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Abstract

The public health importance of the endophilic mosquito Aedes aegypti increased dra-
matically in the recent decade, because it is the vector of dengue, chikungunya, Zika and
yellow fever. The use of long-lasting insecticidal nets (LLINs) fixed on doors and win-
dows, as insecticide-treated screening (ITS), is one innovative approach recently evalu-
ated for Aedes control in South Mexico. From 2009 to 2014, cluster-randomised controlled
trials were conducted in Acapulco and Merida. Intervention clusters received Aedes-proof
houses (‘Casas a prueba de Aedes”) with ITS and were followed up during 2 years. Overall,
results showed significant and sustained reductions on indoor adult vector densities in
the treated clusters with ITS after 2 years: ca. 50% on the presence (OR < 0.62, P < 0.05)
and abundance (IRR < 0.58, P < 0.05). ITS on doors and windows are ‘user-friendly’ tool,
with high levels of acceptance, requiring little additional work or behavioural change by
householders. Factors that favoured these interventions were (a) house construction, (b)
high coverage achieved due to the excellent acceptance by the community and (c) col-
laboration of the vector control services; and only some operational complaints relating
to screen fragility and the installation process. ITS is a housing improvement that should
be part of the current paradigms for urban vector-borne disease control.

Keywords: Aedes aegypti, dengue, chikungunya, Zika, prevention, long-lasting
insecticidal nets, insecticide-treated screens, house screening
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1. Introduction

Dengue remains a priority for public health authorities across the globe. The viral disease is
transmitted primarily by the human-biting mosquito Aedes aegypti, which also transmits other
viruses, including yellow fever, chikungunya and Zika [1-3]. Although there are several vac-
cine candidates for dengue, chikungunya and Zika, but none is highly effective. Therefore,
preventing or reducing Dengue (DEN) and the transmission of other Aedes-borne diseases
depend entirely on control of the mosquito vectors or interruption of human-vector contact.

Control of A. aegypti is mostly performed in the context of public health and depends on
structured programmes sustained by ministries of health. Routine vector control efforts,
mostly targeting the outdoor allocation of Aedes vectors (i.e. source reduction, hand-applied
larvicides to artificial breeding sites and outdoor ultralow volume (ULV) adulticiding), have
to date achieved only a limited success in preventing diseases [4]. Improving urban Aedes
control and achieving a measurable impact on DEN transmission require a reformulation
of current strategies and a stronger focus on the adult mosquitoes that actually transmit the
disease, both lowering vector abundance and preventing human-vector contact [5, 6].

Females of A. aegypti mosquitoes have an endophilic behaviour (within buildings) and
methods targeting these locations which have great potential for sustained impact. Methods
currently accessible to reduce indoor adult vector abundance and prevent human-vector
contact include essentially the control of adult vectors with insecticides (adulticides) applied
by institutional programmes either as residual surface treatments or as space treatments;
personal protection to reduce exposure to biting with the use of chemical products such as
domestic insecticides, repellents and long-lasting insecticidal nets (LLINs) deployed as cur-
tains or bed nets and changes to human habitation or behaviour such as installing mosquito
screening on doors, windows and other entry points.

We recently tested in Mexico an innovative intervention called Aedes aegypti-proof houses
(‘Casas a prueba de Aedes aegypti’ in Spanish), involving insecticide-treated screening (ITS)
with LLINs permanently fitted to windows and doors as an innovative approach to exclude
A. aegypti from houses in dengue endemic areas. Here, we present the results of the evaluation
of these ITS-based interventions on the dengue vectors in South Mexico.

2. Long-lasting insecticidal nets (LLINSs) for A. aegypti control

A LLIN is a factory-produced mosquito netting preloaded with a synthetic pyrethroid insec-
ticide that is intended to retain its biological activity for at least 20 standard washes under
laboratory conditions and 3 years of recommended use under field conditions [7]. LLINSs, par-
ticularly bed nets, are among the most effective approaches for controlling mosquito-borne
infections and reducing the global burden of malaria [8] but also can be effective for lym-
phatic filariasis, Japanese encephalitis and other arboviruses [9].

The use of LLINs is considered a highly effective, safe, affordable, low-tech, long-lasting and
simple intervention with effects both at the individual (i.e. bed nets preventing the vector from
blood feeding) and community levels (i.e. by reducing the vector lifespan and population).
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LLINs are expected to reduce human-vector contact and reduce their life expectancy as a
physical barrier, blocking mosquitoes, and as a chemical method, irritating/deterring or even-
tually killing mosquitoes [10, 11].

Based on the successful control demonstrated against nocturnal endophilic Anopheles spp.
vectors and protective efficacy of LLINs (in the form of treated bed nets) in reducing malaria
transmission [8, 12, 13], the WHO Dengue Scientific Working Group of 2006 identified the
development/evaluation of LLINs as a primary global research stream [14]. However, LLINs
were expected to be delivered in different approaches other than bed nets considering the
diurnal activity patterns of Aedes mosquitoes.

In Haiti, LLIN bed nets showed an immediate effect on immature-based indicators and dengue
transmission and extended for the following 5-12 months after their deployment [15]. Other sets
of more ample studies suggested the potential of LLIN as window curtains (insecticide-treated
curtains (ITCs)) to reduce dengue vector densities to low levels and potentially impact on dengue
transmission. In Thailand, ITCs showed immediate effects on immature-based indicators at 6
months [16]. Combining ITCs with targeting productive breeding sites in Mexico [17], Venezuela
[17, 18] and Guatemala [19] improved the impact on A. aegypti. In a field trial carried out in
Mexico, ITC interventions did not affect the indoor adult population, but it seemed to reduce the
number of DEN-infected females and the human infection prevalence in some areas [20].

While ITCs can be easily introduced within DEN endemic areas, these studies showed, as found
with bed nets, that ITCs required proper handling and use by local communities to be effective.
Coverage of the interventions based on ITCs typically falls dramatically over time [16, 21, 22],
undoubtedly compromising efficacy throughout the community. For example, in Iquitos, Peru,
a sociological study found that proper use of ITC falls dramatically over time (45% in the second
year of deploying) [21, 22]. Particularly, at the household level, the efficacy of ITCs is compro-
mised when curtains remain open/tied back during daytime or when all house entry points can-
not be protected [16-20, 23]. In Guatemala [19] and Mexico [20], it was noted that families would
remove or tie back the curtains to increase ventilation during the day, compromising the utility
of the intervention as A. aegypti is a day-biting mosquito. A solution to this is to permanently fix
the LLIN to the doors and windows in the form of a screen rather than curtains [24, 25].

3. House screening

Here, we use the term house screening to refer the use of insect screens in a house. An insect
screen is basically a mesh (metal wire, fibreglass or other synthetic fibres) stretched in a frame
(wood or metal) fixed on the opening of a house such as a door or a window. “‘Mosquito-proofing’
of houses (with insect screens) is a form of environmental management based on changes to
human habitation to exclude vectors and reduce man-vector-pathogen contact including mos-
quitoes [26, 27].

The first published work evaluating house screening as physical method to prevent mosquito-
borne diseases was reported by Celli in Italy for the control of malaria among railroad workers
and their families [28]. His study showed that screening porches and chimneys resulted in sig-
nificant reductions on malaria incidence (4% with screens vs. 92% without the intervention) [29].
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The Italian experience led to widespread screening of houses against mosquitoes in malarious
areas, not only in Italy but also around the world. Examples of house screening as a malaria
control intervention include workers building the Panama Canal and rural homes in the
Southern United States [30]. Nevertheless, this protective and efficacious method was largely
forgotten when the primary strategy of insecticidal control with DDT (dichloro-diphenyl-
trichloroethane) emerged [30]. Modern studies on house screening have proven significant
reductions on malaria [31-33] and described to be widely accepted by communities [34].

The integration of house screening for the control of dengue was evaluated in Vietnam in the
1990s. Nguyen et al. [35] and Igarashi [36] evaluated an intervention with permethrin nets
covering all openings of houses (in addition to routine anti-Aedes health education and control
measures) and reported a significant reduction (close to 100%) in the number of houses posi-
tive for dengue vectors. Furthermore, indoor A. aegypti was undetectable levels for 7 months,
while in the control group, infestation gradually increased during the epidemic season, and
a positive impact in preventing DEN transmission during the epidemic season (at 6 months
after intervention) was observed. Therefore, screening doors and windows have been con-
sidered with the potential to limit transmission in the most recent systematic reviews [4, 9].

4. Aedes aegypti-proof houses

The intervention called Aedes aegypti-proof houses (‘Casas a prueba de Aedes aegypti’) involves
insecticide-treated screening (ITS) with the use of long-lasting insecticidal nets (LLINs) per-
manently fitted to windows and doors to exclude A. aegypti, vector of dengue, chikungunya
and Zika (Figure 1).

CASAS A PRUEBA

DE AEDES AEGYPTI

;@;ﬂ (@) TDRME=2= 1DRC 3 cRol

Figure 1. Photographs show Aedes aegypti-proof houses with insecticide-treated screens mounted on aluminium frames
and fixed to external doors and windows of treated houses.

As described by Manrique-Saide et al. [24] and Che-Mendoza et al. [25], Duranet® screens
(0.55% w.w. alpha-cypermethrin-treated non-flammable polyethylene netting [145 denier;
mesh1/4132 holes/sq. inch]; Clarke Mosquito Control, Roselle, IL, USA; WHOPES approved
for LLIN use) were mounted in aluminium frames custom-fitted to doors and windows of
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Figure 2. General description of how to install insecticide-treated screens on windows and doors. Window: (A) Materials
required: (1) screen frame, (2) square for screen frame, (3) vinyl #12 and (4) window screen. (B) Tools required: (1) pencil,
(2) measuring tape, (3) screwdriver, (4) sharp knife, (5) hammer, (6) hacksaw, (7) convex wheel and (8) universal square.
(O) Step 2: (2.1) Using a measuring tape and pencil, make a mark where a cut is to be made on the new frame. (2.2) With
the universal square, mark a 45° angle on the first mark of the final measure. (2.3) Use the hacksaw to make the 45° cut.
Make four cuts, one on each side of the window. (2.4) Use squares to join the four parts of the frame. Insert squares into
the frame along the side with 45° cut and lightly tap the squares into place. Check the assembled frame for squareness.
(D) Step 3: (3.3) With the help of the convex wheel, insert the screen into the channel with vinyl, beginning at one corner
(press down and roll with short strokes back and forth). When all sides have been inserted into the vinyl, remove the
excess vinyl. Door: (A) Materials required: (1) screws (1 %2 x 8", 2 x 8, 1 x 8), (2) hinges, (3) vinyl # 12, (4) elephant trunk
handle, (5) hasp, (6) chair butt, (7) mosquito door frame central, (8) mosquito door frame vertical and (9) lock. (B) Step 2:
(2.6) Forming the door, 1 2 x 8 screws should preferably be used. Step 4: (4.1) The lock and pin are installed in the central
part of the frame, at the appropriate distance for its correct operation. (4.2) The elephant trunk handle is installed in the
central part of the frame. (4.5) Spring allows the automatic closing of the door. (4.6) Pivot allows the automatic closing of
the door in a slow and controlled way. (4.7) Metal mesh protects the mosquito net from damage caused by animals. Step
5: (5.4) Fix the door to the frame using %2 x 8 screws, a drill and a screwdriver. Check the assembled door for squareness.
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houses in collaboration with a local small business (Figure 2). An average of two doors and
five windows by house were installed in each intervention cluster. During the installation, at
least one person in every household received information from research staff about the proper
use and maintenance of ITS.

5. Studies with ITS and protection against A. aegypti mosquitoes in
Mexico

From 2009 to 2014, cluster randomised controlled trials were conducted in two Mexican cit-
ies— Acapulco (Guerrero state) and Merida (Yucatan state)—to test the efficacy of the inter-
vention Aedes aegypti-proof houses. The first study in Acapulco was followed by a subsequent
phase of scaling-up to replication in Merida as a “horizontal” scaling-up to expand the avail-
ability of the intervention geographically.

In general, the studies compared 10 control and 10 intervention areas of 100 households each
across both cities. Routine vector control activities—as implemented by the local Ministry
of Health—were performed in control clusters. Intervention clusters included insecticide-
treated window and door screens (Acapulco and Merida) and targeted interventions in
the productive water container types (in Acapulco only). As part of the national policy in
response to dengue outbreaks and entomological risk indices [37], control and ITS inter-
vention clusters could receive routine vector control activities (outdoor spraying with the
organophosphates malathion or chlorpyrifos, indoor space spraying with the pyrethroid
deltamethrin or the carbamates propoxur or bendiocarb and larviciding with the organo-
phosphate temephos).

The main outcome metrics were the reduction of indoor vector densities. Five cross-sectional
entomological surveys were conducted in intervention and control clusters as in Manrique-
Saide et al. [24] and Che-Mendoza et al. [25]. Briefly, indoor adult mosquito collections were
performed in a randomly selected subsample of 30 houses from each cluster (total of 300
houses per arm). A baseline survey was performed prior to the installation of ITS and was fol-
lowed by surveys at 6 months of intervals corresponding to dry (low vector abundance, 6 and
18 months of post-intervention (PI)) and wet (high vector abundance, 12 and 24 of months PI)
seasons. Indoor adult mosquitoes were collected with Prokopack aspirators [38] for a 15-min
period per house. Collections within each cluster were performed on the same day between
09:00 and 15:00 h by skilled collector teams.

The indoor A. aegypti adult-based entomological indicators monitored for 2 years in both
localities are shown in Figure 3. During the pre-intervention survey, similar infestation lev-
els were quantified in both study arms. ITS protected houses against A. aegypti mosquitoes:
significant reduction of indoor-resting adults by approximately 50% on the presence (OR <
0.62, P <0.05) and abundance (IRR < 0.58, P < 0.05). The combination of ITS and interventions
targeting productive container types was successful in continuing reducing the number of
Aedes pupae and consequently of adult dengue vectors.
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Figure 3. Comparison between groups of houses protected with insecticidetreated (blue bars) and untreated (red bars)
screens on the percentage of infested houses (top) and infestation density (bottom) for female Aedes aegyptiin Acapulco and
Merida, Mexico. The blue arrow represents the start of the interventions. The symbol (*) denotes dates when the index was
significantly different between treated and control groups on that date. Error bars show the standard error of the mean.

A significant effect on indoor adult Aedes infestations was observed in houses protected with
ITS but not in controls, despite the fact that Aedes populations at both sites were resistant to
pyrethroids, and this protection was sustained beyond 24 months when ITS was combined
with targeted treatment of productive breeding sites (as demonstrated in Acapulco, where the
combined intervention maintained a statistically significant protective effect on Aedes adult
and immature stages until the end of the study, approximately 600 days after ITS installation).

Multiple factors could explain the lack of complete suppression of A. aegypti indoors by ITS.
First, this method did not aim to reduce peridomestic breeding or abundance of mosquitoes.
As intervention coverage on each block was not 100%, there is a possibility for mosquito
breeding and human feeding even in the presence of screens. In Acapulco, Mexico, combining
ITS with peridomestic larval control on the most productive larval breeding habitats produced
a synergistic effect evidenced as a reduction of the abundance of indoor female mosquitoes
in screened houses [25]. This finding provides evidence of the importance of integrating ITS
with methods focused on peridomestic control. Another factor explaining indoor presence of
A. aegyptiin screened houses is the fact that maybe some adults did not contact and/or survive
after the initial contact with the LLIS or probably not all contacted the screened surfaces on
the day when collections were performed.

Another explanation could be the loss of insecticidal power and high pyrethroid resistance in
the mosquito populations of Merida. Exposure to sunlight, rain and dust impacts the residual
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power of pyrethroid insecticides. Despite of this, we demonstrated in this study that insecti-
cidal activity of ITS under operational conditions is still acceptable after 2 years of use.

The physiological resistance in mosquitoes to the insecticide and the effect on the perfor-
mance of a LLIN cannot be discounted. Pyrethroid resistance in A. aegypti populations of
Mexico, including Merida, has increased during the last decade [39-42]. Currently, ITS with
LLIN will have to challenge insecticide resistance to pyrethroids because they are the only
insecticide class recommended and available for LLIN [43].

6. Social acceptance and cultural barriers on Aedes aegypti-proof houses

In Acapulco, the social studies aimed to explore the acceptance, use, adherence and perspec-
tives of the ITS and suggestions about how to moditfy the programme to better address the
sociocultural needs of the community. Part of the results was published by Jones et al. [44].
The main reason for acceptance was that the screens were perceived to be beneficial. The
fear of violence, particularly important in Acapulco, was frequently identified as a common
reason for rejection.

The most noted benefit reported for the use of ITS in Acapulco was the reduction on the amount
of mosquitoes in the houses. Following screen installation, 79.9% of recipients reported that
there were fewer mosquitoes inside, and a further 10.8% reported that there were none. The
reduction in the amount of indoor mosquitoes was associated with a reduction in mosquito
biting: 88.5% or recipients reported that mosquito biting was less of a nuisance within their
homes after receiving the screens.

Participants also appreciated a reduction in mosquito numbers. Though many were unaware
that the net contained insecticide, they had noticed that mosquitoes and other pests died on con-
tact with the screen and were satisfied with this. The insecticide in the screen was seen as benefi-
cial and acceptable, with few reports of side effects or fears about its use. Participants reported a
reduction in flies and cockroaches, and 79.9% of satisfaction survey participants reported a reduc-
tion in other pests. The majority of participants (90.2%) had the same amount or more screens in
place now compared to the original amount installed, suggesting that very few were removed.

The main problem identified with the screens once installed was fragility, especially on doors.
The satisfaction survey found that the most common reason for a house to have fewer screens
now than originally installed was screen breakage (44%) and higher quality material was the
most frequently suggested improvement for the project. A survey of the screens found that
the windows were broadly in very good condition, whereas the doors were faring less well,
with 42.4% damaged in some way. Some screens were broken in exceptional accidents, but
the majority of breakages reported occurred during normal use. Though some participants
had feared a reduction in air circulation prior to installation, none had experienced this prob-
lem. Indeed, many expressed surprise that they had felt no effect.

Overall satisfaction with the project was very high. About 80.9% scored their satisfaction with
the screens as 5/5, 89.9% gave a score of 4 or 5 and 99.3% recommend the project to another city.
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In Merida, we conducted an ethnographic research in a small neighbourhood called Manzana
115, where 140 households are accepted to participate in the Aedes aegypti-proof houses
project. In addition to an acceptance or rejection study, we also investigated ‘the process of
decision’. The social perception on ITS efficacy was documented since the invitation to the
families. Overall, 80% of families accepted the intervention in the first invitation, whereas 30%
rejected it, and at least 20% decided to accept before some family consultation. The most com-
mon reasons for acceptance were (a) that the screens were perceived to be beneficial, (b) free
of cost and no future charges, (c) expectation of future ‘support” and (d) high-risk perception
about dengue. In Merida, the most important reasons for reluctance and rejection were (a) no
interest at all; (b) low perception about dengue risk infection and (c) wives did not accept the
intervention because their husbands didn’t authorise it. Therefore, it is important to consider
the gender roles on the decision-making processes, suggesting that both men and women
must be included on social understanding about innovations for family health care.

Afterwards the installation of ITS, 80% of households reported to be very satisfied and consid-
ered the intervention effective on reducing and killing mosquitoes, not toxic for humans and
pets, and also considered it important because there was no temperature increase in their houses.

7. Conclusions

In the absence of effective treatment or vaccines and in the context of multiple co-circulating
viruses transmitted by Aedes mosquitoes, the development of preventive and long-lasting
methods for Aedes control has become a top global health priority.

The benefits of house screening, as a physical barrier, rely on its efficacy to exclude mosquitoes
and eventually protect against mosquito bites, which is epidemiologically relevant if most
transmission occurs indoors. From an environmental health perspective, residential premises
(house and peridomicile) offer important habitats for supporting populations of A. aegypti as
they emerge from productive breeding sites, move in and out houses in search of food (human
blood), refuge and mating and oviposit at the suitable breeding sites to complete their life
cycle. Aedes is an anthropophilic, endophilic and endophagic species, and the house is the
epidemiologically most significant point of vector-human contact for arbovirus transmission.

The adaptation of long-lasting insecticide nets permanently fitted as mosquito screens on
windows and doors has advantages over other approaches (such as bed nets and curtains)
because these interventions are in place permanently and require little additional work or
behavioural change by householders.

Our studies in Mexico demonstrate that LLIS deployed as ITS acts as a barrier and significantly
restrains the entrance of mosquitoes to houses for at least 2 years post deployment. Concisely, a
house protected with ITS on doors and windows has at least 50% less chances of having A. aegypti
females in comparison with a non-protected house. ITS confirmed a sustained protective effect
on indoor female mosquitoes, the most epidemiologically important target for vector control,
even in the presence of high levels of resistance to pyrethroids in the local mosquito population.
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The present studies provide valuable and unique information on the use of house screening
within cities endemic for mosquito-borne diseases, and at the time of writing, are unique in
supporting the feasibility and potential benefit of this method for the simultaneous preven-
tion and control of dengue, chikungunya and Zika transmission. The positive results from tri-
als using house screening/full screening of windows/doors suggest that excluding the vector
A. aegypti from the home may prove to be an innovative approach in terms of environmental
management (changes to human habitation), if it is proven ultimately to reduce transmission
of the pathogens to humans. This simple classic method of vector control should be consid-
ered and encouraged by the National Ministries of Health.

As most human-mosquito contacts occur indoors, the observed reductions in abundance and
prevalence of infestation in our studies may be significant enough to impact virus transmis-
sion in a measurable way. Assessing the epidemiological impact of existing and new para-
digms on Aedes-borne disease transmission remains a top research and public health priority.
Particularly for ITS, our entomological studies provide evidence for the development of robust
RCT (Randomized Controlled Trials) evaluating the short- and long-term protective efficacy
of this method. Of particular interest is the evaluation of the potential for ITS to be included
within an IVM (Integrated Vector Management) scheme that also includes other modes of
vector control that target peridomestic breeding or adult abundance (e.g. larviciding, ULV).

The authorities of Mexico are considering how to expand Aedes aegypti-proof housing to as many
homes as possible, probably as a targeted intervention for high-risk areas (hot spots) of endemic
localities. Given that the same mosquito transmits dengue, chikungunya and Zika, the local
government of Yucatan is planning to scale this intervention to protect the most vulnerable, par-
ticularly pregnant women and their families. Therefore, and in accordance with the local MoH,
our team is currently also developing a pilot study evaluating an integrated intervention on
pregnant women, providing them with information and a kit of tools including repellents and
Aedes aegypti-proof houses to protect them against mosquito biting and disease transmission.

Ultimately, ITS is a housing improvement that should be part of the current paradigms for
urban vector-borne disease control [45].
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