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In sub-Saharan Africa, most transmission of mosquito-transmitted diseases, such as malaria or
dengue, occurs within or around houses. Preventing mosquito house entry and reducing mosquito
production around the home would help reduce the transmission of these diseases. Based on recent
research, we make key recommendations for reducing the threat of mosquito-transmitted diseases
through changes to the built environment. The mnemonic, DELIVER, recommends the following best
practices: (1) Doors should be screened, self-closing and without surrounding gaps, (2) Eaves, the
space between the wall and roof, should be closed or screened, (3) houses should be Lifted above
the ground, (4) Insecticide-treated nets should be used when sleeping in houses at night, (5) houses
should be Ventilated, with at least two large screened windows to facilitate airflow, (6)
Environmental management should be conducted regularly inside and around the home and (7)
Roofs should be solid, rather than thatch. DELIVER is a package of interventions to be used in
combination for maximum impact. Simple changes to the built environment will reduce exposure to
mosquito-transmitted diseases and help keep regions free from these diseases after elimination.

This article is part of the special issue on novel control strategies for mosquito-transmitted diseases.



Over 80% of the world’s population is threatened by at least one disease transmitted by insects or
ticks, with 50% threatened by two or more [1]. These diseases represent 17% of the global burden of
infectious diseases and kill over 700,000 people each year [2], with much of the impact occurring
amongst the poorest of the poor in sub-Saharan Africa. In this region, our two greatest concerns are
the mosquito-transmitted diseases: malaria, which is a parasitic disease transmitted by Anopheles
mosquitoes, and Aedes-transmitted diseases, including dengue, yellow fever, Zika and chikungunya,
transmitted principally by the mosquito, Aedes aegypti.

Since the turn of the millennium, a concerted campaign of malaria control has halved the proportion
of those infected with malaria parasites in Africa [3]. Malaria, however, continues to be a major
drain on the health of Africans, as 93% of the global malaria burden occurs in sub-Saharan Africa [4].
In 2018, there were still 213 million cases of malaria and 380,000 malaria-associated deaths in sub-
Saharan Africa, and it is becoming clear that our current arsenal of weapons that include insecticide-
treated bednets (ITNs), indoor residual spraying and prompt and effective treatment with
antimalarials is insufficient to achieve malaria elimination from the region. Among the many health
benefits, [5] improved housing, by reducing mosquito house entry and hence biting, can be an
additional tool to help achieve malaria control and elimination, and reduce the opportunities for re-
emergence after elimination.

As malaria has declined in the region, dengue is rising in importance, predominantly affecting urban
populations [6], unlike malaria, which is essentially rural or restricted to the greener parts of African
towns and cities. This is due to the differing habitat preferences of the different mosquito species.
Dengue is the fastest increasing infectious disease in the world and the number of estimated global
cases has risen sharply from 8.3 million reported cases in 1990 to 58.4 million in 2013 [7] due to
rapid urbanisation, increasing movement of goods, and, to a lesser extent, climate change. Today,
the World Health Organization (WHO) estimate that there are 390 million cases of dengue globally
each year [8]. The true extent of dengue in sub-Saharan Africa is unknown due to weak surveillance
and inadequate diagnosis. From 1960-2010, 22 countries reported dengue outbreaks in the region
[9], and, more recently, there have been outbreaks reported in Benin, Cote d’lvoire, Senegal and
Tanzania [8], countries previously not reporting dengue infections. It is clear that dengue is
increasing its range and outbreaks are becoming more severe in sub-Saharan Africa.

Other viruses transmitted by Ae. aegypti are also common in sub-Saharan Africa. A major epidemic
of yellow fever occurred in Angola and the Democratic Republic of the Congo (DRC) from December
2015 to November 2016, resulting in 7,334 suspected cases and 393 deaths [10]. A follow-up study
to a yellow fever outbreak which took place in Ethiopia from 2012-2014, showed that in 2017
entomological risk indices classified most sites as “high risk” for future outbreaks under current
WHO criteria [11]. In 2018, Zika was circulating in Angola, Burkina Faso, Burundi, Cabo Verde,
Cameroon, Central African Republic, Cote d’lvoire, Gabon, Guinea Bissau, Nigeria, Senegal and
Uganda [12]. Recent outbreaks of chikungunya have been reported in the DRC with 6,149 suspected
cases between January and April 2019 [13]. Other outbreaks of chikungunya (Makonde for ‘bone
crushing pain’) were reported by WHO; in Sudan and Kenya in 2018. All these outbreaks are likely to
be underestimated, due to the limited detection capacity of the existing surveillance systems in most
countries in sub-Saharan Africa.

Improvements to the built environment offer new opportunities for control of both malaria and
Aedes-transmitted viruses, and these interventions are timely for two principal reasons. Firstly,
Africa’s population is expanding rapidly. The United Nations forecast that, between 2019 and 2050,



the population of sub-Saharan Africa will double, from 1.07 billion people to 2.1 billion [14]. Millions
of new homes have to be built to accommodate the growing population and replace many existing
dwellings. Secondly, the economy of Africa has strengthened in recent years. The International
Monetary Fund forecast that in 2020 the region will have the second fastest growth rate in the world
[15], providing the economic catalyst for building better houses. A recent analysis of housing in sub-
Saharan Africa provided evidence that improvement of the housing stock is underway. From 2000 to
2015, the percentage of good housing (with improved water and sanitation, sufficient living area and
constructed from durable material) in the region doubled from 11% to 23% [16]. These
improvements in housing may have contributed to a reduction in malaria since a recent systematic
review of over 15,000 publications showed that residents of modern housing had 47% lower odds of
malaria infection and 45-65% fewer malaria cases than those in traditional homes [17]. Additional
support comes from an analysis of 29 national health and demographic surveys of 284,00 children in
sub-Saharan Africa from 2008 to 2015 [18]. Across all surveys, there was a 9-14% reduction in
malaria infection in children living in modern housing compared to traditional ones, after adjusting
for household wealth and other factors. Considering that more than 180 million malaria cases are
still occurring annually in Africa such benefits could result in between 16 and 35 million malaria
episodes avoided. There has never been a better time to influence the design of houses and the built
environment to help reduce the transmission of mosquito-transmitted diseases.

Most of us think of our home as a place of sanctuary, yet for mosquito-transmitted diseases, like
malaria and Aedes-transmitted diseases, the opposite is true for many traditional households. In
sub-Saharan Africa ~80% of malaria transmission occurs indoors at night [19, 20], whilst for those Ae.
aegypti, people are often bitten outside close to buildings, as well as indoors, during the day,
particularly around sunrise and sunset. For both diseases, the nidus of infection is in or outside
buildings. Since much of the biting, and hence disease transmission, occurs indoors, it is important to
understand that the risk of being bitten depends on both the extent and position of entry points into
a building, as well as the quantity and shape of host odours emanating from a house at night [21]. It
is the cues in host volatiles, notably carbon dioxide that mosquitoes use to locate an individual
(Figure 1). The ease with which a mosquito enters a building is dependent on the number of
occupants in a dwelling, the indoor climate, geometry and materials used for building a house and
the extent of any openings [22, 23]. We illustrate that in a poorly ventilated and hot metal-roofed
house (Figure 1A) carbon dioxide produced by a sleeping person disperses out of the open eaves,
whilst a house that is well-ventilated and cooler (Figure 1B), produces less carbon dioxide, attracting
fewer mosquitoes indoors.

This manuscript is written for experts in mosquito-transmitted diseases and those in the built
environment (Box 1). It provides recommendations for constructing mosquito-proof houses and
keeping neighbourhoods free of those species of mosquitoes that transmit malaria in sub-Saharan
Africa and Aedes-transmitted diseases through their bite. Our recommendations are crystallised in
the mnemonic, DELIVER (Figure 2), and here we provide evidence supporting each one.



In rural Africa, most doors are not constructed to fit tightly, allowing for good air flow and also
mosquitoes to enter buildings. Studies using experimental houses (Box 2) in The Gambia showed
that appreciable numbers of mosquitoes enter houses where the only openings in the building are
narrow horizontal slits (to simulate poorly-fitting doors) above and below a front and back door [24],
and that An. gambiae can enter a house through the gap at the top of doors as readily as those on
the bottom. Similar findings were made by Bill Snow in The Gambia who found that An. gambiae
entered small slits in experimental huts at either ground level or eaves level (i.e. 1.72 m) [25]. In
marked contrast, far fewer culicine mosquitoes (a group of mosquitoes, none of which transmit
malaria) enter a house where the only entry point is a slit at the top of the door (Culex spp. = 60%,
95% confidence intervals, Cl = 44-76%, Mansonia spp. = 31%, 95%Cl = 10-46%), compared to houses
with gaps at the top and bottom of the door. Clearly, all gaps in a house need to be closed or
screened to prevent mosquito entry.

The WHO'’s 1982 manual on environmental management [26] and the 1997 guide to vector control
[27] provide guidance on constructing a screened door, based on an original design from 1947 [28].
This door was used in a randomised controlled trial in The Gambia, where 200 houses were
randomly allocated screened doors and had their eaves closed with mud (see next section for more
on eaves) and 100 houses left with their original doors and open eaves [29]. The trial demonstrated
that screened doors and closed eaves were associated with a 59% reduction in malaria mosquito
numbers and, more importantly, a 47% (95% Cl =3-71%) reduction in the risk of children being
anaemic, compared with traditional houses. Lacking red blood cells (anaemia) is associated with
chronic malaria infections and is a major cause of mortality in children under two years old, so
theoretically if screening was scaled-up, it could have the potential to reduce malaria deaths.

Recently, wood has become an expensive commodity in Africa, and doors constructed from steel,
PVC or aluminium can be cheaper than wooden doors. A recent trial of screened steel doors and
windows in The Gambia, however, found that many of the screens were easily damaged, and hence
allowed malaria mosquitoes to enter the house (M. Pinder unpublished data). For this reason, new
prototype screened doors, more robust and made entirely of metal [30], were designed to allow air
to pass through 1.61 mm diameter holes in the door, hence allowing ventilation in the house, but
preventing access to mosquitoes. Four types of prototype screened doors were randomly allocated
to houses in a Gambian village and compared with traditional doors. All types of screened doors
reduced the number of mosquitoes entering houses by 59-77% compared with houses without the
new doors.

One important feature of the new screened doors was that they had springs in the hinges which
made the doors self-closing, to maximise protection through the night. Keeping the doors closed in
the evening and at night in hot environments is, however, not without problems. Some house
owners prefer to keep the doors open until late in the night to allow the house to cool from the heat
of the day and for people to readily enter houses in the evening. Data loggers fixed to the front and
back doors in village houses showed that the period between sunset and midnight is particularly
busy [30]. In some households people also thought that keeping the doors open allowed ‘good luck’
to enter. It is also true for many societies that shutting or locking the house might indicate that
householders have something to hide or seem unwelcoming to other community members. This,
however, is not normally an issue where people leave their homes to work in the fields during the



day or in many urban situations where the fear of thieves means that most houses are well secured
throughout the day and night.

The main entrance for An. gambiae into traditional houses is through the open eaves, the gap
between the top of the wall and the over-hanging roof (Figure 1). Observational studies from The
Gambia [22, 31] and Uganda [32] showed that houses with open eaves had more malaria
mosquitoes than those with closed eaves, and that there was less malaria in houses with closed
eaves than open ones [32, 33]. Stronger evidence comes from three experimental studies. The first
was a cross-over study in The Gambia using 12 thatched-roofed village houses with open eaves. In
the first period, six houses were randomly selected, and their eaves closed. Mosquito collections
were made in all study houses eight times in four weeks. In the second period, the intervention was
swopped over, such that the six houses with open eaves were closed and the six that were closed,
opened, and mosquito collections made as before. Over the study period, closing the eaves was
associated with 65% fewer malaria mosquitoes, but no reduction in culicine mosquitoes. In a recent
study using experimental houses (Box 2), closing the eaves of thatched houses resulted in 94% (95%
Cl = 89-97) fewer malaria mosquitoes and 43% (95% Cl = 23-58%) fewer culicine mosquitoes than
with open eaves. The third experiment was done using experimental huts in Tanzania [34], where
screening the eaves reduced entry of malaria mosquitoes. These findings are further supported by
those of Bill Snow in The Gambia who found that An. gambiae and Mansonia spp. were only slightly
affected by the wall height, whilst more mosquitoes that usually live outside human dwellings,
including Aedes spp., An. pharoensis, Culex poicilipes and Cx. thalassius, showed a marked exclusion
with increasing wall height from 0 to 1.72 m [25]. Closing the eaves of a traditional rural house is a
cheap and simple method for reducing the house entry of malaria mosquitoes. Health promotion by
the National Malaria Control Programme in The Gambia has resulted in fewer houses with open
eaves in the rural areas of the Upper River Region than in the past (E. Jatta personal
communication). The problem is though, that closing the eaves reduces ventilation and can make
the house hotter by 0.5 °C between 19.00-23.30 h, when most people are going to bed [23], thereby
decreasing the likelihood of bednet use. Screening the eaves would be a better solution, since it
would have less of an impact on ventilation reduction.

Many rural houses in sub-Saharan Africa lack ceilings and the roof is visible indoors. The presence of
ceilings, however, has an effect similar to closing the eaves. Ceilings reduce the entry of An. gambiae
into homes, since if they enter the house through open eaves, they cannot enter the rooms below
through an intact ceiling [29, 35]. In a systematic review of the association between house design
and malaria, the presence of a ceiling was associated with a third reduction in the odds of clinical
malaria [17]. Closing the eaves and/or adding ceilings to houses will reduce house entry by malaria
mosquitoes.

Between 450-420 BC, Herodotus described Egyptian fishermen living near marshes sleeping on
raised platforms to escape the bites of mosquitoes [36]. And, at the turn of the 19" Century, it was
recommended that houses near Rome should be raised off the ground, and two storey buildings
built with the bedroom on the top floor to avoid mosquito bites [37]. Studies of mosquito behaviour
over the past 50 years suggest that both historical anecdotes describe adaptations to avoid
mosquito bites. In the 1970s, a series of pioneering studies exploring the height at which mosquitoes
fly above the ground were carried out using suction traps placed at different heights on scaffolding



towers placed over different terrain in The Gambia [38-40]. Although some culicine mosquitoes are
frequently found at all flight levels up to 8 m, most mosquito species fly close to the ground, with
80% of the flying population found below 1 m in height [39]. This work suggested to Gillies and
Wilkes that placing circular mosquito-proof fences around people alone or inhabited buildings might
be protective [41]. Their findings, however, showed that mosquitoes flew over the 6 m high fences,
and provided little, if any protection. Nonetheless, recent studies in The Gambia showed that if there
is no fencing guiding the mosquitoes upwards, raising houses above the ground reduces mosquito
house entry and hence is likely to reduce disease transmission (M. Carrasco-Tenezaca unpublished
data). Presumably, since malaria mosquitoes fly close to the ground, they are less likely to locate
human odour plumes emanating from elevated buildings. Certainly, we know that the principal
malaria mosquitoes in sub-Saharan Africa prefer to feed close to ground level [42]. Even sitting with
one’s feet raised off the ground reduces mosquito biting by 32% (95% ClI = 9-48%) compared with
sitting with the feet planted on the floor [43]. Similar conclusions have been reached from studies
conducted in Papua New Guinea which demonstrated that raised platforms were protective [44].
We have little information on the house-entering habits of Ae. aegypti, but it is often quoted that
Ae. aegypti can be found in the top storeys of high-rise flats. Presumably, in these cases, adult
mosquitoes fly up the stairs to higher floors, where small populations become established living in
water storage containers, air conditioning units or other types of domestic water. In conclusion,
there is strong evidence that raising a house off the ground will reduce mosquito house entry, and
even closing the area beneath the building with permeable or impermeable walls is likely to be
protective [45]. Homes are commonly raised across much of South-East Asia today [46], and we
similarly recommend this for African housing, especially rural housing which is currently built at
ground level.

ITNs have had a major impact in reducing malaria transmission and are considered a key tool for
malaria control. Since the turn of the century, there has been massive deployment of ITNs across
sub-Saharan Africa and between 2000 and 2015 the malaria infection prevalence halved and the
incidence of clinical episodes of malaria declined by 40% in Africa [3]. ITNs were by far the most
important malaria control intervention, and are thought to account for 62% of cases averted. A
recent systematic review and meta-analysis of 23 intervention trials, enrolling more than 275,000
adults and children showed that ITNs were associated with a 42% reduction (95% Cl = 22-56%) in
malaria compared with untreated nets [47]. Despite the concern about increasing resistance of
malaria mosquitoes to the insecticides used to treat bednets [48], the lack of durability and coverage
of the nets, it is clear that ITNs are still effective weapons against malaria in sub-Saharan Africa and
remain the mainstay malaria prevention tool. Surprisingly, since Ae. aegypti is predominantly a day-
time feeder, ITNs can also be an effective tool against this mosquito as evidenced by a study in Haiti
that showed this intervention caused an immediate reduction in mosquitoes after deployment [49],
presumably because they contact the treated netting when flying indoors. ITN use should be
strongly encouraged for malaria control in sub-Saharan Africa, but their use for the control of Aedes-
transmitted diseases is uncertain.

One of the biggest problems facing traditional houses in sub-Saharan Africa is that they are too hot
[46]. Houses constructed of mud or cement blocks will heat up during the day and radiate heat at
night, making the houses hot and stuffy at night. A hot bedroom at night is not conducive for
sleeping under a bednet, and is the primary reason that people will not use a net at night [50]. Thus,



providing ventilation to cool the building at night should help increase bednet use and hence
increase protection against malaria. Improved ventilation is also important for reducing indoor air
pollution, thereby reducing respiratory illness [51]. A house can be cooled by raising the building
above the ground, using permeable materials for the walls of the house and, most importantly
introducing large-screened windows on opposite sides of the house (Figure 3), or at least on
different sides. Cross ventilation is also improved if there are no internal walls or other obstructions
between the windows.

Unfortunately open windows need to be screened from mosquitoes, and this will typically halve the
airflow across the room [52] and reduce it further if curtains are used. To maximise airflow, both
windows and doors should be large, with screening to restrict mosquito-house entry. Screening is
common in some African cities, such as Dar es Salaam in Tanzania, where 83% of homes surveyed
had screened windows and 49% had ceilings in 2007 [53]. In Dar es Salaam a rise in mosquito
screening among local residents was associated with fewer An. arabiensis and An. funestus and less
malaria [54]. Interestingly, in this study the increase in screening was through commercial channels,
without health promotion or subsidies. In Ethiopia, screening doors and windows reduced numbers
of An. arabiensis indoors by 48% and malaria episodes by 61% (95% Cl = 20-80%) [55]. Well-screened
houses can offer additional benefits especially if there are many people sharing a bednet or where
there are no bednets. Screening is an equitable intervention since it protects everyone in the house.

A high prevalence of untreated house screening, however, may, like topical repellents, increase the
risk of mosquito bites in neighbouring unscreened houses [56]. It is therefore important for coverage
of screening to be as high as possible. Additionally, adding insecticide to the screens could improve
protection in screened houses and any unscreened neighbouring houses by reducing mosquito
survival. In Vietnam, a study of insecticide-treated screening reduced both the numbers of Ae.
aegypti, and, most importantly, provided 81% protection against dengue (95% Cl = 53-92%) [57]. In
Mexico, insecticide-treated screening resulted in 60% (95 Cl = 30-77%) fewer Ae. aegypti 12 months
after deployment than in areas without the intervention [58], and protection lasted up to two years
[58-60]. Novel forms of three-dimensional untreated screening could also serve as mosquito traps,
thereby reducing both house entry and the overall mosquito population size [61]. Keeping a house
well ventilated and screened would help keep houses cool at night and mosquito free.

Malaria and Aedes-transmitted diseases are consequences of poor water management, since
without water there would be no mosquitoes. Drainage and filling are effective for reducing the
aquatic habitats of An. gambiae, and are particularly important in urban settings [62]. In many
situations, human-created habitats such as drains, concrete pits used as water sources for mixing
concrete and road construction create water pooling and should be dealt with. In Khartoum,
environmental management was the principal method for reducing malaria in the city [63], and was
the backbone of malaria control in the Copper Belt in Zambia [64]. Although bush clearance around
homes is unlikely to reduce malaria mosquito abundance [65], it can certainly help improve
ventilation.



For Ae. aegypti the peri-domestic environment is of primary importance as a source of aquatic
habitats. A plethora of small containers become a potential habitat for the immature stages of this
mosquito: including discarded plastic waste, old tyres, blocked guttering, water-storage containers,
[66] and underground cisterns [67]. Accumulating solid waste is a common sight in many African
towns and cities. In the Nigeria delta region, only 20% of the 40,000 metric tons of waste produced
daily is collected [68]. After rainfall, much of this discarded waste provides a rich source of aquatic
habitats for Ae. aegypti. Of more immediate importance is the issue of providing water to rapidly
growing cities, particularly with climate change increasing water scarcity in some places [69]. In
2018, Cape Town, home to some 4 million people, was close to fully depleting its water source,
whilst in 2019, Chennai, India’s sixth largest city with 4.6 million people, suffered severe water
shortages. In Chennai tap water stopped running, so people collected water in containers, providing
an abundance of new mosquito habitats. In such situations, water-storage containers should be
covered and scrubbed weekly to remove any mosquito eggs [70]. In the long-term, cities need to
plan for adequate and reliable piped water at affordable prices to reduce the potential for Ae.
aegypti [71, 72], and other mosquito species, such as Anopheles stephensi. The introduction of An.
stephensi into sub-Saharan Africa is a new and major concern since it is an important transmitter of
urban malaria in India and, like Ae. aegypti, is also a container-breeder. Worryingly, it has recently
invaded parts of northern Africa and has been identified in Djibouti, Ethiopia and Sudan [73]. If not
controlled, is likely to spread to other towns and cities in the Horn of Africa. Environmental
management and effective surveillance for the control of malaria and Aedes-transmitted diseases
should be the foundation for disease control, particularly in towns and cities. Moreover, efficient
solid waste management and a reliable supply of piped water is desirable for all communities and
will have multiple benefits beyond mosquito control.

Traditional thatched-roofs, once common in much of rural Africa, are now on the decline, being
replaced gradually by roofs made from solid materials, such as metal or tile [16]. For example, in
Tororo district, eastern Uganda, the prevalence of thatched roofed homes decreased from 40% in
2013 to 23% in 2016 [74]. In 2011 in Rwanda, as part of a Government run programme, thatched-
roofed houses were replaced with metal-roofed houses. This programme, however, has been
criticised since it was alleged that force was used to remove the thatch from houses
(https://www.survivalinternational.org/news/7154).

Roof types are important for malaria transmission for several reasons. First, roofs made out of solid
materials such as metal may reduce opportunities for malaria mosquitoes to enter houses and
provide fewer resting habitats for mosquitoes, compared to materials such as thatch [75]. Second,
metal-roofed houses are hotter than traditional thatched-roofed houses, particularly when the
eaves are closed [23]. This heating effect has potentially both positive and negative impacts on
health. The benefit is that in hot parts of sub-Saharan Africa, the extremely high temperatures
created by metal roofs and high thermal mass walls during the late afternoon are often lethal to
mosquitoes sheltering indoors during the day. The high temperatures may reduce the survival of
malaria mosquitoes to such an extent that few survive long enough to become infective with malaria
parasites [76]. The disadvantages also results from the heating effect of metal roofs. In hot
countries, the high indoor temperatures experienced during the day may be too uncomfortable for
many people, who will stay outdoors, potentially exposing them to Aedes bites. Night-time
temperatures are also hotter in metal-roofed houses, unless ventilated, than traditional thatched
houses [23] and this is likely to increase the time spent by people outside the house, reduce the



number of people sleeping under a bednet at night [50] , and may even contribute to increased
growth faltering in young children living in hot houses [77].

Evidence from a systematic review of observational studies suggests that modern roof materials
such as metal are associated with reductions in the incidence of clinical malaria, compared to
traditional materials such as thatch [17]. For example, an observational study in Burkina Faso found
that children living in mud-roofed houses were nearly three times at greater risk of malaria infection
than those living in metal-roofed houses [78]. However, caution is needed in interpreting the
findings from observational studies since protection may not be related to the presence of a metal
roof, but to the presence of closed eaves or confounded by socioeconomic status. In these
correlational studies a metal roof, or more simply, a good home, may be a marker for a higher
socioeconomic status, and other features of being wealthy may be protective, such as the ability to
purchase antimalarials or own and use a bednet. Even adjusting for socioeconomic status in a risk
model, one cannot exclude the possibility of residual confounding - that good housing is a measure
of wealth. Despite these caveats, cheap, durable and clean alternatives to thatch roofs, as well as
the incorporation of ceilings or screening below different roof materials should be explored in sub-
Saharan Africa to reduce disease transmission, provided the house can remain well ventilated to
keep the interior cool. Further research is needed to identify the best solid roof types and
combinations of roof materials, solid ceilings and ceiling screening for disease control.

The recommendations comprising the DELIVER mnemonic are intended to be implemented as an
integrated package addressing multiple hazards in the transition to healthier homes. Nonetheless,
certain recommendations may be more appropriate depending on each particular situation. To roll-
out such innovations, important enablers or ‘facilitators’ are needed.

Reducing the risk of mosquito-transmitted diseases by changes to the built environment on a large
scale requires that we do things differently; this is not something the health sector can do alone.
Multi-sectoral action against mosquito-transmitted diseases is needed to control diseases more
sustainably and at a lower cost than traditional mosquito-control interventions and necessitates the
health sector working with those in the built environment; including those responsible for housing,
infrastructure, parks, waste management and water (Figure 4). One framework to do this is through
established committees developing resilience plans for towns and cities. This is an opportunity for
the United Nations Housing Unit to engage with these messages to contribute to international
guidelines of producing healthy houses and communities for the future. Thus where resilience
activities are being planned for the future, this may be the most appropriate institutional structure
for developing action plans. Where this is not established, multi-sectoral committees need to be
formed. Success relies on strong leadership, effective governance structures, political commitment
and the necessary financial resources to make the changes. Countries wanting to tackle so called
‘wicked’ problems such as obesity or mosquito-transmitted diseases are increasingly adopting a
whole-of-government approach, whereby public institutions work across portfolio boundaries to
achieve a shared goal [79, 80]. Two recent examples of success come from Khartoum city in Sudan
[63] and Singapore [81]. City mayors are in a powerful position to take multi-sectoral action against
mosquito-transmitted diseases by forging links between sectors and, most importantly, providing
the financial support needed.



Engagement of the private sector can help reduce mosquito habitats in the environment. For
example, in Brazil a public-private partnership between the Ministry of Environment and Reciclanip
(http://www.reciclanip.org.br/), an organisation linked to the National Association of the Tyre
Industry, collected and recycles scrap tyres that provide an ideal habitat for Aedes mosquitoes.
Tyres are recycled into a range of useful materials including flooring for sports facilities, added to
asphalt or used as an alternative fuel in the cement industry replacing fossil fuels. The partnership is
a win-win since the recycling industry boosts the economy by employing large numbers of people. In
Lagos, recyclable waste is collected using a fleet of cargo bikes, motorized tricycles, vans and trucks
(http://wecyclers.com/about). The collected material is exchanged for food and household items
and then converted to tissue paper, stuffing for mattresses, plastic furniture, aluminium sheets and
nylon bags. Such innovative solutions offer exciting ways for removing waste, reducing mosquito
habitats and creating a new industry.

Extensive changes to the built environment can only be successful with the partnership of local
communities. Thus the possibilities for change ideally should come from the grassroots, and when
not need to be discussed with local residents and decisions made with their support to ensure
maximum effectiveness and sustainability of any solutions. A good example of such a process was
the Camino Verde (Green way) campaign in Nicaragua and Mexico [82]. Here insecticide-free
interventions (emptying, brushing/scrubbing water containers or covering them) identified and
mediated through community mobilisation reduced the abundance of Ae. aegypti and increased the
effectiveness of government programmes to control dengue. Similarly, effective community-led
interventions have been successful in Cuba [83], Indonesia [84], Kenya [85], Mexico [86] and Puerto
Rico [87].

The DELIVER recommendations can be implemented whilst preserving vernacular building styles and
skills — rather than promoting a homogenous house structure across all cultures and geographies. It

is important, therefore, that community participation should include local architecture, engineering

and design schools [87].

In East Africa, city engineers were once imbedded into malaria control programmes, to help remove
surface water through drainage and filling [88]. Today, this no longer happens, and few engineers
are taught about the critical importance of public health engineering and politicians have failed to
emphasise the importance of public health considerations in construction and urban planning.
Architects and city planners do not always take into considerations the implications their designs
and projects have on health, they have not developed a holistic vision of spaces. This needs to
change, and in disease-endemic countries teaching about diseases caused by mosquitoes and
methods for their control needs to be incorporated into curricula from primary, secondary to
tertiary training bodies, especially those dealing with the built environment. Additionally, within the
education system there should be an emphasis on the intersectionality of these challenges, the need
for multi-sectoral solutions to target them. With education comes innovation and the creation of
new methods for controlling these diseases. The use of social media offers exciting opportunities for
spreading knowledge and good practice. Healthy, ‘Show homes’ are also a novel way to share good
practice, as illustrated by entirely new ‘healthy’ house designs in the Magoda project carried out in
Tanzania [52].
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Malaria and Aedes-transmitted diseases are environmental diseases: the risk of each is influenced by
local environmental factors. Over recent years there has been a growing appreciation that action to
improve people’s health needs to also take action against the social and environmental
determinants of health [89, 90]. Such an approach recognises that health can no longer be the sole
responsibility of the health sector and calls for greater cross-sectoral collaboration, particularly at
the local level such as local authorities. Changing global policy provides a key opportunity for
acknowledging and addressing such challenges.

The United Nations’ Sustainable Development Goals (SDGs) explicitly acknowledges the importance
of cross-sectoral collaboration since all the goals are inter-connected. The SDGs most closely linked
to addressing mosquito-transmitted diseases are Goal 3: Good Health and Well-being, Goal 11:
Sustainable Cities and Communities and Goal 17: Partnerships to achieve the Goals.

For health professionals specifically, The United Nations Development Programme (UNDP) and the
Roll Back Malaria Partnership (RBM) published key documents on the importance of multi-sectoral
action for malaria control [91] and later RBM, UNDP and UN-Habitat produced the first policy
document supporting housing interventions for malaria control, called the housing and malaria
consensus statement [92]. Importantly, WHQO's strategy for the control of mosquito-transmitted
diseases, the Global Vector Control Response 2017-30 [2], strongly advocates the need for multi-
sectoral action, especially in respect to malaria and Aedes-transmitted diseases.

For built environment professionals, the United Nations’ New Urban Agenda (NUA) [93], provides
global guidelines for achieving sustainable urban development. The NUA explicitly recognises urban
centres as exhibiting characteristics that make them and their inhabitants particularly vulnerable to
climate change and other natural and human-made hazards, including mosquito-transmitted
diseases (like malaria and Aedes-transmitted diseases) [94, 95]. The NUA speaks particularly to local
authorities. Many national governments’ attempts to implement multi-sectoral policy fail on account
of the inability to embrace the concept at local authority level. There are many opportunities
through for example local bylaws etc. to promote multi-sectoral approaches and to influence the
design specifications for housing and promote environmental management approaches.

More specifically, for actors working on improving the disaster resilience of cities to support
sustainable urban development there is the United Nations Office for Disaster Risk Reduction’s
(UNDRR, formerly UNISDR) Sendai Framework for Disaster Risk Reduction 2015-2030 [96]. The
framework more directly relates to the built environment through the ‘Ten Essentials for Making
Cities Resilient’ operating framework delivered through UNDRR’s ‘Making Cities Resilient’ campaign
(unisdr.org/campaign/resilientcities). While it does refer to health as a key element, there is no
reference to mosquito-transmitted diseases in the Sendai framework and by extension the essentials
or campaign. This is a missed opportunity, since malaria and Aedes-transmitted diseases are an
engineering problem, not just a health problem.

Another key opportunity relates to the WHO Housing and health guidelines (HHGL)[97] that were
published in December 2018. The HHGL provide practical recommendations to reduce the health
burden due to unsafe and substandard housing conditions in order to inform housing policies and
regulations at the national, regional and local level. Unfortunately, the first edition of the HHGL does
not cover housing interventions that protect from vector-borne diseases. However, it is the
intention of WHO to rectify this omission in the next edition.
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DELIVER describes the packet of interventions that when used together will be effective in the fight
against mosquito-transmitted diseases. The selection of interventions is based on the best evidence
we have to date, but new evidence may bring improvements and/or modifications and new
technologies are continually emerging. It is important that such innovations are rigorously assessed
before including them in our current arsenal of interventions [98]. It is also vital that further
research is conducted on the ecology and behaviour of Ae. aegypti in the domestic environment, so
that we can design better interventions against this formidable foe. DELIVER will contribute
positively to several SDG goals, including goal 3 (Good health and well-being), goal 6 (clean water
and sanitation), goal 9 (industry, innovation and infrastructure), goal 11 (sustainable cities and
communities), goal 13 (climate action) and goal 17 (partnerships to achieve the goal) whilst reducing
the amount of insecticides used.

Many of the suggestions made in this manuscript are not specifically directed at solely shrinking the
number of cases of mosquito-transmitted diseases. For example, providing reliable piped water,
effective waste management and drainage and having a quiet night’s sleep undisturbed from biting
mosquitoes is something very few of us reading this article would disagree with: it is development.
But, the considerable threat from mosquito-transmitted diseases provides us with an impetus to
direct our efforts at those areas most in need and provides an urgency for action. We also
acknowledge that improvements in housing are also likely to lead to other improvements in health,
including reduced incidence of diarrhoea, anaemia and undernutrition [99]. Such changes will also
provide many collateral benefits including reducing the use of insecticides, reducing the threat of
flooding and helping to reduce plastic waste in our communities. Control of mosquito-transmitted
diseases has the potential to be more sustainable than other typical vector control interventions,
particularly if the community and other stakeholders are engaged in the design and implementation
of solutions. Building resilience against mosquito-transmitted diseases is very much part of a green
revolution, providing safe and resilient communities for the future. Importantly we need to build out
mosquito-transmitted diseases from our communities, not build them in.
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Box 1. Essential entomology

Figure: A, Anopheles gambiae, the main transmitter of malaria in Africa, and B, Aedes aegypti, the
world’s best transmitter of viruses including dengue, yellow fever, Zika and chikungunya.

Experts on mosquito-transmitted diseases can miss out this section, but for those new to the
subject, please read on. In sub-Saharan Africa, the predominant transmitter of malaria is the
mosquito Anopheles gambiae. It is actually a complex of species that look similar, but each has
markedly different behaviours and ecology. For our purpose, there are three species that are
important: An. gambiae sensu stricto (in the strict sense), An. coluzzii and An. arabiensis. Both An.
gambiae s.s. and An. coluzzii are extraordinarily adapted for feeding on people indoors, whilst An.
arabiensis is less choosy in its feeding preference feeding on humans and large domestic animals,
and will feed indoors and outdoors. The aquatic habitats of the malaria transmitters are generally
man-made and wide ranging, including small ponds, drainage ditches, rice fields and foot and tyre

prints [100]. A fourth species, An. funestus, is also important and has a propensity for flooded denser
vegetation, such as overgrown ditches. For all four mosquito species, the aquatic habitats are rural in

character, but can also be found readily on the edges of African towns and cities, and where
greenery enters urban areas. These mosquitoes predominantly feed indoors at night.

Aedes aegypti is the world’s most efficient mosquito transmitter of viruses. It lays its eggs in

containers and thrives in small amounts of water that occurs in myriads of places including old tyres,

blocked guttering, water containers, underground concrete structures or in a plethora of plastic
waste that accumulates in the urban environment. Where there is high-density housing, few adult
Ae. aegypti will fly further than 50 m from where they emerged, unless aquatic habitats are rare.
This species predominantly bites in and around buildings during the day.
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Box 2: Experimental houses for assessing how mosquitoes enter houses

Figure. Experimental houses in The Gambia. Experimental houses are a powerful tool for studying
how mosquitoes enter homes. These houses, of a similar design to local homes, are built along a
straight line, 10 m apart, each house differing in design to the reference house [23, 35]. At night, one
or two volunteers sleep under an insecticide-treated net in each house, the current established best
practice for malaria control. This way, the volunteers are protected from malaria, but the odours
emanating from the houses attract mosquitoes indoors. Mosquitoes entering the house are
captured in a trap with a light on it placed close to the bed of the volunteers. The following morning,
mosquitoes collected in each trap are identified and counted. Repeat nightly collections are made
for a set number of nights, usually four or five, and then each house typology is rotated, so that at
the end of the experiment, each typology has been tested in each house position, for a similar
number of nights. It is important to rotate house typologies between positions so that the effect of
the typology, which is what one is interested in, can be separated from the effect of geographical
position. If this was not done, one could not be certain whether any effect was due to the house
typology or its position e.g. if it was close to or far away from a source of mosquitoes, such as a large
area of irrigated rice. Volunteers are also rotated between experimental houses nightly, since some
individuals are more attractive to mosquitoes than others. An example of how houses are rotated
using a Latin square is shown below (Table).

Table: Schedule for testing interventions.

Block Weekly house position

1 2 3 4 5
1 A C B D E
2 B E A C D
3 C D E B A
4 D A C E B
5 E B D A C

Where A, B, C and D are different house typologies.
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Figure legends.

Figure 1. Models of carbon dioxide (yellow) movement from a sleeping person (orange) in A, a
metal-roofe:d mud walled house with open eaves and B, a similarly constructed house, but with
closed eaves and two windows to improve ventilation.

Figure 2. DELIVER at a glance. The mnemonic, DELIVER, recommends the following best practices: (1)
Doors should be screened, self-closing and without surrounding gaps, (2) Eaves, the space between
the wall and roof, should be closed or screened, (3) houses should be Lifted above the ground, (4)
Insecticide-treated nets should be used when sleeping in houses at night, (5) houses should be
Ventilated, with at least two large screened windows to facilitate airflow, (6) Environmental
management should be conducted regularly inside and around the home and (7) Roofs should be
solid, rather than thatch.

Figure 3. Importance of windows on opposite walls to encourage airflow through the building.

Figure 4. Framework for inter-sectoral action.

21



Figure 1. Models of carbon dioxide (yellow) movement from a sleeping person (orange) in A, a
metal-roofed mud walled house with open eaves and B, a similarly constructed house, but with
closed eaves and two windows to improve ventilation.
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Figure 2. DELIVER at a glance.
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Figure 3. Importance of windows on opposite walls to encourage airflow through the building.
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