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Abstract 

Background  Spatial repellents can provide personal and household protection against biting vector mosquitoes 
by volatizing repellents into the air within a given area. Mosquito Shield™ is a transfluthrin passive emanator undergo‑
ing evaluation for malaria control. Studies evaluating its entomological impact against different local malaria vector 
populations would help guide its deployment in endemic countries.

Methods  A two-arm single-blinded small-scale household randomised entomological trial was conducted to assess 
the impact of Mosquito Shield™ on the human landing rate of wild pyrethroid-resistant Anopheles gambiae sensu lato 
(s.l.) vector mosquitoes in houses in the Ganhoua village of the Zakpota District of central Benin. From a total of 30 
houses, 15 were randomly allocated to receive Mosquito Shield™, while the remainder received a placebo prod‑
uct. The trial lasted through the life of the Mosquito Shield™ product (32 days). Mosquito sampling was performed 
by human landing catches at baseline and at 6 timepoints post-intervention (days 0–1, 7–8, 14–15, 21–22, 28–29 
and 31–32). Collections were performed for 2 nights at each sampling time point. WHO cylinder bioassays were 
conducted during the trial with F1 An. gambiae s.l. mosquitoes that emerged from larvae from the study area to assess 
the intensity of resistance to pyrethroids in the wild vector population.

Results  The vector population in the study area showed a high intensity of resistance to pyrethroids. Baseline An. 
gambiae s.l. human landing rates were similar in houses in both study arms before product application (11.53/person/
night vs 11.67/person/night, p > 0.05). A total of 5736 mosquitoes were collected in the placebo control arm and 3862 
in the Mosquito Shield™ arm post-intervention. Overall An. gambiae s.l. post-intervention human landing rates were 
significantly lower in houses in the Mosquito Shield™ arm (18.13/person/night) compared to the houses in the pla‑
cebo control arm (26.84/person/night, IRR = 0.658, p < 0.001). Over the lifespan of the product, Mosquito Shield™ pro‑
vided a significant protective efficacy of 34.2% (22.1–44.4%, p < 0.001) against wild pyrethroid-resistant An. gambiae s.l. 
vectors compared to the placebo. Human landing rates of other nuisance vector mosquito species (Culex and Manso-
nia) were also reduced in houses treated with Mosquito Shield™ compared to the placebo.

Conclusion  Mosquito Shield™, a transfluthrin passive emanator, provided significant protection against pyrethroid-
resistant malaria vectors to households in Benin. The spatial repellent shows potential to reduce malaria transmission 
by pyrethroid-resistant An. gambiae s.l. vector mosquitoes and cover gaps in malaria control when deployed to com‑
plement existing vector control interventions.
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Background
Vector control through the large-scale deployment of 
insecticide-treated nets (ITNs) and indoor residual spray-
ing (IRS) contributed substantially to the remarkable 
reductions in malaria burden between 2000 and 2015 [1]. 
Global progress against malaria has unfortunately stalled 
in recent years and is expected to go further off course if 
no additional measures are implemented [2]. This stalled 
progress has been attributed to several factors including 
the development of vector resistance to the insecticides 
used on ITNs and IRS, poor access and durability of ITNs 
and reduced funding for malaria control [2]. This high-
lights the need to both strengthen the impact of exist-
ing tools and bring to market new cost-effective vector 
control interventions to fill gaps in protection and facili-
tate advancements towards global malaria elimination 
targets.

Spatial repellents are airborne repellent compounds 
that alter mosquito behaviours inducing movement away 
from a chemical stimulus and interfering with host detec-
tion and feeding [3]. By disrupting the mosquito’s host-
seeking behaviour when volatilized into the air within a 
given area, they reduce human vector contact and thus 
provide personal and household protection potentially 
reducing disease transmission [3–5]. Commercial spa-
tial repellent products, such as mosquito coils, and elec-
trical plug-ins are widely available for protection from 
mosquito bites. However, these products require a heat 
source to volatize the active ingredient (AI) and disperse 
adequate concentrations into the target area resulting in 
poor user compliance and health risks associated with 
the smoke generated by burning [6–8]. Passive emana-
tor spatial repellents were developed to provide a volatile 
concentration of the repellent active ingredient at room 
temperature from a point source using only natural air-
flow thus requiring little to no compliance from the user 
[9]. Their efficacy against Aedes mosquito vectors of dis-
eases such as dengue, chikungunya and Zika has been 
demonstrated in multiple studies [9, 10].

Mosquito Shield™, a transfluthrin passive emanator 
developed by SC Johnson & Son Inc, is a spatial repel-
lent product designed to be easy to use with minimal 
handling, which may help to increase user compliance 
and acceptability. It can be hung in semi-enclosed and 
enclosed spaces to continuously protect against bites 
from mosquitoes. The emanator consists of a multilayer 
plastic film pre-treated with 110  mg of transfluthrin 
which passively emanates using natural airflow to pro-
tect people from mosquitoes in a specific area. Previous 
studies in Peru demonstrated the potential of an earlier 
prototype of Mosquito Shield™ to provide substantial 
reductions in human-vector contact and Aedes-borne 
viral disease transmission [11]. A cluster randomized 

controlled trial (RCT) in Indonesia showed a 60% pro-
tective efficacy against malaria infection in moderate to 
high-risk clusters that received the product [12]. Further 
RCTs to determine the public health value of Mosquito 
Shield™ as part of the required evidence for the endorse-
ment of the intervention for malaria control by the World 
Health Organization (WHO), are ongoing in Kenya [13] 
and Mali [14]. In addition to RCTs, small-scale entomo-
logical studies investigating the impact of spatial repel-
lent passive emanators against local malaria vectors may 
help guide their deployment. Several semi-field entomo-
logical trials conducted in East Africa have demonstrated 
the capacity of transfluthrin-based spatial repellent prod-
ucts including Mosquito Shield™ to protect humans from 
malaria mosquito bites [15–17]. There is however little to 
no evidence of their entomological performance in West 
Africa where local vectors have historically exhibited 
higher levels of pyrethroid resistance [18].

A small-scale household randomised trial was thus 
conducted to assess the entomological efficacy of Mos-
quito Shield™ in households in the Zakpota District of 
central Benin where the local vector population shows a 
high intensity of resistance to pyrethroids. Thirty house-
holds recruited from the study area were randomized 
to receive Mosquito Shield™ or a placebo product and 
performance was assessed in terms of the reduction in 
landing rates of wild vector mosquitoes on humans in 
Mosquito Shield™ treated households compared to the 
placebo-treated households.

Methods
Study area
The study was performed in the Ganhoua village situ-
ated in the Za-Kpota District (7.2384° N, 2.2040° E) of the 
Zou Department of Benin. Results from a recent ento-
mological survey conducted in the Za-Kpota District 
showed that the main vector, Anopheles gambiae sensu 
lato (s.l.) consists of ~ 45% Anopheles coluzii and ~ 55% 
An. gambiae sensu stricto (s.s.) and is highly resistant to 
pyrethroids mediated by high levels of kdr (> 80%) and 
overexpressed P450 enzymes [19].

Study design and sample size considerations
This was a two-armed single-blinded small-scale house-
hold randomized entomological trial with houses as units 
of observation. The evaluation was performed in a total 
of 30 houses; 15 were randomly allocated to receive the 
Mosquito Shield™ product and the remainder received a 
placebo that was similar to the product but did not con-
tain the active ingredient. Based on human landing rates 
of the main malaria vector per house per night observed 
in a previous study in the study area, with a total of 12 
collection nights in each house through the life of the 
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product, the study design had > 80% power to detect a 
25% reduction in human landing rates with Mosquito 
Shield™. After the recruitment of households, a baseline 
survey was conducted to assess household character-
istics, mosquito species composition and human land-
ing rates in each house. Treatments were then applied, 
and houses were assessed for the impact of the product 
on human landing rates of the major malaria vector at 
specific time points throughout the life of the product. 
Householders and mosquito collectors were blinded to 
the intervention applied in each house.

Recruitment and allocation of participating households
Approximately forty-five (45) households were initially 
recruited at baseline. Houses were recruited within a 
2.5 km transect of the village and were within 10–15 min 
walking distance from each other. Households with preg-
nant and/or nursing mothers were excluded for safe-
guarding reasons. The study details and frequency of 
sampling were explained to householders by the study 
team in their local language with support from commu-
nity health workers. Following recruitment, a baseline 
survey was conducted to collect data on the construction 
characteristics, presence of ITNs and frequency of use of 
vector control products in each household. To help guide 
the deployment of the product, measurements were 
taken of each room in the recruited household. Base-
line entomological indices for malaria vectors including 
species composition and human landing rates, were col-
lected via human landing catches (HLC). Out of the 45 
households recruited at baseline, thirty were included in 

the evaluation (Fig. 1). Houses showing very low vector 
mosquito landing rates and high use of consumer vec-
tor control products (coils, sprays, repellents) at baseline 
were excluded. Households included in the evaluation 
also agreed to not use consumer vector control products 
during the study. Selected households were then ran-
domly allocated to each study arm based on baseline An. 
gambiae s.l. human landing rates. Randomization was 
performed multiple times to ensure that both study arms 
were similar in terms of An. gambiae s.l. human landing 
rates at baseline.

Installation of Mosquito Shield™ products
All rooms in study houses were between 9 m2 and 18 m2 
in size thus requiring 4 Mosquito Shield™ products per 
room per house (1 per wall) as indicated by the manu-
facturer’s instructions. Installation was done by the study 
team in each study house. Products were fixed on walls 
using nails and small pieces of wood and were placed 
at approximately two-thirds of the wall height from the 
floor (Fig.  2). Placebo products were installed using the 
same method. A total of 140 Mosquito Shield™ and 132 
placebo products were installed in the houses included in 
the study.

Mosquito sampling and processing
The trial was performed from April to May 2022 and 
lasted for the duration of the efficacy of the Mosquito 
Shield™ product (32  days). Mosquitoes were sampled 
in recruited houses once at baseline and 6 times within 
the life of the product (0–1, 7–8, 14–15, 21–22, 28–29, 

Fig. 1  Study flowchart
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31–32  days) post-treatment application, using HLC. 
Sampling was done for 2 consecutive nights at each 
round of sampling in one dedicated room in each house 
agreed upon in consultation with the head of the house-
hold. Consenting human volunteer mosquito collectors 
working in pairs collected mosquitoes landing on their 
legs overnight from 7 pm to 7 am in each house on each 
sampling day. Collections were done in two shifts each 
night (7 pm to 1 am and 1 am to 7 am). The collectors sat 
on chairs with their lower limbs exposed and collected all 
mosquitoes, which landed on them using sucking tubes. 
To characterize Anopheles biting time behaviour, collec-
tions were recorded per hour. To control human attrac-
tiveness to mosquitoes, for each collection round, human 
collector pairs were rotated between houses in the inter-
vention arm and the placebo arm on successive nights.

In the morning, all collected mosquitoes were trans-
ported to the laboratory for morphological identification 
to species level using appropriate taxonomic keys. The 
date of collection, house identification number and spe-
cies were recorded for each mosquito. The key outcome 
measure used to determine the efficacy of Mosquito 
Shield™ in the study houses was the protective efficacy 
defined as the percentage reduction in human landing 
rates of malaria vector mosquitoes collected by HLC in 
households in the treated arm compared to the placebo 
arm.

Data analysis
Differences in the numbers of female An. gambiae s.l. 
landing per person per household were analysed using 
mixed effects negative binomial regression in STATA ver-
sion 17 with treatments, collection timepoint and house-
holds added as fixed/random effects. Vector incidence 

rate ratios (IRR) between the Mosquito Shield™ and pla-
cebo arms and 95% confidence intervals were calculated 
for the entire duration of the study and for each sampling 
timepoint.

Overall efficacy was expressed in terms of the protec-
tive efficacy (PE) against mosquito landing rates in the 
Mosquito Shield™ arm relative to the control placebo 
arm which was calculated as follows:
PE = (1− IRR)× 100 where IRR is the incidence rate 

ratio in the Mosquito Shield™ group compared to the 
placebo group.

Ethical considerations
The study received ethical approval from the ethics 
review committee of the Ministry of Health in Benin 
(CNERS, No. 54). Informed consent was obtained from 
the head of each participating household and mosquito 
collectors before they participated in the study (Appen-
dix  3). The consent forms and participant information 
sheets were explained to them in their local language. An 
impartial witness was used when participants could not 
read or write. Mosquito collectors were offered chemo-
prophylaxis during the study. A study nurse was available 
to examine any cases of fever and any collectors found 
positive for malaria, were treated free of charge during 
the study and up to 4  weeks after the end of the study. 
Participants were free to withdraw from the study at any 
time.

Susceptibility tests
To determine the frequency of insecticide resistance in 
the wild vector population of the study area during the 
trial, WHO cylinder bioassays were performed on 2 to 
5  days old adult F1 female mosquitoes emerging from 

Fig. 2  Installation of Mosquito Shield™ products on home walls
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larvae collected from breeding sites around the study 
houses. Approximately 100 female mosquitoes per insec-
ticide were exposed for 1  h in batches of 25 to alpha-
cypermethrin 0.05% and permethrin 0.75% and to filter 
papers treated 5× and 10× the diagnostic doses of these 
insecticides. Knockdown was recorded after 1  h and 
mortality after a 24 h holding period.

Results
Baseline characteristics of participating households
The average number of inhabitants per household among 
the 30 households included in the study was 2 and this 
was similar between households in both study arms 
(Table 1). All households owned at least one LLIN. The 
proportion of people who reported sleeping under nets 
every night was 80%. Most nets were PermaNet® 2.0 
(13/30) and Yorkool® (14/30). Overall, most houses were 
made of either cement or a mixture of mud and cement 
(27/30). Two households reported using consumer vec-
tor control products on some nights. An. gambiae s.l, was 
the most abundant mosquito species in the study houses 
at baseline and represented 73% of the collection. Other 
species collected in lower densities were Mansonia afri-
cana (18%) and Culex quinquefasciatus (8%).

Species composition and overall mosquito landing rates 
post‑intervention
A total of 5736 female mosquitoes were collected in the 
placebo arm and 3862 female mosquitoes in the Mos-
quito Shield™ arm post-intervention giving an overall 
reduction in mosquito landing rates of 32.67% (Table 2). 
The largest proportion of mosquito species collected 
were An. gambiae s.l. followed by Culex spp and Man-
sonia spp.. Small numbers of secondary malaria vectors 
(Anopheles pharoensis and Anopheles ziemani) were also 
collected. Species composition in terms of the proportion 
of each species, was generally similar across both study 
arms. Overall, for each mosquito genera, lower numbers 
were collected in houses in the Mosquito Shield™ arm 
compared to the placebo arm (Table 2) and these differ-
ences were significant for Anopheles, Culex and Manso-
nia mosquitoes (26.57–35.20%, p < 0.05). Reductions in 
Aedes aegypti were observed though the numbers col-
lected were too few (13).

Reduction in human landing rates of An. gambiae s.l.
The An. gambiae s.l. landing rates in both study arms at 
each time point and reductions observed with Mosquito 
Shield™ relative to the placebo control arm are shown 
in Table  3 and Fig.3. Landing rates were lower at base-
line compared to post-intervention time points and this 
can be attributed to local changes in vector density over 
time. Landing rates were generally lower in houses in the 
Mosquito Shield™ arm compared to the placebo control 
arm at all 6 post-intervention sampling timepoints and 
these differences were significant at most time points 
(P < 0.05). Overall, mosquito landing was significantly 
lower in houses with Mosquito Shield™ (18.13 bites per 
person per night) compared to the placebo control (26.84 
bites per person per night, IRR = 0.658, P < 0.001). The 
protective efficacy of Mosquito Shield™ was lowest in the 
first round of collection (9.1% at 0–1-day, p = 0.335) but 

Table 1  Household characteristics

Placebo Mosquito 
Shield™

Total

N N N (%)

Indicators

 Total N of households 15 15 30 –

 Total N of people 51 40 91 –

 Number of rooms for sleeping 26 20 46 –

 Mean number of persons 
per house

2 2 2

Type of housing

 Mud 3 4 7 23.33

 Cement 8 5 13 43.33

 Mud + Cement 4 6 10 33.33

LLINs

PermaNet 2.0 5 8 13 43.33

 Yorkool 8 6 14 46.66

 Other LLINs 1 2 3 10

Use of LLINs

 Every night (7 nights) 12 12 24 80

Use of consumer vector control 
products

 Every night (7 nights) 0 0 0 0

 Most nights (5–6) 0 0 0 0

 Some night (1–4 nights) 1 1 2 6.66

 Not used last week 1 1 2 6.66

Table 2  Total numbers and species composition of mosquitoes 
collected by HLC per study arm

Species Placebo Mosquito 
Shield

Reduction in 
numbers collected 
(%)

N % N %

Anopheles gambiae s.l 4831 84.22 3263 84.49 32.46

Anopheles pharoensis 93 1.62 49 1.27 47.31

Anopheles ziemani 12 0.21 1 0.03 91.67

Aedes aegypti 13 0.23 2 0.05 84.62

Culex species 358 6.24 232 6.01 35.20

Mansonia species 429 7.48 315 8.16 26.57

Total 5736 100 3862 100 32.67
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increased in the subsequent time points and ranged from 
18.1% to 59%. This was probably due to the product tak-
ing some time to build up the volatile AI in the treated 
houses.

Mosquito Shield™ provided a significant overall protective 
efficacy of 34.2% (22.1–44.4%, p < 0.001) post-intervention. 

Hourly biting rates of An. gambiae sl were also consistently 
higher in the placebo control arm compared to the Mos-
quito Shield™ arm at all times of the night (Fig. 4). A larger 
reduction in mosquito biting was observed in the early 
morning hours (4:00 am to 7:00 am) with Mosquito Shield™ 
compared to the placebo (Fig. 4).

Table 3  Human landing rates and protective efficacy of Mosquito Shield™ against wild An. gambiae sl in households in Ganhoua 
village, Zakpota sub-district, Benin

Time point Arm Total collected Person nights HBR IRR (95% CI) % Protective 
efficacy (95% CI)

p value

Baseline Placebo 346 30 11.53 1.012 (0.834–1.226) n/a 0.907

Mosquito Shield 350 30 11.67

0–1 days Placebo 879 30 29.30 0.909 (0.749–1.104) 9.1 (0–25.1) 0.335

Mosquito Shield 799 30 26.63

7–8 days Placebo 1007 30 33.57 0.410 (0.309–0.544) 59 (45.6–69.1) < 0.001

Mosquito Shield 428 30 14.27

14–15 days Placebo 719 30 23.97 0.819 (0.535–1.255) 18.1 (0–46.5) 0.359

Mosquito Shield 589 30 19.63

21–22 days Placebo 676 30 22.53 0.779 (0.654–0.927) 22.1 (7.3–54.8) 0.005

Mosquito Shield 535 30 17.83

29–30 days Placebo 822 30 27.40 0.540 (0.452–0.644) 46 (35.6–54.8) < 0.001

Mosquito Shield 450 30 15.00

31–32 days Placebo 728 30 24.27 0.599 (0.463–0.774) 40.1 (22.6–53.7) < 0.001

Mosquito Shield 462 30 15.40

Total (post intervention) Placebo 4831 180 26.84 0.658 (0.556–0.779) 34.2 (22.1–44.4) < 0.001

Mosquito Shield 3263 180 18.13
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Susceptibility test results
Mortality rates of the susceptible laboratory-main-
tained An. gambiae s.s. Kisumu strain after exposure 
to permethrin and alpha-cypermethrin treated papers 
in WHO cylinder bioassays were both 100%. With the 
wild An. gambiae s.l. from the study area (Ganhoua), 
mortality rates were 37% at 1X, 80% at 5X and 75% for 
permethrin and 25% at 1X, 78% at 5X and 77% at 10X 
for alpha-cypermethrin (Fig.  5) showing that the wild 
strain had a high intensity of resistance to both pyre-
throid insecticides.

Discussion
The purpose of this study was to evaluate the impact of 
Mosquito Shield™, a transfluthrin passive emanator on 
human landing rates of wild free-flying high-intensity 
pyrethroid-resistant An. gambiae s.l. in houses in the 
Ganhoua village in the Zakpota district of central Benin. 
The data showed a significant protective effect of 34.2% 
against malaria mosquitoes in Mosquito Shield™ treated 
houses relative to houses treated with a placebo. The 
intervention remained efficacious through its 1-month 
product span. The findings demonstrate the impact of a 
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transfluthrin passive emanator against local malaria vec-
tors in Benin for the first time and corroborate multiple 
studies that have shown the potential of spatial repel-
lents to protect humans from vector mosquitoes in other 
countries [9, 15, 17].

The levels of protective efficacy achieved with Mos-
quito Shield™ in this study (34.2%) were nevertheless 
lower than what was observed against Anopheles arabi-
ensis (70% protective efficacy) in a recent experimental 
hut trial in Tanzania, East Africa [17]. The difference in 
outcome between both studies could be attributed to 
higher intensities of pyrethroid resistance in the An. gam-
biae s.l. population in the Benin study and/or to inherent 
differences in vector species. The An. gambiae s.l. vector 
population in Benin is highly anthropophagic, feeding 
almost entirely on humans indoors [20], while An arabi-
ensis tends to be more zoophilic and is less attracted to 
humans [21, 22]. Susceptibility bioassays showed that the 
Benin vector population had a high intensity of resist-
ance to pyrethroids with mosquito mortality remaining 
below 80% even at doses 10 times the diagnostic dose of 
permethrin and alpha-cypermethrin. This high intensity 
of resistance to the pyrethroids coupled with the higher 
local vector attractiveness to humans may, therefore, 
have reduced the capacity of the transfluthrin passive 
emanator to sufficiently modify the mosquitoes’ host-
seeking behaviour in the Benin study and induce greater 
levels of protection.

While it is unclear how reductions in mosquito land-
ing rates will impact malaria incidence and prevalence, 
traditional malaria transmission models indicate that 
reducing human landing rates and thus human vector 
contact even at the levels demonstrated in this study can 
have major effects on the vectorial capacity of a vector 
population [23]. The findings therefore show the poten-
tial of the Mosquito Shield™ to reduce malaria transmis-
sion by pyrethroid-resistant An. gambiae s,l, vectors to 
individuals in treated households in a West African set-
ting where vectors historically exhibit high intensities of 
pyrethroid resistance [18]. Results from the ongoing RCT 
of Mosquito Shield™ in Mali [14] may further elucidate 
the epidemiological impact of the intervention on clinical 
malaria when applied at a community scale in the region.

The Mosquito Shield™ product was designed to last 
approximately 1 month, and, in this study, we demon-
strated its efficacy for this period. However, malaria 
transmission seasons in endemic countries typically last 
several months hence it is expected that under opera-
tional conditions, the Mosquito Shield™ product will 
have to be replaced multiple times in houses to cover 
the entire transmission season. While installation was 
relatively easy for the study team, requiring less than 

15 min per house, the process can be very demanding 
for householders if it must be done too frequently. To 
overcome this challenge, an advanced longer-lasting 
version of the transfluthrin passive emanators has been 
developed by the manufacturer and is undergoing eval-
uation in semi-field studies across Africa.

Mosquito Shield™ induced substantial reductions in 
human landing rates of Culex and Mansonia (26–35%) 
mosquitoes, vectors of human filariasis, in treated 
houses compared to the placebo. Reductions in densi-
ties of such nuisance mosquitoes have been reported in 
multiple small-scale trials of transfluthrin spatial repel-
lents [16, 24]. Protection from nuisance mosquitoes is 
usually associated with an increased uptake of malaria 
vector control interventions. This finding may, there-
fore, have positive implications for the acceptability 
of Mosquito Shield™ to householders. Further studies 
investigating user acceptance at both household and 
community levels are advisable.

This study evaluated the entomological impact of 
transfluthrin passive emanators in households which 
had pyrethroid-only nets in them. Following WHO’s 
recent endorsement of dual active ingredient nets, 
[25], many endemic countries are replacing pyrethroid-
only nets with these new more effective nets. Passive 
emanators will therefore likely be deployed against a 
background of high coverage with dual AI nets. Stud-
ies investigating their potential to complement dual AI 
nets may help guide local deployment strategies.

Conclusion
This study demonstrated a 34.2% protective efficacy 
of Mosquito Shield™, a transfluthrin passive emana-
tor, against a high-intensity wild pyrethroid-resistant 
malaria vector population when applied in houses in 
Benin. Mosquito Shield™ remained protective through-
out its product life of 30  days. The passive emana-
tor shows potential to improve the control of malaria 
transmitted by pyrethroid-resistant An. gambiae s,l, 
vector mosquitoes and to help cover gaps in malaria 
control that may exist with core vector control tools.
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