,tungiasisisheterogeneouslydis-
tributed [2]. Thiswasconfirmedin thisstudy:whereprevalencevariedbetweenvillagesfrom
7.8%to 64.7%in thefivestudyvillagesin MalangaSub-location,all situatedwithin 4km of
eachotherandfrom 13.4%to 35.5%in thethreestudyvillagesin KakuyuniSub-location,
within 2 km of eachother.Whethertheheterogeneityisdeterminedbydifferencesin thepre-
dominanttypeof exposurewithin acommunity,suchasintra-domiciliary versusperi-domes-
tic couldnot beclarifiedin thisstudy.

WefoundveryhighPopulationAttributableFractionsfor biologicallyveryplausiblevari-
ables.Trickling of sandanddustfrom mud wallscreatesidealconditionsfor theoff-hostlife
cycleof sandfleasin cracksof thefloor. Buildingwallsof stoneor cementwouldreduce
theprevalenceof tungiasisby64percent.Similar,promotingbetterhygiene,particularlywash-
ing with soap,wouldreducetheprevalenceof tungiasisin thecommunityby17and20%,
respectively.
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Werealizethat thisstudyhasseverallimitations.First,thereisanoverrepresentationof
adult femalesin thestudygroup.Thestudywasconductedduring thedayon all daysof the
week,includingSaturdayandSunday,in orderto encounterschoolchildrenon thecom-
pound.However,sincethemajority of adultmalesin our studypopulationworkedasfarmers
andreturnedonly aftersunsetwecouldnot examinethem.Extendingour working periods
towardstheeveningwasnot possibledueto insufficientlighting andsafetyconcerns.Thedis-
tancesbetweenthehouseholdsin Malangaandour time constraints,alsomeantthat there
werefewerhouseholdsincludedin thestudyfrom thisareathanfrom Kakuyuni.Ecologically
thetwo areasarequitedifferent.

Takentogether,manyfactorswhichÐby onewayor anotherÐarelinked to povertywere
identifiedasimportant risk factorsin thebivariateand/ormultivariateregressionanalysis,
suchaspoorconstructioncharacteristicsof thehouse,absenceof aventilatedpit latrine,no
accessto drinking wateron thecompound,asinglesleepingroom for childrenandadults,
absenceof bedsandmattresses,unavailabilityof soapfor bodywash,anassetscorebelow5
pointsandalow levelof educationamongadults.Thus,asseenelsewherein theworld, tungia-
sisin rural Kenyaisapoverty-associateddiseasein whichthepoorestof thepoorbearthe
highestburdenof disease,but that it canbecontrolledwith simplehousingimprovements,
improvedaccessto waterandhygienepractices.
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