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Abstract

Background: The effectiveness of long-lasting insecticidal-treated nets (LLINs) and indoor residual spraying (IRS) for
malaria control is threatened by resistance to commonly used pyrethroid insecticides. Rotations, mosaics, combina-
tions, or mixtures of insecticides from different complementary classes are recommended by the World Health Organ-
ization (WHO) for mitigating against resistance, but many of the alternatives to pyrethroids are prohibitively expensive
to apply in large national IRS campaigns. Recent evaluations of window screens and eave baffles (WSEBs) treated with
pirimiphos-methyl (PM), to selectively target insecticides inside houses, demonstrated malaria vector mortality rates
equivalent or superior to IRS. However, the durability of efficacy when co-applied with polyacrylate-binding agents
(BA) remains to be established. This study evaluated whether WSEBs, co-treated with PM and BA have comparable
wash resistance to LLINs and might therefore remain insecticidal for years rather than months.

Methods: WHO-recommended wire ball assays of insecticidal efficacy were applied to polyester netting treated with
or without BA plus 1 or 2 g/sq m PM. They were then tested for insecticidal efficacy using fully susceptible insectary-
reared Anopheles gambiae mosquitoes, following 0, 5, 10, 15, then 20 washes as per WHO-recommended protocols for
accelerated ageing of LLINs. This was followed by a small-scale field trial in experimental huts to measure malaria vec-
tor mortality achieved by polyester netting WSEBs treated with BA and 2 g/sg m PM after 0, 10 and then 20 standard-
ized washes, alongside recently applied IRS using PM.

Results: Co-treatment with BA and either dosage of PM remained insecticidal over 20 washes in the laboratory. In
experimental huts, WSEBs treated with PM plus BA consistently killed similar proportions of Anopheles arabiensis mos-
quitoes to PM-IRS (both consistently > 94%), even after 20 washes.

Conclusion: Co-treating WSEBs with both PM and BA results in wash-resistant insecticidal activity comparable with
LLINs. Insecticide treatments for WSEBs may potentially last for years rather than months, therefore, reducing insecti-
cide consumption by an order of magnitude relative to IRS. However, durability of WSEBs will still have to be assessed
in real houses under representative field conditions of exposure to wear and tear, sunlight and rain.
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Background
The main malaria vector control strategies used today are
long-lasting insecticidal nets (LLINs) and indoor resid-
ual spraying (IRS), which together account for most of
the 1.3 billion fewer malaria cases and 6.8 million fewer
malaria-related deaths that occurred due to declining
transmission between 2000 and 2015 [1-3]. However, the
effectiveness of IRS and LLINs are threatened by insecti-
cide resistance against the four insecticide classes (carba-
mates, pyrethroids, organo-chlorines, organophosphates)
that already have full recommendations from the World
Health Organization (WHO) [4-7]. Excessive reliance
upon pyrethroids, one of the most affordable options, has
selected for resistance to this active ingredient among
Anopheles mosquito populations, thus compromising
vector control across most parts of Africa [6, 7]. The cur-
rent global plan for insecticide resistance management
(GPIRM) recommends the use of mixtures of insecti-
cides with complimentary mode of actions for LLINs [4]
some of which have recently been developed [8]. In the
meantime, IRS remains the only widely accepted format
for delivering rotations, mosaics or combinations (when
combined with LLINs) [4]. Many countries have devel-
oped insecticide resistance management plans aligned
with the GPIRM, but few of them have implemented
such approaches in practice, mostly because they are too
expensive to implement across national scales [9-11].
The only insecticide available for IRS in Zambia at the
time of this study, to which all malaria vector populations
surveyed remained susceptible, was the organophosphate
pirimiphos-methyl (PM) [12-14]. One 833-ml bottle
of the preferred micro-encapsulated formulation of PM
(Actellic 300CS) covers approximately 250 sq m of indoor
wall and ceiling surfaces at the recommended rate of 1 g/
sq m, but costs approximately $23.34, exclusive of ship-
ping and importation costs (Zambian National Malaria
Elimination Centre (NMEC), pers. comms). It is there-
fore prohibitively expensive for most malaria-endemic
countries to apply as IRS at nationwide universal cov-
erage targets. For example, even in the sparsely popu-
lated southern African country of Zambia, spraying the
3,281,046 million eligible structures [15] would require
911,818 bottles per spray round per year. Inclusive of
international shipping costs $1.16 per bottle (NMEC
pers. comms) and public-sector procurement subsidies,
supplying the country with PM would cost $22.3 million,
even before accounting for in-country transportation,
equipment, disposal, and labour. The carbamate, ben-
diocarb, the other major alternative to pyrethroids and
organo-chlorines lasts for only 2—-3 months and requires
frequent re-applications, therefore making it similarly
expensive [1]. The growing resistance-driven need for
such costly insecticides has resulted in IRS coverage
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being scaled down globally from 5.7% in 2010 to 3.1% in
2015 [1]. The extent of this IRS coverage contraction has
been most notable in sub-Saharan Africa from 10.5 to
5.7% [1, 10, 11] and this has caused a rebound of malaria
burden in some settings [16].

To overcome these challenges, the same insecticide
formulations for IRS have recently been more selec-
tively applied to netting window screens and eave baf-
fles (WSEBs) installed in experimental huts (Fig. 1) [17].
Netting window screens are familiar to most residents of
tropical countries, which prevent mosquitoes from enter-
ing houses, but also block their exiting once they have
found their way inside. However, eave baffles had previ-
ously only been used almost exclusively as a methodolog-
ical tool in experimental hut studies of mosquitoes. Eave
baffles consist of netting panels that slant upwards and
inwards from top of the wall towards the roof, but leaving
a small gap that mosquitoes readily find when they are
entering huts but not when they try to exit [18]. Target-
ing these entry and exit points for mosquitoes required
far lower quantities of insecticides than IRS application
to all internal wall and ceiling surfaces of the same stand-
ardized huts [15].

WSEBs therefore have potential to be used as an alter-
native to IRS, with the potential advantage of allowing
affordable use of insecticide mixtures for insecticide
resistance management. In the context of rural Tan-
zanian houses, WSEBs require treatment of only one-
fifth the surface area required by IRS [17], and may be
co-treated with polyacrylate binding agents, so that the
durability of insecticide treatments could potentially be
extended. By reducing insecticide consumption rates in
these two complementary ways, WSEBs could potentially
enable affordably simultaneous deployment of multi-
ple active ingredients rotations, mosaics, combinations,
or even mixtures [17]. However, previous experiments
in Tanzania were merely intended to establish proof-of-
concept for WSEBs, demonstrating that they are effica-
cious in controlling Anopheles malaria vectors. Indeed,
the preceding study in Tanzania was not extended for
long enough to assess the longevity of insecticide on net-
ting material, and the quantities of BA used may have
been too low for this insecticide.

The overall aim of this evaluation was therefore to
demonstrate that WSEBs, co-treated with PM and BA
doses known to retain this particular insecticide formula-
tion on netting, can remain efficacious for killing malaria
mosquitoes even after multiple washes, similar to those
recommended by WHO for evaluating LLIN durabil-
ity [19]. While it is not expected that WSEBs would be
repeatedly removed and washed following installation
in normal houses under programmatically relevant field
conditions of normal use, such repeated washing is the
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----- > Flight path of host-seeking mosquito

[ Bed net treated with pyrethroid insecticide

—— Wall or roof surface treated with complementary insecticide
Netting panel treated with complementary insecticide

TYPICAL AFRICAN HOUSE
WITH OPEN WINDOWS AND EAVES

APPLY COMPLEMENTARY INSECTICIDE
BY TRADITIONAL INDOOR RESIDUAL SPRAYING

INSTALL INSECTICIDE-TREATED EAVE BAFFLES
AND WINDOW SCREENING TREATED
WITH COMPLEMENTARY INSECTICIDE

Fig. 1 A schematic illustration of the mechanisms of action of traditional indoor residual spraying, as well as window screens and eave baffles, as
methods for delivering complementary non-pyrethroid insecticides to houses with open eaves and windows

only approach to accelerated ageing of insecticides on
netting materials for evaluating durability of efficacy that
is recommended by the WHO [19].

Methods

Laboratory assays

WHO-standardized wire ball assays [19] were conducted
to optimize the dosage of binder used for extending the
durability of PM treatments. Tests were conducted in the
entomology laboratory at the National Malaria Elimina-
tion Centre situated in Lusaka, Zambia. Netting panels
of 0.135 sq m, made from 100-denier polyester multifila-
ment mesh with 156 holes/sq in, were treated with either
0 (negative control), 1, or 2 g/sq m micro-encapsulated
PM (Actellic 300CS®, Syngenta AG) plus 17.3 ml/sq m

of the binding agent from the same company. Additional
experiments included 1 or 2 g/sq m micro-encapsulated
PM without the binding agent. The binding agent is usu-
ally provided as part of a lambda-cyhalothrin based prod-
uct, called Icon Maxx® (Syngenta AG), used to extend
the durability of long-lasting treatment of bed nets [20].
This dosage of BA was 14 times higher than that recom-
mended for co-treatment with lambda-cyhalothrin, and
was calculated based on the example for micro-encap-
sulated PM described in the patent for this technology
[21]. The treatments were washed for 5, 10, 15, and then
20 times in 500 ml of 2 g/l of a locally available deter-
gent commonly used for washing clothes and bed nets
(Boom®, Trade Kings), which was completely suspended
in distilled water in an aluminium vessel and agitated
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with a laboratory shaker. However, it is important to
note that the WHO protocol was adapted to local condi-
tions, as a locally available detergent was used instead of
Savon de Marseille. The netting pieces were washed and
rinsed twice for 10 min in 500 ml of distilled water. After
washing, the nets were hung and allowed to dry in a dark
room for 12 h and then stored in aluminium foil at room
temperature. For each of the two PM treatments and
each negative control, two replicate batches of 11 female
2-5 days old Anopheles gambiae from a fully pyrethroid-
susceptible Kisumu strain colony, were exposed for 3 min
to wire balls, which the treated panels were wrapped
around. Total mortality rates after 24 h were recorded
according to standard guidelines [19].

Field experiments

The experiments were conducted in Chisobe village
in Luangwa District, Southeast of Lusaka in Zambia
(15.6265°S, 30.4041°E). IRS with PM at 1 g/sq m had been
applied to all eligible structures between December 2016
and January 2017, immediately prior to this study. His-
torically, the main vector responsible for malaria trans-
mission in this setting has been indoor-feeding Anopheles
funestus, which are highly resistant to pyrethroids, and
to a lesser extent carbamates, but not organophosphates
or organochlorines [13, 22, 23]. A number of other spe-
cies from within the An. funestus group, the An. gambiae
complex, and several other taxa also mediate much lower
transmission levels [24].

This small-scale field trial was conducted in four
experimental huts of the Ifakara design [25, 26]. A total
of eight adult male volunteers were recruited to sleep
in the huts overnight from 19.00 to 07.00. Each pair
of sleepers was assigned to a single specific hut for the
duration of the experiment. This was done to combine
hut and human participant effects into a single measur-
able source of variation that can be accounted for with a
single random effect in generalised linear mixed models
(GLMM), requiring only a single degree of freedom to
maximize statistical power. Each of the eight participants
slept under an intact LLIN (PermaNet 2.0%, Vestergaard
Frandsen).

Two types of WSEBs were used [17]: (1) negative con-
trol, untreated sets with window screens and eight eave
baffle pieces, with a combined total surface area of about
6 sq m, that allowed mosquitoes to enter through half of
the eave gaps but allowed them to freely exit the house
and be captured in exit traps placed over the windows
and the other unscreened half of the eave gaps; or, (2)
PM-treated sets with screens over all the windows and 16
eave-baftle pieces covering all the eave gaps, with a com-
bined total surface area of about 12 sq m, to allow mos-
quitoes to enter through the eaves but then completely
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block their exit via windows or eaves with netting pan-
els that were treated with PM and BA. These 8-piece and
16-piece WSEB types were used for the untreated nega-
tive controls and for insecticide-impregnated test treat-
ments, respectively.

The treatment arrangements for each round of replica-
tion of the study design are summarized in Table 1. Two
replicate sets of 16-piece WSEBs were co-treated with
2 g/sq m PM and 17.3 ml/sq m of BA, as described above
for the wire ball assays, and labelled as T1 and T2. The
PM dosage selected was twice that recommended for IRS,
and was based on the slightly superior results obtained
from previous experimental hut trials of WSEBs [17],
rather than the results of the wire ball assays described
above, which suggested no advantage of this higher dos-
age. Four replicates of 8-piece untreated WSEBs labelled
as U1, U2, U3, and U4 acted as negative controls. Hut A
and C were randomly selected to be sprayed with 1 g/
sq m of PM according to standard IRS guidelines and fit-
ted with 8-piece sets of untreated WSEBs (Ul and U2),
which were then exchanged between these two IRS-
treated huts every day for the duration of the study. Hut B
and D were only sprayed with water (negative control for
IRS) and each was fitted with either a 16-piece WSEB set
treated with PM plus BA or an 8-piece untreated WSEB
set, and these two alternative treatments were exchanged

Table 1 Experimental treatment arrangement allocation
and rotation schedule

Rotation replicate day Hut Treatment

UT+IRS
u3
U2+IRS
T1
U2+IRS
T2
UT+IRS
U4
UT+IRS
U4
U2+IRS
T2
U2+IRS
T1
UT+IRS
U3

N @ >» ON ®>» N ® >0 N 0 >

A DA MDD W W W WNDNDNDDND= =2 = —

O

For indoor residual spraying (IRS) of pirimiphos-methyl (PM), as well as window
screens and eave baffles (WSEBs) that were either untreated (U) or treated (T)
with PM plus binding agent (BA) in the 4 experimental huts over each rotation
replicate cycle of 4 days, with all huts being occupied each night by 2 adult male
volunteers sleeping under a pyrethroid-treated long-lasting insecticidal net

U1, U2, U3, and U4 are WSEB-negative controls treated with BA only, while T1
and T2 are WSEBs treated with 2 g/sq m PM and BA
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every day. The replicates of each treatment (T1 for T2
and vice versa, U3 for U4 and vice versa) were exchanged
every 2nd day, staggered by 1 day to days 2 and 4 of the
replication cycle, so that exchange of treatment and rep-
licate were not covariant. This treatment rotation sched-
ule for WSEBs in these IRS-free huts therefore consisted
U3 and T1 on rotation replicate day 1 and 4, but U4 and
T2 on days 2 and 3 (Table 1). One full replicate of rota-
tion through these four arrangements was accomplished
over 4 nights, resulting in each of the 4 WSEB treatment
replicates relevant to water-sprayed huts (T1, T2, U3,
U4) being in each hut once, while both WSEB treatment
replicates relevant to huts with PM IRS were in each hut
twice.

A round of 4 such rotation replicates of 4 nights were
completed over a total of 16 nights. T1 and T2 were then
hand washed ten times by immersing for 10 min in 8-1
aliquots of distilled water containing 2 g/l of the same
clothes washing soap used for the wire ball assays of
wash resistance. This detergent was fully suspended just
before washing the WSEB set and then rinsed twice for
another 10 min in 8-1 aliquots of distilled water, before
being hung up to dry indoors for 12 h. These washed baf-
fles were then re-evaluated in experimental huts over
another 16 nights, comprising a full round of 4 rotation
replicates of 4 nights. The WSEBs were then washed for
a second sequence of 10 washes, as described above, and
underwent a third 16-night round of experimental hut
assessment.

The experimental evaluations of these insecticide-
treated WSEBs were carried out between January and
March 2017. IRS was applied to huts B and D on 10
January and the first round of 4 rotation replicates with
unwashed PM-WSEBs was conducted between 14 and
29 January. The second round of 4 rotation replicates
after the PM-WSEBs had been washed ten times were
conducted between 6 and 22 February, while the third
round after 20 washes was conducted between 28 and 15
March.

Every morning at 07.00, mosquitoes were collected
with mouth aspirators from the exit traps placed behind
half of the eaves and behind all of the windows, and from
inside the hut using back pack aspirators. Mosquitoes
which were already dead when collected were sorted and
counted immediately, while those which were still alive
were then kept in cups with access to sugar for 24 h in
a humidified, ventilated, shaded field insectary. At the
end of this holding period, live and dead mosquitoes
were separated, sorted and counted. The cups holding
mosquitoes from each of the three distinct collections
(eave traps, window traps, and remaining indoors) were
labelled by collection type, experimental hut identifier
and mortality classification (dead upon collection, dead
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after 24 h, alive after 24 h). All anopheline mosquitoes
were separated from culicines and then morphologi-
cally identified using taxonomic keys [27], sorted by sex
and abdominal status, and then counted. All Anopheles
mosquitoes caught were then desiccated over anhydrous
calcium sulphate in microcentrifuge tubes, and stored at
room temperature.

Data collection, management and analysis

All field data were collected on hard copies of updated
versions of the adult field collection experimental design
(ED1) and sample sorting (SS3) forms, recently described
for informatically robust collection of entomologic data
[28]. To ensure compliance with the experimental design,
all attributes defined by it were prefilled into the forms
(Additional file 1). The effects of treatment (categorical
independent variable) upon mosquito mortality were
estimated separately for each 16-night round of replica-
tion, between which WSEBs were washed ten times each.
The outcomes were estimated with GLMM using R soft-
ware version 3.2.1. The experimental hut and day were
treated as random effects, while the dependent variable
(mortality, expressed as the cumulative proportion of
mosquitoes which died in the huts or within 24 h of col-
lection) was fitted with a logit link function and binomial
distribution.

Results

Wire ball assessments with insectary-reared mosquitoes
For the wire ball assays, 100% mortality was recorded
for pyrethroid susceptible Kisumu strain 24 h after being
exposed to either 1 or 2 g/sq m treatments with the
binder, regardless of how many times they were washed.
For treatments without the binder, 100% mortality was
recorded at 0 washes and declined to less than 10% after
10 standard washes. Less than 5% mortality was consist-
ently observed for the negative controls (Fig. 2).

Experimental hut assessments against field populations

of mosquitoes

A total of 2884 specimens from the An. gambiae complex
were collected. The numbers of indoor-biting An. funes-
tus were far lower than in most previous studies [22, 23,
29] so only 333 specimens from this group were obtained,
probably because almost all households in the study area
had recently been sprayed with PM through routine pro-
grammatic service delivery of IRS. Indeed An. funestus
became very sparse towards the end of the study, result-
ing in< 10 specimens being caught per treatment group
during the final round of experimental replication after
20 washes. Data for An. funestus were therefore excluded
from the analysis and are not reported here.
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Fig. 2 The efficacy of polyester netting treated with pirimiphos-
methyl (PM) against pyrethroid-susceptible insectary-reared
Anopheles gambiae in terms of mosquito mortality as measured with
standardized wire ball assays with and without the binder

Out of 300 specimens from the An. gambiae complex
that were selected by randomly picking 100 mosquitoes
from each experimental round for molecular identifica-
tion to sibling species level, DNA from 265 (88%) were
successfully amplified, out of which 258 (97.4%) were
identified as Anopheles arabiensis and only 7 (2.6%) as
Anopheles quadriannulatus. Therefore, no species-strat-
ified analysis was considered necessary and results for
total numbers from this complex are considered to be
representative of An. arabiensis.
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Effects of IRS and WSEBs upon Anopheles arabiensis

In the first replication cycle after IRS application to 2 of
the 4 huts, at which point the WSEBs had not yet been
washed, both supplementary interventions using PM
greatly increased mortality rates compared to pyrethroid-
treated LLINs alone (Table 2, Fig. 3). When LLINs plus
PM-treated WSEBs were compared with LLINs plus IRS
with PM, mortality rates for the former appeared slightly
superior (Odds ratio (OR) [95% confidence interval] =4.3
[1.0, 18.7], P=0.053). After 10 and 20 washes, mortal-
ity rates achieved by PM-WSEBs were indistinguish-
able from those for LLINs supplemented with relatively
fresh PM-IRS that had been applied within the previous
2 months (P=0.22 and 0.83, respectively).

Discussion

Overall, LLINs supplemented with WSEBs, co-treated
with PM and BA, killed mosquitoes in at least equal pro-
portions to LLINs supplemented with conventional IRS
using the same organophosphate active ingredient, and
at least matched the WHO wash-resistance requirements
for pyrethroid-treatment of LLINs. While this study is
limited in that it did not use a complete Latin Squares
design, because IRS was sprayed in two huts and cannot
be rotated like LLINs and WSEBS, mortality is a robust
binary outcome less likely to vary with hut because these
were of a standardized design [25, 26] and any variations
in vector density will be reflected in both the nominator
and the denominator. Taken at face value, these results
indicate that PM plus BA co-treatments of WSEBs
could potentially last for up to 3 years, assuming that 20
standard washes stipulated by WHO pesticide evalua-
tion scheme guidelines for LLINs are indeed representa-
tive of 3 years of field use [19]. If such durability could
be realized under conditions of routine use, insecticide
retreatment frequency could be reduced relative to IRS
applications, which typically last between 2 and 9 months
on highly variable wall and ceiling surfaces [30-32].
Combined with the reduced surface area that needs to
be treated when PM is selectively applied to WSEBEs,
instead of entire inner surfaces of houses, this suggests
that insecticide consumption requirements could indeed
be reduced by at least an order of magnitude [17]. Fur-
thermore, such reduced retreatment frequency relative
to IRS, which requires full access to the insides of houses
and temporary removal of furniture and food once or
twice a year, could also mitigate against householder
compliance fatigue and refusals [33-35]. The potential
for in situ application by brush or roller, rather than pre-
installation dipping, may also have significant advan-
tages over spraying in terms of safety, convenience and
acceptability.



Chinula et al. Malar J (2018) 17:164

Page 7 of 9

Table 2 Mortality rates of Anopheles arabiensis in experimental huts

Replication cycle 1 (WSEBs not

Replication cycle 2 (WSEBs washed 10

Replication cycle 3 (WSEBs washed

washed) times) 20 times)
Treatments Mortality [CI]* ORP [CI]? P Mortality [CI]* ORP [CI]? P Mortality [CI]* ORP [CI]? P
Anopheles arabiensis
LLINs only 0.58 [0.40,0.74]  1.00 NA NA® 0.571[0.32,080]  1.00 NA® NAS 0.50[0.27,0.80]  1.00 NA® NAS
LLINS 4+ PM-IRS 0.96[091,098] 163[6.2428 <0001 095[0.87,098] 153[3.6643] <0001 095[086,098] 188I[43,77.5] <0.001
LLINs+PM-WSEBs  0.99[0.96,1.00] 70.0[21.8224] <0.001 098[0.94,1.00] 41.7[19887.6] <0.001 094[0.79098] 153[4.5515] <0.001

Occupied by volunteers sleeping under long-lasting insecticidal nets (LLINs) treated with deltamethrin (a pyrethroid) as used alone, supplemented with indoor
residual spraying (IRS) of pirimiphos-methyl (PM, an organophosphate), or supplemented with window screens and eave baffles (WSEBs) treated with PM plus a

binding agent

? 95% Confidence interval
b Odds ratio

¢ Not applicable

O LLINS only
] LLINs + PM-IRS
Il LLINs + PM-WSEBs

0 Washes 10 Washes 20 Washes

100%
. 80% -
£ 60% - —
- —
< 4
[
S 40% -
S |

20% -
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1 2 3
EVALUATION CYCLE

Fig. 3 Shows the efficacy of window screens and eave baffles
(WSEBs) treated with binding agent and 2 g/sq m pirimiphos-methyl
(PM) or indoor residual spraying (IRS) with 1 g/sgq m PM as supple-
mentary vector control measures to pyrethroid-treated long-lasting
insecticidal nets (LLINS), expressed in terms of mortality of Anopheles

arabiensis entering experimental huts

Nevertheless, these results should be interpreted with
caution, because the WSEBs used here were just an
experimental prototype that can only be used under the
artificial conditions of standardized experimental huts.
Developing scalable procedures for installation in a range
of different housing designs may be challenging, and
experience with traditional house screening suggests that

cost represents a significant obstacle [36]. The practical-
ity, effectiveness and costs of such scalable formats will
then need to be rigorously evaluated under representa-
tive field conditions before programmatic scale up could
be considered. Also, long-term durability in the field
under representative conditions of routine use in regu-
lar houses will have to be assessed, probably with netting
materials that are far more robust than polyester. While
demonstration of wash resistance is encouraging, this is
not the same thing as normal exposure to wind, rain, sun-
light, and routine wear-and-tear in real houses.

Like PM-IRS, supplementation of pyrethroid-treated
LLINs with PM-WSEBs had far greater impacts upon
pyrethroid-resistant field population of An. arabiensis,
than LLINs alone. In areas where insecticide resistance
has emerged WSEBs treated with complementary insec-
ticides may have potential for cost-effectively restoring
full impact of indoor-based malaria vector control [8,
37, 38]. Additionally WSEBs may counteract some of the
limitations of LLINs against behaviourally resilient and/
or resistant vectors, such as endophagic but early-exiting
An. arabiensis [39, 40]. Indeed it is noteworthy that An.
arabiensis constituted a far greater proportion of the An.
gambiae complex in this setting at the time of this study
than before the roll out of PM-IRS [13, 22]. The vec-
tor system against which these WSEBs were so effica-
cious was therefore probably a representative example of
residual transmission by behaviourally resistant/resilient
vectors.

Conclusion

WSEBs may remain insecticidal for years rather than
months. Insecticide consumption needs for WSEBs could
therefore be far lower than for IRS, because it may be pos-
sible to not only reduce surface area to be treated in each
house, but also the re-treatment frequency. This study
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therefore adds further evidence that WSEBs could have
several complementary benefits, in terms of incremen-
tal impacts upon malaria transmission and improved,
more affordable resistance management, if they could be
implemented at scale alongside LLINs. However, for pro-
grammatic vector control, new WSEBs prototypes will
need to be developed that can be practically and afford-
ably installed in a diversity of housing designs. If such
programmatically effective WSEBs can be designed, they
could be used to counteract the low and declining cover-
age of IRS with expensive alternatives to pyrethroids [10,
11] across Africa and beyond.

Additional file

Additional file 1. Data collection forms for the experimental hut study,
South East of Zambia.

Abbreviations

BA: binding agent; GLMM: generalized linear mixed models; GPIRM: global
plan for insecticide resistance management; IRS: indoor residual spraying;
LLINs: long-lasting insecticidal nets; PM: pirimiphos-methyl; T in Table 1:
treatment; U in Table 2: untreated; WHO: World Health Organization; WSEBs:
window screens and eave baffles.

Authors’ contributions

DC, GFK, FO, CHS, BH, EC, PCK, and LR contributed to the conceptualisation,
design, interpretation, drafting, and review of manuscript. RZ provided IRS
details for Zambia and reviewed the manuscript. SSK assisted in data manage-
ment, analysis and review of manuscript. DC and GFK drafted the manuscript
and performed statistical analysis. All authors read and approved the final
manuscript.

Author details

! National Malaria Elimination Centre, Chainama Hills Hospital Grounds, PO
Box 32509, Lusaka, Zambia. 2 Ministry of Health, Directorate of Public Health,
Lusaka, Zambia. > Vector Biology Department, Liverpool School of Tropical
Medicine, Pembroke Place, Liverpool L35QA, UK. * Environmental Health

and Ecological Sciences Department, Ifakara Health Institute, Kiko Avenue,

PO Box 53, Ifakara, United Republic of Tanzania. > School of Public Health,
University of the Witwatersrand, Parktown, Johannesburg, South Africa.

8 Institute of Biodiversity, Animal Health and Comparative Medicine, University
of Glasgow, Glasgow G12 8QQ, UK.

Acknowledgements

We would like to thank Dr. Jennifer Stevenson from the Macha Research Trust
for her support, and also the study volunteers in Chisobe village for having
made this study possible.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate

All participants were recruited through a documented informed consent pro-
cess, which was approved by ERES Converge IRB Zambia (Reference 2015.003)
and the Liverpool School of Tropical Medicine (Reference 15.044).

Funding
This study was funded by a Wellcome Trust Masters Training Fellowship, Award
Number 103271/2/13/Z.

Page 8 of 9

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 26 October 2017 Accepted: 4 April 2018
Published online: 13 April 2018

References
1. WHO. World malaria report. Geneva: World Health Organization; 2016. p.
148.

2. Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al.
The effect of malaria control on Plasmodium falciparum in Africa between
2000 and 2015. Nature. 2015;526:207-11.

3. Gething PW, Casey DC, Weiss DJ, Bisanzio D, Bhatt S, Cameron E, et al.
Mapping Plasmodium falciparum mortality in Africa between 1990 and
2015.N Engl J Med. 2016;375:2435-45.

4. WHO. Global plan for insecticide resistance management. Geneva: World
Health Organization; 2012. p. 130.

5. Hemingway J, Shretta R, Wells TN, Bell D, Djimde AA, Achee N, et al. Tools
and strategies for malaria control and elimination: what do we need to
achieve a grand convergence in malaria? PLoS Biol. 2016;14:21002380.

6. Hemingway J, Ranson H, Magill A, Kolaczinski J, Fornadel C, Gimnig J,
et al. Averting a malaria disaster: will insecticide resistance derail malaria
control? Lancet. 2016;387:1785-8.

7. Ranson H, Lissenden N. Insecticide resistance in African Anopheles
mosquitoes: a worsening situation that needs urgent action to maintain
malaria control. Trends Parasitol. 2016;32:187-96.

8. Ngufor C, Faghbohoun J, Critchley J, N'Guessan R, Todjinou D, Malone D,
et al. Which intervention is better for malaria vector control: insecticide
mixture long-lasting insecticidal nets or standard pyrethroid nets com-
bined with indoor residual spraying? Malar J. 2017;16:340.

9. Mnzava AP, Knox TB, Temu EA, Trett A, Fornadel C, Hemingway J, et al.
Implementation of the global plan for insecticide resistance manage-
ment in malaria vectors: progress, challenges and the way forward. Malar
J.2015;14:173.

10. Oxborough RM. Trends in US President’s Malaria Initiative-funded indoor
residual spray coverage and insecticide choice in sub-Saharan Africa
(2008-2015): urgent need for affordable, long-lasting insecticides. Malar J.
2016;15:146.

11. Chanda E, Mzilahowa T, Chipwanya J, Mulenga S, Ali D, Troell P, et al. Pre-
venting malaria transmission by indoor residual spraying in Malawi: grap-
pling with the challenge of uncertain sustainability. Malar J. 2015;14:254.

12. Thomsen EK, Strode C, Hemmings K, Hughes AJ, Chanda E, Musapa M,
et al. Underpinning sustainable vector control through informed insecti-
cide resistance management. PLoS ONE. 2014;9:299822.

13. Hamainza B, Sikaala CH, Moonga HB, Chanda J, Chinula D, Mwenda M,
et al. Incremental impact upon malaria transmission of supplement-
ing pyrethroid-impregnated long-lasting insecticidal nets with indoor
residual spraying using pyrethroids or the organophosphate, pirimiphos
methyl. Malar J. 2016;15:100.

14. ChoiKS, Christian R, Nardini L, Wood OR, Agubuzo E, Muleba M, et al.
Insecticide resistance and role in malaria transmission of Anopheles funes-
tus populations from Zambia and Zimbabwe. Parasit Vectors. 2014;7:464.

15. PMI/AIRS-Zambia: Zambia_Structure definition manual; 2014. p. 5.

16. Raouf S, Mpimbaza A, Kigozi R, Sserwanga A, Rubahika D, Katamba H,
et al. Resurgence of malaria following discontinuation of indoor residual
spraying of insecticide in a previously high transmission intensity area of
Uganda. Clin Infect Dis. 2017,65:453-60.

17. Killeen GF, Masalu JP, Chinula D, Fotakis EA, Kavishe DR, Malone D,
et al. Control of malaria vector mosquitoes by insecticide-treated
combinations of window screens and eave baffles. Emerg Infect Dis.
2017;23:782-9.

18. Mnyone LL, Lyimo IN, Lwetoijera DW, Mpingwa MW, Nchimbi N, Hancock
PA, et al. Exploiting the behaviour of wild malaria vectors to achieve high
infection with fungal biocontrol agents. Malar J. 2012;11:87.

19. WHO. Guidelines for testing mosquito adulticides for indoor residual
spraying and treatment of mosquito nets. Geneva: World Health Organi-
zation; 2006. p. 60.


https://doi.org/10.1186/s12936-018-2309-2

Chinula et al. Malar J (2018) 17:164

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Sahu SS, Gunasekaran K, Vijayakumar KN, Jambulingam P. Bio-efficacy,
physical integrity, community usage and washing practices of mosquito
nets treated with ICON MAXX long-lasting insecticidal treatment in India.
Mem Inst Oswaldo Cruz. 2017;112:108-15.

David Barnett SLA. Improved insecticidal textile material. Not Classified
ed. Geneva: World Intellectual Property Organization; 2007.

Sikaala CH, Killeen GF, Chanda J, Chinula D, Miller JM, Russell TL, et al.
Evaluation of alternative mosquito sampling methods for malaria vectors
in Lowland South-East Zambia. Parasit Vectors. 2013;6:91.

Seyoum A, Sikaala CH, Chanda J, Chinula D, Ntamatungiro AJ, Hawela

M, et al. Human exposure to anopheline mosquitoes occurs primarily
indoors, even for users of insecticide-treated nets in Luangwa Valley,
South-east Zambia. Parasit Vectors. 2012;5:101.

Lobo NF, St Laurent B, Sikaala CH, Hamainza B, Chanda J, Chinula D, et al.
Unexpected diversity of Anopheles species in Eastern Zambia: implica-
tions for evaluating vector behavior and interventions using molecular
tools. Sci Rep. 2015;5:17952.

Okumu FO, Moore J, Mbeyela E, Sherlock M, Sangusangu R, Ligamba

G, et al. A modified experimental hut design for studying responses of
disease-transmitting mosquitoes to indoor interventions: the Ifakara
experimental huts. PLoS ONE. 2012;7:€30967.

Massue DJ, Kisinza WN, Malongo BB, Mgaya CS, Bradley J, Moore JD,

et al. Comparative performance of three experimental hut designs for
measuring malaria vector responses to insecticides in Tanzania. Malar J.
2016;15:165.

Gillies MT, Coetzee M. A supplement to the Anophelinae of Africa South
of the Sahara (Afrotropical region). Johannesburg: South African Medical
Research Institute; 1987.

Kiware SS, Russell TL, Mtema ZJ, Malishee AD, Chaki P, Lwetoijera D, et al.
A generic schema and data collection forms applicable to diverse ento-
mological studies of mosquitoes. Source Code Biol Med. 2016;11:4.
Sikaala CH, Chinula D, Chanda J, Hamainza B, Mwenda M, Mukali |, et al.
A cost-effective, community-based, mosquito-trapping scheme that
captures spatial and temporal heterogeneities of malaria transmission in
rural Zambia. Malar J. 2014;13:225.

Chanda E, Chanda J, Kandyata A, Phiri FN, Muzia L, Haque U, et al. Efficacy
of ACTELLIC 300 CS, pirimiphos methyl, for indoor residual spraying in
areas of high vector resistance to pyrethroids and carbamates in Zambia.
J Med Entomol. 2013;50:1275-81.

32.

33

34.

35.

36.

37.

38.

39.

40.

Page 9 of 9

. Oxborough RM, Kitau J, Jones R, Feston E, Matowo J, Mosha FW, et al.

Long-lasting control of Anopheles arabiensis by a single spray application
of micro-encapsulated pirimiphos-methyl (Actellic(R) 300 CS). Malar J.
2014;13:37.

Dengela D, Seyoum A, Lucas B, Johns B, George K, Belemvire A, et al.
Multi-country assessment of residual bio-efficacy of insecticides used

for indoor residual spraying in malaria control on different surface types:
results from program monitoring in 17 PMI/USAID-supported IRS coun-
tries. Parasit Vectors. 2018;11:71.

WHO. Use of indoor residual spraying for scalling up global malaria con-
trol and elimination. Geneva: Global Malaria Programme, World Health
Organization; 2006. p. 61.

Munguambe K, Pool R, Montgomery C, Bavo C, Nhacolo A, Fiosse L, et al.
What drives community adherence to indoor residual spraying (IRS)
against malaria in Manhica district, rural Mozambique: a qualitative study.
Malar J. 2011;10:344.

Kaufman MR, Rweyemamu D, Koenker H, Macha J."My children and | will
no longer suffer from malaria”: a qualitative study of the acceptance and
rejection of indoor residual spraying to prevent malaria in Tanzania. Malar
J.2012;11:220.

Kirby MJ, Ameh D, Green C, Jawara M, Milligan PJ, Bottomley C, et al. Effi-
cacy of two different house screening interventions against exposure to
malaria and anaemia in children in The Gambia: a randomized controlled
trial. Lancet. 2009;374:998-1009.

N'Guessan R, Odjo A, Ngufor C, Malone D, Rowland M. A chlorfenapyr
mixture net Interceptor(R) G2 shows high efficacy and wash durability
against resistant mosquitoes in West Africa. PLoS ONE. 2016;11:e0165925.
Ngufor C, N'Guessan R, Fagbohoun J, Todjinou D, Odjo A, Malone D, et al.
Efficacy of the Olyset Duo net against insecticide-resistant mosquito vec-
tors of malaria. Sci Transl Med. 2016;8:356ra121.

Killeen GF, Govella NJ, Lwetoijera DW, Okumu FO. Most outdoor malaria
transmission by behaviourally-resistant Anopheles arabiensis is medi-
ated by mosquitoes that have previously been inside houses. Malar J.
2016;15:225.

Govella NJ, Chaki PP, Killeen GF. Entomological surveillance of behavioural
resilience and resistance in residual malaria vector populations. Malar J.
2013;12:124.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Wash-resistance of pirimiphos-methyl insecticide treatments of window screens and eave baffles for killing indoor-feeding malaria vector mosquitoes: an experimental hut trial, South East of Zambia
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Laboratory assays
	Field experiments
	Data collection, management and analysis

	Results
	Wire ball assessments with insectary-reared mosquitoes
	Experimental hut assessments against field populations of mosquitoes
	Effects of IRS and WSEBs upon Anopheles arabiensis

	Discussion
	Conclusion
	Authors’ contributions
	References




