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Abstract

Background

More sensitive and scalable entomological surveillance tools are required tomtmmit
levels of transmission that are increasingly common across the troptcsylpdy where
vector control has been successful. A large-scale larviciding programumiean Dar es
Salaam, Tanzania is supported by a community-based (CB) system for tragpling
mosquito densities to monitor programme performance.

Methodology

An intensive and extensive CB system for routine, longitudinal, programmaticllsunce of
malaria vectors and other mosquitoes using the Ifakara Tent Trap (ITT-Cewasped in
Urban Dar es Salaam, Tanzania, and validated by comparison with quality asg@Anc
surveys using either ITT-C or human landing catches (HLC), as well asaszctional
survey of malaria parasite prevalence in the same housing compounds.

Results

Community-based ITT-C had much lower sensitivity per person-night of samipiind-i_C
(Relative Rate (RR) [95% Confidence Interval (GIJ).079 [0.051, 0.121], £0.001 for
Anopheles gambiae s.I. and 0.153 [0.137, 0.171],490.001 for Culicines) but only
moderately differed from QA surveys with the same trap (0.536 [0.406,0.620]0P1 and
0.747 [0.677,0.824], R0.001, forAn. gambiae or Culex respectively). Despite the poor
sensitivity of the ITT per night of sampling, when CB-ITT was compareld @A-HLC, it
proved at least comparably sensitive in absolute terms (171 versus 169 primary vect
caught) and cost-effective (153US$ versus 187US#®pegambiae caught) because it
allowed more spatially extensive and temporally intensive sampling (4284 versuia835
nights distributed over 615 versus 240 locations with a mean number of samples per

ear of



143 versus 141). Despite the very low vectors densities (Annual estimate of absat 170
gambiae s.| bites per person per year), CB-ITT was the only entomological predictor of
parasite infection risk (Odds Ratio [95% €#§.43[3.027,7. 454] pekn. gambiae or
Anopheles funestus caught per night, P =0.0373).

Discussion and conclusion

CB trapping approaches could be improved with more sensitive traps, but alifeady o
practical, safe and affordable system for routine programmatic mosquitdlanoeeand
clusters could be distributed across entire countries by adapting the sabmpissson and
quality assurance procedures accordingly.

Background

Recent successful malaria control efforts have overwhelmingly relied on prixeen
domicilliary vector control interventions, such as long-lasting insectioieksl (LLINS) [1-7]
and indoor residual spraying (IRS) [8-11], that kill mosquitoes feeding or restidg insi
houses [12]. Although these indoor interventions have proven potential to reduce
Plasmodium falciparum transmission and associated disease burden, neither of these alone is
sufficient to even approach elimination in endemic areas [13-18] because otpérsastor
populations that rest outdoors (exophilic), feed outdoors (exophagic), or feed on animals
(zoophagic) [15,18-20]. National Malaria Control Programmes (NMCPs) presacdlyhe
challenge of monitoring declining transmission levels mediated by dcaitatltered

residual vectorial systems with greater sensitivity than ever béfoigetask will become

more challenging as universal coverage with LLINs and IRS is achievégingasand even
supplemented with additional complementary measures [12,15]. Such residual transisiiss
often persistent, self-sustaining and quite localized, and may be perennial in sgpaogshot
[21-26], necessitating the implementation of sensitive, longitudinal and extensioe vec
surveys. Traditional entomologic-monitoring tools have been designed and evébunated
research purposes, primarily in the holoendemic settings where malarrghmdsza
traditionally been based. These tools may, therefore, be impractical to appgtemlage
enough to detect and target such hotspots of low, but persistent transmission.

Most malaria-endemic developing countries are challenged with a persigigage of
expertise relating to vector control, and indeed to health systems gef@&rady]. These
deficiencies have resulted in weak monitoring, evaluation and management ofocentor
diseases, including malaria. Even if large numbers of expert personnel werblavaiktaff
large, predominantly vertical, vector surveillance programmes, the costaihgugsuch
human resources would be prohibitive in most African countries [32-34]. Thinking among
public health practitioners has therefore shifted to consider devolving the résiggrier
vector surveillance and also control to members of the respective communities [32,33,35,36]
This is envisaged to have two advantages: First, this strategy is deticipde affordable
and can therefore be sustained indefinitely on large scales. Secondly, community
involvement is thought to be an effective way for promoting quick uptake and communal
support for accountable, politically-viable, public health programmes [32,33,35-40].

Of the numerous options for supplementing LLINs and IRS with complementary vector
control measures [12], is the historically-established strategy of lamwalesmanagement
[33,36,40-43]. Larval source management embraces environmental management and the



regular application of insecticides to aquatic habitats [44-46] which have not or bannot
modified or eliminated because of their ownership or function [47]. The efficacy and
effectiveness of larviciding has recently been evaluated in a range afclesad
programmatic settings, on scales varying from small rural villageS5Q4all the way
through to extensive tracts of a large city [39,51]. The Urban Malaria ControbRTogr
(UMCP) in Dar es Salaam, Tanzania represents an example in which larvigaing
implemented on large scales by local government actors through sustaimaléordable
systems embedded in routine municipal services [32,39,52]. Specifically, the UMCP
implemented three main routine tasks, (1) routine aquatic habitat surveill2noegular
application of microbial larvicides and (3) adult mosquito monitoring [39,51]. All these
activities are implemented by community owned resource persons (CORBs¢dds well
defined areas of responsibility that the CORP ideally lives in or close to [39,52¢b¢]a
are typically smaller than 1 Kni55,56].

While this article focuses on the third activity, namely surveillance of athdtjuitoes, the
spatial extensiveness and temporal intensiveness required of this monitoriogrpéats
defined by the challenges of comprehensive larval surveillance and contrdjgcjfically,
habitats must be searched for and treated on a weekly bases because raormigls have
little residual effect [58] anédnopheles gambiae complex mosquitoes develop from egg to
adult in less than seven days, in habitats that can be ephemeral and difficultttpld¢ie
61]. It is therefore essential to independently monitor adult vector densitiestgaps in
larval surveillance and control [53,54], as well as influx of dispersing vectors from
neighbouring areas can be detected. While larval surveillance is cleguiyed to rapidly
respond to such dynamic ecology, such surveys only report on known habitats and locally
potential to generate adult mosquitoes. To enable evidence-based, responsiveneranaige
the large, decentralized community-based (CB) labour force, which exemwt@scbntrol on
a daily basis [49], an equally spatially- extensive (Figure 1) and terhponansive
surveillance system is required [39,55,56]. To address this need, the UMCP conducted
routine monitoring of adult mosquitoes densities as the primary, most directanaita
programme performance on a weekly basis [39,51].

Figure 1 Map of Dar es Salaam showing the wards and respective locations where
community-based adult mosquito surveillance was conducted

The initial monitoring system utilised outdoor human landing catch (HLC) bedauas the
only method known to reliably caté@nopheles malaria vectors with satisfactory sensitivity

in this setting [39]. The previous system consisted of a team of 67 CORPs who conducted
monthly surveys of 268 locations distributed across 55drDar es Salaam with a

population of >600,000 people [39,51,55,56,62]. Each CORP was assigned four sites in one
particular neighbourhoodrfaa), one of which was surveyed each week by HLC for one
night. Although this interim transmission monitoring system using HLC did produad usef
surveillance data, the laborious nature of implementing this community-basetksochehe
ground and the vertical management system required to maintain religblenagice were
costly and difficult to sustain indefinitely as a routine activity [63]. Moreawer potential
health risks associated with exposure to potentially infectious mosquito bites lolumiag
landing catches necessitated the development of a mosquito trapping method wbich is
only more scalable, affordable and practical [63-65], but also safe for theavj664t

The Ifakara Tent Trap (ITT) [63-66] was developed to address these specifenpsadoid
operates passively all night long without skilled personnel using a single humareeolunt



who simply sleeps in the tent to act as bait. A number of efficacy studies withntioel&
confirm that it is the only reasonably sensitive alternative to HLC [64,65] in urbaesDar
Salaam and a small scale pilot study indicated that it is effective in the bBG® staff with
minimal supervision [63]. Furthermore, the latest C-model has been shown to dbdgtpr
the user and may even be more sensitive [66].

This paper reports on an evaluation of the effectiveness of a novel extensive andentensi
decentralized system for routine entomological surveillance, in which theighd# the ITT
was applied by community-based personnel. The effectiveness of this desetisgitem
was contrasted with an independent quality assured centralized system applyiigrbot
and HLC. The results of these alternative decentralized and centralizegsswere
compared with cross-sectional household malaria infection surveys to assessisstive
epidemiological relevance in the same set of sampled locations.

Methods

Study area

Dar es Salaam is a hot, humid coastal city and experiences two rainy sé@sghsrt rains
from mid-October to early-December followed by the long, more intense ramsMiarch to
June. Dar es Salaam is Tanzania’s biggest and most economically impoytarithcén
estimated population of 3.3 million in 2010, living within an administrative region of 1,400
km? [67,68]. The city is divided into three municipalities, namely Kinondoni, Temeke and
llala, and these municipalities are further divided into a total of 72 wards. The geudy s
encompasses 31 administrative wards at the heart of the city, comprised eff @inE>s

wards previously described as the UMCP study area [51] and another 16 neighbouring wards
totalling approximately 2.65 million residents living in an area of 160[&|. Before the
initiation of larviciding, the area experienced modest malaria transmisge with an
entomological inoculation rate (EIR) of approximately one infectious bitpgrson per year
[39,51]. The main malaria vectors are members oAthgambiae complex, which prefer to
feed outdoors and may therefore be only moderately vulnerable to control with indoor-
targeted insecticidal means such as ITNs [62,69].

The Dar es Salaam UMCP

All UMCP activities are coordinated by the City Medical Office of ltteaand fully
integrated into the decentralized administrative system of Dar est§@82a#89]. The UMCP
operates on all six administrative levels of the city: the city councithtiee municipal
councils it oversees, the 15 wards chosen from those municipalities, containing 67
neighbourhoods referred to miaa in Kiswabhili (singulamtaa, meaning literally street),
and more than 3000 housing clusters known as ten-cell-units (TCUs), each of which is
subdivided into a set of plots corresponding largely to housing compounds [39,51,56]. The
main tasks of the three upper levels within UMCP are programme management and
supervision, whereas actual mosquito larval surveillance and control is organized at wa
level and implemented at the level of TCUs and their constituent plots. In prjrecip&U is
a cluster of ten houses with an elected representative knowmasrdoe, but typically
comprises between 20-100 houses in practice [55]. As a prerequisite for effective
management of a larviciding programme, the UMCP implemented routine atvigét
surveillance between 2004 and 2008 [39,53,54]. From March 2006 to date, the UMCP



implemented regular larviciding of all mosquito breeding habitats as a neekifisaquatic
mosquito stages, prevent adult emergence and reduce malaria incidepoevalehce

through a community-based but vertically managed delivery system [32,39,52-54]. UMCP
began systematic larviciding in three wards (one from each municipaliégrin2006 [51-

54], following complete participatory mapping of the area [55,56] and CB baselingsofve
the breeding habitats. The programme subsequently scaled-up larvicidetapplcaine

wards in May 2007. In March 2008 the programme was extended to all the 15 wards of the
original study area. In this particular study, community-based adult mosquitysweee

set up across the original 15 UMCP wards plus an additional 16 adjacent wards fro& outsi
the study area to include non-UMCP wards chosen from the same three mur@sipdidre
there was no larviciding taking place. Overall, this 168 &rea contained 31 wards, 85

mitaa, approximately 8,000 TCUs and approximately 2.65 million residents (Figure 1).

Routine programmatic adult mosquito surveillance bycommunity-based
personnel

Based on a pilot-scale evaluation in 12 wards that used the B-design ITT [63kch€iBe

for trapping adult mosquitoes using the C-design ITT [66] was developed and implemented
as a replacement for the previous system that relied on HLC [51]. ITT-@sdiffen the

earlier ITT-B prototype, in that the netting panel lying between the entngfsiand the bait
host is bisected into two compartments within the trap. This enables a person in é¢iss proc
of collecting mosquitoes to stand up within the trap while protected from mosquitdmites
addition, there are two long sealable cotton sleeves hanging from each traprdioaeniable
operators to safely remove mosquitoes by using mouth aspirators while mrdtectéites.

In contrast, the B design required the opening of the long zipper across the peatehgnd
aspirating from within the open trap chamber, thereby exposing the operatoruaitmos
bites [66].

The entomological survey was initially set up across the previous 15 UMCP intenvent
wards, each of which comprised of a cluster of 20 sampling sites, making af @@l
sentinel sites distributed across the UMCP study area that were rpstinetyed on
monthly basis. This was primarily meant to serve as a tool for routine monitdnanggress
of the larviciding programme activities by identifying areas witldres vector populations
and, presumably, malaria transmission. Adult mosquito surveillance was teerefor
decentralized to ward level to coincide with management practice for camocwremunity-
based larval surveillance and larvicide application. The system adopteerardized
sampling protocol [63], that enabled unskilled community members, rather thad traine
entomologists sent from a centralized team, to capture, record and submit msamquotes,
without any night time supervision by the research team, and with only occasioteatt
with programme staff. This system was modified from that of the origitwl[B] so that
only one volunteer per ward was recruited, compared to one per neighbourindged (3—7
per ward) in the pilot system, to conduct monthly surveys of 20 locations per wardmather t
weekly surveys of four locations per neighbourhood (12—-28 per ward).

Overall, thirty-one, volunteers including fifteen from the 15 original UMCRIwavere

recruited and remunerated at a rate of 3500 Tanzanian shillings (2010 US$ 2.70) per night of
trapping. Each volunteer took responsibility for trapping mosquitoes for one night per month
at each of the 20 locations within his or her assigned ward. They were alloolezbse, at

their own discretion, which nights of the week (Monday to Friday) they would slébe in

traps, the sequence they would visit each of their 20 assigned locations, andheltlaéyi



entered and left the traps, under the condition that they recorded these dateesund i
standardized forms. This was considered necessary for promoting a sensershipvarel
responsibility for the project, and making working conditions relaxed, conduciveexituldl
so that the modest remuneration remained sufficiently attractive to retRP<énd
minimize any incentive to fabricate data. Furthermore, there were no conses)teetice
CORPs for not trapping on a particular night so long as all the 20 sites weredsatrgoig
week day of that particular month. The 20 sampling sites in each ward were deljberat
chosen by the local leaders and the CORP, with the intention that they were tribllreid
across the ward, close to obvichpheles larval habitats, and preferably within walled
compounds so that safety of the sleeping volunteer was assured.

The volunteers were supplied with all the necessary materials includinggoggerir-tight
containers, aspirators, petroleum ether and bicycles for transport. Thischtitene to
continuously trap, collect and store mosquitoes for a period of one week, recording their
observations and trapping sequence daily on a form they were provided with. Saerples w
submitted each week to the central laboratory for further processing lisibgycles that
each CORP was provided with to assist them in moving the trap between thethitethe
ward. Each night the trap was erected outside of the designated house and the \sbdymteer
in it over night to act as a bait to attract human-feeding mosquitoes. Note thadrtie us
completely protected by the fine netting trap chambers where the mosquittegpped

[66]. Mosquitoes were removed from the trap chambers using aspirators, teahsfty

paper cups, and then anesthetized with a small ball of cotton wool soaked in petroleum ether
Dead mosquitoes were then transferred into an air-tight (1.5 ml Eppendorf tubes gNanton
Shenhua Laboratory Apparatus Co., Ltd) container half-filled with silidagestorage and
preservation before submission to the central mosquito laboratory each week. To control f
and minimize data fabrication by CORPs, standardized forms were supplied ¢Aaldilie

1: Table S1) and they were obliged to record the approximate number of each relevant
mosquito taxon caught, early each morning immediately after they fincstledting, and to
document confirmation of his visit with the signature of the house owner where thadrappi
took place that particular night. At the laboratory, the samples were redsigetechnician
who verified their content before formally recording their acceptancedd gondition in a
registry book.

This protocol for routine CB sampling with ITT-C across the original 15 UMCHsyar
where larviciding had already been established as a routine activity, beggriuary 2009
whereas the 16 non-intervention wards outside this area started in October 2009. These
additional wards were included as a preparatory step for scaling up cityeatbe
surveillance and larviciding, as well as to enable subsequent evaluation of the @stocol
applied at large scale across the full range of vector densities found ityit@verall, this

CB system for routine surveillance of mosquito biting intensities spanned over 620
designated sentinel sites (clusters of twenty in each of the 31 wards) of whichré15 we
actually sampled on a monthly basis in practice (Figure 1).

Randomized quality assurance entomological surveys

To assess the quality of data collected by the decentralized, routine adylitmsesrveys
described above, two quality assurance (QA) adult mosquito surveillancevweamns

recruited, each comprising five catchers earning slightly more tharcthumterparts in the

routine CB system. The first team, earning 4000 TShs (2010: US$ 3.50 per person per night)
was responsible for repeating adult mosquito collection using ITT at fiaédos scheduled



one day after the routine CB mosquito surveillance team had applied the same trapping
method in these same locations. The sampling framework for the sites involved randomly
selecting five sites from the list of locations where the CB collectarséiatheir traps the
previous night. Therefore, this team was responsible for repeating adult toesqupling at
randomly chosen locations, over four days of the week (Tuesday to Friday)y¢o2alli
locations sampled for resurvey by the QA team each week. The second team,&a60ting
Tanzanian Shillings (2010: US$6.15) per day, was responsible for repeating adult mosquito
collections using HLC at the same randomly-selected locations used the pregiaadoni
QA-ITT and the night before that for routine CB collections with ITT. Thissddeam

worked three days per week (Wednesday to Friday) at the same five rantiosdn c
locations as the first QA team, totalling 15 locations sampled per week. OutdCon&s
conducted at each of these houses from 6 pm to 7 am for a period of 45 minutes every hour,
allowing for 15 minutes break each hour, as previously described [51,62]. These two QA
teams were vertically and regularly supervised, including random nightpimbelsecks by

the research team for quality control. The locations selected for QA fopomas not
disclosed to either the QA teams nor to the supervising research staff until tieeddlye
routine survey was set up, in the late evening of the day for the first QA survay$TUs

This was necessary to avoid any possibility of collusion between CORPs in the end

QA teams and thereby minimize risk of data fabrication. CORPs from the twedp#st

were dropped by vehicle at their scheduled stations, accompanied by the fielidssup€he
mosquitoes collected by the ITT-C and HLC QA teams were collectedigierand taken

to the central laboratory the following morning when the catchers had finished the
collections.

Laboratory processing and data reporting

In the laboratory, all mosquitoes were identified morphologically using taxoriaysc[70]

as males or females, andAas gambiae s.|., Anopheles funestus, Anopheles ziemanni, Culex
species, oAedes species. Abdominal status was scored as gravid/semi-gravid, fed or unfed
for all theAnopheles and for Culicines. AlAnopheles caught were subsequently desiccated
over silica gel and kept at room temperature until they were further pedcdssese
classification and count data were first recorded on standardized pape(Aaicitonal file

1: Table S1) and then reported using mobile phones with specifically designed menus and
made available to stakeholders and project staff at the following [71] Thisiteewas also
loaded with automatically generated (pre-coRestript) weekly synthesis report for the
UMCP management staff and other stakeholders to review at will. A wingegrdd every

An. gambiae s.I. mosquito caught was analyzed by PCR to identify its exact species within
the An. gambiae complex [72]. An enzyme-linked immunosorbent assay (ELISA) using a
monoclonal antibody that recognizes a repetitive epitope on the circumsporozate-pfot

P. falciparum was used to establish malaria sporozoite infection status in each indAmdual
gambiae s.l. specimen [73].

Cross sectional epidemiological survey

All the 620 sites used for the routine entomological surveillance were mapped ©Uhe T

level [55,56] and the households within each were carefully listed. Three teams of four
people, comprised of a supervisor, community-based health nurse and two interviewers
conducted the cross-sectional household surveys (March to August 2010) in all households of
the house or housing compound (medidnhouseholds) which routine CB mosquito

surveillance was conducted. All people occupying the household were included in the survey,



excluding children who were three months old or less. Systematic screenihthef a
inhabitants of each selected household who were present at the time of the survey, and
consented to participate, was carried out to determine their malariaanfsiztus.
Parasitological examination was carried out by the community-based healtis byrfinger
prick with a sterile lancet. A small amounty(} of blood was drawn from consenting
residents using micro pipettes and placed on MAL-Pf® (ICT Diagnostics, Cap® Tow
Southa Africa) malaria rapid diagnostic test kits (RDTs) using histictheprotein-2 as the
test antigen (HRP-2). Such HRP-2 RDTSs, including this specific kit, haveasicgty been
proven sensitive, reliable and accurate for routine malaria diagnosis inldhg4ier 7].

While this specific test kit is prone to a phenomenon called prozone that result&in wea
responses to very high density parasitemias, no false negatives were dedumantcent
evaluation of this and other comparable HRP-2 based products [78]. Questionnaire responses
and RDT results were recorded electronically in the field using Socket SoMo 6&8€ Ser
(Socket Mobile, Inc) portable digital assistants programmed in Visual CE.

Data analysis

All the data were entered in coded numeric form, cleaned, restructured &mbdneing
SPSS® 18.0 except where described otherwise.

The mean relative sensitivity of the three surveillance methods wastestiby fitting a
generalized linear model (GLM) with a negative binomial distribution tortbequito catch
for each recorded trap night, treating surveillance method as a categwiegandent
variable with location as the subject and date as a within-subject sourceatbmawith first
order autocorrelation. Correlation between the mean catch (transfornugghaghim (y+ 1))
at each location obtained with the three alternative vector surveillarthedsavere tested
pair-wise using Pearson’s linear correlation test. Associations betheeelative
sensitivities of CB trapping with ITT and mosquito densities measured by oh@Avsurvey
methods were tested for using binary logistic regression [79]. SpdgifiGalMs were fitted
to the proportion of all mosquitoes caught by the CB-ITT in a given location andwieek
all methods were applied.

The catches of femakn. gambiae or An. funestus and Culex spp were aggregated by survey
method, yielding mean catches for each method per trap night per locatiorvetat se
occasions, all the three survey methods recoded zero values even after aggsegation
artificial incremental scatter was added to generate the none-zerabkaandeparation and
visualization of otherwise identical data points. Since divisions by zero gifneisal values,
data for each location thus included the sum of several observations of the cattihes f
specific survey method. In order to establish the density dependence of samditigitye

of ITT through either CB or QA methods, the mean catches of the collectionsimnaale
survey methods (CB-ITT and QA-ITT) was divided by the sum of the QA (QA+IDA-

HLC) collections, and this denominator was treated as the continuous independer# wrariabl
a generalized linear model.

To allow direct comparison of the three surveys in terms of cost-effectvemty the direct
and non-direct expenditures incurred by each system, during the period when all three
systems were operating in parallel are considered. These included morgbiynaticosts
(salaries and volunteer allowances) for each team, supplies and transg T @Ensport
costs comprised of the upfront costs for buying a bicycle or a vehicle (for ba@iBthad
QA-surveys, respectively) plus the three years or ten years-depdectsts (for the bicycles



and vehicle, respectively) and their respective monthly-recurrent (sandcenaintenance)
costs. All cost estimates are presented in Tanzanian shillings as redaitetrae they
were incurred and then converted into 2010 US$ at a rate of 1408.02 shillings per dollar.

To qualitatively examine differences in age-prevalence profiles atsdeieth malaria
transmission hot spots, infection prevalence data from household surveys vadhg init
stratified based on either the presence or absence of any detectably paotors (anyAn.
gambiae s.l. or An. funestus caught) by a given survey method. Subsequently, this approach
was refined to stratify on the basis of being amongst the 5% highest mdasasHtprimary
vectors. In all cases, differences between the two strata for eachsuaet@itiance method,

in terms of the distribution of infection probability among the following age etasgas

tested by? analysis using Microsoft Excel®: less than 5 years, 5 to 19 years and 2@1years
more.

Explanatory logistic regression models (GLMM) of malaria infectiongdence were fitted
and selected in a forward stepwise manner uRingrsion 2.12.2. The association of malaria
prevalence with the following independent variables was assessed: méaat @atpven
location with each individual entomological survey type, LLIN use, presencees,ea
presence of ceiling, presence of window screening (good indicators of socioecoabusi; s
larviciding activity, use of insecticide consumer products, travel in the previonthrar
residence elsewhere, sex and living with both parents. To adjust for spatial ancatempor
heterogeneities TCU location identity and date were incorporated into allsrasd@andom
effects. Only variables exhibiting evidence of association with mat#gation risk

(P<0.05) when tested as a single categorical independent variable was rigtaimeechodel
[80,81]. The variables with the lowest P-value obtained in the exploratory analysis wer
included first. Based on qualitative examination of age-prevalenceorehips in this
dataset (see results), this logistic regression analysis was applyete children and
teenagers (<19 years) because the relationship between their exposuafediwh i
prevalence appeared to be higher and to increase with age in areas with tuitgivederesity.

Ethical consideration and informed consent

The study received ethical clearance from the Medical Research CoamliGainmittee of

the Tanzanian National Institute of Medical Research (Reference numbers
NIMR/HQ/R.8a/Vol.IX/279 and 324). Informed consent was obtained from all the
participants, including the mosquito catchers and the house owners where the samwipling t
place, as well as the participants in the household surveys. All the volunteergdeitnuit
conducting HLC were provided with prophylactic treatment with atovaguone-prbguani
(Malarone®) free-of-charge, which they were obliged to take once a daywenprealaria
infection. In order to deal with the possibility of poor compliance or drug failurg¢ipants

in mosquitoes-trapping surveys who developed any symptoms such as fever, chilldydeadac
or nausea, were tested for malaria parasites and would have been oftetezhtraent if

found to be infected but this eventuality never occurred during the study. All partscipa
either the household surveys found to be infected with malaria were offered sgbervis
treatment with artemether-lumefantrine (Coartem®; Novartis PhA@aasel,

Switzerland) prescribed by a clinical officer and provided by the comynbeélth nurse,
following national treatment policies and guidelines, as soon as the RDT testiwgplete.
However, if the participant refused this offer of treatment, they were edftora nearby

health facility and given all required transport and other logisticadtassie to attend.

Women of child-bearing age found to be infected with malaria were offerechématvith



artemether-lumefantrine unless they were known or suspected to be pregnarthamdirst
trimester, in which case were instead treated with oral quinine as per hgtimleines.

Results

Mean mosquitoes catches by each surveillance system over the course ofytheestud
presented in Figure 2. Of the 372,655 mosquitoes caught by both CB and QA entomological
surveillance systems the vast majority (99%) were assorted CuliganeCtdex spp.

(372,161) andiansonia spp. (7). Of the small minority of mosquitoes caught which were
Anopheles (0.13%; 487), most wergn. gambiae sl (92.0%; 448) with the remainder
comprisingAn. funestus (0.61%; 3) and\n. ziemanni (7.39%; 36). Consistent with previous
reports from this setting [51,63], the majorityfof. gambiae sl specimens successfully
amplified by PCR werd@n. gambiae ss (77.5%; 178) with the remainder befrgpheles
arabiensis (21.91%; 39). The trapping system had no influence upon sibling species
composition ££=0.157, d.f. =2, 2 0.924). Both successfully amplified specimens from the
An. funestus group wereAn. funestus s.s. Only one (0.56%) of th#1. gambiae ss caught was
infected withP. falciparum sporozoites.

Figure 2 The monthly meanAnopheles gambiae (A) and Culicine (B) densities from the
three alternative survey methods being community-based surveys usingkara Tent
Trap (CB-ITT) and quality assurance surveys based on both human landing cdiqQA-
HLC) and tent trap (QA-ITT)

Relative sensitivity of alternative survey systemssing tent traps

Overall, the sensitivity of ITT-C [66] for trapping bo#mopheles and Culicines (Table 1)

was far lower than HLC when applied by either CB or QA surveys. Theseegatisitivity
estimates for the C design of the ITT were approximately half of those priguviepsrted

for its predecessor, the B design [63-65], for both mosquito taxa. The ITT wasriegs/e

for both mosquito taxa when applied through the CB surveys than the QA surveys (Table 1)
but not dramatically so (Relative rate [95% confidence inten@$36 [0.406,0.617],

P=0.001 forAn.gambiae s.|. and 0.747 [0.677,0.824],490.001 forCulex spp.). However,

the mean mosquito catches from the CB-ITT surveéysQr241, < 0.003), but not those

from the QA-ITT surveys {r=0.012, P=0.871), positively correlated with those from the QA
surveys using the gold standard HLC method.

Table 1Relative sampling sensitivity of community-based (CB) and quality assurae
(QA) surveys of mosquitoes with ITT, compared with QA surveys by human landg
catch (HLC), as estimated by generalized linear models (GLM)

Method Number Trap Locations Meantrap Mean Catch[95%CI]Relative Rate [95%CI] P
caught nights surveyed nights per

location
Anopheles gambiae s.l.
CB-ITT 208 8171 615 13.29 0.026 [0.021,0.033] 0.re51,0.121] <0.001
QA-ITT 53 931 293 3.18 0.057 [0.039,0.085] 0.182(1,0.328] <0.001
QA-HLC 187 335 240 1.39 0.560 [0.385, 0.815] 1.00* NA
Culex spp
CB-ITT 287,398 8171 615 13.29 20.7 [19.3, 22.0] 53.10.137,0.171] <0.001
QA-ITT 35,642 931 293 3.18 27.1[23.9, 30.8] 0.20390, 0. 243] <0.001

QA-HLC 49,121 335 240 1.39 147.7 [133. 8,163.0] 1.00* NA




NA: not applicable
Cl: confidence interval
Reference category

Both the CB and QA surveys with ITT exhibited high density-dependent sensithvry
compared to the gold standard QA surveys with HLC (Figure 3), which is consigtent w
previous observations [64]. All ITT surveys were clearly less sensitivelatiogquito
densities compared to the reference QA surveys with HLC but at very low egtiséilTT

is at least sensitive than the gold standard HLC. It is notable that not onlyriteticept of
the plot for the CB-ITT surveys lower than for QA-ITT surveys, the downward sfope a
mosquito density increases is much steeper (Figure 3). This suggests that higlhomosqui
densities reduce the sensitivity of the ITT, and that standards of prfactitseuse by CB
staff are also adversely affected by high mosquito densities or ass@natezhmental
variables, the most obvious of which is rainfall.

Figure 3 Density-dependence of alternative ITT-based survey methods relative the
HLC-based QA surveys for samplingAnopheles gambiae s.l. (A and C) and Culex spp.

(B and D). The density-dependence is illustrated by plotting the catches fremadive
methods divided by the corresponding sum of catches from QA-ITT and QA-HLC or both
against the absolute CB-ITT catches

Despite the much lower average sensitivity of CB surveys with ITT per peiganof
sampling (Table 1), and declining sensitivity observed as mosquito densitiesen@Fepire
3), overall CB surveys had slightly greater absolute sensitivity in terthe ¢dtal number of
mosquitoes caught (Table 2). This occurs because it was possible to maintairBthese C
surveys in a slightly larger number of locations but, more importantly, becausentiagd
consistent longitudinal monthly monitoring of mosquito density, resulting in a fategre
number of samples per survey location (Figure 4, Table 2). By comparison, the well-
controlled QA surveys were clearly more sensitive per person-night ofriga@able 1) but
could only visit any given sites within this large, widely distributed set attimes (Figure 1)
on one or two occasions per year (Figure 4).

Table 2Crude estimates of the costs for each surveillance method per nighttodpping
and per An. gambiae s.|. caught over the selected period outlined in Figurg when all
three surveillance systems were simultaneous in operation

Estimated Parameter Units Community-  Quality assured
based

CB-ITT QA-ITT QA-HLC
Number of samples Person-nights 4284 457 335
Number caught No. ohn. gambiae s.| 171 42 169
Mean catch No. afn. gambiae s.| per person- 0.04 0.09 0.50

night

Volunteer costs TSh 14,994,000 1,828,000 2,680,000
Salary costs TSh 10,589,820 13,793,820 24,413,820
Transport costs TSh 3,100,000 20,340,000 20,340,000
Total Expenditure TSh 28,683,820 35,961,820 478X3B,
Cost per sample TSh per night of sampling 6,695.5778,691.07 141,593.49

Costs per specimen 8fh. gambiae s.I. TSh perAn. gambiae s.| 167,741.64 856,233.81 280,673.49




All costs are presented in Tanzanian Shillings (TShs). The correspondingtestohthe
expeditures in US dollars can be computed at a mean 2010 exchange rate of 1408.02 TShs
per US$

Figure 4 The frequency distributions of the person trap nights and mosquitaensities
across a range of survey locations by the three surveillance systems

The intensive and extensive sampling frame of the CB surveys was possible lfegasse

the cheapest of the three surveillance systems, costing approximatelyperS#ght of
sampling, compared to US$72 for running the QA-ITT-C and US$100 for the QA-HLC. In
this low transmission setting with very sparse vector populations, entomoltrgitahission
surveillance proved an expensive undertaking but CB surveys proved the most affordable
approach overall, despite their low sensitivity per person-night of samplinge(TalAn
average of US$163 was spent per specimémagambiae s.I. caught by the CB surveys, as
compared to approximately US$787 and US$199 for QA surveys using ITT and HLC,
respectively (Table 2).

Relationship between mean mosquito densities and magia infection
prevalence

Consistent with the range of vector densities observed in this urban setting @igur
parasite prevalence data from the cross-sectional survey conducted at 357 @ititvesloc
confirmed that there was generally moderate transmission across thargadFigure 5)

with an overall prevalence of 13.3% (421/3173). Malaria infection prevalence comgistent
increased with age (OR [95%Gi]L.23[1.059,1.392], B0.0166), rather than peaking among
young children as was observed previously in 2004-06 [51] indicating a loss of age- and
exposure-associated immunity, presumably as a result of lowered meardsamsmtensity
across the area since that time or a reflection of asymptomatic aduibiméetbat usually go
unreported but were seen in this survey [82].

Figure 5 Age-specific malaria parasite prevalence stratified by mean vector deibs (An.
gambiae and An. funestus combined) for each mosquito surveillance systemBor the left
hand column (A, C, EAn. gambiae-mean catch is stratified as 0 or >0 and for the right hand
columnAn. gambiae-mean catch is stratified using the upper and lower ranges=beiga8,
versus<0.22 for CB-ITT (B),>4.00 versus 3.00 for QA-ITT (D) and>1.00 versus0.50 for
QA-HLC (F). The number at the top of each bar represents the total number individuals
within particular age group from a set stratified surveyed clusteesitest malaria with RDT

When the surveyed locations were stratified by vector density, using the tlieeendif
survey systems and two alternative stratification criteria, prevajgaleed amongst older
children and teenagers in the upper stratum for five out of six of the stratificateria, and
in one case the age-prevalence profile differed significantly betweestrdta (Figure 5).
Further analysis with logistic regression, which allowed us to control for clefééets
associated with the sampled household clusters and the times they weredswrasye
therefore restricted to data from children and teenagers, amongst whonemee\agbpears to
be consistently positively related to both age and exposure to transmission.

Logistic regression analysis of infection status among residents undey ywearns of age
revealed that, other than location{P.001) and the time of the survey<{B.001), only the
meanAn. gambiae catch obtained from the CB surveys was significant as a predictor of



malaria risk (Table 3). The fitted model includes a significant positivecepefor the
dependent variable (Table 3). Malaria infection risk was therefore signiéegantwhere no
primary vectors could be detected (Table 3), suggesting that appreciabli tnafesmission
amongst residents of Dar es Salaam occurs away from their homes. Basetiien risk
increases witlAn. gambiae s.|. density and a four-fold increase in risk is estimated for
individuals living in areas where an average of Anegambiae is caught per person-night of
CB surveillance with ITT (Table 3). Neither of the QA surveys of vectositheusing either
ITT or HLC surveys had any appreciable predictive value of malarialpreea(Table 3).
Possible confounders that were tested and then excluded from all the final maakddrible
type of floor, walls and roof (good indicators of socioeconomic status), use of irdectici
consumer products, travel in the previous month or residence elsewhere, sex and lving wit
both parents. Interestingly, having both closed eaves and a ceitft@@582), or having one

of them (P=0.804), or having one of these plus screened window$®) #50) had no

apparent impact on malaria risk despite their high levels of uptake arisingheqmerception
that they protect against mosquito bites [51,83]. Using an untreated=n@6{¥) also had

no impact and it is also notable that neither of the interventions previously shown to confer
protection [51], namely use of an LLIN €®.094) or living in an area covered with
larviciding (P=0.428) had any significant protective effect or improved the model fit.
Similarly, none of the three observed house characteristics, namely typer¢Pt=0.5432),
wall (P=0.7602) and roof (B0.3694), as well as the use of personal protection measures,
such as insecticide consumer products including mosquito cail8.@39), topical

repellents (B 0.2566), or insecticide sprays£P®.2799) had significant effect nor impact on
the goodness of fit of model.

Table 3 Anopheles gambiae mean catch per night as risk indicator for malaria parasite
prevalence among children and teenagers (<20 years of age) as determined kinfjt
separate logistic regression models (GLMM) to data from each of the theesurvey
methods

Survey type OR[95%CI] P
Community-based with ITT meanAn. gambiae s.l. catch 4.43 [3.027,7.454] 0.0373
Intercept 0.096[-0.173,0.366] <0.0001
Quality assurance with ITT meanAn. gambiae s.l. catch 1.00[0.235, 1. 241] 0.989
Intercept 0.111[-0.245,0.467] <0.0001
Quality assurance with HLC meanAn. gambiae s.|. catch 0.95[0.048, 1.00] 0.448
Intercept 0.102[-0.219,0.424] <0.0001

See Table 2 for details of sample sizes for each entomological survesetidtimte that for
all three models location and date included in the models were also highlycaignmiandom
effects

Discussion

Community-based use of the ITT with no supervision from the research team provedtthe mos
cost-effective and epidemiologically relevant way to monitor adult maalactor mosquitoes

and was also safer than the HLC gold standard method. Although this approach has low
relative sensitivity per night of sampling, it is also by far the leastreskype and allows far

more intensive longitudinal sampling so that it is slightly more effective ¢hlan QA-HLC

in terms of absolute sensitivity, cost-effectiveness and spatial axdeess. Critically, the



ability to conduct longitudinal sampling on a monthly temporal cycle that is iguifiy
frequent to capture seasonal variation in vector density at hundreds of locatianserthc
gives this implementation system epidemiological predictive value dtatitmal survey
methods, relying on closely supervised research teams, did not even distantilappro
(Table 3).

This CB survey achieved a spatial resolution of one trap-night sample per G.2Vdmn

month and 0.93 kfrevery week across the 31 volunteers and their assigned wards. In
demographic terms, this is equivalent to one trap night for every 5,848 residentmgeiom
21,739 residents per week. Such intensive and extensive monitoring of adult mosquito
responds to the needs of the local UMCP larviciding programme because it ischtatttie
scales to which responsibility for applying larvicides is devolved so that gapsenage,
sensitivity and quality of these activities can be identified and redttifihe distribution of

adult mosquito sampling locations therefore encompassed the assignedreagetf every
person responsible for larvicide application so that their individual personal peanfogroan

be evaluated objectively and independently, based on one or more observations each month.
In spite of the proven efficacy of larvicides [84,85], the success of a larvigpdaggamme
relies on the sensitivity of detection and treatment of all potential larkahtaby large
numbers of widely-distributed staff managed in a decentralized way at walr{b&36].

This spatially extensive, community-based surveillance with the ITT hasrddrated the
potential for identifying malaria transmission hotspots on very fine sCEddse 3).

Longitudinal CB surveillance with the ITT or any other practical, idaalbye sensitive,
alternative trapping technology may be a useful means for mapping residigel ve
populations and enable targeted control with supplementary vector control measuges such
larval source management that complement LLINs or IRS. An ideal trapsisnpably low

cost, less bulk, easily transportable and preferably independent of electrical power

Although various traps and survey platforms have been developed and implemented for
trapping, monitoring and studying mosquito vectors of malaria and other diseas®us

parts of the world [87-93], currently declining malaria transmission leve8s94,95] and
mosquito densities [17] pose a particular challenge to monitoring and evaldisgage

trends. To date, mosquito vector surveillance has mostly depended on the use of conventional
trapping methods applied under strict research-controlled settings, witfewergports of
application through community-based platforms. Research-controlled sttel ieftes

limited in scope in terms of spatial and temporal coverage due to associateahigig

costs and therefore very expensive to maintain on scales large enough to defectshoit
persistent transmission levels occurring on very fine scales and suppadktede@aagement

of vector control activities. This is exacerbated by the limited number oftgpgrsonnel in

most malaria endemic countries. Even when community based surveys have been
implemented with conventional tools, the quality of unsupervised data collection has been a
concern to many public experts. In this study, the ITT was used to sample masgudoe

much higher spatial resolution as an outdoor trap. In comparison with other recentigdepor
surveys using window exit traps (Table 4), the use of ITT appears to be mofeasty-

and affordable because it is less disruptive and intrusive to householders siseg uipis

outside of the house. While all the survey platforms described in (Table 4) sucgessfull
engaged local communities in their operations, only this approach developed in Tanzania
includes external quality assurance mechanisms.



Table 4 Comparison of the surveillance system described in this paper witome published large scale and longitudinal entomological
surveys using window exit traps (WET), Ifakara tent traps (ITT) and human larding catches for monitoring malaria vector populations

Study and locationSurveillance tool Implementation  Quality Number of Sampling Trap-nights Temporal Duration of the Total number of
platforms assurance cluster sites per  per month scale surveys trap months
cluster (Trap nights)
Abilio et al. 2010 WET Community- No 19 6 114 788 2006-2007 and 48
Zambezia province, based (home 2009-2010
central northern owner) as stand
Mozambique alone
Sharp et al. 2007 WET Community- No 16 6 96 59,307 2004-2005 24
Bioko Island, based (home
Equatorial Guinea owner) as stand
alone
Chaki etal. (Urban ITT and HLC Community- Yes 31 20 615 8,171 Feb 2009-Oct 20
Dar es Salaam, based 2010
Tanzania) (community

volunteers)

All survey systems compared here were based on monthly sampling intervals



Despite the advantages that the tent trap and community-based survey systernoapffer,
both the ITT technology and the delivery system described here have sigificitations,
some of which synergize negatively. The ITT has important limitations as@nangical

and epidemiological surveillance tool because of limited sensitivity, patigat high
mosquito densities (Figure 3 and reference [64]). The observation that this problem is
exacerbated when used through the CB system presumably reflects our infoserahtions
of the poor compliance by the CORPs with setting up and sleeping in the traps during wet
season peaks of mosquito density when rain may enter the trap. Moreover, the huitky nat
of the trap makes it impractical for indoor use and therefore unsuitable veysigy the
proportion of human exposure to mosquito bites that occurs indoors. Even for outdoor
applications, the space requirements of the trap poses particular challedgesdly
populated informal settlements in urban settings. Moreover, even with the preddyfiaant
topography of Dar es Salaam, the bulkiness of the trap makes it too heavy aot thfbe
moved between sampling locations by one volunteer without at least a bicycle.

Conclusions

As the global malaria elimination initiative [94,96-100] advances, spag&atbnsive
longitudinal vector surveillance systems, such as the CB trapping systemeddpene, will
become increasingly necessary to characterize sparse residualpegtti@tions across large
areas, and for monitoring and evaluating impact of interventions upon them. In practica
terms, we recommend that further advances with CB mosquito surveillanems ysill
require development of improved trap technologies that will ideally no longer rémuran
bait. Such products should be more sensitive, less bulky, less expensive, and should readily
trap the outdoor-biting, zoophagic mosquito species that increasingly dominate residual
transmission across the tropics [18-20,101]. Several experimental prototypely alxest

that use synthetic odour mixtures as bait and are highly efficacious for sgrajroad
spectrum of mosquito species [102-106], including some that representatively sta@ples
taxa that attack humans [107]. This study, therefore recommends that such dvedpate
designs can be adapted for the surveillance of a variety of mosquito-borne diseladesy
malaria, lymphatic filariasis and dengue fever.
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Additional_file_1 as DOCX
Additional file 1. Table S1. Standardized UMCP forms for routine adult mosquito
surveillance teams to help control for and minimize data fabrication by CORPs.
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