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Abstract

Background: Insecticide treated nets (ITNs) and indoor residual spraying (IRS) are the
preferred techniques for malaria vector control in Africa, where their application has
already contributed to significant reductions in the burden of the disease. Even though
both methods are commonly used together in the same households, evidence of greater
health benefits due to these combinations as opposed to use of either ITNs or IRS alone

has been minimal and inconclusive.

Objectives and methods: The main aim of this research was therefore to contribute to
this essential evidence, by way of experimental hut studies and mathematical simulations.
I investigated whether there would be any added protective advantages when any of three
selected long lasting insecticidal nets (LLINs) are combined with any of three selected
IRS chemicals, as opposed to using any of the treatments alone. Data generated from the
experimental hut studies was then input into an optimised deterministic mathematical

model, simulating a typical malaria endemic village.

Results and conclusions: Both the field studies and the simulations showed that any
synergies or redundancies resulting from LLIN/IRS combinations are primarily a function
of modes of action of active ingredients used in the two interventions. Where LLINSs are
already present, addition of IRS would be redundant unless the IRS chemical is highly
toxic, but where IRS is the pre-existing intervention, these combinations always confer
improved protection. Therefore, IRS households should always be supplemented with
nets, preferably LLINs, which not only protect house occupants against mosquito bites,
but also kill additional mosquitoes. Finally, where resources are limited, priority should
be given to providing everybody with LLINs and ensuring that these nets are consistently
and appropriately used, rather than trying to implement both LLINs and IRS in the same

community at the same time.
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Preview of Part One

This part of the thesis consists of two chapters:

Chapter I: General Introduction. This chapter describes the overall burden of
malaria in Africa, the current efforts to control it and an overview of challenges facing
malaria vector control today. A general overview of the PhD study, a statement
describing the research problem and the main research objectives are listed at the end

of the chapter.

Chapter II: Indepth Review. This chapter contains an indepth review on the main
subject of this PhD study, i.e. potential benefits of combining insecticide treated bed
nets (ITNs) and indoor residual spraying (IRS) for malaria control in Africa. The
chapter also presents an analysis of the modes of actions of common insecticides used
for ITNs and IRS, as well as key research questions that should be focused on to
generate the necessary evidence needed to support decision making regarding

ITN/IRS combinations.
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Chapter I

General Introduction

Overview of malaria in Africa

Since 2005, the World Health Organization (WHO) has presented a progressively
improving picture of the malaria burden in Africa [1-5]. With reference to goals
established at the African presidents’ summit on malaria in Abuja in 2000 [6], and
subsequent resolutions outlined in the Roll Back Malaria Global Strategic Plan 2005-
2015 [7], it is evident that significant progress has been made in the last decade. In the
same period a number of important lessons have been learned that will enable future
international collaboration towards the renewed interest in elimination and perhaps
eventual eradication of malaria. Endemic countries and the global community are
scaling-up the use of effective interventions, and malaria burden in Africa and
elsewhere around the world is generally declining [1-4]. Nevertheless, the situation is
not entirely positive and despite all the above assertions, the long-established
description of malaria as one of the world’s most devastating human diseases remains
undeniably accurate.

Some 3.2 billion people worldwide still live in areas at risk of malaria and
according to the latest world malaria report, there were at least 255 million cases of
the disease (resulting in nearly 800,000 deaths) in the year 2009 [3]. The geographical
distribution of malaria [8] and its impacts on public health systems around the world
(especially in low income tropical countries) make it the most significant human

infection besides the human immunodeficiency virus (HIV), diarrhoeal diseases,
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pulmonary tuberculosis (TB) and other respiratory tract infections [9]. Moreover, the
disease has an inexplicably complex relationship with poverty in most endemic
communities in Africa. While poverty sustains conditions where malaria thrives,
malaria also impedes economic growth and keeps communities in poverty [10].
Today, nearly 90% of all malaria cases and about 75% of all deaths occur in sub-
Sahara Africa [3], where other than the high mortality and morbidity, economic
burden of the disease is also enormous; including up to 1.3 % reduction on economic
growth [11].

Current best practices for tackling malaria include: 1) prompt diagnosis (using
light microscopy or rapid diagnostic tests) followed by treatment with effective
medicines (such as artemisinin based combination therapy (ACTs), 2) vector control
(including primarily the use of insecticide treated bed nets (ITNs) and indoor house
spraying with residual insecticides (IRS)) and 3) intermittent preventive treatment
(IPT) of pregnant women, infants or children [3]. Under the current Global Malaria
Action Plan {12], public health authorities can aim at sustained universal coverage
with these existing malaria prevention and control measures. But because of well-
known efficacy and cost-effectiveness, vector control through ITNs and IRS, and use
of ACTs, have inevitably become the most dominant malaria interventions, enjoying
incomparable political will and user acceptance rates. Regrettably, there is not yet any
effective vaccine for malaria prevention [13], despite several recent breakthroughs

{14-16], which indicate likelihood of an effective vaccine in the near future.
Historical trends of malaria vector control: the rise of IRS and ITNs

Until mid 1940s, control of mosquitoes and malaria depended upon environmental

management, improved housing, improved sanitation, biological control, and use of
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toxic larvicides [17-24]). Nets, whether insecticidal or non-insecticidal, and house
spraying with residual insecticides were largely unknown at that time; even though
nets may have been used in ancient times by certain isolated communities around the
world, for purposes including but not limited to mosquito bite prevention [25].

Methods of controlling malaria vectors changed dramatically during World
War II, when insecticide-based methods were first used in large scale against adult
mosquitoes. Appreciably, the most significant event at the time was the introduction
of DDT (dicloro-diphenyl-tricloroethane), which quickly become the main weapon
against malaria [26, 27]. It was also around this period when bed nets were first
treated with insecticides, not surprisingly DDT, to protect soldiers fighting in the
tropics from leishmaniasis and malaria [28)]. Unfortunately, due to the high levels of
effectiveness observed, house spraying with DDT dominated malaria control so much
so that research and application of other vector control methods or insecticides rapidly
declined. The ITN technology for example would remain shelved and forgotten for
nearly four decades.

Between 1955 and 1969, WHO led the first Global Malaria Eradication
campaign, which was dependent mainly on vector control through periodic spraying
of DDT in houses [29]. This was the first global advocacy for IRS in malaria control
even though the African continent was hardly covered [30]. Though the intended
global eradication was not achieved, malaria risk was purged from millions of people,
in Europe, North America and most of the Caribbean, Latin America, Asia and the
Middle East [17, 26, 29, 30]. But hardly a decade after the program was launched,
challenges such as insecticide resistance, controversies about environmental impacts
of DDT, donor fatigue and operational difficulties became serious concerns [17, 26,

27, 31-33), and eventually in 1969, this global campaign was halted.
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Later in 1985, IRS was officially deemphasized and malaria control was
decentralized to be managed under national primary health care programs [34]. The
intervention was continued in only a small number of countries such as Eritrea,
Ethiopia and Madagascar and Latin American countries like Brazil, Colombia,
Ecuador and Venezuela, where DDT remained the insecticide of choice [26, 35]. A
small number of countries in the southern Africa region namely Namibia,
Mozambique, Botswana, South Africa, Swaziland which had promoted IRS actively
since 1930s also continued implementing the strategy [1, 36, 37]. As the support for
DDT was fading, several alternative insecticides were tested against malaria vectors
[38]. These included chlorinated hydrocarbons such as dieldrin [39] and
organophosphates like dichlorvos [40], fenitrothion [41] and malathion [42] among
others. These efforts were aimed at finding alternatives to DDT which would have no
negative environmental impacts and no mammalian toxicity but to which target
vectors would remain susceptible. Later, synthetic pyrethroids such as deltamethrin
and lambda cyhalothrin [43-45] were also tested. But none of these would eventually
get to be used as widely as DDT had been.

When in the early 1990s, public health emphasis was beginning to shift back
towards prevention, ITNs re-entered malaria control strategies [46]. Evidence that
insecticidal nets reduce malaria related mortality or morbidity had begun to appear
[47, 48), and support for ITNs gradually increased. The Roll Back Malaria program
was launched in 1998 and has since then, advocated for intensified use of ITNs. WHO
also recommended IRS, including application of DDT as long as user countries
adhered to recommendations of the Stockholm Convention on Persistent Organic
Pollutants [49, 50]. In 2000, malaria control targets including coverage with ITN and

IRS were set by African heads of states to 60% of at-risk populations [6]. These were
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revised in 2005 to 80% under the RBM strategic plan for 2005 to 2015 [7, 51] . Lately
the targets have again been shifted to universal coverage as recommended in the

current Global Malaria Action Plan, championed by the WHO/RBM partnership [12].

Recent trends of malaria control using IRS and ITNs

Analyses of ITN and IRS use in recent years reveals two especially encouraging
trends. The first is the increasing acquisition of long lasting insecticide nets (LLINs)
as opposed to ordinary ITNs, and the second is the gradual increase in the coverage of

both ITNs and IRS in malaria endemic countries.

Gradual change from using ordinary ITNs to the use of LLINs

Some 10-15 years ago, nets used against malaria mosquitoes were mainly non-
insecticidal [52, 53). These untreated nets (as they are now generally known) work
mainly as physical barriers preventing mosquito bites when people are asleep under
them. They can provide modest protection when used properly and when in good
condition [54-57], but their effects rapidly deteriorate when improperly used and
when they are torn, in which case mosquitoes can still enter and bite the occupants
[58], rendering the nets nearly useless. The concept of insecticide treated nets was
considered as a way to extend the protective efficacy of nets and to induce community
benefits to not only users but also non users [59, 60]. Towards the end of 1990s, net
treatment and re-treatment with effective insecticides intensified, and new nets were
now increasingly being factory treated, or sold untreated but bundled together with
insecticide kits. The actual process of net treatment at the community level was in
itself operationally very difficult to sustain and the practice quickly become a major

impediment to the ITN strategy in general [56]. Without regular re-treatment, the
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hand treated ITNs quickly reverted to the state of ‘untreated nets’ as their insecticidal
efficacy quickly declined due to natural decay of the insecticides or attrition from
repeated washing [61, 62].

New technologies of net manufacturing utilize long lasting fibres and more
permanent impregnation techniques to produce long lasting insecticidal nets (LLINs)
[63, 64]. The insecticide is either incorporated within the fibres or coated on the fibre
surfaces using resins. According to WHO guidelines for approval, an LLIN must
retain effective biological activity, killing mosquitoes without re-treatment for at least
20 washes and three years of use [65]. In practice however, these nets are reported to
actually last between 3-5 years, and in some instances they have been shown to
remain effective even after 7 years of use [64, 66-68].

Certain LLINs also have a regenerative property, meaning that their
insecticidal activity can be boosted in the process of their use [69]. For example when
used Olyset® nets are washed and heated, the active ingredient embedded inside the
fibres becomes exposed onto the fibre surfaces thereby rejuvenating the desired
toxicity of these nets to mosquitoes [64, 69]. Because of their superior insecticidal
properties, robust nature and extended half-life, LLINs provide greater and more
sustainable protection than ordinary hand treated ITNs. In fact it has been projected
that with these long lasting net formats, only modest coverage is required to provide
desired communal protection against malaria transmission [70] .

Until now, WHO has approved seven different LLIN brands (Table 1) and six
different insecticides for treating nets [71]. There is however an obvious preference
by both the international community and the malaria endemic countries for LLINs as
opposed to ordinary ITNs. Data collected by WHO between 2000 and 2009 [1-3],

shows very clearly that distribution and sale of nets has been gradually shifting from
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ordinary ITNs to LLINs. As early as 2005, the supply chain of nets delivered to
Africa, Europe, the Americas and Eastern Mediterranean, already consisted of more
LLINs than ordinary hand treated ITNs. Moreover, based on the guidelines put
forward in the current WHO/RBM global malaria action plan [12], and because of the
improved cooperate responsibility of businesses and industrial partners, it is very

likely that only LLINs will be produced and distributed in coming years.
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Gradual increase in coverage with both ITNs and IRS

Even with widespread incompleteness of reporting, WHO-collated data, government
reports and independent evaluations all show large increase in ITN and IRS coverage.
An increasing number of countries are approaching or reaching the previous and
present malaria control targets [3, 6, 7, 12, 51). Already, between 2004 and 2007,
more than 127 million nets were distributed freely or at subsidized costs to people
living in malaria risk areas and about 96 million of these nets went to Africa [1]. In
addition some 41 million households were sprayed with residual insecticides. Just
three years later, new estimates suggest that approximately 289 million nets would
have been delivered to sub-Saharan Africa by the end of 2010, matching the needs of
at least 76% of the 765 million vulnerable people in the region [3].

In sub-Saharan Africa, utilization of ITNs increased exponentially subsequent
to the Abuja declaration in 2000 [6]. Between 2000 and 2003, the increase was
marginal and coverage of nets, treated or untreated remained dismal [52, 53, 72]. For
children under five years, untreated nets may have reached 20% in few countries (e.g.
Guinea-Bissau, Mali, Sao Tome and Principe, The Gambia, Comoros, Tanzania, Chad
and Benin), but coverage with ITNs remained below 5% in nearly all sub-Saharan
African countries [52]. Only the islands of Sao Tome and Principe, and The Gambia
reported ITN coverage of greater than 10% among under-five year olds. Monasch et
al., 2004 estimated that based on1998-2002 health surveys, coverage in Africa with
‘any nets’ was 15%, but that ITN-specific coverage was only 2% [72]. Fortunately by
this time, nearly all malaria endemic countries in Africa had adopted ITNs or LLINs
into malaria control policies [53).

By 2004, good progress was being made as public health authorities

revitalized efforts towards health equity; and as novel delivery methods for ITNs such
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as social marketing and mass distribution became popular [73-76]. In Malawi there
was 8% coverage with any net in 2000 but this had risen to 36% coverage with ITNs
by 2004 [77]. Between 2003 and 2004, ITN use among children under-five years
increased from 4.6 to 23% in Senegal, 10.2 to 16% in Tanzania and 6.5 to 23% in
Zambia [53]. Other notable success stories were Togo and Niger where house hold
level ITN possession rose from 8 to 63% and 6 to 61% respectively [52, 53]. Perhaps
the best achievement at the time was Eritrea, which reached 63% ITN coverage by
end of 2004 [78]. By 2007, when the new WHO targets were already in place [7, 51],
countries reaching 60% household coverage now also included Kenya, Niger, Sao
Tome and Ethiopia. [1]. Another terrific example has been Zambia where the latest
Malaria Indicator survey has shown that since 2006, the proportion of households
owning at least one ITN had risen by 38%, reaching 62% in 2008 [79]. The general
continent wide coverage remained very low given that there were still extensive areas
with large populations, including Congo, Sudan and Chad, where nets had not
adequately penetrated [2]. Nevertheless, this situation has since dramatically
improved. According to the latest WHO report, approximately 42% of households in
Africa owned at least one ITN in mid-2010 and that 35% of all children under the age
of five slept under ITNs [3]. Given that these coverage rates are still far below the
targeted goals, and because some of the nets earlier delivered are now due for
replacement, the scale up of LLINS still needs to be reinvigorated.

Coverage with IRS has improved significantly during the same period. The
number of protected people in sub-Saharan Africa, which was estimated at 13 million
in 2005 [4] had increased to about 75 million in 2009 [3]. Even though this figure may
represent coverage of only about 10% of the total population of people at risk of

malaria, the coverage of households actually targeted by IRS has been consistently
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high in individual countries. Indeed it appears that more countries have met the IRS
targets than ITNs targets. Mozambique, Swaziland and South Africa have been
implementing joint regional IRS activities since 2000 and have witnessed a sustained
suppression of malaria burden in the region [80]. Together with other southern Africa
countries like Namibia, South Africa and Swaziland, they have consistently been
attaining universal coverage in IRS designated areas in recent years [1, 80]. Other
examples include Botswana where IRS consistently covered greater than 60% of risk
populations between 2004 and 2007 [1], and Zambia, where IRS began in 2001 and
where 40% of households targeted for IRS, were covered in 2008 [79].

Between the time of the DDT prohibitions in 1970s and the time when
pyrethroids entered malaria control in 1980s and 1990s, only a handful of countries
had continued IRS, often with excellent gains [1, 26, 35-37]. Today however, nearly
two-thirds of countries in sub-Sahara Africa use IRS and WHO has approved 12
different insecticides for this purpose (Table 2) [81]. While some countries such as
South Africa, have been alternating between DDT and synthetic pyrethroids (mainly
to control insecticide resistance), the pyrethroids are generally favoured, arguable
because they have lower mammalian toxicity, are more readily available, are applied
in lower doses (making them more economically viable especially in areas where
insecticides are shipped by road), and because of national and international

restrictions surrounding DDT use.
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Some major challenges facing the IRS and LLIN strategies

Insecticide resistance
Reduced susceptibility of mosquitoes to commonly used insecticides is arguably the
number one challenge currently facing malaria vector control [82-86]. It is
incriminated as having been the major cause of failure of the past Global Malaria
Eradication Campaign [31, 32, 87]. Tables 1 and 2 above, show that there are only 4
classes of insecticides that are currently approved for IRS use, and that all the
permitted insecticidal nets are based on just a single class of chemicals (i.e. synthetic
pyrethroids). This situation, coupled with the possibility of cross-resistance between
different insecticides [88, 89], illustrates the fragility of IRS and LLINs, which both
insecticide-based vector control interventions, and emphasizes the urgent need for
action. Moreover, the risk of target vectors developing resistance against various
insecticides is greatly increased when a given insecticide is continuously used for long
periods of time, without any measures aimed at delaying of managing resistance [90].
Physiological resistance of mosquitoes to insecticides can occur primarily in
two ways, The first is through target site insensitivity, where the insecticide can no
longer bind onto the target receptors in the mosquitoes. The most common and best
described target site resistance is the kdr (knock-down resistance) mechanism, which
occurs when there is a mutation in the genetic region coding for the sodium channels
through which some organochlorines and pyrethroids are transported across insect
cellular membranes. This causes physical alterations in structure, which is sometimes
accompanied by a reduction in the overall number of these channels, so that the entry
of insecticides into nerve cells is inhibited. It is this target site resistance mechanism
which is also responsible for cross resistance between pyrethroids and

organochlorides such as DDT (88, 91]. Target site insensitivity can also affect
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insecticidal activity of other compounds such as organophosphates and carbamates,
for example when there are alterations at the active site of the enzyme, acetyl-
cholinesterase, thereby inhibiting binding of these insecticide groups. The other
resistance mechanism results from increased metabolism and is characterised by
either high levels or increased activity of enzymes (esterases, oxidases, glutathione-s-
transferase), which are normally required by insects to detoxify chemicals including
the insecticides. These particular mechanisms can act against multiple insecticide
classes [88]. For example, elevated esterases have been associated with carbamates
and organophosphates resistance, mono-oxygenases are involved in rapid metabolism
of pyrethroids and also detoxification of some organophosphorous insecticides and
glutathione-s-transferases are involved in detoxification of DDT [90].

Even though the precise extent of insecticide resistance in Africa is not yet
clearly defined [92], there is a constantly growing evidence of its occurrence in the
West Africa, Central Africa, East Africa, and also southern African countries [85, 86,
91]. To avoid exacerbating the problem of resistance, the type of insecticide used for
IRS has either had to be changed in many countries e.g. Southern Africa [36], Bioko
Island in Equatorial Guinea [93] and Mozambique [94] or it is being considered for
change e.g. in Zanzibar (Dr. Peter McElroy, Pers Comm). Indeed, significant
successes against malaria have been achieved with this strategy, one recent case being
the change from pyrethroids to bendiocarb (a carbamate), for IRS in Benin, where
there is a very high frequency of pyrethroid resistance among malaria vectors [95].
Today the international community, through major non-governmental initiatives such
as the innovative vector control consortium (IVCC) have embarked on major
initiatives to find alternative insecticides that can continue to perform even in areas

where large proportions of disease-carrying mosquitoes are resistant to existing
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insecticides [82]. It is therefore a matter of absolute importance to slow the onset and

spread of resistance even as these new products are developed.

Human and vector behaviour

The second important challenge facing IRS and ITN strategies is the increasing
overlap between human activity and mosquito activity, especially with regard to being
inside or outside houses. Both ITNs and IRS are insecticide-based intra-domiciliary
interventions. Primarily, these interventions target only those mosquitoes that enter
and those that attempt to enter human houses. However, there is growing evidence
that these particular tools cannot control all the malaria transmission that occurs in
nature and that there is a significant residual proportion of transmission that continues
to occur either outdoors or indoors at times when people are not yet under their bed
nets [96-99]. There is also evidence that some specific groups of people spend a long
time outside their houses and that these people are more at risk given that they do not
benefit directly from the effects of the ITNs and IRS [99].

A few years ago, Killeen et al estimated that even in areas dominated by the
indoor feeding anthropophagic malaria vectors, An. gambiae sensu lato, about 10% of
malaria transmission was already occurring when people were outside their houses
and effectively not using their nets [96]. Recent mathematical simulations by Govella
et al have also now shown that in situations such as urban Dar es Salaam, Tanzania,
outdoor malaria transmission may constitute as much as 50% of the overall
transmission by vectors such as Anopheles arabiensis, a member of the An. gambiae
species complex, which can readily feed outdoors and on non-human hosts in
response to extended bed net coverage [99]. Thus the only benefit that people obtain

outside the direct spectrum of IRS and ITN coverage is the indirect protection from
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the communal effects of the interventions, such as that which results from the mass
killing effects of the nets [60, 70].

Recent evidence now shows a dramatic shift in proportional composition of
major malaria vectors. For example in Kenya and in Tanzania, the previously
predominant An. gambiae sensu stricto has now been overtaken by An. arabiensis as
the new dominant vector [100, 101]. The latter vector species may be anthropophilic
(preferring to feed on humans over other vertebrates) and endophagic (preferring to
feed indoors than outdoors) [102-104], but it is also known to very readily bite non-
human hosts (e.g. cattle, where available), and also to more readily bite outdoors than
An. gambiae s.s {103, 105-109]. These behaviours greatly lower the thresholds at
which current intradomicilliary interventions like ITNs and IRS cease to be effective
in areas experiencing this shift in mosquito populations [97, 110]. Besides, there are
other species such as An. coustani, which are of minor importance as malaria vectors
[111], and cryptic subgroups of An. gambiae, which are emerging as possible malaria
vectors [112], which have very different behaviours from the common vectors, but
which will have to be targeted as well if malaria elimination is to be achieved [84].
Fortunately, the public health research and donor communities are already pushing
ahead towards development of new interventions that target mosquitoes in areas other

than inside human houses [84].

The slow pace of development of new malaria control tools

Many malaria scholars will recognise that the excessive focus on vector control
through IRS during the first global eradication campaign, and later chemotherapy
through the primary health care units, resulted in an unprecedented slow-down in the

pace of development of new agents for malaria control [31, 32]. There was very little
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research conducted on new malaria control tools and strategies, meaning that effective
malaria control tools remain a major limitation in public health.

The malaria eradication research agenda (malERA) consultative forums
identified four key components for successful vector control [84]. One of these was
the need for synergistic or complementary interventions that are applied through
rationally designed programs in temporal or spatial combinations (Table 3). Besides,
the current global malaria action plan recognizes that even though IRS and ITNs
should be promoted as the key interventions against malaria, there should be an
attempt to develop and evaluate new interventions that could then be applied at
national or district level, based on local evidence from specific areas [12]. As shown
in Table 3, this new global agenda for research towards sustained malaria control and
malaria eradication extensively embraces the need to consider insecticides, insecticide
formulations or new vector control methods that can circumvent the problems of
resistance among vector populations, changing human and vector behaviour, and the
inability of existing intervention methods to target the full spectrum of malaria

transmission indoors and outdoors [84].
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Preserving and optimizing effectiveness of ITNs and IRS

The dominant school of thought states that the best ways to preserve current
effectiveness of existing primary vector control methods, LLINs and IRS, are
measures that aim at preventing insecticide resistance among mosquito populations,
for example development of new and alternative insecticides [82, 84]. While
insecticide resistance is indisputably one of the most significant challenges facing
malaria vector control today, malaria elimination and eventual eradication will also
require combination of current best practices [98], leading to greater impacts than in
situations where these tools are implemented singly. Where necessary, these
combinations of existing interventions, e.g. LLINs and IRS, LLINs and larvcides,
LLINs, LLINs and mosquito traps or house screening can first be simulated and their
potential benefits explored using mathematical models before a selected set is
experimentally tested or implemented in real life situations [98, 110].

Even as the world seeks additional and alternative tools to complement IRS
and LLINs, these two methods themselves remain the most preferred (3, 12].
Moreover, existing evidence suggests that high coverage of households with LLINs
and IRS are presently the most effective options available to control malaria in high
transmission areas [98, 113, 114]. Their application must therefore be optimised
through evidence based decision making processes, not only to preserve the accrued
benefits, but also to ensure cost effectiveness of the strategies, especially when they
are used together in the same communities

This thesis deals with one possible technique for preserving and optimizing
effectiveness of existing tools, i.e. the combination of LLINs with IRS in the same
households. The research was generally aimed at determining whether indeed such

combinations would have advantages or disadvantages, relative to using either LLINs
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alone or IRS alone, and therefore to provide a basis for decision making on aspects
such as: 1) whether that strategy is necessary, 2) which insecticides are the most

appropriate to be combined and 3) whether the strategy be cost-effective.

Overview of the PhD Research

Background and rational

ITNs and IRS are the most preferred techniques for malaria vector control [115-117].
Their application has led to reduced malaria burden in many endemic countries [3].
The two methods are commonly used together and many gévernments have
incorporated both of them in state policies.

Any policy-based combinations of vector control methods require scientific
verification for expected added value. This would enable policy makers to select the
most appropriate combinations, for example IRS insecticides and types of ITNs, while
considering factors such as baseline transmission intensities and the behaviour of the
local vector populations. In situations where resources are limited, such evidence may
also guide resource allocation. For example if it were determined that there is no
added value from using IRS alongside ITNs, resources could be diverted to other
sectors or strengthen existing ITN operations.

Today, most of the existing information on benefits of ITNs and IRS is
derived from controlled trials where the methods were tested individually. However in
operational programs, it is more common that the two methods are used together;
either concurrently or one after the other. For example, IRS is often performed in
response to malaria epidemics while ITNs are continuously distributed through

national programs or public-private partnerships {118], resulting in a situation of
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overlap between IRS and ITN coverage. Unfortunately though, there is not yet any
substantive evidence of benefits or failures due to such combined use, or whether the
two methods complement or diminish the beneficial effects of each other [119]. The
other challenge is the determination of appropriate insecticides to be used where such
combination is done. These and other important questions require controlled field
experiments, conducted in malaria endemic areas, where vectors are monitored under
exposure to different IRS compounds, ITNs or combinations thereof.

I proposed to conduct field studies to determine the behavioural and
toxicological effects of different chemicals used for IRS and ITNs, as well as the
effects of combining the two methods, against important malaria vectors in south
eastern Tanzania. I proposed also to develop a simple mathematical model to predict
the community level outcomes of combining the methods in different situations; for
example where there are different vector species, where different insecticides are used
or where the vector populations are resistant to insecticides. This research therefore
directly contributes towards the necessary evidence for day-to-day operations where

ITNs and IRS are used either individually or in combination.

General objective of the PhD research

The overall objective of this study was to determine whether there is any added
advantage in combining ITNs and IRS at household level and to recommend the most
appropriate insecticides for combined use if there would be any scientific rationale for

such combinations.
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Specific objectives

I.

To perform an in-depth review on: 1) the modes of action of insecticides used
for IRS and ITNs and 2) potential benefits and limitations of combining

LLINs and IRS in the same households (Chapter II)

To develop and optimize an experimental huts assay for evaluation of different
LLINs and IRS insecticides and their combinations for malaria vector control

(Chapter III).

. To characterize and compare the different IRS insecticides and the different

LLINSs based on their modes of action against malaria vectors, and to compare
effects of the individual interventions relative to various LLINs-IRS

combinations, when used at household level (Chapters IV-V).

. To develop and test a mathematical simulation that combines modes of action

of different insecticides with behaviour of target malaria vectors to assess
synergies and redundancies in community level effects of various LLIN-IRS

combinations, applicable for malaria transmission control (Chapters VI-VIII).

45



References

Bowon

w

10.

1.

12.

13.

14.

15.

16.

WHO: World Malaria Report 2008. World Health Organization 2008.
WHO: World Malaria Report 2009. World Health Organization 2009.
WHO: World Malaria Report 2010. World Health Organization 2010.
WHO, UNICEF: World Malaria Report 2005. World Health Organization
2005.

WHO: World Malaria Report 2011. World Health Organization 2011.
WHO: The Abuja Declaration and the plan of action. An extract from the
African Summit on Roll Back Malaria, Abuja WHO/CDS/RBM/2000.
2000.

WHO: Roll Back Malaria Global Strategic Plan 2005-2015. 2005.

Hay SI, Guerra CA, Gething PW, Patil A, T., Tatem AJ, Noor AM, Kabaria
CW, Manh BH, Elyazar IRF, Brooker S et al: A World Malaria Map:
Plasmodium falciparum Endemicity in 2007. PLoS Med 2009, 6(3).

World Health O: The world health report 2008: primary health care now
more than ever: World Heaith Organization; 2008.

Sachs J, Malaney P: The economic and social burden of malaria. Nature
2002, 415:680-685.

Gallup JL: The economic burden of malaria. Am J Top Med Hyg 2001,
64(90010):85-96.

WHO: Global Malaria Action Plan. World Health Organization 2009.

The malERA Consultative Group on Vaccines: A research Agenda for
Malaria Eradication: Vaccines. PLoS Med 2011, 8(1):e1000401.

Abdulla S, Oberholzer R, Juma O, Kubhoja S, Machera F, Membi C, Omari S,
Urassa A, Mshinda H, Jumanne A: Safety and immunogenicity of RTS,
S/AS02D malaria vaccine in infants. NEJM 2008, 359(24):2533-2544.

Bejon P, Lusingu J, Olotu A, Leach A, Lievens M, Vekemans J, Mshamu S,
Lang T, Gould J, Dubois MC: Efficacy of RTS, S/ASO1E vaccine against
malaria in children 5 to 17 months of age. NEJM 2008, 359(24):2521-2532.
Asante KP, Abdulla S, Agnandji S, Lyimo J, Vekemans J, Soulanoudjingar S,
Owusu R, Shomari M, Leach A, Jongert E: Safety and efficacy of the RTS,

S/ASO1E candidate malaria vaccine given with expanded-programme-on-

46



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

immunisation vaccines: 19 month follow-up of a randomised, open-label,
phase 2 trial. Lancet Infect Dis 2011.

Gladwell M: The Mosquito Killer: Millions of people owe their lives to
Fred Soper. Why isn't he a hero? The New Yorker 2001, July 2:42-51.
Bruce-Chwatt B, J. dZ: The rise and fall of malaria in Europe; a historico-
epidemiological study. Oxford: Oxford University Press; 1980.

Greenwood BM: Control to elimination: implications for malaria research.
Trends Parasitol 2008, 24(10):449-454.

Lindsay SW, Emerson PM, Charlwood JD: Reducing malaria transmission
by mosquito-proofing homes. Trends Parasitol 2002, 18(11):510-514.
Lindsay SW, Kirby M, Baris E, Bos R: Environmental Management for
Malaria control in the East Asia and Pacific (EAP) region. World Bank
Report on Human, Nutrition and Population 2004.

Soper FL, Wilson DB: Anopheles gambiae in Brazil: 1930 to 1940. New
York: The Rockefeller Foundation; 1943.

Barat LM: Four malaria success stories: how malaria burden was
successfully reduced in Brazil, Eritrea, India, and Vietnam. Am J Top Med
Hyg 2006, 74(1):12-16.

Najera JA: Malaria control: achievements, problems and strategies.
Parassitologia 2001, 43:1-89.

Lindsay SW, Gibson ME: Bednets revisited: old idea, new angle.
Parasitology Today 1998, 4:270-272.

Sadasivaiah s, Tozan Y, Breman JG: Dichlorodiphenyltrichloroethane
(DDT) for indoor residual spraying in Africa: how can it be used for
malaria control? Am J Top Med Hyg 2007, 77(6).249-263.

Najera JA: Malaria control: achievements, problems and strategies.
Parassitologia 2001, 43(1-2):1.

Harper PA, Lisansky ET, Sasse BE: Malaria and other insect-borne
diseases in the South Pacific campaign, 1942-194. Am J Top Med Hyg 1947,
21 (Suppl.)(1-67).

Kusnetsov RL: Malaria control by application of indoor spraying of
residual insecticides in Tropical Africa and its impacts on Community

Health. Tropical Doctor 1977, 7:81-91.

47



30.

31

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

Baird JK: Resurgent Malaria at the Millennium: Control Strategies in
Crisis. Drugs 2000, 59(4):719.

Néjera J, Gonzalez-Silva M, Alonso PL: Some lessons for the future from
the Global Malaria Eradication Programme (1955-1969). PLoS Med 2011,
8:¢1000412.

Bruce-Chwatt LJ: Lessons learned from applied field research activities in
Africa during the malaria eradication era. Bull Wrld Hith Org 1984,
62(Suppl): 19.

Rachel C: Silent spring: Ballantine Books; 1962.

WHO: World Health Assembly Resolution WHA 38.24. World Health
Organization 1985.

Roberts DR, Laughlin LL, Hsheih P, Legters LJ: DDT, global strategies, and
a malaria control crisis in South America. Emerg Infect Dis 1997, 3:295-
302.

Mabaso ML, Sharp B, Lengeler C: Historical review of malarial control in
southern African with emphasis on the use of indoor residual house-
spraying. Trop Med Int Health 2004, 9(8):846-856.

Korenromp E: Malaria incidence and estimates at country level for the
year 2004- proposed estimates and draft report. World Health
Organization/Roll Back Malaria 2005.

Smith A, Hudson JE: A review of insecticides tested in experimental huts at
the tropical pesticides research institute for the World Health
Organisation 1960-1967, WHO/VBC/68.93. World Health Organization
1968.

Smith A: Effects of Dieldrin on the Behaviour of Anopheles gambiae. 1969.
Service MW: Trials with dichlorves (ddvp) against malaria vectors in huts
in northern Nigeria. Trans R Soc Trop Med Hyg 1965, 59:153-162.

Service MW, Joshi GP, Pradhan GD: A survey of Anopheles gambiae
(species A) and An. arabiensis (species B) of the An. gambiae Giles
complex in the Kisumu area of Kenya following insecticidal spraying with
OMS-43 (fenitrothion). Ann Trop Med Par 1978, 72(4):377-385.

Smith A, Obudho WO, Esozed S: Resting patterns of An. gambiae in
experimental huts treated with malathion. Trans R Soc Hyg Trop Med
1966, 60(3):401-408.

48



43,

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

Roberts RH, Stark PM, Meisch MN: Aerosol evaluation of selected
adulticides against colonized and field strains of mosquitoes. Mosquito
News 1984, 44:528-533.

Schaefer CH, Dupras Jr EF, Mulligan lii FS: ETOC and lambda-
cyhalothrin: new pyrethroid mosquito adulticides. J Am Mosq Control
Assoc 1990, 6(4):621-624.

Sharp BL, Le Sueur D, Wilken GB, Bredenkamp BLF, Ngxongo S, Gouws E:
Assessment of the residual efficacy of lambda-cyhalothrin. 2. A
comparison with DDT for the intradomiciliary control of Anopheles
arabiensis in South Africa. . J Am Mosq Control Assoc 1993, 9(4):414-420.
WHO: Glebal malaria control strategy. World Health Organization 1993.
Alonso PL, Lindsay SW, Armstrong Schellenberg JRM, Keita K, Gomez P,
Shenton FC, Hill AG, David PH, Fegan G, Cham K et a/: A malaria control
trial using insecticide-treated bed nets and targeted chemoprophylaxis in
a rural area of the Gambia, West Africa. 6. The impact of interventions
on mortality and morbidity from malaria. Trans R Soc Hyg Trop Med
1993, 87 (Supplement 2):37-44.

Curtis CF, Mnzava AE: Comparison of house spraying and insecticide-
treated nets for malaria control. Bull Wrld Hith Org 2000, 78(12):1389-
1400.

WHO: Global Strategic Framework for Integrated Vector Management.
World Health Organization 2004:15.

WHO: WHO peosition on DDT use in disease vector control under the
Stockholm  Convention on  Persistent Organic  Pollutants,
WHO/HTM/RBM 2004.53. World Health Organization 2004.

WHO: 58th World Health Assembly Resolution WHASS.2: Malaria
Control, WHAS8/WHAS8-2. World Health Organization 2005.

WHO: Africa Malaria Report. In. Geneva: World Health Organization;
2003.

WHO: The African Malaria Report 2006. World Health Organization
2006:120.

Clarke SE, Bogh C, Brown RC, Pinder M, Walraven GEL, Lindsay SW: Do
untreated bednets protect against malaria? Trans R Soc Hyg Trop Med
2001, 95(5):457-462.

49



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Mwangi TW, Ross A, Marsh K, Snow RW: The effects of untreated bednets
on malaria infection and morbidity on the Kenyan coast. Trans R Soc Hyg
Trop Med 2003, 97(4):369-372.

Guyatt HL, Snow RW: The cost of not treating bednets. Trends Parasitol
2002, 18(1):12-16.

Takken W: Do insecticide-treated bednets have an effect on malaria
vectors? Trop Med Int Health 2002, 7(12):1022-1030.

Carnevale P, Bitsindou P, Diomandé L, Robert V: Insecticide impregnation
can restore the efficiency of torn bed nets and reduce man-vector contact
in malaria endemic areas. Trans R Soc Trop Med Hyg 1992, 86(4):362-364.
Abdulla S, Gemperli A, Mukasa O, Armstrong Schellenberg JR, Lengeler C,
Vounatsou P, Smith T: Spatial effects of the social marketing of insecticide-
treated nets on malaria morbidity. 7rop Med Int Health 2005, 10(1):11-18.
Hawley WA, Phillips-Howard PA, Ter Kuile FO, Terlouw DJ, Vulule JM,
Ombok M, Nahlen BL, Gimnig JE, Kariuki SK, Kolczak MS: Community-
wide effects of permethrin-treated bed nets on child mortality and
malaria morbidity in western Kenya. Am J Trop Med Hyg 2003,
68(90040):121-127.

Rafinejad J, Vatandoost H, Nikpoor F, Abai MR, Shaeghi M, Duchen S, Rafi
F: Effect of washing on the bio-efficacy of insecticide-treated nets (ITNs)
and long-lasting insecticidal nets (LLINs) against main malaria vector
Anopheles stephensi by three bioassay metheds. J Vector Borne Dis 2008,
45(2):143-150.

Bhatt RM, Yadav RS, Adak T, Babu CJ: Persistence and wash-resistance of
insecticidal efficacy of nettings treated with deltamethrin tablet
formulation (KO TAB®) against malaria vectors. J Am Mosq Control
Assoc 2005, 21(1):54-58.

Malaria RB: Business plan for stimulating the development,
manufacturing, and widespread distribution of long-lasting insecticidal
nets. In.: Roll Back Malaria Publications; Geneva, ix—xvi; 2004.

Ito T, Okuno T: Development of Olyset® net as a Tool for Malaria
Control. Sumitomo Kagaku Tokushugo (Sumitomo Chemical Review) 2006.
WHO: Insecticide Treated Nets: A position Statement. In. Geneva:
WHO/RBM; 2007.

50



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Tami A, Mubyazi G, Talbert A, Mshinda H, Duchon S, Lengeler C:
Evaluation of Olyset insecticide-treated nets distributed seven years
previously in Tanzania. Malar J 2004, 3(1):19.

Malima RC, Magesa SM, Tungu PK, Mwingira V, Magogo FS, Sudi W,
Mosha FW, Curtis CF, Maxwell C, Rowland M: An experimental hut
evaluation of Olyset® nets against anopheline mosquitoes after seven
years use in Tanzanian villages. Malar J 2008, 7(1):38.

Maxwell CA, Myamba J, Magoma J, Rwegoshora RJ, Magesa SM, Curtis CF:
Tests of Olyset nets by bioassay and in experimental huts. J Vect Borne
Dis 2006, 43:1-6.

Gimnig JE, Lindblade KA, Mount DL, Atieli FK, Crawford S, Wolkon A,
Hawley WA, Dotson EM: Laboratory wash resistance of long lasting
insecticidal nets. Trop Med & Int Health 2005, 10(10):1022-1029.

Killeen GF, Smith TA, Ferguson HM, Mshinda H, Abdulla S, Lengeler C,
Kachur SP: Preventing childhood malaria in Africa by protecting adults
from mosquitoes with insecticide-treated nets. PLoS Med 2007, 4(7):¢229.
WHO Pesticides Evaluation Scheme: specifications for public health
pesticides [ 1ality/en/.]

Monasch R, Reinisch A, Steketee RW, Korenromp EL, Alnwick D, Bergevin
Y: Child coverage with mosquito nets and malaria treatment from
population-based surveys in African countries: a baseline for monitoring
progress in roll back malaria. Am J Top Med Hyg 2004, 71(90020):232-238.
Noor AM, Amin AA, Akhwale WS, Snow RW: Increasing coverage and
decreasing inequity in insecticide-treated bed net use among rural
Kenyan children. PLoS Med 2007, 4(8):€255.

Tilson D: The Social Marketing of Insecticide-Treated Nets (ITNs) in
Kenya. Cases in Public Health Communication & Marketing 2007.

Webster J, Lines J, Bruce J, Armstrong Schellenberg JRM, Hanson K: Which
delivery systems reach the poor? A review of equity of coverage of ever-
treated nets, never-treated nets, and immunisation to reduce child
mortality in Africa. Lancet Infect Dis 2005, 5(11):709-717.

Nathan R, Masanja H, Mshinda H, Schellenberg JA, de Savigny D, Lengeler

C, Tanner M, Victora CG: Mosquito nets and the poor: can social

51



71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

marketing redress inequities in access? Trop Med & Int Health 2004,
9(10):1121.

Yukich J, Tediosi F, Lengeler C: Operations, Costs and Cost-Effectiveness
of Five Insecticide-Treated Net Programs (Eritrea, Malawi, Tanzania,
Togo, Senegal) and Two Indoor Residual Spraying Programs (Kwa-Zulu-
Natal, Mozambique). Swiss Tropical Institute 2007.

Nyarango PM, Gebremeskel T, Mebrahtu G, Mufunda J, Abdulmumini U,
Ogbamariam A, Kosia A, Gebremichael A, Gunawardena D, Ghebrat Y et al:
A steep decline of malaria morbidity and mortality trends in Eritrea
between 2000 and 2004: the effect of combination of control methods.
Malar J 2006, 5(33).

MOH-Zambia: Zambia National Malaria Indicator Survey. Ministry of
Health, Zambia 2008.

Sharp BL, Kleinschmidt I, Streat E, Maharaj R, Barnes KI, Durrheim DN,
Ridl FC, Morris N, Seocharan I, Kunene S: Seven years of regional malaria
control collaboration--Mozambique, South Africa, and Swaziland. Am J
Trop Med Hyg 2007, 76(1):42.

WHO Pesticides Evaluation Scheme: specifications for public health
pesticides [http.//www.who.int/whopes/quality/en/.]

Hemingway J, Beaty BJ, Rowland M, Scott TW, Sharp BL: The Innovative
Vector Control Consortium: improved control of mosquito-borne
diseases. Trends Parasitol 2006, 22(7):308-312.

N'Guessan R: Insecticide resistance in the West African malaria vector
Anopheles gambiae and investigations of alternative tools for its delay.
Wageningen: University of Wageningen; 2009.

The malERA Consultative Group on Vector Control: A research Agenda for
Malaria Eradication: Vector Control. PLoS Med 2011, 8(1):¢1000401.
Kelly-Hope L, Ranson H, Hemingway J: Lessons from the past: managing
insecticide resistance in malaria control and eradication programmes.
Lancet Infect Dis 2008, 8(6):387-389.

Ranson H, N'Guessan R, Lines J, Moiroux N, Nkuni Z, Corbel V: Pyrethroid
resistance in African anopheline mosquitoes: what are the implications

for malaria control? Trends Parasitol 2010.

52



87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

Kouznetsov RL: Malaria control by application of indoor spraying of
residual insecticides in tropical Africa and its impact on community
health. Tropical Doctor 1977, 7:81-93.

Hemingway J, Field L, Vontas J: An overview of insecticide resistance.
Science 2002, 298(5591):96-97.

Hemingway J, Hawkes NJ, McCarroll L, Ranson H: The molecular basis of
insecticide resistance in mosquitoes. Insect Biochem Mol Biol 2004,
34(7):653-665.

Hemingway J, Ranson H: Insecticide resistance in insect vectors of human
disease. Ann Rev Entomol 2000, 45(1):371-391.

Yewhalaw D, Wassie F, Steurbaut W, Spanoghe P, Van Bortel W, Hansen 1A:
Multiple Insecticide Resistance: An Impediment to Insecticide-Based
Malaria. PLoS ONE 2011, 6(1; €16066. doi:10.1371).

Ranson H, Abdallah H, Badolo A, Guelbeogo WM, Kerah-Hinzoumbé C,
Yangalbé-Kalnoné E, Sagnon N, Simard F, Coetzee M: Insecticide resistance
in Anopheles gambiae: data from the first year of a multi-country study
highlight the extent of the problem. Malar J 2009, 8(1):299.

Sharp BL, Ridl FC, Govender D, Kuklinski J, Kleinschmidt I: Malaria vector
control by indoor residual insecticide spraying on the tropical island of
Bioko, Equatorial Guinea. Malar J 2007, 6:52.

Casimiro SLR, Hemingway J, Sharp BL, Coleman M: Monitoring the
operational impact of insecticide usage for malaria control on Anopheles
Junestus from Mozambique. Malar J 2007, 6(1):142.

Akogbeto M, Padonou GG, Bankole HS, Gazard DK, Gbedjissi GL:
Dramatic Decrease in Malaria Transmission after Large-Scale Indoor
Residual Spraying with Bendiocarb in Benin, an Area of High Resistance
of Anopheles gambiae to Pyrethroids. Am J Top Med Hyg 2011, 85(4):586-
593.

Killeen GF, Kihonda J, Lyimo E, Oketch FR, Kotas ME, Mathenge E,
Schellenberg J, Lengeler C, Smith TA, Drakeley C: Quantifying behavioural
interactions between humans and mosquitoes: Evaluating the insecticidal
efficacy of insecticidal nets agains malaria transmission in rural
Tanzania. BMC Infect Dis 2006, 6:161.

53



97.

98.

99.

100.

101.

102.

103.

104.

105.

Killeen GF, Smith TA: Exploring the contributions of bednets, cattle,
repellents and insecticides to malaria control: a deterministic model of
mosquito host-seeking behaviour and meortality. Trans R Soc Hyg Trop
Med 2007, 101:867-880.

Griffin JT, Hollingsworth TD, Okell LC, Churcher TS, White M, Hinsley W,
Bousema T, Drakeley CJ, Ferguson NM, Basafiez MG: Reducing
Plasmodium falciparum malaria transmission in Africa: a model-based
evaluation of intervention strategies. PLoS Med 2010, 7(8).

Govella NJ, Okumu FO, Killeen GF: Insecticide-Treated Nets Can Reduce
Malaria Transmission by Mosquitoes Which Feed Outdoors. Am J Trop
Med Hyg 2010, 82(3):415.

Bayoh MN, Mathias DK, Odiere MR, Mutuku FM, Kamau L, Gimnig JE,
Vulule JM, Hawley WA, Hamel MJ, Walker ED: Anopheles gambiae:
historical population decline associated with regional distribution of
insecticide-treated bed nets in western Nyanza Province, Kenya. Malar J
2010, 9(1):62.

Russell TL, Lwetoijera DW, Maliti D, Chipwaza B, Kihonda J, Charlwood
JD, Smith TA, Lengeler C, Mwanyangala MA, Nathan R: Impact of
promoting longer-lasting insecticide treatment of bed nets upon malaria
transmission in a rural Tanzanian setting with pre-existing high coverage
of untreated nets. Malar J 2010, 9(1):187.

Kent RJ, Thuma PE, Mharakurwa S, Norris DE: Seasonality, blood feeding
behavior, and transmission of Plasmodium falciparum by Anopheles
arabiensis after an extended drought in southern Zambia. Am J Top Med
Hyg 2007, 76(2):267.

Tirados 1, Costantini C, Gibson G, Torr SJ: Blood feeding behaviour of the
malarial mosquito Anopheles arabiensis: implications for vector control.
Med Vet Entomol 2006, 20(4):425-437.

Tirados I, Gibson G, Young S, Torr S: Are herders protected by their
herds? An experimental analysis of zooprophylaxis against the malaria
vector Anopheles arabiensis. Malar J 2011, 10(1):68.

Clements AN: The biology of mosquitoes. 2, sensory reception and
behaviour: Chapman & Hall; 1999.

54



106.

107.

108.

109.

110.

111,

112.

113.

114.

115.
116.

Fornadel CM, Norris DE: Increased endophily by the malaria vector
Anopheles arabiensis in southern Zambia and identification of digested
blood meals. Am J Top Med Hyg 2008, 79(6):876.

Fornadel CM, Norris LC, Glass GE, Norris DE: Analysis of Anopheles
arabiensis blood feeding behavior in southern Zambia during the two
years after introduction of insecticide-treated bed nets. Am J Top Med Hyg
2010, 83(4):848.

Torr SJ, Della Torre A, Calzetta M, Costantini C, Vale GA: Towards a fuller
understanding of mosquito behaviour: use of electrocuting grids to
compare the odour orientated responses of Anopheles arabiensis and An.
quadriannulatus in the field. Med Vet Entomol 2008, 22(2):93-108.

Chaves LF, Harrington LC, Keogh CL, Nguyen AM, Kitron UD: Blood
feeding patterns of mosquitoes: random or structured? Frontiers in
Zoology 2010, 7(1):3.

Okumu FO, Govella NJ, Moore SJ, Chitnis N, Killeen GF: Potential Benefits,
Limitations and Target Product-Profiles of Odor-Baited Mosquito Traps
for Malaria Control in Africa. PLoS ONE 2010, 5(7):e11573.

Geissbithler Y, Kannady K, Chaki PP, Emidi B, Govella NJ, Mayagaya V,
Kiama M, Mtasiwa D, Mshinda H, Lindsay SW: Microbial larvicide
application by a large-scale, community-based program reduces malaria
infection prevalence in urban Dar es Salaam, Tanzania. PloS ONE 2009,
4(3):e5107.

Riehle MM, Guelbeogo WM, Gneme A, Eiglmeier K, Holm I, Bischoff E,
Garnier T, Snyder GM, Li X, Markianos K: A cryptic subgroup of
Anopheles gambiae is highly susceptible to human malaria parasites.
Science 2011, 331(6017):596.

WHO: Indoor Residual spraying: Use of Indoor residual Spraying for
scaling up malaria control and elimination. World Health Organization
2006.

WHO: Insecticide Treated Nets: A position Statement. World Health
Organization 2008.

WHO: World Malaria Report 2005. In. Geneva: Wrld Hlth Org; 2005.
Lengeler C: Insecticide-treated nets for malaria control: real gains. Bull
Wrid Hith Org 2004, 82(2):84.

55



117.

118.

119.

Lengeler C: Insecticide-treated bed nets and curtains for preventing
malaria. Cochrane Database Syst Rev 2004(2):CD000363.

Schellenberg JR, Abdulla S, Nathan R, Mukasa O, Marchant TJ, Kikumbih N,
Mushi AK, Mponda H, Minja H, Mshinda H et al: Effect of large-scale social
marketing of insecticide-treated nets on child survival in rural Tanzania.
Lancet 2001, 357(9264):1241-1247.

Okumu FO, Moore SJ: Combining indoor residual spraying and
insecticide-treated nets for malaria control in Africa: a review of possible
outcomes and an outline of suggestions for the future. Malar J 2011,

10(1):208.

56



Chapter 11

Combining indoor residual spraying and insecticide-treated nets for

malaria control in Africa: a review of possible outcomes and an outline of

suggestions for the future *

Abstract

Insecticide-treated nets (ITNs) and indoor residual spraying (IRS) are currently the
preferred methods of malaria vector control. In many cases, these methods are used
together in the same households, especially to suppress transmission in holoendemic
and hyperendemic scenarios. Though widespread, there has been limited evidence
suggesting that such co-application confers greater protective benefits than either
ITNs or IRS when used alone. Since both methods are insecticide-based and
intradomicilliary, it is hypothesized that outcomes of their combination would depend
on effects of the candidate active ingredients on mosquitoes that enter or those that
attempt to enter houses. It is suggested here that enhanced household level protection
can be achieved if the ITNs and IRS have divergent yet complementary properties,
e.g. highly deterrent IRS compounds coupled with highly toxic ITNs. To ensure that
the problem of insecticide resistance is avoided, the ITNs and IRS products should
preferably be of different insecticide classes, e.g. pyrethroid-based nets combined
with organophosphate or carbamate based IRS. The overall community benefits
would however depend also on other factors such as proportion of people covered by
the interventions and the behaviour of vector species. This article concludes by
emphasizing the need for basic and operational research, including mathematical

modelling to evaluate IRS/ITN combinations in comparison to IRS or ITNs alone.

* Adapted from: Okumu FO, Moore SJ: Combining indoor residual spraying and
insecticide-treated nets for malaria control in Africa: a review of possible outcomes and an
outline of suggestions for the future. Malaria Journal 2011, 10(1):208
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Background

Few vector control methods can be considered as effective against malaria mosquitoes
as insecticide-treated nets (ITNs) and house spraying with residual insecticides (IRS).
In recent years, endemic countries using the two methods singly or in combination
have reported significant declines in malaria related morbidity and mortality [1-4]. A
review of previous intervention trials has suggested that ITNs can reduce malaria
cases by 39% to 62% and child mortality by 14% to 29% [5]. Similarly IRS has been
shown to significantly disrupt malaria transmission, eliminate malaria vectors and
reduce malaria incidence [1, 6-8]

Today, universal coverage with long lasting insecticide-treated nets (LLINs)
or IRS is actively promoted as the main prevention strategy under the WHO endorsed
malaria control and elimination plan [9, 10]. Where both ITNs and IRS are
considered, the two methods are mostly used concurrently, within the same
households, even though some national strategies emphasize one method more than
the other [3]. Indeed, previous and current WHO guidelines have recommended the
combination of ITNs and IRS in various malaria transmission scenarios, more so for
holoendemic and epidemic situations [9, 11-13]. However, other than results from a
small number of previous trials, which had varied primary objectives [14-16], there
has not been any indisputable empirical evidence that ITN-IRS combinations can
indeed offer any additional communal or personal protection, compared to using
either method alone.

In this paper, recent trends of using ITNs and IRS are explored with special
emphasis on: 1) significance of the two methods in current malaria control agenda, 2)

potential benefits of combining the methods and 3) important research issues that
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should be considered to support decision making regarding combination of these two

methods.

Significance of IRS and ITNs in the current malaria control strategy

Other than intermittent preventive treatment (IPT), artemisinin-based combination
therapy (ACT) and improved case detection by rapid malaria diagnostic tests (RDTs),
recent declines of malaria are mostly attributable to expanded use of LLINs and IRS
[2-4, 17, 18]. Today, these methods remain the mainstay of malaria control agenda, a
situation which is likely to continue given the remarkably slow development and
adoption of alternative interventions. Therefore, while the need for new vector control
tools is being addressed, one of the greatest challenges is to optimize the ongoing use
of existing ITNs and IRS through evidence-based decision making, and to ensure that
any accrued successes are sustained.

The current Global Malaria Action Plan, recently launched by the WHO-Roll
Back Malaria Partnership [9], targets universal coverage of all at-risk-populations
with both preventive and curative measures. The idea is to scale up preventive
measures to full coverage then sustain them at that point for extended periods, thus
shifting malaria control dynamics towards elimination and possibly thereafter,
complete eradication. This initiative is motivated mainly by evidence that malaria
morbidity and mortality has been gradually, but steadily, reducing in many countries
that have well organized control programmes [3, 11, 19]. Regarding vector control,
this new action plan primarily advocates the use of long-lasting insecticidal nets
(LLINs) and IRS, and to a small extent encourages use of other methods, depending

on local evidence of effectiveness. To match these targets, production, distribution
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and use of public health insecticides and LLINs are expected to grow exponentially.
For example, it was originally approximated that 730 million LLINs would be
distributed globally between 2008 and 2010, and that at least 350 million of these nets
would go to Africa. In addition, 172 million households would be sprayed annually
with insecticides [9].

On one hand, this new roadmap may be considered a realistic proposition
given the proven effectiveness [1, 4-6, 20, 21] and the cost-effectiveness [22, 23] of
the proposed methods, but also because of the gradually increasing government and
donor funding for malaria control and research [3]. However, considering lessons
learned from previous malaria campaigns, the targets may aiso be viewed as being
overambitious and as exerting excessive pressure on poor malaria endemic countries,
as well as on the donor community. So far even the WHO 2000 and 2005 malaria
control targets [10, 24, 25] are yet to be met by many of these countries [3], and
complete eradication is not deemed feasible in the short or medium term [26-28].
Moreover, the apparent over-reliance of the plan on insecticide-based methods is
threatened by rise of insecticide resistance among target mosquito populations [29-
32), which is known to have been one of the major reasons for the partial failure of
malaria eradication programmes of the 1950s. Predictably, there is now a general
consensus in the malaria control community that development of new vector control
methods and new insecticides are key research priorities [33-37].

The WHO has provided guidelines for individual countries to use when
prioritizing IRS, ITNs or both [38, 39]). For example in high transmission areas, it is
recommended that children and pregnant women, who are most at risk, are
preferentially covered while at the same time the countries should work towards

ensuring that everyone gets and uses an insecticide-treated net. Moreover, in low
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transmission areas, public health authorities should establish priorities based on the
geographical distribution of malaria [38, 40]. One very significant shift from past
practice is that long-lasting insecticide-treated nets (LLINs), which are designed to
protect people for up to 3-5 years of use, are now being prioritized over ordinary
ITNs, which have a far shorter duration of insecticidal activity [9, 38). Indeed it is
expected that only LLINs will be produced in future [9]. On the other hand, IRS,
which was previously recommended for use in epidemic situations, in isolated
communities and in low to moderate transmission areas, is now recommended also for
high transmission areas [13, 39]. Perhaps most interesting, is the recognition that
either ITNs or IRS if used alone may not be sufficient to disrupt malaria transmission,
especially in holoendemic and hyperendemic areas, and that these two methods

should preferably be combined in such situations [12, 38, 41].

Combining ITNs and IRS for malaria control

How widespread is combined use of ITNs and IRS in Africa?
Combining ITNs and IRS for malaria control has increasingly common in Africa. At
the national level in sub-Saharan Africa, nearly all malaria endemic countries have
adopted ITNs, IRS or both. Based on the latest world malaria report [3] more than
twenty-five countries had policies involving both ITNs and IRS, including South
Africa, which unlike most countries, preferentially promotes IRS over ITNs, the nets
being saved for epidemic scenarios. About fifteen other countries were using ITNs but
not IRS [3].

Typically, ITNs and IRS are not usually used in a mutually exclusive way.

IRS is not always restricted to only households where ITNs are not already being
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used, and the application of IRS itself does not always preclude use of ITNs. Instead,
the two methods are commonly used together in the same communities or households.
For example, a common application of IRS is in the mitigation of malaria epidemics
[12, 13], where in many instances the residents already posses ITNs by the time IRS
is launched.

Based on local evidence on malaria endemicity and other factors, such as
financial costs and availability of storage and distribution systems, endemic countries
often prioritize which regions should preferentially receive the different interventions.
For example in Zambia, use of ITNs is targeted primarily in rural areas, while IRS is
targeted primarily in urban and peri-urban areas [42], where spraying is likely to be
more cost effective due to high densities of human populations. Zambia is also the
only country that has ever expressly restricted mass distribution of ITNs to
communities that are not eligible for IRS [43]. Nevertheless, even if promotion of IRS
were restricted by government policy to areas where ITNs are not used, people may

still obtain nets from the private sector or from non-governmental organizations.

What are the potential benefits of combining ITNs with IRS?

Despite the widespread implementation of ITNs and IRS and the likelihood of
interactions between their properties, little is known about their impacts when they are
used together. WHO has suggested that the two methods should be co-implemented to
reduce transmission especially in hyperendemic and holoendemic scenarios [3, 38].
However, these recommendations are not entirely evidence-based as very little data
are available from programs where both methods have been applied, or where
combined ITN/IRS interventions have been evaluated relative to either method alone.

Instead, most of the data available today come from large malaria control operations

62



conducted in communities where strategies included not only ITNs and IRS, but also
other interventions including health education, artemisinin combination therapy,
larviciding and environmental management [2, 15, 44]. Without direct measurements
of transmission indicators (such as mosquito biting rates) and malaria burden
indicators (such as incidence rates), from studies designed specifically to test the two
vector control methods in combination, it is difficult to attribute observed protective
benefits to any single intervention within the combined strategy as implemented in
most of these previous large-scale interventions.

In Eritrea, where Nyarango et al evaluated the national malaria control
programme between 2000 and 2004, there was no added advantage of using IRS and
ITNs as opposed to using either method alone [44]. The authors argued that this might
have been because the predominant vector in the region, Anopheles arabiensis was
endophillic (indoor resting), and was, therefore, redundantly affected by ITNs and
IRS since these interventions are both used indoors. In other words, the fact mere that
both ITNs and IRS are indoor interventions, meant that there would be no additional
benefit when they are applied against vector species are are also predominantly indoor
feeding and indoor resting [44]. Elsewhere, in a retrospective evaluation of control
operations between 1993 and 1999 in the Solomon Islands [15], where primary
malaria vectors included Anopheles punctulatus and the exophilic (outdoor resting),
early evening feeding Anopheles farauti [45], it was shown that reductions in malaria
and fever incidences were associated not only with DDT house spraying, but also with
ITNs and health education [15]. Though this particular appraisal did not directly
measure combined effects of IRS and ITNs, it was established that ITNs could not
possibly replace DDT-house spraying, but that the amount of the insecticide required

would be reduced if ITNs were also used.
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There are also reports showing that even though combinations of insecticidal
nets with IRS lowered overall vector densities inside houses, there was no overall
reduction in malaria transmission relative to situations where only one of the methods
was used. Examples include reports by Protopopoff et al who evaluated the generally
successful malaria control programme in the highlands of Burundi, where PermaNet
2.0™ nets, (deltamethrin treated LLINSs), were deployed alongside very high coverage
(90%) of deltamethrin and alpha-cypermethrin based IRS [46, 47)]. In this project, the
interventions were targeted both spatially and temporally, so as to focus on areas and
times when transmission was highest [46-48].

More recently, Kleinschmidt et al completed a review of studies involving
both IRS and ITNs [14]. Of the eight previous studies that they considered, five
reported a reduced risk of infection in people protected by both interventions,
compared to people protected with either IRS or nets alone. This research group also
analysed results of household surveys conducted between 2006 and 2008 in Bioko,
Equatorial Guinea and in Zambezi province, Mozambique [14], and found that in both
places, the odds of contacting malaria were significantly lower for children living in
houses with both IRS and ITNs, than for children living in houses with only IRS [14].

Mathematical modelling is also increasingly being adopted as a way of
estimating potential benefits of combined ITN-IRS interventions, thereby partly
filling the evidence gap while awaiting controlled field trials, but also enabling
informed decision making by policy makers in areas where such co-applications are
already being implemented [16, 41, 49]. In one case, based on simulations of IRS/ITN
combined interventions, Yakob er al [16] recently reported that even though there is
likely to be significant reduction of transmission by using 80% coverage with

pyrethroid treated ITNs and DDT together at household level, this combination still
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resulted in higher transmission potential (basic reproductive number, R,=11.1 down
from an control baseline of 39.5), than 80% coverage with just the ITNs alone without
the DDT (R,=0.1). Their explanations were that: 1) IRS compounds such as DDT,
which have significant repellent properties reduce the likelihood that mosquitoes
contact ITNs within the sprayed houses and 2) ITNs prevent mosquitoes from blood
feeding and, therefore, reduce the rate at which blood fed mosquitoes rest on the walls
[16]. This theoretical analysis seems to undermine the protective potential of the
deterrent nature of IRS insecticides and somewhat contradicts actual field results from
large scale vector control evaluations which have historically shown that high
coverage with IRS using DDT results in significant reduction in community malaria
risk [1, 6, 7).

Chitnis ef a/ [49] also used a mathematical model to assess effectiveness of
nets and IRS (with the organochloride, DDT or a carbamate, bendiocarb) when used
singly or in combination, in a holoendemic area dominated by Anopheles gambiae. 1t
should be noted that whereas DDT is proven to have significant repellency against
mosquitoes [50-52], bendiocarb has minimal such effects [53]. Chitnis er a/ found that
humans using only ITNs are generally better protected than those with only IRS, and
that even though the ITNs or IRS with DDT provided similarly high personal
protection, neither of them alone could interrupt transmission on its own [49].
Besides, they also showed that high coverage of IRS using bendiocarb alone might
interrupt transmission as much as simultaneous high coverage of ITNs and IRS with
DDT. This finding indicates that the key question is not only whether people use IRS,
ITNs or both, but that it is also imperative to consider the type of insecticides (i.e.
active ingredients) used in these interventions. One other crucial suggestion from this

research group was that IRS and net combinations would be most effective if the
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second intervention being introduced is initially targeted at those people who are not
yet covered by the existing intervention [49].

Other than actual efficacy of individual insecticides, there are several other
factors associated with the overall performance of these intradomicilliary
interventions and their combinations. For example, a comprehensive model-based
evaluation of interventions showed that in low endemicity areas, where people
experience approximately three infectious mosquito bites per year (annual EIR~3) or
less, LLINs alone can drive malaria transmission to levels below the 1% parasite
prevalence threshold necessary to start pursuing elimination [41]. However, the same
model also predicted that, in moderate transmission areas (annual EIR between 43 and
81), additional interventions such as IRS with DDT and mass screening and treatment
of malaria cases, would be required alongside LLINs to achieve the same target [41].
The situation gets more complicated when the malaria vector is more exophilic
(outdoor resting) than endophillic (indoor resting). It has been suggested that in these
areas and also in areas with high transmission (EIR in the range of hundreds or more),
existing interventions, even if combined, cannot completely disrupt malaria
transmission [41]. As such additional interventions especially those that target
outdoor-feeding or outdoor-resting mosquitoes will be required to achieve these
targets [35, 37, 41].

Where ITN and IRS insecticides have overlapping modes of action, insecticide
combinations may remain protective for much longer than when only a single
insecticide is used. Such an observation is exemplified in the work reported by
Protopopoff et al in Burundi, where LLINs were provided to continue protecting
people even after the residual activity of the IRS insecticides had ceased to be

effective [46, 47). This concept of extending insecticide persistence can also be
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explained by results from studies where two different IRS insecticides were applied in
same houses. In one study, Service et al reported that huts sprayed with both
Malathion and DDT remained toxic to mosquitoes much longer and that these huts
were less irritant against both Anopheles funestus and An. gambiae than huts sprayed
with just DDT [52]. There are also reports from the IRS program in New Guinea in
the 1950s, where pure DDT was replaced by a mixture of DDT and dieldrin in
selected areas with persistently high transmission [54]. Though additional
transmission reduction was observed, it could not be confirmed to be a direct result of
the change of interventions. The original idea however was that the long residual
effect of the DDT together with the high initial toxicity of dieldrin would be able to
achieve better control of malaria than just pure DDT [54, 55]. Even though existing
IRS compounds last for only a few months, with the exception of DDT that lasts 6-12
months on sprayed walls [56], sustainable ITN/IRS strategies will require advanced
technologies to develop long lasting formulations for IRS such as those recently tested
in west Africa [36], which could achieve even greater benefits when combined with
LLINs.

Based on reports analysed above, it seems that at least in some cases, there are
advantages of combining ITNs with IRS relative to using either method alone, but that
this outcome may be different in certain situations, since there are numerous
confounding factors that can affect the results. It is therefore certain that evidence to
support or refute this strategy of combinations remains inconclusive and any

generalizations for optimal strategies cannot be made.
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A functional description of insecticides commonly used for IRS and ITNs, and its
relevance in selecting candidate insecticides for use in combined ITN/IRS

interventions

In practice, the decision to use IRS, ITNs or both methods should be based on existing
epidemiological conditions, operational requirements and expected protective efficacy
of the interventions. The protective efficacy is itself a function of several other factors
including behaviour of the local mosquito populations and presence or absence of
insecticide resistance among these vectors. Both IRS and ITNs are insecticide-based
and they both target mosquitoes that enter or those that attempt to enter human
dwellings (Figure 1). The WHO has approved 12 different insecticides for IRS and six
for use on bed nets [56]. Two of these insecticides, deltamethrin and alpha
cypermethrin can be used for both bed nets and IRS [56].

Each insecticide elicits a distinct spectrum of behavioural and physiological
outcomes on mosquitoes, implying that ITNs and IRS, if based on different
insecticides could differentially affect vectors even if they are simultaneously used in
the same house. In this section, data from previous studies on house spraying and
insecticide treated nets are considered to enable a generalised description of these
interventions on the basis of how each one of them can affect mosquitoes that enter or
those that attempt to enter human occupied houses (Tables 1-3). This functional
description is then used to briefly illustrate how best one could select appropriate
insecticides for a combined ITN-IRS intervention. The studies considered here were
all conducted in areas with susceptible populations of anthropophilic malaria vectors
An. gambiae and An. funestus, in special experimental huts designed to mimic local

human houses [57].
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Despite some differences in terminology [58-60], insecticides can be described
generally as: 1) deterrents or spatial repelients, if they prevent mosquitoes from
entering houses [59, 61-63], 2) contact irritants, if they force mosquitoes that contact
treated surfaces in the houses to exit, usually earlier than they normally would [59, 61,
64] or 3) toxicants, if they kill mosquitoes that contact treated surfaces or insecticide
fumes [59]. In addition, insecticides may inhibit the ability of mosquitoes to take
blood meals, i.e. feeding inhibition [65], or reduce chances of a mosquito surviving

after non-lethal contacts, i.e. sub-lethal effects [63, 66].
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Computationally, deterrence or spatial repellence is calculated as the
difference between number of mosquitoes entering treated huts and number entering
control huts presented as a percentage of the number entering the control hut. Feeding
inhibition is calculated as the percentage of all mosquitoes entering the treated huts
that do not manage to feed and toxicity, as the percentage of mosquitoes entering the
treated hut that die. Because in most previous studies, mosquitoes were sampled once
a night as opposed to several times a night e.g. hourly, it is not possible to accurately
derive values for contact irritancy based on the definition used in this article. The term
excess exit is, therefore, used as a simplification for contact irritancy [59], and is
calculated as the difference between percentage of mosquitoes exiting the treated huts
and percentage exiting control huts.

Each of these properties is functionally applicable at different levels along the
path of the mosquito, as it approaches a net-user inside an insecticide sprayed house.
This process is illustrated in detail in Figure 1. Nevertheless, the properties together
contribute to overall efficacy of the insecticide-based interventions. It can be argued
that any interventions that reduce man vector contact and vector survival, whether by
killing or by deterring host-seeking mosquitoes from potential blood sources, will
subsequently also reduce the probability of mosquito-borne disease transmission [67).
Therefore even though direct toxicity has been the most desired property of public
health chemicals [1], combined IRS/ITN interventions could confer superior
protection against malaria at household level if the constituent applications have
additional properties such as deterrence. In one example where Cullen and de Zulueta
[50] were reporting on effects of DDT on malaria vectors in Uganda, they explained
that the fate of mosquitoes deterred from experimental huts is intriguing in the sense

that they may find food or shelter elsewhere, but also that they may die from a
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combination of factors such as starvation, predation and exposure to harsh
environmental conditions [50]. Nevertheless, these scientists went ahead to affirm that
the crucial contact between mosquitoes and humans, which is required for malaria
transmission to take place between humans and mosquitoes, is reduced even without
any direct toxicity [50].

Based on results outlined in Tables 1-3, it can be argued that while the efficacy
of IRS applications is mainly due to repellency and toxicity to mosquitoes, ITNs
(including LLINSs) mainly inhibit feeding and kill mosquitoes. In selective cases such
as when the nets are treated with permethrin, their effects can include moderate levels
of repellency to the mosquitoes. It appears also that effects of insecticidal applications
are augmented, moderately by their ability to inhibit blood feeding by the vectors and
also the fact that they can irritate and force mosquitoes to leave houses in excess
numbers. From many previous experimental hut studies, IRS with DDT or lambda
cyhalothrin consistently conferred >50% deterrence (Table 1). However, bendiocarb,
a carbamate commonly used for IRS, appears to be highly toxic to susceptible
mosquitoes and to have significant feeding inhibition, yet it confers only limited
deterrence [S3, 68). This particular compound is often proposed as a potential
alternative for use against insecticide resistant populations [53, 68].

Insecticidal nets are effective mainly because they prevent blood feeding, even
when nets become torn and also because they kill the vectors. Unlike in the case of
IRS, deterrence is not a major property of LLINs (Table 2). Most of the previous
studies suggest that LLINs in particular elicit either very low levels of deterrence or
no deterrence at all against susceptible African malaria vectors [69-74]. However,
home-treated nets (also commonly referred to as conventionally treated nets) appear

to consistently confer moderate levels of insecticide associated deterrence [69, 72-78),
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even though there is one study with evidence to show that such effects may actually
be due to the insecticide carrier medium and not the insecticide per se [77]. It is likely
that IRS conveys higher deterrence than ITNs because IRS applications utilize higher
quantities of insecticides, resulting in higher concentrations of the insecticide in IRS-
huts than in huts containing bed nets treated with the same insecticides. This situation
not withstanding, many of these previous studies also show that IRS confers only
moderate feeding inhibition (Table 1), and as such the intervention alone may not be
adequate to prevent transmission within households. Thus, additional interventions
such as nets should be incorporated to enhance personal protection at household level.

Another concern regarding IRS is the rapid decay of the associated insecticidal
efficacy with time. For example, while DDT-sprayed houses would not need to be re-
sprayed until after 6 to 12 months, houses sprayed with pyrethroids, such as lambda
cyhalothrin, must be retreated every 3-4 months to maintain acceptable efficacies
[56]. Again, since this retreatment may not always be feasible, addition of LLINs is
highly desirable and should be considered in such households with IRS, so that the
people can continue to be protected even after the IRS insecticide has been depleted.
Indeed new generation LLINs are made to last between 3-5 years and studies have
now demonstrated continued efficacy of these nets after several years of use [73, 74,

79).
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Another important element in the studies considered in Tables 2-3 is the effect
of wear and tear and also the effect of washing on insecticidal nets. Contrary to what
may be expected, it is not clear from existing research evidence (Tables 2-3) that
feeding inhibition is reduced when insecticidal nets are torn. It should be noted
however that in most of these studies, it was not originally intended to compare torn
versus intact nets, but rather the investigators used either only torn nets or only intact
nets. On the other hand, while washing of nets seem to consistently reduce toxicity of
conventionally treated nets, this is not the case with LLINs (Table 3). Indeed there is
at least one study with limited evidence to suggest that washed Olyset™ nets killed
slightly more An. gambiae mosquitoes than unwashed nets [73] perhaps because the
process of washing releases insecticide from within the net fibres to the surface where
the insecticide may contact resting mosquitoes.

Lastly, variations in efficacy of IRS or nets are seemingly dependent on modes
of action of actual active ingredients used. For example, considering IRS, it is clear
from studies listed in Table 1 that DDT has higher deterrence than both lambda
cyhalothrin and bendiocarb. It can also be said that of all insecticides used in home-
treated nets, permethrin appears to be the least toxic yet the most deterrent and also
most irritating to mosquitoes (Table 2). Moreover, results from some early research in
the Gambia indicates that the deterrence property of ITNs was mainly a result of the
emulsifiable concentrates used for hand treating these nets [77], an argument which
could also explain why such deterrence is limited in the case of LLINs, where the
insecticide is actually impregnated into the net fibers or coated with resins onto the
nets. Such differences are however not very obvious between LLINs, except that

Olyset nets tend to kill fewer vectors than the other LLINs (Table 3).
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An important inference from this review is that toxicity to mosquitoes is not
always the most significant attribute of insecticidal nets or IRS applications. There are
many instances where protection is mainly due to other properties such as deterrence
and feeding inhibition as opposed to simply the killing of the mosquitoes. Whereas
toxic insecticidal applications arguably remain preferable in achieving mass
community effects by reducing populations of biting mosquitoes [1, 80-82], high
coverage with repellent applications such as DDT would achieve similar community
level effects by starving mosquitoes of human sources of blood, thus increasing
foraging related mortality, and reducing lifetime mosquito fecundity especially in
communities where there are no alternative blood hosts [6, 7, 83]. Thus these results
also have crucial implications regarding intervention coverage and delivery systems.

This functional description can be used to improve decision-making regarding
which insecticides to use when combining ITNs and IRS. Based on data from
previous IRS and net applications (Tables 1-3), there are at least two reasons to
combine the interventions. The first reason is to expand coverage and or prolong the
protection even after one of the interventions is weakened, for example LLINs can be
used to ensure protection long after IRS insecticides have decayed [46, 47]. Similarly
IRS can enhance protection in households where the nets being used are worn old,
torn and have been repeatedly washed (Table 2), or where some individual members
of the house hold do not use the nets [84]. The second reason is to provide additional
level of protection at the household level (Figure 1), for example IRS compounds with
significant deterrence e.g. DDT [50, 85, 86] or lambda cyhalothrin [87, 88] can
provide an additional Ievel of protection in households where there is a purely toxic
net, or a toxic net with minimal deterrent effects e.g. PermaNet 2.0™ [69, 70]. That

way, effects of the combined intervention are boosted at all the stages as the mosquito
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approaches the net user inside sprayed house (Figure 1). Such a combination would
have high deterrence (from the IRS), high mortality (from both the IRS and the ITNs)
and high feeding inhibition (from the ITNs), thus significantly improving the overall
effects upon vectors. If sufficiently high coverage is achieved, benefits accrued from
such enhanced household level protection should lead to improved community level
protection as well. Notwithstanding the argument that high deterrence could
simultaneously reduce probability of mosquitoes contacting insecticides thus lowering
household mortality rates and overall community benefits [16], it should be noted that
in situations where mosquito vectors are highly anthropophilic e.g. An. funestus and
An. gambiae sensu stricto, consistently diverting them from human dwellings, for
example by spraying DDT in most dwellings in an area, has been shown to
dramatically reduce vector populations and malaria transmission, as these

anthropophilic vectors have few other blood sources to rely upon [1, 6, 7, 85].

Important research questions concerning combination of ITNs and IRS

The sections above have highlighted the fact that whereas IRS and ITNs continue to
be used both singly and in combination, the current state of affairs is that it is still an
open question as to whether there is any added advantage of combining the
interventions. Review of previous studies has also shown that given the differences in
modes of action of various IRS compounds and net types, it is likely that certain
combinations may be carefully selected that result in an improved overall protection
that use of either nets alone or IRS alone. But no such combinations have been
experimentally compared. Conclusive evidence is therefore required to clarify the

situation and allow informed decision-making. Research focusing on IRS/ITN
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combinations should be initiated to answer several important questions regarding the
need for such combined applications. In our view, the most important of these
questions are: 1) whether the two methods complement or diminish beneficial effects
of each other, 2) which insecticides are the most appropriate to use in co-applications,
3) what are the epidemiological and operational determinants necessary for optimal
outcomes of such co-implementation, 4) whether co-application can be used to
manage challenges like insecticide resistance and finally 5) how cost-effective would
the strategy be.

Clearly these questions will require different kinds of studies. Therefore,
research on combined ITN-IRS use should include: 1) experimental hut investigations
where efficacies of the combinations are directly assessed against wild free-flying
malaria vectors in malaria endemic areas, 2) mathematical simulations incorporating
characteristics of candidate insecticidal applications to estimate likely benefits of the
combinations in different scenarios, 3) long-term community-wide studies to
determine effectiveness of the combinations and 4) cost benefit analyses of the
combinations compared to individual methods on their own and also to other existing

interventions. The proposed linkages between these studies are illustrated in Figure 2.
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Discussion

As malaria control enters the phase of intensive and sustained vector control, health
authorities must ensure that important gains so far achieved from existing
interventions are not lost. Similarly, traditional control operations must shift dynamics
to reflect the current goals of malaria elimination and eradication [9], and decisions
guiding these interventions should be strengthened by incorporating locally generated
evidence on effectiveness. ITNs and IRS, the most widely used malaria vector control
methods, are already known to confer significant benefits against malaria [5, 8]. As
correlations between these two methods and accrued health benefits become better
understood, their acquisition and utilization also continue to expand requiring that the
implementation is monitored closely to ensure proper use, optimal efficacy and
maximum cost effectiveness, but also to prevent problems such as insecticide
resistance and funding fatigue, as witnessed during the previous malaria eradication
attempts of the 1950s and 60s [90]

The LLIN-IRS combination strategy is mostly recommended for accelerating
control in high transmission areas [2, 12, 38, 41, 44], where either IRS alone or ITNs
alone may not be adequate [41] yet transmission has to be reduced to near-
undetectable levels to achieve any significant declines in malaria prevalence [41, 92-
94]. However, ITNs and IRS can also be used together for different other reasons.
With regards to household protection, the main reasons include ensuring protection
where one of the interventions is weakened e.g. using LLINs where IRS activity
decays after a short time [43, 46, 91] and providing additional level of protection e.g.
by deterring mosquitoes from entering houses where people use toxic bed nets.
However, with regards to community level protection, combinations may be used to

increase overall coverage with vector control where complete coverage with only one
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of the interventions is unfeasible throughout all endemic communities [43]. Besides,
using IRS and LLINs with differing insecticides e.g. a pyrethroid-treated LLIN and
the organophosphate or carbamate IRS may slow the spread of insecticide resistance,
even though there is not yet any field evidence to support this possibility. As LLINs
and IRS continue to be scaled up in malaria endemic areas, the threat of insecticide
resistance also increases thus management of gene mutations to the common classes
of insecticides (pyrethroids, organochlorides, carbamates and organophosphates) need
to be emphasised. Given that this review considers data only from sites where no
insecticide resistance had been reported, it is not possible to make inferences as to
how combined insecticidal applications could work in areas with high insecticide
resistance. Nevertheless, it is reasonable to assume that where insecticides of different
modes of action are used, mosquitoes that are resistant to one of the insecticides could
still be killed by the other insecticide, thus delaying any selection for resistant mutants
among the mosquito populations. The actual possibility that combinations can remain
effective even where vectors are resistant to one of the active ingredients should
therefore be examined urgently, preferably by way of experimental hut studies.

In the process of writing this article, it became clear that even though
combining ITNs and IRS is increasingly being practiced; there is insufficient evidence
as to whether it is indeed better than ITNs or IRS on their own. The article explains
how different insecticides can be combined to achieve maximum benefits at
household level and how this can be translated to community level protection. For
example, it is argued here that IRS and ITNs can complement each other at household
level, for example where the IRS power decays rapidly or where the nets are torn and
repeatedly washed. It is also inferred from synthesis of several previous studies that a

higher level of reduction in exposure can be achieved if highly deterrent insecticides
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such as DDT or lambda cyhalothrin are sprayed in houses where residents use nets
treated with toxicants deltamethrin or alpha cypermethrin. The later argument is based
on three principles: /) that any insecticide can possess an array of properties which
together determine its overall protective efficacy at household level, 2) that these
properties function at different stages along the path of a mosquito approaching the
human inside the house (Figure 1) and 3) that maximizing the protective benefits at
each of these stages of action is an essential process in any attempt to optimize
benefits obtainable from combined ITN-IRS interventions (Figure 1). It should
however be noted that this argument is particularly true in areas where the vector is
still sensitive to the insecticides, but that it may not hold true in DDT/pyrethroid
resistance areas. Moreover, as a cautionary measure, DDT, which is the most common
organochloride, is known to be affected by the same resistance mechanism that also
affects pyrethroids, both classes being amenable to target-site resistance mediated by
the kdr gene mutation [29, 36]. As such combination of DDT with pyrethroids must
be very closely monitored given the likelihood of selection for more resistance
without added benefit for protection. Generally, combination of pyrethroid-based IRS
with any of the existing LLINs (all of which are also pyrethroid based) should be
discouraged in places where there are any signs of emerging insecticide resistance, as
this could lead to similar selection pressures.

Finally, to achieve community level effects, this paper recognizes the
importance of coverage, i.e. proportion of all residents who consistently use these
interventions, as a crucial factor. While toxic insecticidal interventions can kill large
numbers of disease vectors thus contributing to mass communal benefits, it is also

noted that interventions which deter mosquitoes from potential blood-hosts and indoor
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resting sites also reduce the overall chances of these mosquito survival [85, 95], and

malaria transmission if sufficiently high coverage is achieved [1, 6, 7, 20].

Conclusion and recommendations

It remains largely unclear whether using both ITNs and IRS would confer significant
additional benefits relative to using either method alone. Even though there have been
no specific studies that expressly tested this hypothesis, previous IRS and ITN trials
and a number of mathematical models have resulted in mixed results showing
improved benefits in some situations and redundancy in others. Nevertheless, there
are still a number of reasons that theoretically justify combination of IRS and ITNs in
households. For household level protection, it is strongly recommended that where
residents use pyrethroid treated LLINs, the IRS product to be sprayed in houses to
supplement the nets must be of completely different mode of action. The overall
epidemiological outcome of such co-applications at community level would however
depend on factors such as level of intervention coverage achieved, baseline
epidemiological conditions, behaviour of malaria vectors, nature of insecticides used
for IRS and the type of nets being used. Therefore, to maximize any possible
additional benefits from IRS/ITN co-applications, rigorous field evidence, supported
by mathematical modelling where necessary, should be pursued to support the entire
process of decision making, including the selection of which insecticides to be used

for IRS and what type of LLINs to use.
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Preview of Part Two

This part of the thesis consists of three chapters:

Chapter 11I: An experimental hut assay for evaluating long lasting insecticide treated
nets (LLINs) and indoor residual spraying (IRS). This chapter describes the development
and baseline evaluation of an improved experimental hut design, which was then be used for
evaluating candidate LLINs, IRS or combinations of the two as described in the next chapters
of the thesis. This chapter is therefore mainly a methodological description but also includes
results of baseline field experiments conducted to test and to optimize the experimental hut

designs.

Chapter 1V: Comparative evaluation of combinations of LLINs and IRS relative to
either method alone. This chapter constitutes the main field study of this PhD research. It
describes field experiments that were conducted to directly determine if indeed simaltenous
use of LLINs and IRS in the same household can yield greater protection that the use of either
method alone. The chapter provides results related to household level protection achievable
with four different net types, three different IRS insecticides and a number of combinations of

any of these nets and IRS.

Chapter V: Bio-efficacy and residual activity of insecticides used for LLINs and IRS:
This chapter describes research conducted to complement studies in Chapter IV. Studies here
included controlled bioassays performed to assess how efficacious and for how long the
interventions tested Chapter IV would be against malaria vectors in the study area. It also
included a series of insecticide susceptibility tests conducted on the local vector population, to
provide indications on expectable level of insecticide efficacy. This way the studies enabled

better interpretation of results from Chapter IV.

Important Note:; Regarding the LLINs referred to in Chapters IV and V as Icon
Life® nets, the supplier (Syngenta ltd) informed us at the end of our studies that this
net type is the same as the one branded as NetProtect®, which has actually been
given an interim approval by WHO (http:/www.who.int/whopes/quality/en).
However, in this thesis, the brand name Icon Life® has ben retained, given that this

was the label on the actual nets that we evaluated in the studies described here.
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Chapter 111

A modified experimental hut design for studying responses of disease-

transmitting mosquitoes to indoor interventions: the Ifakara Experimental

Huts *

Abstract

Differences between individual human houses can confound results of studies aimed at
evaluating indoor vector control interventions such as insecticide treated nets (ITNs) and
indoor residual insecticide spraying (IRS). Specially designed and standardised experimental
huts have historically provided a solution to this challenge, with an added advantage that they
can be fitted with special interception traps to sample entering or exiting mosquitoes.
However, many of these experimental hut designs have a number of limitations, for example:
1) inability to sample mosquitoes on all sides of huts, 2) increased likelihood of live
mosquitoes flying out of the huts, leaving mainly dead ones, 3) difficulties of cleaning the
huts when a new insecticide is to be tested, and 4) the generally small size of the experimental
huts, which can misrepresent actual local house sizes or airflow dynamics in the local houses.
Here, we describe a modified experimental hut design - The [fakara Experimental Huts- and
explain how these huts can be used to more realistically monitor behavioural and
physiological responses of wild, free-flying disease-transmitting mosquitoes, including the
African malaria vectors of the species complexes Anopheles gambiae and Anopheles funestus,
to indoor vector control-technologies including ITNs and IRS. Important characteristics of the
Ifakara experimental huts include: 1) interception traps fitted onto eave spaces and windows,
2) use of eave baffles (panels that direct mosquito movement) to control exit of live
mosquitoes through the eave spaces, 3) use of replaceable wall panels and ceilings, which
allow safe insecticide disposal and reuse of the huts to test different insecticides in successive
periods, 4) the kit format of the huts allowing portability and 5) an improved suite of

entomological procedures to maximise data quality.

* Adapted from: Okumu F, Moore J, Mbeyela E, Sherlock M, Sangusangu R, Ligamba G,
Russell T, Moore SJ: A modified experimental hut design for studying responses of disease-
transmitting mosquitoes to indoor interventions: the Ifakara Experimental Huts.PLoS ONE
2012, 7(2) e30967.
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Background

To assess efficacies of house-hold mosquito control interventions, such as insecticide
treated mosquito nets (ITNs) or indoor house spraying with residual insecticides
(IRS), it is important to understand what happens to mosquitoes inside and around the
dwellings in which these candidate interventions are located. Specifically, it is
essential to know if the mosquitoes actually enter these huts, how long they spend
inside the huts, whether they die inside the huts or after leaving the huts, and whether
these mosquitoes successfully bite and take blood from persons inside these huts. The
answers to all these questions represent efficacy of interventions against target
mosquito species, and therefore influences the choices of vector control methods.
Behavioural responses such as insecticide avoidance [1] and physiological events
such as mosquito mortality, feeding or survival {1-3] are assessed and compared

between houses with and houses without the intervention(s) being evaluated.

Difficulties associated with using local human houses to evaluate efficacy of vector
control interventions

Ideally, trials of household vector control tools should be conducted in local houses,
where the relevant interventions are intended for use. However, there are many
variations between individual local houses, which can confound or even mask the real
effects of candidate interventions being investigated. One common source of such
variation is inconsistent number of house occupants and the associated differences in
attractiveness of those occupants to host-seeking mosquitoes [4, 5], which means that
even in the absence of any intervention, the number of mosquitoes entering any two
different houses might be dramatically different. Another source of variation is type

and texture of house construction materials. For example some huts may have mud
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walls instead of plastered walls, while others may have thatched roofs instead of iron
sheet covered roofs, creating different micro-climates indoors and subsequently
differences in mosquito densities within these houses [6, 7]. Substrates used for house
construction or for wall linings can also affect persistence of vector control
insecticides sprayed on these surfaces [8, 9].

Third is the number and sizes of available openings in different houses,
particularly where houses are poorly constructed. It is well-established that house
design is a significant factor affecting mosquito entry into human houses and that
screening of house openings, such as doors, windows and eave spaces can reduce both
mosquito densities, and malaria cases in these housecholds [10, 11]. The fourth
important factor is spatial location of houses relative to mosquito larval habitats,
which also affects the relative numbers of mosquitoes entering houses. This
phenomenon has been observed in numerous studies where mosquito densities in
houses near breeding habitats were significantly higher than houses further away from
the known larval breeding sites [12-14].

Other than these inter-house differences, there are also difficulties related to
mosquito collection procedures inside local human houses, as well as cultural issues
that can also determine acceptability of such entomological procedures. For instance,
houses often have items such as clothes, pictures or other assortments of objects
hanging on walls, which can be hiding places for mosquitoes and potentially limit
effects of insecticidal applications [15, 16]. Any attempt to remove these items, prior
to testing indoor interventions would not only cause inconveniences to household
members, but retaining them would also limit chances of recovering mosquitoes
especially those that are killed as a result of the indoor interventions. The artefacts

would also provide mosquitoes many un-standardised surfaces where they might rest
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without being affected by a treatment, therefore biasing results. In some places it is
culturally insensitive and considerably intrusive to collect mosquitoes in places such
as people’s bedrooms. Moreover, experience has shown that it can sometimes be
mechanically impossible to fit standard mosquito traps onto windows or eaves of
many of these houses without having to modify the openings or to minimise mosquito
exit from cracks and holes on houses [17].

Early stage evaluations of most public health interventions require strict
ethical guidelines to be followed [18]. Using experimental huts, occupied by volunteer
adults who are fully informed of the risks and benefits associated with the study,
therefore provides a way to avoid exposing the general public to any new
interventions [19]. Besides, it can be very expensive to conduct proper large scale
evaluations such as randomised controlled trials, which are the gold-standard for
public health decision making and are designed to demonstrate direct relations
between health benefits (e.g. reduction in disease prevalence or incidences) and the
vector control intervention introduced [20, 21]. Also, given that causal chains in many
public health interventions are inherently complex, and are constantly modified by a
myriad of factors in space and time [20], RCTs often take extended periods of time to
satisfactorily complete. Thus, experimental hut studies can also be useful in
demonstrating causal relationships and also characterizing various biological
indicators of health benefit, albeit at small scale, before an intervention is selected for
RCT-style trials. For example, the huts can be used to directly observe and measure
reductions in number of mosquitoes entering human occupied huts whenever an
intervention is used inside that hut. Such an intermediate measurement, in this case
reduced mosquito densities, can then be used to estimate likelihood of select

interventions having epidemiological impacts at community level [22, 23]. Lastly,
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small-scale experimental hut studies are considered as a cost-effective intermediate
stage between laboratory and community trials to rapidly and safely select only those
interventions with proven entomological impact, for further large scale
epidemiological testing.

All the challenges outlined above highlight the need for specially designed
huts constructed to enable representative monitoring and evaluation of household
interventions against wild populations of disease-transmitting mosquitoes [24]. Other
than collecting mosquitoes from inside surfaces like walls, ceilings and floors, the
huts may also be fitted with special interception traps so that mosquitoes can be
monitored as they enter and also as they exit huts. The experimental huts are usually
standardised in size and shape and are sometimes constructed such that they look as
similar as possible to the local houses in the study village [25]. This requires that in
the beginning, a survey of local huts is conducted to identify important attributes such
as shape, area of sleeping quarters, common construction materials, as well as size
and number of openings like windows, doors and eave spaces (ventilation gaps under
the roofs of many houses in the tropics). Cultural preferences including whether

residents fit roof ceilings or window curtains should also be assessed.

A brief history of experimental huts and their applications in mosquito-related studies
In the early 1940s, Haddow et al, conducted a series of experiments involving
mosquito collections inside local houses in western Kenya [26]. They quickly noted
several differences between individual local houses in the same study area, and as a
result of these observations, they created specially designed huts with standardised
sizes and surfaces for purposes of mosquito collections. Important features of these

early experimental huts were as follows: 1) they were similar in size and shape to the
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local houses in the study area, 2) they all had exactly the same design so that it would
be reasonable to compare mosquito catches between them, and 3) it was easy for
persons to collect mosquitoes from ail the inside surfaces of the huts, a requirement
that was fulfilled by lining the inside walls with mud, covering the roof with a single-
thickness hessian and using minimum furniture inside the huts. In addition, these
experimental huts were windowless, had open eave spaces, tightly fitting doors and
steeply pitched roofs to prevent rain draining inside. To attract mosquitoes, the
Haddow er al huts were usually occupied by young local boys aged 10-12 years old
[26].

After Haddow et al [26], several researchers began building on this work,
leading to development of many early forms of experimental huts [24], including the
mud-walled huts used by Muirhead-Thomson in Nigeria [27-30] and its
modifications, later used by Burnett in mid 1950s [31] and by Hocking et al [32] to
test residual insecticides against malaria vectors. Many improved hut designs
appeared in the 1960s during the first malaria eradication era [24], including those
used by Rapley and colleagues, which were suspended on concrete bricks and
surrounded by water channels to prevent predator ants from climbing in and feeding
on captive mosquitoes [33]. Unlike the early Haddow et al/ huts [26] that had been
used primarily to catch mosquitoes resting indoors, these new huts were now fitted
with traps on windows to also sample exiting mosquitoes. These improved huts, and
other later designs, also fitted with window traps, are now commonly known as the
window-type experimental huts [24].

In mid 1960s, a new type of experimental huts, referred to as veranda-type
hut, was pioneered by Dr. Alec Smith working at the Tanzania Pesticide Research

Institute (TPRI) in northern Tanzania [34, 35]. Smith’s huts were different from
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Rapley’s huts in that other than having window traps on them, they were surrounded
by screened verandas, in which mosquitoes were captured as they exited the huts. In
experiments where a set of window traps were fitted to ordinary window-type huts
and another set of window traps fitted onto veranda-type huts, leaving the verandas
unscreened, it was concluded that presence of the verandas did not affect the total
mosquito catches, nor the entry and egress patterns of mosquitoes [34].

Smith described the window-type experimental huts as being suitable for
assessing mortality of malaria vectors, during evaluations of toxic insecticides but not
evaluations of irritant insecticides, since mosquitoes irritated by insecticides would
leave the huts earlier than normal and via any available opening including eave
spaces. Such mosquitoes would thus go unaccounted for if window-type experimental
huts were used [34). He also noted that some non-malaria vector species such as
Mansonia uniformis frequently exit huts through eaves as opposed to windows and
are therefore best studied using veranda-type experimental huts rather than the
window-type huts. Even then, the veranda-type hut itself did not completely solve this
problem because of the way they are used; normally with two opposite verandas left
open to let in mosquitoes, meaning that any mosquitoes exiting via eave spaces on
these open sides still remain unaccounted for. This necessitated introduction of the
inward and upward slanting barriers on top of the inside walls of veranda-type
experimental huts: i.e. baffles that direct mosquito movement to allow mosquito entry
but prevent exit. The barriers were originally truncated cones made of plastic
mosquito gauze or wire mesh that slanted towards the apex of the roof at
approximately 2cm away from but parallel to the roofing [36]. These slanting baffles

allowed mosquitoes to enter the huts through the eave spaces but restricted their exit
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through the same openings, even when highly irritant chemicals had been sprayed
inside the huts [36].

At about the same time Hudson and Smith [37] developed another new hut
with no verandas, but which instead was fitted with louvers angled at 53° so as to let
in mosquitoes but minimise light that entered through the louvers. By attaching a
window trap onto the east side of the hut, the mosquitoes were sampled while exiting
towards the rising sun; and these catches multiplied by number of louvers so as to
approximate total of mosquitoes entering the huts. This type of experimental hut was
promoted mainly because it was simpler and cheaper to construct but also because it
required simpler entomological collection methods [24, 37]. A recent modification of
the louver hut is the west African design (also equivocally known as the “veranda trap
hut”) developed at Institute Pierre Richet, in Cote d’Ivoire [38]. Mosquitoes enter
these huts through louvers located on three sides and are trapped within the huts or in
walled verandas fitted with a netted window located on the east side and closed with a
drop cloth each morning.

Other more modern and innovative hut designs include the extraordinarily
high Maya-style huts constructed by Grieco et al, to study behavioural responses of
An. vestitipennis to insecticides in Belize [39]. These huts, had wooden plank walls
and thatched roofs with apices rising as high as 4.5m from the floors, thereby
requiring raised walk-ways, on which the person collecting mosquitoes would stand to
inspect the high roof. These particular huts, like many earlier window-type
experimental huts were also constructed in such a way that they could accommodate
interception traps fitted on both windows and doors [39].

Most recently, portable wooden experimental huts have now been developed,

which offer an added advantage of being easy to transport and to assemble onsite.
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These portable huts were originally used by Dr. Nicole Achee and colleagues in
Belize, Central America, to recapture marked mosquitoes released at different
distances [25]. With regard to construction materials and also dimensions of sleeping
quarters, these huts were comparable to local village huts in the study area, in the
central Cayo district of Belize. Portability was introduced by using a collapsible
aluminium framework, allowing the collapse of the entire superstructure of the huts
(including roof, gables and walls) by simply unbolting the metal bars in the
framework. Furthermore, both the roof and the hut walls could be dismantled into 4
hinged units and 16 planks respectively, for loading onto transporter-trucks [25].
Here, we describe a new improved hut type, The Ifakara experimental hut,

which encompasses several essential properties of the previous hut designs.

Methods

The Ifakara experimental huts

Design, general characteristics and dimensions
The Ifakara experimental huts are a new Kind of hut, recently developed at the Ifakara
Health Institute, Tanzania. The hut design encompasses proven merits of previous
huts, but also aims to minimize some disadvantages associated with those previous
designs. First constructed in 2007, these huts are already being used in Tanzania,
Kenya, Zambia and Benin for various studies, including evaluation of LLINs and IRS
(Okumu et al Unpublished), house screening against mosquitoes [40], mosquito
repellents (Ogoma et al Unpublished), synthetic mosquito attractants [41] and
mosquito killing fungal pathogens [42].

The original design of these huts was created to incorporate the portability

principles earlier described by Achee ez al., [25]. However, with regard to shape,
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average dimensions and inside surface linings, the Ifakara experimental huts are
similar to local village houses in rural communities in south eastern Tanzania, where
these huts were originally used (Figure 1). It had been directly observed that local
houses in Tanzania were mainly mud or brick walled, with thatched roofs [43].
However over the past three years, the proportion of roofs constructed from iron-sheet
has increased to almost half [44]. Specific hut dimensions were collected using a
housing survey in the study village.

The framework and detailed dimensions, as well as important construction
stages, leading up to a finished Ifakara experimental hut, are shown in Figures 2 and
3. When completed, each hut covers a floor area 6.5m in length by 3.5m wide inside
with a 50cm walkway around the outside of the hut, and rises 2.0m on the sides and
2.5m to the apex of the roof. The huts have galvanized iron frames, with roofs made
of corrugated iron sheets, which are overlaid with thatch to ensure that indoor
temperatures do not exceed the average temperatures inside local village houses
(Table 1). The walls are constructed using canvas on the outside but are lined on the
inside using removable wood panels that are coated with clay mud, which was the
most common wall construction material used and found locally in the study area
(Figures 1 and 3). The inside surfaces of the roofs are lined with woven grass mats,
locally known as mikeka, and which also were common materials that local people
use to make ceilings. Each hut has four windows (two on the front side and two on the
back side) and one door (on the front side). For ease of transport and assembly on-site,
the huts are designed and constructed in kit-format, with all individual pieces made in
standardized sizes. Therefore despite the relatively large size, it takes approximately

1-2 days to complete assembling one hut at the field site.
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Features to prevent contamination when working with insecticides

To ensure that the main framework of the hut is never contaminated by any chemicals
that may be used inside the huts or sprayed on the walls and ceilings (for instance
when evaluating indoor house spraying with residual insecticides), continuous sheets
of polyethylene (PE) are tightly fitted in the space between the outer framework of the
huts and the mud panels and mikeka ceilings, which make up the insides hut surfaces.
This PE sheeting, together with the mud panels and the mikeka ceiling, are not
permanent components of the huts, and can be replaced whenever a new intervention
or insecticide is to be tested in these experimental huts. The old materials can then be
safely disposed of by incineration >1000°C using a T300 trench air burner (Air
Bumers LLC, FL, USA) available at the Ifakara Health Institute. Each Ifakara
experimental hut has one door, four windows and an open eave space all round

(Figures 2 and 3).

Features to prevent predation

To prevent scavenger ants from eating captive mosquitoes, the huts are suspended
above ground using pedestals standing on water-filled metallic bowls (Figure 2D).
The water in these bowls is regularly replenished and sprinkled with used-oil to also
prevent mosquito breeding in them. Other than these measures, additional anti-ant
precautions include regular cleaning of the huts, removal of shoes whenever one goes
into the huts and clearing of all vegetation near and under the huts, which might

otherwise be used by ants as a means to climb onto the huts (Figure 3D).
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Features to prevent loss of mosquitoes

The huts are tightly finished and all individual pieces are well fitting, so that the only
points for mosquito escape are windows and eave spaces, where interception
mosquito traps are fitted. Any unwanted gaps around doors, eaves and windows are
filled with hardened foam, to prevent mosquitoes that have entered the huts from
escaping unaccounted for. As an additional precaution an oversized curtain can be
hung on each the doors to prevent mosquito movement through the doors in case of
accidental opening. The floors are covered with white, wipe-clean linoleum to ensure
that any dead or knocked-down mosquitoes can be easily recovered. To minimize
obstruction during mosquito collection, only the minimum essential furniture is kept
inside the huts, i.e. two beds for sleeping volunteers and a ladder used during
collections from the eave traps and ceilings. This practice, together with the lined
inside surfaces and floors also minimize potential mosquito hiding places in the

Ifakara experimental huts,

Traps and baffles used on the Ifakara experimental huts

The huts are fitted with interception traps both on windows and eave spaces to catch
mosquitoes. The designs and dimensions of these interception traps are illustrated in
Figure 4. The versions presented here are the final result of a gradual trap
development and improvement process, and should be considered as accessories of
the Ifakara experimental huts, rather than as independent mosquito sampling tools.
These traps can be fitted facing the inside of the hut to catch entering mosquitoes (in
which case they are referred to as entry traps), or facing the outside so as to catch
exiting mosquitoes (in which case they are referred to as exit traps). The entry and

exit traps are specially designed to fit onto either windows (i.e. window traps) or on
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the eaves of the huts (i.e. eave traps), as depicted in Figures 3D and 4. In practice, the
eave exit traps are therefore physically the same as eave entry traps, while the window
exit traps are also physically the same as window entry traps. The traps are made of
ultraviolet resistant shade netting (TenTex polypropylene net), mounted on a Smm
wire frame, which is joined together using wooden blocks. The front end of each trap
has a letterbox-shaped opening (measuring 80cm by 3cm on the eave traps and 40cm
by 3cm on the window traps), to ensure that mosquitoes passing through the eave
spaces or windows are let into the traps easily, but that these mosquitoes, once inside
the traps cannot leave the traps as easily (Figure 4). To enable attaching onto the
experimental huts, the netting with which the traps are made is extended to form
attachment flaps specially fitted with Velcro-lined double seams. The frames of both
window and eave spaces on all huts also have Velcro linings, so that the traps can be
attached onto them. In this hut design, no traps are fitted onto the doorways, which
instead are mostly kept shut except during passage of personnel. Moreover, we
ensured that all the door shutters were tightly fitting and that there were no open
spaces through which any mosquitoes could fly in or out. As such the only entry and
exit points available for the mosquitoes were the eave spaces and windows.

Baffles on the other hand consist of upward-slanting and inward-facing netting
barriers that are fitted on top of the walls of the experimental huts, so as to allow in
mosquitoes, while at the same time preventing those mosquitoes that are already
inside the huts from exiting via the same spaces (Figure 5). Netting was selected to
encourage dispersal of human odour from the huts and therefore to maximise
mosquito attraction to the huts {45]. The positions of the baffles on the eave space are
interspaced between exit traps such that all mosquitoes that enter the huts can exit

only via those spaces fitted with the exit traps (Figure 5C&D). The concept of
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interspacing baffles with exit traps all round the eaves also ensures that, similar to
local human houses, there are adequate spaces through which mosquitoes can enter
the experimental huts. It is expected that this practice removes directional bias, allows
kairomones from human volunteers to be dispersed in a plume similar to that from a
local house and maximises the spaces available for mosquito entry to maximise
numbers in the huts. This is desirable in many field experiments involving free-flying
wild mosquito populations, especially in areas where mosquito numbers are low, to
improve the discriminatory power of the experiments. The baffles slant towards the
apex of the huts and are held in parallel to the roofing using thin metal hooks (Figure
SB&C). There are two different sizes of these baffles, designed to fit onto either the
gable side of the huts (175cm by 50cm baffles) or onto the long (front and back) sides
of the huts (120cm by 60cm baffles). All baffles have Velcro-seamed ‘wing’ flaps,
with which they are affixed to the roofs or walls of the huts, so that mosquitoes do not
escape through the sides (Figure SA&B).

In addition to mosquito collections using the interception traps, mosquitoes
that enter the huts but fail to exit (e.g. fed mosquitoes resting indoors or those
mosquitoes that are killed or knocked-down by insecticidal interventions) can be
retrieved by direct indoor collections, from hut walls, ceilings or floors, using mouth
aspirators. This procedure was implemented in the experiments conducted to test the

experimental huts, as described later in this article.
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Geographical positioning of the Ifakara experimental huts within the study area

To exemplify how best to spatially position these experimental huts during
entomological studies, this section describes geographical sitting of nine Ifakara
experimental huts, relative to the positions of local human houses in a rice growing
village, in south eastern Tanzania, where we evaluated insecticide treated nets (ITNs)
and indoor house spraying with residual insecticides (IRS) between 2009 and 2011
(Chapters IV and V). The study site was in Lupiro Village (8.385°S and 36.670°E),
Ulanga District. It lies 300 meters above sea level, and is approximately 26km south
of Ifakara town, where Ifakara Health Institute (IHI) is located. Although malaria
transmission has been reducing steadily in this area [46-48], residents still experience
perennially high transmission; latest estimates from neighbouring villages showing
that unprotected individuals can still get as many as 81 infectious bites per year [46].
Malaria vectors in the area comprise primarily 4n. gambiae complex species, more
than 95% of which are An. arabiensis [49], and a few An. funestus complex
mosquitoes, 99% of which are An. funestus s.s. Giles (Chapters IV and V).

The huts are located on a stretch of land at the edge of the village, such that
that the huts are between the perennial irrigated rice fields (being the main larval
mosquito habitat in the study area) and human settlements (Figure 6). For newly-
emerged mosquitoes, this positioning enhances accessibility of these huts, relative to
local houses. Considering natural dispersal patterns of mosquitoes over landscapes,
and associated heterogeneities of their population densities [13, 14], it was envisaged
that emergent host-seeking vectors from the irrigated rice fields are invariably more
likely to first encounter these experimental huts, than the residential village houses,
which are geographically farther from the breeding sites (Figure 6). Also, one other

advantage of this positioning strategy is that even though our studies often involve
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large groups of volunteers and field assistants working in the huts at night, there is
minimal disturbance to local villagers, since the huts are far from the main settlement

area.

Climatic factors inside and outside the Ifakara experimental huts

To monitor the various climatic variables that may affect densities and/or behaviour
of mosquitoes in the study site, an electronic weather station (LaCrosse Technology,
USA) was positioned at the site, with an indoor sensor located inside one of the
experimental huts. Using this wireless station, climatic variations were continuously
recorded both indoors and outdoors on an hourly basis. These included indoor and
outdoor temperatures and relative humidity but also wind speeds, wind direction, and
rainfall. In addition, a set of portable data loggers (Tinytag Plus, TGP-4500) were
introduced in two experimental huts and two local huts (one having a grass thatched
roofing while the other having iron sheet roofing), so temperature and humidity

changes could be directly compared between the hut types.
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Baseline studies using the Ifakara experimental huts: assessment of natural
behaviour of mosquitoes in and around human occupied huts, and evaluation of a

natural spatial repellent sprayed in the huts

Prior to testing any vector control technologies using the Ifakara experimental huts,
studies were performed to understand how local mosquito vectors in the study area
naturally behave in and around human occupied huts. It was also necessary to assess
efficacies of both the baffles and the interception traps, as used on Ifakara
experimental huts. The interception traps were evaluated in comparison to a standard
entomological sampling method for indoor host-seeking mosquitoes, the Centres for
Disease Control Light Traps (CDC-LT), set near a human volunteer sleeping under a
bed net [50, 51]. This validation of efficacy of baffles and interception traps was
performed using four experimental huts as described below. These initial studies also
enabled us to trouble-shoot and to assess the utility of these huts for evaluating

insecticidal applications such as LLINs and IRS.

Studies to determine: a) the times when local mosquito species normally enter human
occupied huts, and b) the efficacy of entry traps relative to the standard, CDC-Light
Traps

Four Ifakara experimental huts, each with two volunteers sleeping under non-
insecticidal bed nets, were used. The four huts were paired, and in each pair one of the
huts was fitted with entry traps on windows and on eave spaces, while the second hut
had CDC-LT set up at a position between the two human volunteers sleeping under
non-insecticidal bed nets, to catch mosquitoes entering the huts [51, 52]. The CDC-LT
was fitted with timed bottle rotator (John Hock, FL, USA) to sample mosquitoes

every hour. The volunteers stayed inside each hut between 7pm and 7am, during
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which time the traps were emptied each hour and all mosquitoes collected were
aspirated into different paper cups, clearly labelled to show both the time of collection
and type of traps used. Every night, the entry traps and the CDC-LT were rotated
between individual huts in each pair of experimental huts. These cross-over tests were
replicated 8 times over a period of 16 consecutive nights and each morning, all

mosquitoes collected were sorted by taxa and their respective counts recorded.

Studies to determine: a) times when local mosquito species normally exit houses, b)
efficacy of the exit traps and ¢} efficacy of the baffles fitted on open eave spaces of the
Ifakara experimental huts.

Four experimental huts, each with 2 volunteers sleeping under untreated bed nets,
were used. On two of the huts, exit traps were fitted on 2 windows facing east with the
other 2 windows open to allow mosquitoes to enter. Exit traps were also affixed to the
eave spaces, interspaced with one-meter open spaces between them, as shown in
Figure 5C, to allow mosquitoes to enter huts via the eaves. As a standard, CDC-LT
was set inside the remaining 2 experimental huts [S1, 52]. Since we also wanted to
assess whether our baffles can indeed minimize possibility of mosquitoes exiting
directly through the open eave spaces as opposed to flying into the exit traps
themselves (Figure 5), two of the huts (one with exit traps and another with CDC-LT),
were additionally fitted with the baffles.

The four treatments tested each night were therefore as follows: Treatment 1)
one hut fitted with baffles and exit traps; Treatment 2) one hut fitted with baffles and
CDC-LT; Treatment 3) one hut fitted with no baffles but with exit traps; Treatment 4)
one hut fitted with no baffle but with CDC-LT. These treatments were rotated

between huts on nightly basis, and were compared against each other in a 4 x 4 Latin
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square experimental design with each round replicated 4 times over a period of 16
consecutive nights. This experiment was repeated twice at different times. The
volunteers stayed indoors between 7pm and 7am each night, and mosquitoes entering
the huts were sampled hourly using the exit traps or the CDC-LT that was fitted with
a timed CDC-bottle rotator (John Hock, FL, USA). The collected mosquitoes were
aspirated into different paper cups, clearly labelled to show both the time of collection
and type of traps used. Each moming, all the mosquitoes were sorted by taxa and their

respective counts recorded.

Studies to: a) determine whether it is more efficacious to use both exit and entry traps
on each experimental hut, relative to using just one trap type on the huts, and b)
compare the number of mosquitoes entering the individual huts.
We initially envisaged that by sampling exiting and entering mosquitoes in any given
hut during the same night, we would significantly reduce potential biases possibly
arising from daily variations of mosquito densities as well as wind direction. An
experiment was therefore conducted in which individual experimental huts were fitted
with either a combination of entry and exit traps, or with just entry traps alone or exit
traps alone. Since this experiment involved mosquito collections in all the 9
experimental huts earmarked for our subsequent studies, it also enabled us to assess if
there were any differences in numbers of mosquitoes entering the different individual
huts in their designated locations.

Tests were conducted as follows: nine experimental huts were used, each with
two volunteers sleeping under non-insecticidal bed nets. Each night, three of the nine
experimental huts were fitted with a mixture of entry and exit traps (Treatment 1),

another three were fitted with entry traps only (Treatment 2) and the remaining three
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fitted with just exit traps only (Treatment 3). Whenever the exit traps were used, and
also whenever a mixture of entry and exit traps were used, baffles were fitted on the
open eave spaces to prevent mosquitoes from exiting the huts via spaces other than
those fitted with exit traps (Figure 5). In the three huts with mixtures of the entry and
exit traps, the different trap types were interspaced so that any two opposite sides of
the huts had equal number of entry traps or exit traps.

The trap arrangements were rotated weekly in such a way that at the end of the
3-week experiment, each hut had been fitted with each arrangement for one week
(working for six nights a week). Due to logistical difficulties, the entry and exit traps
were emptied three times a night at 11.pm, 3.00am and 7.00am, as opposed to hourly
as in the previous experiments. To ensure that the total number of mosquitoes entering
each hut was accounted for, further collections were conducted each morning from the
inside hut surfaces using mouth aspirators, to retrieve any mosquitoes that had entered
the huts during the night but failed to exit. The mosquitoes collected from each hut
were aspirated into different paper cups, clearly labelled to show time of collection,
trap from which the mosquitoes originated and trap arrangement used on the hut. Each

morning, the mosquitoes were sorted by taxa and their respective counts recorded.

Studies to troubleshoot and optimize operations involving application of insecticides
in the Ifakara experimental huts

Prior to introduction of any insecticidal applications in these huts, studies were
conducted in which a behaviourally active test compound was applied on the mud
panels of the experimental huts (Figure 3). A botanical mosquito repellent, para-
methane 3,8 diol (PMD), which does not have long-term residual effects, was selected

for this purpose [53, 54]. The low-residual property was particularly important so that
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the test compound would not confound effects of any other insecticidal applications
used in the experimental huts at a later date.

This step enabled us to identify any potential limitations of the huts and vital
adjustments necessary, meaning it was essentially a troubleshooting and optimization
process, with a secondary objective of evaluating effects of PMD on behaviour of
local mosquitoes. Specific activities that required trouble shooting included, spraying
techniques, hourly mosquito collection, data management techniques, ways of
addressing important volunteer needs, and other minor logistical challenges such as
dealing with accidental scavenger-ant invasion in the experimental huts.

Four experimental huts each with 2 volunteers sleeping under untreated bed
nets were used. Two of the selected huts were treated with PMD at a concentration of
lgm? sprayed on the hut walls. PMD is not typically sprayed on walls so the
concentration was based on laboratory data of relative repellency compared to DDT
as a standard (Dr. John Grieco, personal communication). Once the target doses of
PMD were calculated, the total amount of PMD required per hut was weighed and
thoroughly diluted in the correct volume of water predetermined to cover the entire
internal wall surfaces of the huts. The spraying was performed using standard Hudson
Expert™ sprayers as illustrated in Figure 7. The other 2 huts were left as controls and
were sprayed with only water. The four experimental huts were paired so that each
pair had a PMD sprayed hut and a control hut to be directly compared against each
other in two cross-over experiments as follows: Huts in the first pair were fitted with
entry traps on windows and eaves to catch mosquitoes while entering huts. On the
other hand, huts in the second pair were fitted with exit traps on windows and eaves to
catch mosquitoes while leaving the huts. Baffles were added in the second pair of huts

to limit unmonitored mosquito exit through the eave spaces. None of the treated huts
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was re-sprayed during the entire experiment period, which lasted 6 nights. Given the
said purpose of this experiment, we did not conduct any assays to determine residual
content of the PMD on the sprayed walls, hence the experimental period was limited
to only six nights rather than several weeks as is common practice in experimental hut
evaluations of public health insecticidal applications [19].

Each night, the sleeping volunteers rotated between the two huts in each
treatment pair of huts to eliminate potential confounding effects resulting from any
differential attractiveness of volunteers to mosquitoes [4, 5]. The exit and entry traps
were emptied hourly from 7pm to 7am and the collected mosquitoes from each hut
were aspirated into different paper cups, clearly labelled to show the time of
collection, the trap from which the mosquitoes originated and whether the
experimental hut had been sprayed with PMD or not. In addition, to ensure that the
total number of mosquitoes entering each hut was accounted for, further collections
were conducted each morning from the inside hut surfaces using mouth aspirators, to

retrieve any mosquitoes that had entered the huts during the night but failed to exit.
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Identification of mosquitoes

Each morning, all mosquitoes were sorted by taxa and the respective counts recorded.
Malaria vectors, An. gambiae complex and An. funestus complex mosquitoes, and
other Anopheles mosquitoes were first distinguished morphologically from Culicine
mosquitoes of other genera found in the study area i.e. Culex species and Mansonia
species [55]. Molecular analysis by way of multiplex polymerase chain reaction
(PCR) [56], was then used to distinguish between An. arabiensis and An. gambiae s.s,
the most predominant members of the An. gambiae complex found in the study area.
Although, no PCR analysis was done on An. funestus complex mosquitoes collected
during these early studies, the procedure was later incorporated in our subsequent

tests, where all mosquitoes in this complex were shown to be An. funestus s.s [57].

Data analysis

Data analysis was performed using SPSS version 16 (SPSS Inc. Chicago, USA).

Data were analysed with generalized linear models with a negative binomial
distribution and a log link to account for the over-dispersed nature of mosquito count
data. Since most of the experimental huts data was clustered in individual huts,
between which different treatments were rotated in a complete randomized block
design, hut was included as a factor variable in all analyses. All models contained an
intercept. Robust standard errors were used to account for any correlation between
observations within huts. When comparing mosquito catches related to any two
categories (e.g. eaves trap vs. CDC-LT, or PMD sprayed hut vs. unsprayed hut), the
regression intercepts were calculated and then exponentiated (as data were on a log

scale) so as to enable the determination of efficiency of one treatment relative to an
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indicator variable reference, normally the control. Effects of the PMD spray was
estimated following the WHO standard methodology [19], as a percentage reduction
in number of mosquitoes caught in the PMD sprayed huts relative to the number of

mosquitoes caught in the control huts.

Protection of participants and ethics statement

Participation in all our hut studies was entirely voluntary and the volunteers could
leave at will at any stage during the experiment. After full explanation of purpose and
requirements of the studies, written informed consent was sought from each volunteer
prior to the start of all experiments. All participants received nightly wages as an
incentive and to compensate for their time. Only males over 18 years were recruited
as there are cultural implications of women working at night, and also ethical
implications of recruiting women of childbearing age to a study where malaria
infection could occur. Volunteers sleeping inside Ifakara experimental huts use intact
bed nets so as to prevent mosquito bites. This is a minimum acceptable protection for
research conducted in studies involving wild, potentially infectious mosquitoes, and
was used in all cases as the universal experimental control when evaluating any
candidate insecticidal applications. The volunteers were also provided with access to
weekly diagnosis for malaria parasites using rapid diagnostic test kits and treatment
with the first-line malaria drug (artemether-lumefantrine) in case they contracted
malaria. Fortunately, none of the volunteers became ill during the period of these
experiments. The study was approved by the Institutional Review Board of the Ifakara
Health Institute (IHRDC/IRB/N0.A019), the Tanzania National Institute of Medical
Research (NIMR/HQ/R.8aNol.W710) and the London School of Hygiene and

Tropical Medicine (Ethics Clearance No. 5552).
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Results

Climate measurements inside and outside Ifakara experimental huts and local

houses

Table 1 shows mean indoor temperatures and relative humidity in both the Ifakara
experimental huts and local houses in the study area. Indoor temperatures were similar
between the experimental huts and the local grass thatched houses both during the day
and during the night. One way analysis of variance revealed no difference in indoor
night temperatures (F=0.069, DF=2, P=0.998) between the huts, but day-time
temperatures were higher in local iron-roofed huts than in both the experimental huts
and local grass-thatched huts (P<0.001). There was a significant difference in relative
humidity between local iron roofed huts and the experimental huts (F=4.520, DF=2, P
<0.001), but not between the experimental huts and local grass thatched huts.

Tables 2-3 provide a summary of climatic data at different times in 2010. As
depicted by the standard deviations in Table 2, it is evident that for all of the
important climatic factors, there were large variations during the daytime, but only
minimal variations at night, when most of the mosquito collections were done. Also,
we observed that even though it was warmer outdoors than indoors at daytime
(average temperatures of 28°C versus 26°C), the huts were warmer than the outdoor
environment at night (average temperatures of 23°C indoors versus 21°C outdoors).
Similarly it was always more humid inside the huts than outside during the day (mean
relative humidity of 66% versus 62% outdoors), but this was reversed during the
nights, when it became more humid outdoors than indoors (mean relative humidity of
68% versus 84% outdoors). Finally, we also observed that winds were stronger and
more variable during the day than at night, during which times the air was almost still

(Table 3).
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Molecular analysis of mosquitoes

PCR analysis of the An. gambiae s.| samples from the field studies showed that
among the 1524 successful individual mosquito DNA amplifications, 96.7% were An.
arabiensis (n = 1474) and 3.3% were An. gambiae s.s (n = 50). No molecular analysis
was conducted for the other malaria vector, An. funestus complex mosquitoes, a few

of which were also caught during these studies.

Entry and exit behaviour of local malaria vectors in the study area

It was determined that the main malaria vector in the study area, An. arabiensis
prefers to enter houses via eaves but to exit via windows, and that these mosquitoes
exit houses mainly in the early moming hours between 3.00am and 7.00am. The
number of mosquitoes entering huts at different times was generally equal throughout
the night except for two small peaks, the first between 10pm and midnight and the

second slightly more pronounced peak between 3am and 5am.

Effects of baffles on exiting mosquito catches

Addition of the inward facing netting barriers (baffles) to the eave spaces of the
experimental huts ensured that greater proportions of mosquitoes that entered the huts
were retained and captured in the exit traps (Table 4). The trap catches were higher
whenever baffles were used in the experimental huts relative to when no baffles were
used. When data were aggregated by hut and day, the presence of baffles increased
the number of An. arabiensis collected from a geometric mean (95% CI) of 64.68
(45.35-92.24) to 96.27 (69.79-132.81). This increase was statistically significant for

An. arabiensis Relative Rate (RR) 1.44 (1.17-1.77), z=3.46, p=0.001, and total
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mosquitoes collected RR (95% C.1.) 1.38 (1.10-1.73), z=2.82, p=0.005. When data for
each trap type was analysed the use of baffles increased the likelihood of An.
arabiensis being trapped in a window exit trap RR (95% C.I.) = 1.57 (1.03 - 2.37),
z=2.13, p=0.033; and more than doubled the likelihood of An. arabiensis being
trapped in an eave exit trap RR (95% C.1.) = 2.90 (1.89 — 4.48), z=4.84, p<0.0001.
When used with baffles, the number of mosquitoes recovered from window traps is
not significantly different from CDC light traps indicating good sampling efficiency.
The data (Table 4) also confirms that, even though An. arabiensis prefers to enter huts
via eaves spaces rather than window spaces, these same mosquitoes tend to exit huts
mainly via windows as opposed to eave spaces. The catches in light traps with baffles

were also higher, indicating that the baffles did not inhibit mosquito hut entry.

Effects of para methane 3, 8, diol (PMD) on the number of mosquitoes entering the

experimental huts

Table 5 shows a summary of mosquito catches in huts sprayed with PMD and huts
left as controls over the 6 experimental nights. In huts fitted with entry traps, there
was a 49% reduction in median number of 4An. arabiensis mosquitoes caught in PMD
sprayed huts compared to control huts. Median catches of Culex mosquitoes were
reduced by 43% and Mansonia species by 20% (Table 5). When this data was
subjected to generalized linear models, we observed no significant effects of PMD
spraying on catches of any of these species even though the Relative Rates of
mosquito catches were conspicuously lower than 1. The RR (95% CI) of 4n.
arabiensis catches in PMD sprayed huts compared to control huts was 0.48 (0.21 -
1.08), z =1.78, df =1, P = 0.075. Relative Rate for Culex mosquitoes was 0.80 (0.34 —

1.89), z = 0.51, df=1, P = 0.610) and that for Mansonia species was 0.53 (0.22-1.23),
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z=144,df =1, P =0.151). We observed no significant effect of huts themselves on
number of mosquitoes caught. Interestingly, we observed no reduction due to PMD
treatment in any of the huts that were fitted with exit traps (Table 4). This was true for
An. arabiensis (RR = 1.08 (0.49-2.42), z= 0.19, df = 1, P = 0.845), for Culex species
(RR = 0.82 (0.34-1.89), z = 0.46, df = 1, P = 0.643) and for Mansonia species RR =
1.19 (0.52-2.75) z = 0.41, df =1, P = 0.678). However the overall exit trap catches in
PMD huts was higher than in control huts, suggesting that the presence of PMD was
irritating and forcing excess mosquitoes out of the treated huts. This irritant effect
accounted for 15.5% excess exit of An. arabiensis mosquitoes, even though this was

not a statistically significant increase relative to the control.
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Comparison of the number of mosquitoes caught while entering or exiting
experimental huts fitted with entry traps or exit traps alone versus experimental

huts fitted with both entry traps and exit traps

Trap arrangement (i.e. whether the huts are fitted with entry traps only or with a
mixture of entry and exit traps) affected the number of mosquitoes caught, even
though in some cases, these differences were only marginally significant. The number
of An. arabiensis caught exiting the huts (i.e. exit trap catches) was higher in huts
fitted with only exit traps than in huts fitted with a mixture of exit and entry traps (RR
= 1.24 (0.98-1.57), z = 1.78, df = 1, P = 0.076). Similarly, when mosquitoes were
caught while entering huts (i.e. in entry traps), 4n. arabiensis catches were higher
when the huts had only entry traps compared to when the huts had a mixture of entry
and exit traps (RR = 1.65 (1.12-2.45), z = 2.50, df = 1, P = 0.012). We observed
similar differences but with more pronounced statistical significance levels for Culex
and Mansonia species mosquitoes. Specifically, in exit traps, the Relative Rate of
Culex catches in huts fitted with only exit traps compared to huts fitted with both exit
and entry traps was 1.50 (1.20-1.88), z=3.57, P<0.0001 and in entry traps the RR was
1.84 (0.95-3.54), z= 1.81, P=0.071. In the same order, the RR for Mansonia species in
exit traps were 1.80 (1.16-2.80), z= 2.61, P=0.009 and 1.45 (0.88-2.41), z=1.67,
P=0.149 in entry traps.

Overall, the entry traps caught only about one eighth of all mosquitoes of all
species that were collected in exit traps. In huts having a mixture of entry and exit
traps, 90.4% of the An. arabiensis were caught in the exit traps, 8.4% in the entry
traps and only 1.2% inside the huts, having failed to exit. On the other hand, in huts
with only exit traps, 98.4% were caught in the exit traps and 1.6% inside the huts

having failed to exit. Table 6 shows a summary of mosquito catches (median, inter-
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quartile ranges and sum of mosquitoes collected when huts were fitted with either one

type of trap or with a mixture of entry traps (50%) and exit traps (50%).

Comparison of the number of mosquitoes entering different experimental huts

Summaries of catches for the different mosquito species in the 9 huts tested here are
included in Table 7. Differences in mosquito catches between the huts was analysed
using generalised linear models (GLM) based on totals of mosquitoes caught per night
per hut, fitted in a negative binomial distribution model with a log link function.
Using either the first hut (hut 1) or the last hut (hut 9) as reference, we observed that
An. arabiensis catches in all the other huts were always significantly different from
these huts (z = 6.00, df = 8, P<0.001). This was also true for Mansonia species (z =
6.07, df = 8, P < 0.001), but not for the Culex species (z = 3.62, df=8, P = 0.108)
collected in the huts.

To identify the actual huts contributing to these differences, we conducted a
univariate GLM on log transformed An. arabiensis catches, with post hoc analysis
using Tukey’s Honestly Significant Difference test. While this test confirmed an
overall significant difference between catches in individual huts (F=2.859, df=8,
P=0.005), two important findings emerged. First, hut 1 and hut 9 were the most
different from the others. Second, the differences were significant only when we
directly compared hut 1 versus hut 2 (P=0.013) or hut 1 versus hut 9 (P=0.004), but
not any other pair of huts (P>0.05). When we eliminated catches from huts 1 and hut
9 and redid the analysis on the rest of the data, there were no significant differences
between huts for An. arabiensis (z=3.13, df=6, P=0.133) and Culex species (z=3.02,

df=6, P=0.165) but not Mansonia species (z=5.64, df=6, P<0.001)
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Discussion

The design of Ifakara experimental huts has been accomplished by combining
advantageous design elements from several experimental huts previously used in
mosquito studies [24). Moreover, this design is an attempt to improve upon
limitations identified in many of those previous huts. The final design of these new
experimental huts has incorporated: 1) improvements on actual physical structure to
make them more representative of local houses, 2) mosquito trapping methods that
maximise mosquito entry and recovery as well as representative assessment of
mosquito exposure to insecticides, 3) improved geographical positioning of the huts
within the study area to maximise mosquito numbers while minimising disturbance to
local residents; and 4) a suite of customised experimental practices employed when
working with these experimental huts.

Some of the practical advantages of these huts are: 1) they are made in kit~
format and can therefore be easily disassembled , transported between different sites
and re-assembled onsite, 2) the possibility to replace the mud panels and the ceiling,
whenever a new insecticidal application is to done so that all insecticides may be
disposed of safely, 3) their similarity in style and size to local houses commonly used
in the study area, which effectively improves their representativeness and 4) the fact
that these huts, despite being fitted with traps all-round, still have adequate spaces for
mosquitoes to enter. The huts can accommodate two human volunteers, who can both
act as baits to lure in mosquitoes but also as mosquito collectors thus improving
attraction to mosquitoes and maximising recovery of mosquitoes. This is clearly
reflected in the high numbers of mosquitoes including the malaria vector 4n.

arabiensis recovered from huts on a regular basis during our studies.
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In our preliminary behavioural assays, for which results have been presented
here, we observed clearly that An. arabiensis prefers to enter huts through eave
spaces, but that these mosquitoes exit mainly through windows. We expected
however, that if chemical-based interventions with irritant effects are used inside the
huts, the mosquitoes may be forced to exit the huts via any available and nearest exits
including the eaves [34, 58], thus disrupting the natural exit pattern. As Ifakara
experimental huts with baffles collect similar numbers of mosquitoes in exit traps as
CDC LT, these specific challenges have been overcome in the design. Results of these
experiments evidently show that the baffles do indeed boost exit trap catches, by
retaining mosquitoes, which would otherwise exit unmonitored. It is also important to
note from these results that presence of the baffles did not in anyway alter the entry
pattern or the number of mosquitoes that entered the experimental huts.

Clearly, when evaluating household insecticide applications, these baffles
become an even more important component of experimental huts, since they also
guard against possible overestimation of percentage mortality due to candidate
interventions. It is known that irritated mosquitoes tend to exit experimental huts
through any opening including eave spaces [34] , meaning that where there are no
baffles, the sum of remaining mosquitoes, which is normally used as the denominator
when calculating percentage mortality [19], will obviously be less than total number
of mosquitoes that actually entered the huts. A good example of this can be found in
early reports of work done by Dr. Alec Smith in northern Tanzania [35). In one study
investigating effects of an insecticide, dichlorvos, on mosquitoes visiting
experimental huts, he observed that whenever mosquitoes leaving huts through the
cave spaces were considered in his equations, the calculated mortality was always

lower than whenever eave egress fraction was ignored [35]. Even with purely toxic
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and non-irritant insecticides, only the live mosquitoes would have a chance to escape,
thus leaving mostly knocked down or dead ones inside the huts, a situation which can
lead to an overestimation of proportions mosquitoes that die inside the huts, as a
direct result of the insecticidal intervention being evaluated [34-36]. Therefore, we
strongly recommend the use of baffles when evaluating insecticides in experimental
huts.

In addition to the baffles, mosquito collection from all four sides of the huts on
any given night, has some advantages over collection from only two opposite sides,
which has been a common practice in previous studies involving veranda-type
experimental huts [19, 34, 59-61]. This way, biases that may result from differences
in directions of wind and light are minimised. Moreover, researchers also eliminate
potential statistical problems associated with the previous practice of doubling the
number of mosquitoes caught, so as to obtain the sum of mosquitoes that could have
visited the huts if the collections were conducted on all sides of the huts [59-61].
Indeed, we have directly observed in our study area that this practice could be invalid,
since the numbers of mosquitoes entering huts through any two opposite sides are
never equal and in experiments where baffles were not used loss of mosquitoes is also
not be equal on any two opposite sides, or exactly half of total entry.

Similarly, sampling mosquitoes on all sides, ensures that the open areas
available for mosquitoes to enter the experimental huts is greater than seen among
other hut designs, especially those previously used in west Africa, which allow
mosquitoes to enter only via very small, lcm wide, window slits on three sides of
each hut [62-64). Again, we have demonstrated in our study sites in south-eastern
Tanzania, that the malaria vector An. arabiensis prefers entering houses via eave

spaces rather than through windows [40), but also that more mosquitoes enter huts if a
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greater area of the eave space is left unobstructed. This may suggest that the common
west African experimental hut design such as the ones used in Benin [62] may not
necessarily be as suitable for studying this East African vector population, as they
have been for west African mosquito populations.

Another factor that has been addressed by the design described in this paper is
prolonged mosquito retention within exit traps. It was observed during some early hut
studies conducted in the 1960s that whenever mosquitoes were confined for long
periods inside exit traps attached to insecticide treated experimental huts, there was
excess mortality of mosquitoes in these traps, presumably due to concentrated fumes
of the insecticides or accumulated insecticide dust deposits inside these traps [65, 66].
Despite these early observations, a common practice in current experimental hut
studies is that mosquitoes remain held for long hours inside the exit traps or in
verandas, and are removed only in the morning [19, 24], potentially increasing the
probability of death as a result of this extended exposure to insecticide fumes.

One solution earlier proposed by Smith and Webley in 1963, was that
insecticide-proof materials such as transparent polythene sheeting could be used to
cover the side of window traps facing inside the experimental hut [66]. As described
earlier, the traps used on the Ifakara experimental huts are all made entirely of netting,
and instead the possibility of excessive mortality is minimised by regularly emptying
the traps several times each night, so that the mosquitoes do not remain confined
inside the traps and in close proximity to any insecticide fumes that could be
emanating from the houses. This is usually done every 1-4 hours depending on
research questions and associated logistical constraints. Once removed from the exit
traps the mosquitoes are immediately transferred to a field insectary, 100m away from

the experimental huts, where they are maintained on 10% aqueous solution of glucose
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and monitored, usually for 24 hours. Other than being merely an attempt to minimize
excessive mortality, this practice of multiple collections per night also more
representatively matches what free-flying wild mosquitoes do around houses in real
life; given that any mosquitoes found in the exit traps, are those that would otherwise
have escaped completely from the huts. Moreover, such multiple collections now
make it possible to identify and quantify irritant effects of insecticides which induce
mosquitoes to exit huts earlier than usual [1, 58]. In fact, in previous experimental hut
evaluations of insecticidal interventions in Africa, the closest estimates of irritancy
were those based on overall differences between proportions of mosquito catches that
were found in the exit traps in treatment versus control huts, and that in most cases, no
attempts were actually made to assess whether insecticides induced earlier exit than
normal [67]. This modification to allow multiple mosquito collections each night is
therefore an essential improvement specifically in relation to huts previously used
within Africa, which did not consider this aspect.

The third important practice conducted as part of the assay is blocking of some
hut windows during the day. This is normally done in order to minimise potential
effects of wind, ie. the likelihood that any insecticides sprayed inside the
experimental huts can be gradually eroded and blown around by wind, leading to
rapid decay of the desired efficacies of candidate residual insecticides, while at the
same time accumulating the eroded insecticide particles inside exit traps attached to
the huts. Though the Ifakara experimental huts have 4 windows all of which are fitted
with interception traps, 3 of the windows are usually covered during the day using
tightly fitting pieces of canvas. These canvas covers are placed from the inside of the
huts, effectively blocking the front part of the window traps during the day. They are

however removed every evening so that all the 4 window traps can be used to collect
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mosquitoes during the night. Again, other than minimising effects of wind, our direct
observations confirm that this particular practice correctly matches what normally
happens in most local houses in southern Tanzania, where at least some of the
windows are kept partially covered with curtains or wooden shutters during the day,
or the windows remain fully closed.

Lastly, we initially observed that every evening just before our experiments
began there were already a number of mosquitoes inside the huts. Since no volunteers
stayed inside the huts during the day, and because most of these early mosquitoes
were unfed, it is possible that either the mosquitoes entered the huts to rest [68] or
they were lured by residual odours left behind by volunteers from the previous nights,
and entered the huts anticipating blood meals [45, 68]. Experimental evaluations
should therefore involve not only night-time collections, but also daytime collections
where possible. Though such daytime collections are nowadays hardly conducted in
experimental hut studies [19], early hut practitioners paid great attention to
mosquitoes resting inside huts during the day [26]. In Ifakara experimental huts,
collections targeting mosquitoes that may have entered huts during the day are done
every evening between 1800Hrs and 1900Hrs, just before volunteer sleepers enter the
huts to begin the night time catches. When testing interventions such as ITNs, which
can be rotated daily or weekly between huts, the time when these nets are put into
designated huts, i.e. whether this is done in the mornings or in the evenings, must be
carefully considered so that these daytime effects are attributed to the right net type.
Here also, inclusion of day time catches more representatively captures the ‘round-
the-clock’ interactions between mosquitoes and insecticidal interventions, when used
inside local homes, than the current practice of monitoring only those mosquitoes

visiting experimental huts at night [19].
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Experiments conducted using a mosquito repellent PMD [53, 54], verified the
suitability of the Ifakara experimental hut design in studies to assess effects of various
insecticidal compounds on malaria mosquitoes. By corroborating the reduction in
number of mosquitoes caught inside PMD spayed experimental huts relative to
unsprayed huts and by being able to monitor all mosquitoes coming and leaving the
huts, the tests provided a useful opportunity for identifying limitations in our
procedures and also the necessary adjustments prior to subsequent studies using these
huts. For example, we proved that emptying the traps every four hours is logistically
possible on a routine basis, and as such this procedure was adopted for subsequent
experiments.

Other than these observations, this particular experiment itself demonstrated
the necessary training required for both the field technicians and the participating
volunteers, on a wide range of entomological procedures involved in experimental hut
evaluation of insecticidal interventions. We must also point out at this stage that even
though these preliminary tests were carried out using just PMD (selected because it is
a botanical with no long-term residual effects {53, 54]), it is logical to infer from the
process and also from the results that indeed, these huts can be used to evaluate
different insecticidal applications including LLINs and IRS, which may not have
exactly the same mode of action as PMD. For example certain insecticides commonly
used in ITNs e.g. permethrin [69-71] and also insecticides used for IRS e.g. the
pyrethroid, lambda cyhalothrin [62, 72-74] and the organochloride, DDT [59, 75-78],
are known to be not only toxic to mosquitoes, but also repellent and can be evaluated
using these experimental huts. Given the specific reasons for using PMD in this study,

we did not consider it essential to incorporate any assays to determine residual content

153



of the compound on treated hut walls, and therefore we are unable to determine how
its effects on mosquitoes would change over time.

One particularly crucial observation during this experiment was that while
reduction in mosquito catches due to PMD could be readily detected in huts fitted
with entry traps, this was not the case in huts fitted with exit traps, in which PMD
related reduction was 0% for An. gambiae s.] and Mansonia mosquitoes, and only 5%
for Culex mosquitoes. It certainly raises concern as to whether exit traps alone could
be adequate to evaluate insecticides which also have these deterrent properties.
However, because we also observed a minor increase in An. arabiensis catches inside
exit traps fitted on PMD sprayed huts, relative to traps fitted on control huts, one
would argue that exit traps are more suitable for measuring irritant effects of
treatments upon mosquitoes that are already inside the huts, while entry traps are
better when assessing how different treatments deter mosquitoes from entering the
huts in the first place. The PMD repellence therefore can only be clearly observed if
one considers entry trap catches, which however are evidently are only a small
fraction compared to exit trap catches as the two methods do not have the same
sampling efficacy. What is undoubtedly clear from this preliminary evaluation is that
there is a significant difference in trapping efficiencies between exit traps and entry
traps.

Whereas combination of entry and exit traps provides an opportunity to study
both entry behaviour and exit behaviour of mosquitoes concurrently, thus avoiding
nightly variations in mosquito catches, our tests showed that using all exit traps in
each hut collects more mosquitoes than when a combination of entry and exit traps are
used. Moreover, the number of mosquitoes entering the huts could be grossly

underestimated if only the entry traps are used; since these traps capture only about
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13% of all mosquitoes that actually enter the huts. These experiments also showed
that most of the mosquitoes were caught in exit traps, even though there was no
insecticidal application used in the huts. These findings suggest that in the absence of
any intervention, exit traps are more efficient than entry traps, therefore rather than
combining the trap types, it is better to use only exit traps, interspersed with spaces
fitted with baffles. Given that variation (as depicted by inter-quartile ranges) were not
different for the different trap arrangements, the assertion that it is better to use exit
traps can be based only on improved catches, but not on the fact that such a practice
would reduce data variability. Moreover, that assertion may not be interpreted to
mean that exit traps are always better than entry traps in experimental hut studies. On
the contrary, it should be noted that the type of interception trap to fit must be guided
by whatever research questions are being addressed. Moreover, it should also be noted
that that even though exit traps performed multiple times better than entry traps in this
study, both trap types are actually physically the same, except that one type is fitted
facing the inside of the huts (entry traps), while the other is fitted while facing the
outside (exit traps).

Entry traps for example, may have lower trapping efficiencies than exit traps,
but as depicted by our PMD test results, these traps are clearly better for assessing
repellent effects of interventions, than exit traps. Exit traps on the other hand, if used
together with baffles would be better for examining toxicity and irritant effects of
interventions. Similarly, where the interest is to also determine the actual time when
mosquitoes enter houses, then entry traps emptied frequently, say hourly would be
more useful than exit traps, which do not account for mosquitoes dead or knocked-
down within the huts. Nevertheless, where exit traps are used, it is necessary that

additional collections are done indoors using mouth aspirators, to retrieve mosquitoes
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that fail to exit huts. All these are essential considerations when assessing house-hold
level protective efficacies of interventions. Therefore, users of these experimental huts
must ensure that the trap arrangement used suits the intended purposes

In experiments where mosquito catches were compared between the different
huts, there was variation between huts in mosquito density. These differences may be
related to either the positions of these huts [14] or to the differences in attractiveness
of the human volunteer pairs who slept in the huts [4, 5]. One limitation of this
experiment was that due to the need for logistical simplicity and statistical replication
the human volunteers did not rotate between the huts. As such, hut plus the volunteers
assigned to that hut were treated as a single source of bias and it is therefore difficult
to identify the proportion of this effect that was actually caused by the positional
differences between huts. Nevertheless, the advance knowledge of these differences
was important in informing design of subsequent experiments, in which candidate
insecticidal interventions and controls that could not be rotated (IRS) were now
randomly assigned several huts to increase replication and where possible, treatments
(LLINS) rotated between huts at different positions, while retaining the volunteers in
their respective huts.

One of the primary goals of the previous hut developers was to create huts that
resembled local human houses, and the Ifakara experimental huts are therefore not the
first huts to attempt matching designs of local houses in study areas. Nevertheless, we
present these huts as an improvement relative to the existing hut designs, which
arguably, did not fully achieve the goal of matching local houses. For example, the
East Africa veranda trap huts are very small and would not necessarily have similar
airflow as local houses [34, 60). Similarly, the West African huts such as those used

in Benin [62], allow mosquitoes to enter huts via very small slits on the sides, thus
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restricting the natural entry pattern and adjusting the airflow in the huts. Also the, way
mosquitoes are collected in many of these existing huts, usually by retaining them in
close proximity to the huts until morning, may not necessarily represent the natural
behaviours of mosquitoes, especially where users are protected with nets. For
instance, our own observation of An. arabiensis in this study site, suggests that when
these mosquitoes enter huts where volunteers are protected with nets, they do not
necessarily spend a long time inside those huts, but that instead, they readily exit the
huts, presumably to continue host seeking elsewhere. Retaining the mosquitoes till
morning in a veranda trap, would therefore possibly lead to longer exposure to
whatever interventions are in applied in the huts. In light of the above examples, we
recognize that though the Ifakara experimental huts may not in themselves be the
perfect match to local houses they constitute an improvement towards this goal,
especially since the existing east and west African hut designs have not been modified
for many decades.

Despite these improved characteristics of the Ifakara experimental huts, we
cannot at this stage propose this design as a replacement of any existing hut designs.
We recognise that perhaps the most important issue in that regard is the need to
directly compare different hut designs currently being used in Africa and assess their
relative efficacies for assessing effects of indoor interventions on mosquitoes.
Nevertheless, one must also consider the value of data that such comparisons would
produce, and how generalizable the conclusions of any one study location would be to
different locations, given the diversity of local house designs in Africa, but also the
differences in house-entry and feeding behaviours of mosquitoes in different places.
Moreover, since experimental huts that are currently being used have different

functional mechanisms and sizes, and because it may not be possible to fit them with
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exactly the same types of interception traps, another challenge to direct comparison of
hut types would be how to decide on output variable to measure, and how exactly that
variable should be measured.

Therefore, even though this manuscript is limited to the description and
preliminary testing of the Ifakara experimental huts as an alternative option when
evaluating indoor interventions against East African mosquito populations, we
strongly recommend that prospective users should independently assess the utility of
the huts in their respective localities before using them. In addition, the entomological
procedures described here provide a framework that may also be modified to more
accurately match intended research purposes and to better evaluate effects candidate

interventions being tested.

Conclusion

The Ifakara experimental huts provide a more ;ealistic system that can be used to
study the natural behaviour of wild free-flying populations of disease-transmitting
mosquitoes, including the increasingly dominant African malaria vector, An.
arabiensis, and to evaluate efficacy of various indoor vector control technologies.
Their efficacy is enhanced by the improved design relative to previous hut designs,
specifically the fact that mosquito entry is maximised to improve the power of
evaluations. The huts use both eave and window traps thus making the design suitable
for studying a wide range of mosquito entry and exit behaviours and the nature of
traps fitted onto the traps, the use of eave baffles to control mosquito exit improves
data reliability. The huts are designed to be an assay with the use of replaceable wall
panels and ceilings, and the kit format of the huts, but also by the specific

entomological practices used to sample mosquitoes in these huts.
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Chapter 1V

Comparative evaluation of combinations of long lasting insecticidal nets
and indoor residual spraying, relative to the use of either method alone,

for malaria vector control in an area dominated by Anopheles arabiensis*

Abstract

Background: Malaria vector control in sub-Saharan Africa is currently practised using long
lasting insecticide treated nets (LLINs) and indoor residual spraying (IRS). In several highly
endemic regions both methods are used within the same household although there is limited
direct empirical evidence to demonstrate advantages of employing both methods
simultaneously. The purpose of this study was to determine if there is any such advantage

relative to using either method alone.

Metheds: Comparative evaluations were conducted in experimental huts fitted with LLINs
alone, IRS alone, or combinations of LLINs and IRS, in an area where Anopheles arabiensis
is the predominant malaria vector. Indicators of protection included: 1) number of mosquitoes
entering huts, 2) proportion and total number of mosquitoes killed after exposure to each
treatment, 3) time when mosquitoes exited the huts, 4) proportions of mosquitoes prevented
from feeding upon volunteers sleeping inside the huts, and 5) proportions caught exiting the
huts. Three intact LLIN types (Olyset®, PermaNet 2® and Icon Life® nets) and three IRS
treatments, actellic (organophosphate), DDT (organochloride) and lambda cyhalothrin
(synthetic pyrethroid), all applied at WHO recommended doses, were assessed singly or in
combinations, relative to non-insecticidal nets used alone. The study was conducted in two

spray rounds, I and II.

* Adapted from: Okumu F, Mbeyela E, Ligamba, G., Moore J., Sumaye, B., Kenward MG,
Turner EL, Lorenz LM, and Moore SJ: Comparative evaluation of combinations of long
lasting insecticidal nets and indoor residual spraying, relative to the use of either method
alone, for malaria vector control in an area dominated by Anopheles arabiensis.
Manuscript in Preparation.
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Findings: All net types provided nearly fuil protection from mosquito bites (> 99% feeding
inhibition) regardless of whether they were used in combination with any IRS or not.
Addition of LLINs into huts with IRS provided additional protection through feeding
inhibition, with PermaNet® and Icon life® nets also increasing the proportions of malaria
mosquitoes killed. Deterrence of mosquitoes was not observed with LLINs, except a 30%
reduction of An. arabiensis catches in huts with PermaNet® nets during spray round I.
Addition of IRS using DDT deterred more mosquitoes from huts already having LLINs, but
did not increase proportional mortality. In contrast, IRS with actellic significantly increased
proportional mortality relative to LLINs alone, but did not induce any deterrence. Lambda
cyhalothrin increased mortality to a minimal extent, and had no deterrence. More than 95% of

mosquitoes were collected in exit traps rather than inside huts.

Conclusions: 1) there are only minimal additional protective benefits achievable from adding
IRS in houses where people already correctly and consistently use LLINs, 2) intact untreated
nets, by preventing mosquito bites, can effectively complement IRS, where LLINs are not
readily available, therefore in places where IRS is used, efforts should be made to also
provide at least untreated bed nets, 3) LLINs/IRS combinations would be most protective if
the IRS was based on highly toxic and less irritant non-pyrethroids such as actellic:
combinations which would also mitigate against insecticide resistance, and 4) where
resources are limited, the focus of malaria control should be to ensure that all people at risk

use LLINSs consistently, instead of trying to implement both LLINs and IRS.
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Background

Much of the recent reduction in malaria has been attributed primarily to the two most
common malaria vector control methods, namely, insecticide treated nets (ITNs), and
indoor house spraying with residual insecticides (IRS) [1-8]. These methods are
currently supported by an exemplary level of public and political goodwill, and are
complimented by other recent advances such as prompt and accurate diagnosis [9-11],
treatment with artemisinin based medicines (3, 5, 12-14], and intermittent preventive
treatment (IPT) [15, 16], all of which have also significantly contributed to the gains
accrued.

Though long-lasting insecticidal nets (LLINs) are designed as stand-alone
vector control tools, there are several instances where they are combined with IRS in
the same houses, often with the aim of achieving greater health benefits. In an earlier
review article (Chapter 2) [17], we examined potential advantages of combining
LLINs with IRS, and outlined measures that could ensure maximum efficacy of such
combinations. We also noted that other than a small amount of indirect field evidence
[18-21], and an assortment of theoretical simulations [22-24] suggesting added
advantages of the combinations relative to either LLINs or IRS alone, there had not
been any studies that explicitly determined whether combining LLIN with IRS in the
same households would have synergistic or redundant effects [17]. Since that review,
at least one study conducted in Benin has now showed that combinations of
deltamethrin-based LLINs with chlorfenapyr, a pyrole insecticide, have potential to
not only provide additional protection relative to the components singly, but also that
such combinations can be effective against insecticide resistant vector populations

[21].

170



There are several theoretical justifications for combining LLINs with IRS, and
consequently a need to optimise this strategy. We have previously suggested that: 1)
any complementary IRS insecticides should have different modes of action from the
pyrethroid-based LLINs, 2) the overall community-level epidemiological outcomes of
any LLIN/IRS co-applications would be modulated by factors such as the extent of
intervention coverage in the communities, baseline epidemiological conditions and
the behaviour of local malaria vectors [17], and 3) that a series of studies should be
conducted to generate direct evidence for or against these combinations.

The purpose of this current study was therefore to contribute essential
empirical evidence on protective efficacy of LLIN/IRS combinations in a malaria
endemic area. Through comparative evaluation, we observed various indicators of
protection inside experimental huts [25), where both LLINs and IRS were used, and
compared these with similar observations in huts where either LLINs alone, IRS alone
or non-insecticidal nets were used. Given that WHO-approved LLINs have different
active ingredients, and because there are several classes of insecticides approved for

IRS [26], this study involved multiple combinations of net types and IRS insecticides.

Materials and methods

Study area

The study was conducted in Lupiro village (8.385°S and 36.670°E) in Ulanga District,
south eastern Tanzania. The village lies 300m above sea level, and is 26 km south of
Ifakara town, where Ifakara Health Institute (IHI) is located. It borders many small
contiguous and perennially swampy rice fields to the northemn and eastern sides. The
annual rainfall is 1200-1800mm, while temperatures range between 20°C and 32.6°C.

Composition of malaria vector populations (which previously included a mixture of
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Anopheles gambiae and Anopheles funestus complexes, the former consisting
predominantly An. gambiae sensu stricto) has shifted dramatically in recent years,
most likely because of high ITN coverage [27]. Today, the most common vector is
Anopheles arabiensis, constituting > 95% of the An. gambiae complex species [28,
29]. Using common entomological sampling methods, both 4n. gambiae s.s and An.

Junestus mosquitoes are now found only in very small numbers.

LLINs and IRS compounds

Four net types (three LLINs and one non-insecticidal net) and three IRS insecticides
of different classes (one organochloride, one synthetic pyrethroid, and one
organophosphate) were used. The LLINs included O]yset® nets (manufactured by A-
Z, Tanzania), PermaNet 2.0® nets (Vastergaard, Switzerland) and Icon Life® nets
(Bestnet Europe Itd, Denmark). Olyset® nets are made of polyethylene netting (150
denier), impregnated during manufacture with synthetic permethrin at 2% w/w
(equivalent to 1000mg of active ingredient/mz). PermaNet 2.0% is a 100%-polyester
net (100 denier), coated with 55-62mg of synthetic deltamethrin/m’, resulting in
insecticide concentrations of approximately 0.14% w/w. Icon Life® is also a
polyethylene net and is impregnated during manufacture with synthetic deltamethrin
at 0.2% w/w (= 65mg of active ingredient/m?). The IRS treatments included 2g/m?
DDT wettable powder (AVIMA, South Africa), 0.03g/m* lambda-cyhalothrin capsule
suspension, (Syngenta, Switzerland) and 2g/m’ pirimiphos-methyl emulsified
concentrate, also known as actellic (Syngenta, Switzerland).

The IRS compounds and all the LLINs, except Icon Life®, have been approved
by WHO for malaria vector control [26]. DDT (an organochloride) and lambda

cyhalothrin (a synthetic pyrethroid) are both commonly used for IRS in Africa, and
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together with pirimiphos-methyl (a WHO approved organophosphate), they represent
a diversity of common insecticide classes currently applicable for vector control in the
continent [26]. Similarly, PermaNet 2.0® and Olyset® nets are the most widely used
LLINs in Africa. In 2010 alone, approximately 60 million Olyset® nets were
manufactured (including 30 million manufactured in Tanzania), and about 75% of all

these were scheduled to be used in Africa (Dr. John Lucas, Personal Communication).

Experimental huts and mosquito traps

The IRS compounds, LLINs and their combinations were comparatively evaluated
using specially designed huts, referred to as the Ifakara experimental huts. Details of
this hut design, and all entomological practices associated with its use, have been
described elsewhere [25]. In summary, the Ifakara experimental huts have similar
average dimension and shape as local village houses used in the study area. They have
galvanized iron frames and corrugated iron roofs, overlaid with grass thatch to
regulate temperatures. The undersides of the roofs were covered with ceilings made of
traditionally-woven grass mats, locally known as Mikeka to simulate thatch. The walls
are constructed using canvas on the outside and are lined on the inside with removable
wood panels that are coated with clay mud to simulate mud walls. These mud panels
and Mikeka ceilings are sprayed with insecticides, and can be removed and
incinerated at the end of each experiment, then replaced in readiness for any new
tests. Each hut has one door, four windows and open eave spaces all round [25].

To study behavioural and physiological responses of mosquitoes in and around
the experimental huts, each hut was fitted with interception traps as follows: eight exit
traps were fitted on eave spaces (eave traps), and four window traps were fitted onto

all the windows (window traps), so as to catch mosquitoes exiting the huts. The eave
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traps were interspersed, so that there were adequate spaces between them to allow in
mosquitoes attempting entry on all four sides of the huts. These open spaces were
fitted with baffles, i.e. netting barriers facing the inside of the huts but slanting
upwards at approximately the same angle as the roofs. The baffles allow mosquitoes
to enter, freely but restrict exit of those mosquitoes through the same openings,
meaning that mosquitoes once inside the huts could exit only through the spaces fitted
with exit traps. A detailed description and illustrations of both the traps and the

baffles can also be found in Okumu et al., [25].

Study design

We set up nine experimental huts in a line (20-50 metres apart), at the edge of the
study village, such that the huts were between the main mosquito aquatic habitats (a
contiguous set of small perennially swampy rice fields) and human settlements. For
ease of reference, the huts were assigned numbers 1-9 starting with the northernmost
to the southernmost hut. Two male volunteers, aged between 18 and 35 years, were
assigned to each hut for the duration of the study and slept under intact nets in each of
the huts each night.

The huts were first stratified by identifying six huts for IRS (huts I, 3, 5, 7, 8
and 9), and three huts to remain unsprayed (huts 2, 4, and 6). Each of the six IRS huts
was then randomly assigned to be sprayed with any one of the 3 candidate IRS
insecticides (such that there were 2 randomly assigned huts sprayed with each
insecticide). The IRS was applied at the following WHO approved concentrations
[26] as follows: 2g/m? emulsified concentrate of actellic in huts 1 and 8, 2g/m? DDT
wettable powder in huts 3 and 5, and 0.03 g/m2 lambda cyhalothrin capsule suspension

in huts 7 and 9. By spraying more than one hut with the same compound, and also by
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interspacing the IRS huts with the unsprayed huts, we were attempting to also
minimise potential differences in mosquito catches between the huts; given that our
baseline studies had indicated that while mosquito catches in all 9 huts were generally
similar, huts 1 and 9 tended to have more mosquitoes than the rest [25].

All insecticides were diluted in water and the spraying was performed using
standard Hudson Expert® sprayers on both the hut walls and ceilings. To avoid
contamination, the interception traps and baffles for the IRS huts were fitted 2 days
after spraying, allowing time for the insecticide fumes to settle. Also, all the LLINs
used were newly acquired, but were air dried outdoors for twelve hours prior to the
start of the experiments to prevent any side effects that may be experienced when nets
are freshly opened from the packets.

On the first day of the experiment, the three different LLINs (Olyset®,
PermaNet 2.0® or Icon Life®) and untreated nets were randomly assigned to the nine
Ifakara experimental huts, so that each hut regardless of whether it had been sprayed
or not, was fitted with either one type of LLINs or untreated nets. In the subsequent
days, the nets were rotated daily to different huts as shown in Table 1, ensuring that at
any given time, the different LLINs were either coupled with IRS insecticides in the
respective huts or the nets were used alone in the unsprayed huts. This experimental
design also ensured that in the course of these rotations, there were nights when some
of the unsprayed huts ended up with just the untreated nets, thereby constituting the
experimental controls, against which effects of the other treatments (i.e. LLINs alone,
IRS alone or LLIN/IRS combinations) could be compared. Two nets were used per
hut, one per volunteer.

On a 4-day complete block (Table 1), there were 3 replicates of the controls, 3

replicates during which the unsprayed huts had each of the 3 LLIN types on their own
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(i.e. LLINSs alone), 2 replicates during which the huts had each of the IRS compounds
with just the untreated net (i.e. IRS alone) and 2 replicates during which each IRS
compound was combined with each of the LLINs (LLIN/IRS together). The
experiments were performed on 5 consecutive days each week, so that the volunteers
and the technicians could rest every Saturday and Sunday of the week and so that the
blocks were not always rotated on the same day of the week. Over the course of the
entire experiment the treatment blocks were balanced so that there were equal
numbers of each treatment, in a full-factoral split-plot design with repeated measures
[30]. Though the LLINs were randomly assigned to the huts initially, their movement
between huts each night was not completely randomised in order to simplify the
experiment for the field staff, thus avoiding human error in daily allocation of

treatments (Table 1).
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Mosquito collection

Experiments were conducted from 19.00 hours to 07.00 hours each night. Mosquitoes
were collected using the exit traps on eaves and windows and also through indoor
resting collections from the inside surfaces and floors of the huts. Mosquitoes found
in the exit traps were removed every 4 hours nightly i.e. at 23.00hrs, 03.00hrs and at
07.00hrs, to ensure that those mosquitoes attempting to exit the huts did not remain
unnecessarily confined, thus potentially being exposed to the insecticides for a longer
period than would occur in local houses with a similar open design.

To ensure that all mosquitoes inside the huts were removed, the morning
collection was performed in two steps as follows: first the collectors emptied all the
exit traps, collected all mosquitoes resting on the inside hut surfaces and also retrieved
any dead mosquitoes found lying on the floors. The collectors then stayed outside the
hut for 10 minutes, after which they went back in and repeated the procedure, thus
maximising chances that even those mosquitoes that may have been flying around or
missed during the initial collection were now captured. In addition to these 3 main
collections per night (i.e. 23.00hrs, 03.00hrs and 07.00hrs), we also collected
mosquitoes that entered and rested within the huts during the day or just before the
experiments started, by emptying the traps every evening, starting at 18.30hrs, before
the volunteers went into the huts at 19.00hrs. Since the LLINs rotated between huts
and were set up each morning, those mosquitoes from the evening collections were
considered to have been affected by the test interventions in the same way as those
mosquitoes entering the huts at night and were added to the nightly totals.

All collected mosquitoes (dead and live) were kept in small netting cages
(measuring 15¢cm x 15 cm x 15cm), on top of which 10% glucose solution was

provided via soaked cotton wool pads. The mosquitoes were kept for 24 hours inside

178



a holding room at the same field site where the experimental huts are located. Mean
indoor temperatures inside this holding room were 29.1°C + 3.0°C during the day and
26.7°C £ 2.3°C at night, while mean relative humidity was 70.6% + 17.9% during the
day and 75.7% £ 13.7% at night. After the 24-hour holding period, dead and live
mosquitoes were segregated. Live mosquitoes were killed with ethyl acetate after
which each group was sorted by taxon and counted.

Malaria vectors, An. gambiae s.1 and An. funestus s.], together with all other
Anopheles mosquitoes found during the study were first distinguished
morphologically from the Culicine mosquito genera, Culex and Mansonia species. A
sub-sample of one dead and one live 4n. gambiae 5.1 mosquitoes per hut per night per
collection period, were randomly selected for further identification using ribosomal
DNA-polymerase chain reaction (PCR) [31] to distinguish between An. arabiensis
and An. gambiae sensu stricto, the two morphologically indistinguishable sibling
species known to be in the study area [28, 29]. Similarly, 4n. funesrus s. were
molecularly analysed using PCR to determine sibling species within the group. Given
that there was only a small number of 4An. funestus s.| mosquitoes caught during the
entire study duration, all of them were analysed without any sub-sampling. All the

molecular analysis work was performed at Ifakara Health Institute, Tanzania.

Spray rounds

This study was conducted in two spray rounds, the first round being four months long
(May 2010 to August 2010) and the second being six months (November 2010 to
April 2011). To limit complications of having to rotate treated and untreated mud
panels and ceilings between huts, the huts with IRS treatments were fixed for the

entire duration of each spray round, and instead only the LLINs were rotated.
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However, all the mud panels and Mikeka ceilings, and an inner plastic sheeting
usually placed under the sprayed surfaces to ensure that the huts are not contaminated,
were removed and incinerated at the end of the first round, and were replaced with
fresh material prior to starting the second round, which was three months after the end
of the first round. The two rounds were mostly similar except for some incremental
improvements introduced in round II. The methodological aspects already described
in the sections above match the second round of the study, but all the differences in
the first round relative to the second are outlined below and in other relevant sections.

First, unlike in the second round, where the IRS insecticides were randomly
assigned to the preselected IRS huts, the procedure in the first round was that both the
IRS insecticides and the LLINs were systematically assigned to the preselected IRS
huts (Table 2). Second, to approximate WHO guidelines [26] regarding the periods
after which IRS houses should be re-treated (i.e. 2-3 months for actellic, 3-6 months
for lambda cyhalothrin and 6-12 months for DDT), experiments were conducted over
4 months in round one and over 6 months in round two. Third, the two-step procedure
for mosquito collections in the morning was introduced in round two following
observations in round one that the original one-step procedure was not adequately
exhaustive and that some mosquitoes were being left behind by the collectors. Fourth,
to minimise any likelihood that the insecticides sprayed on the walls or the chemical
particles on the nets would be agitated and blown by wind or air currents and that
these insecticidal treatments would accumulate in the exit traps, the second spray
round involved blocking 3 of the 4 windows in all huts during the day, using a piece
of canvas cut to fit the window sizes. The canvas was however removed in the
evenings so that the window traps could be used normally during the night. This and

other important entomological procedures used have been described elsewhere [25].
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Sampling for analysis of insecticide residues on walls, ceilings and nets

To determine whether the required quantities of insecticides had been correctly
sprayed onto hut surfaces, material samples were collected from the walls and ceilings
of the experimental huts. Sample squares were also cut from the different nets, to
estimate the insecticide quantities at the start of the experiments. The sampling
procedure was different for the two spray rounds of the study, but was each time in
line with WHO guidelines [32].

In the first round, the sampling was as follows: using a flat-tip spatula, soil
was gently scrapped from a small randomly selected area measuring 20cm’, on the
inside surfaces of any 2 randomly selected walls of each sprayed hut. The person
doing this was always different from the person who had sprayed the huts in the first
place. At the same time, 2 small pieces (20cm’ each) were snipped from 2 randomly
selected positions on the Mikeka ceilings of each sprayed hut. This way, we had 4
samples collected from each hut, i.e. 2 soil samples from the mud walls and 2 samples
from the ceilings. Similarly, samples were collected from the nets, by snipping a
15cm x 15¢m area from each of the four sides of all the nets, including the untreated
net being used in the study. The net cuttings were obtained from the bottom parts of
the nets (i.e. from parts which would normally be tacked under mattresses when the
nets are in use), so as not to leave the net visibly holed and the volunteer exposed. The
sample collections were performed at the beginning of the experiment immediately
after the experimental huts were sprayed and the nets unbundled and air dried.

The soil samples were thoroughly shaken to homogenously mix the chemical
residues with the soil. Both the ceiling and soil samples were then weighed, after
which a sub-sample (weighing 1g from the soil samples and 1 to 2g from the ceiling

samples) was taken and stored in 4ml glass vials. The glass vials were labelled to
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indicate the hut from which the samples had been collected, the insecticide sprayed on
the huts and the type of surface (walls or ceilings). Both the glass vials and the net
cuttings were then carefully wrapped in aluminium foil and shipped to laboratory at
London School of Hygiene and Tropical Medicine (LSHTM), where they were
analysed by way of high performance liquid chromatography (HPLC) to identify and
quantify the insecticide residues in them. Samples were stored at 4°C to prevent
degradation of insecticidal residues.

Sampling for residues in the second round of the study was as follows: we
attached 4 pieces of Watman® filter papers (each measuring 44cm?) onto each of the
walls and another 4 pieces of the same size onto the ceilings of the huts, prior to
spraying [32, 33]. After the spraying was completed and the hut surfaces dried, one
piece of filter paper was randomly selected from each side of the hut walls and
another 2 pieces selected from the ceiling (totalling to 4 wall pieces and 2 ceiling
pieces per hut). During spraying, it was possible that the spray man sub-consciously
sprayed more insecticide solution onto the filter papers, than onto the other hut
surfaces. The purpose of using multiple filter papers on each wall and on the ceilings
and then randomly selecting a sample of the filter papers, was therefore to reduce the
effects of this subconscious tendency. The selected filter papers were carefully
removed, folded and kept in petri-dishes, which were then wrapped in aluminium foil.
With regard to the nets, sampling was done by snipping 20cm’ pieces as described
above for round 1 of the study. The petri-dishes were wrapped in aluminium foil to
avoid any degradation of the insecticides, and the samples immediately transported to

LSHTM for HPLC, where they were stored at 4°C before analysis.
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Protection of participants and ethical approval

Participation of volunteers in all the experiments was voluntary, even though all
participants were paid nightly wages to compensate for their time. After full
explanation of purpose and requirements of the studies as well as the risks and
benefits of participation, written informed consent was obtained from each volunteer
prior to the start of all experiments. While inside the experimental huts, the
volunteers slept under intact bed nets as a basic protection against mosquito bites.
They were also provided with long sleeved, hooded jackets and gumboots, so as to
provide additional protection from bites whenever the volunteers stepped outside the
nets to collect mosquitoes. In addition, the volunteers were provided with access to
weekly diagnosis for malaria parasites, using rapid diagnostic test kits and treatment
with the current first-line malaria drug (artemether-lumefantrine) if they had malaria.
Perceived adverse effects from exposure to insecticides were monitored by the study
co-ordinator and volunteers were free to leave the study at any time. Ethical approval
for this study was granted by the Institutional Review Board of the Ifakara Health
Institute (IHRDC/IRB/No0.A019), the Tanzania National Institute of Medical Research
(NIMR/HQ/R.8aNo1.W710) and the London School of Hygiene and Tropical

Medicine Ethical Review Board (Ethics Clearance No. 5552).

Statistical analysis

Power calculation: baseline data [25] were used to calculate the number of replicates
required to observe a 23% difference in mosquito hut entry relative to the control,
chosen as the average effect size observed from LLINs [25] using a non-central two-
sided t-distribution in STATA 11.0 (StataCorp) [34]. Deterrence was selected as the

outcome to calculate power, given that it is the smallest effect generally observed in
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experimental hut trials, and mortality was considered as generally exceeding 50%, so
as to avoid under-powering of the study. Power calculations showed that a minimum
of 64 replicates were required to see a significant difference in the mean number of

mosquitoes in huts with 95% confidence and 80% power.

Analysis of number of mosquitoes entering huts: data were analysed using R statistical
software version 2.13.0, with the statistical library lme4 [35]). The nightly total
number of mosquitoes of each taxon caught inside the huts or in the exit traps
was first calculated by summing live and dead mosquitoes from the respective
huts, for each collection period. The mosquito catches were then aggregated to
obtain the total catches per night per hut. The total number of mosquitoes of each
taxon was compared between huts having the various insecticidal treatments (IRS,
LLINs or IRS/ LLINs combinations) and the controls (untreated nets in unsprayed
huts).

The aggregated data was fitted to a generalized linear mixed effects
model (GLMM), with Poisson errors, a log link and a random factor for each
individual data point (i.e. a log normal Poisson model) to account for over-dispersion
in the count data. Data was analysed as a function of the three fixed factors,
treatment (insecticidal combinations), time (number of months since the start of
the experiment), and day order (a variable representing the fact that our net
rotations were conducted on consecutive nights between Mondays and Fridays, but
not on Saturdays and Sundays).

Random factors in the model included hut and day of mosquito
collection. Satisfactory model fits were confirmed using a Wald function test, and the

estimated mean number of mosquitoes entering the different huts, and their
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95% confidence intervals, were calculated as exponentials from the coefficients
generated from the generalised linear mixed model. This way it was possible to
determine whether huts with different insecticidal treatments had significantly
higher or lower catches than the controls whilst accounting for data structure

and design factors that might influence the results.

Mosquito mortality: data was analysed using R statistical software version 2.13.0 with
the statistical package /me4 [35]. 24-hour mortality associated with the different
insecticidal applications was analysed in two different ways: 1) by considering the
proportions of mosquitoes entering individual huts that died in each occasion, a
measure suitable for estimating personal household level protection of humans
sleeping in the respective treated houses and 2) by considering the actual numbers
of mosquitoes that were killed by the different treatments relative to the controls,
a measure suitable for estimating community level mass protection that such
treatments can confer.

To compare the proportional mosquito mortalities, the data was fitted to
GLMMs with binomial errors and a logit link and analysed as a function of
insecticidal combinations, month and day order, including hut and date as random
factors. A Wald function test was used to assess the best model fit. Due to high
mortalities in the controls, data from the second spray round was corrected using
Abbots formula for corrected mortality [36]. To compare the actual number
of mosquitoes killed by the different treatments, Poisson-lognormal GLMMs

with the same fixed and random factors as above were applied to the data.
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Timing of mosquito exit: This analysis was performed using SPSS version 16 (SPSS
inc.) using linear regression of log transformed mosquito count data. To assess
whether the insecticidal treatments affected the times when mosquitoes naturally
exited the huts, the mosquito catches in the exit traps at the different periods of the
night (6pm collections, 7pm - 11pm, 11pm - 3am and 3am - 7am), were computed as
percentages of the total exit trap catches each night, in the different huts. Chi-square
analysis was performed to determine if any of the observed percentage increases in
early exit were significant relative to the controls.

Finally, to assess whether the huts that had more mosquitoes were also the
huts that had greater proportions dead, i.e. whether the huts design was letting out
mainly live mosquitoes, we explored statistical correlations between the total catches
and percentage mortalities among catches of different species. To accomplish this,
linear regression analysis was performed on the log transformed An. arabiensis

catches and proportional mortality computed for these species.

Results

Molecular analysis of mosquitoes

PCR analysis of the 4n. gambiae s.1 samples collected during the first spray round
showed that among the 445 successful individual mosquito DNA amplifications,
98.7% were An. arabiensis (n = 439) and 1.3% An. gambiae s.s (n = 6). All of the
275 An. funestus complex mosquitoes collected over the 4 month experimental
duration were subjected to molecular analysis, which resulted in 233 successful DNA
amplifications. It was found that 96.6% of these (n = 225) were An. funestus sensu

stricto, while the remaining 3.43% (n = 8) were An. rivolurum.
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In the second spray round, PCR analysis was done on 782 An. gambiae s.1
samples, among which there were 720 successful individual mosquito DNA
amplifications. It was found that 95.7% were An. arabiensis (n = 689) and 4.3% were
An. gambiae s.s (n = 31). No molecular identification data was obtained on An.

JSunestus during the second spray round.

Number of mosquitoes caught in experimental huts with different treatments

Tables 3 and 4 show the summary statistics, including model estimated means (and
95% confidence intervals) of An. arabiensis mosquitoes that were caught in the
different experimental huts during the two spray rounds. The actual catches are
represented in the tables by medians and sums of different mosquito taxa. None of the
nets demonstrated a pronounced deterrent effect in either spray round. In the first
spray round (Table 3), only PermaNet® was deterrent, reducing the catches of 4n.
arabiensis by 30.3% (z = -2.192, P = 0.028) relative to untreated nets. On the
contrary, huts fitted with Icon Life® nets had significantly more mosquitoes than the
controls in round I (z = 2,74, P = 0.006).

In round I there was a 43.0% reduction of An. arabiensis catches where DDT
was used alone (z = -2.023, P = 0.043), and a non-significant reduction of 37.7% in
huts where DDT was used together with PermaNet® nets (z -1.808, = P = 0.071).
However in round II, which was conducted over 6 months this deterrent effect was not
evident. In the second spray round (Table 4), none of the treatments reduced malaria
mosquito catches relative to the controls (P > 0.05). Unlike in the first round, relative
increases in number of An. arabiensis mosquitoes were observed with all treatments,
except PermaNet® nets used alone (z=0.935, P = 0.351), actellic IRS combined with

untreated nets (z = 1.495, P = 0.135), or DDT with untreated nets (z = 1.863, P =
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0.063). In both spray rounds addition of Olyset® or Icon Life® LLINs into huts with
the different IRS compounds tended to increase An. arabiensis catches relative to the
different IRS compounds on their own, whereas the addition of PermaNet® increased
mosquito numbers, but to a smaller extent (Table 4).

No significant differences were observed in Culex mosquito catches other than
decrease when actellic IRS was combined with Olyset® (z = -2.199, P = 0.028) or
PermaNet® nets (z = -2.566, P = 0.010) in round I and increases when actellic was
used with untreated nets (z = 2.359, P = 0.018) or in combination with Olyset® nets (z
= 2.795, P = 0.005), and a decrease when lambda cyhalothrin was combined with
Olyset® nets (z = -2.028, P = 0.043) in round II. We also observed no difference in
catches of Mansonia mosquitoes between huts with the various treatments relative to
the control (P > 0.05) apart from a decrease when using Olyset® nets alone (z = -
3.267, P = 0.001), or PermaNet® nets alone (z = -2.088, P = 0.037) in Round II.

The number of mosquitoes caught was greatly varied by month of study,
coinciding with the progression of the wet season in the study area. For example
during the second spray round, 4n. arabiensis catches was higher in the second month
(December 2010), third month (January 2011) and fourth month (February 2011)
compared to the first month (November 2010) and sixth month (April 2011) (Figures
1A & B). This trend was the same regardless of whether we considered the data from
experimental huts where volunteers used only the different net types (Figure 1A), or

data from experimental huts where only the different insecticides were used (Figure

1B).

189



061

$)12U PAJEaNUN PASN SIIUNJOA YOIYMm Ul Siny paAeidsun 0} 19Jo1 S|ONUOD 44
SISU21QD4D "Uy 10} Se dures aY) sem (u) sajedrjdal Jo Jaquinu Sy j, s
saeorydai Jo 1aquInu [E10) 0} S13JAI U, ULUN Y]

*y[ Ul PaJe[NojeD Se SUBSW PIJRWNSS [SPOW Y 03 SIDJIY

865 0€C-0S S'11 LLp] £9S-0°L ¢'8C 6170 0l - 605 £'68 (Op) vEYS SYLI-€6S 0901 3J1] uod] pue ULIPO[EYAD BpquIeT|
vor 0LI-0E OL 9651 8V9-¢£6 01e ¥85°0 788-0°1¢ £'Ts oY) 1€6€  OIPI-SIy  S'S8 JONEBULS] pUe ULI{IO[eYAD epqurey
19¢  §TL-0CT S99 goel gIs-¢L 067 £€ro 9ES1-THS cl6 (0¥) €£2€S  8981-0'19 066 19841 pue uLnpojeyAd epqure g
€S 0S1-09 S6 €L91 £€L9-56 ove 0880 1'86 - S¥t 1°8S (ov) Ticr  $L£1-809 0T8 suofe uLpofeyAd epqure]
2w 8vi-0¥ 001 60L1 '8y - 001 T 686'0 £Y01- ¥'SE 809 (op) LI0V  0'8TI-ST9 0V6 JJryuod] pue LAJ
viy  SLI-€€ S99 0gst gy - €01 1 74 1L0°0 0¢9-STC L'Le (ov)8TLT 8vL-€8E  §°SS 1PNeuLdd pue 1.dd
99¢ 0SI-0¢ 08 0591 SyS-¢L 0'9¢ ¥95°0 898 -¢'I¢ 1°¢s (0p) 791€  8T01-SSY SvL 198410 pue Lad
viy  8Sl-¢€¢€ 001 08¢l ¢8h-¢01  SIC €700 §6S-00T Sve Oy S09T €v6-£lE  OSP Auo 1aa
008 80¢€-0L ¢t ¥881 §'99-S¥l1 §ee LLTO Sivl-S'Ly 08 (0P) T209  $91T-08L S¥TI 9J1"] UOd pue ROV
9¢9 0¢C-¢L  0¢tl 8evl §LS-011 ¢ 60 9vZl- 0y ovL (ov) 169 €6£1-€09 SL8 JONEULId] pue Jf[PPY
9%t 091-0¢ 001 §SS1 £IL-86 0°LT 8L0°0 L'6S1-S°LS 866 (or)99vs SSLI-€1L  S6ll 1WsA[O pue |31V
699 €LC-€9 0t Levl SIS-501 Y4 L980 0°00I - '€ 8'LS (ov)Tisy 8T91-SLS 068 Ajuo s1j[a10y
016 0¢C-Sv St yeve 899-¢'11 0°¢T 9000 yyii-¢L9 L'L8 (09)26v9 00L1-¢LY 06L YT uod|
L9 091-0% 0L LSTT £€9¢ - €0l 0°8¢ 8200 £86-9°0¢ (A4 (09)ozyy 056 -89y  0°L9 Juo[e JONEULIR]
¢wL  8S1-¢€¢ 011 10LT 869 -001 §'9C 7L6'0 678~ L'ty 09 (09) LY09 S'8TI-€T9 (068 auofe 138410
w08 01Z-0¥ S6 88¢€C £€79-06 0°9¢ 6'16-66¢ $°09 (09) 965y 8€01-€0T S99 +#AJUO S10U pajeanu)
anea 4 12%S6 UBIAL ¢
JUns : (o)} UBIpI\ | Jung : (o)} UBIPIN SajeuIys? PPON v(u) uing (o)} UBIPIIN suoneuiquod NI'TY/SHl
sa13ads pmmosunpy sa1dads xap) sisua1qoao sapaydouy

Suoweas; NITT PUe Syl JUSISJJIp yim pany siny [euowiiadxa ut 1ySiu 1ad jySnes ssoynbsouws
JO wns oY) pue ‘(AJuo s1sua1qo.p sajaydouy) S[eAIdIUL UIPPUOD %,G6 UM SUBIW PIJBWIISS [9polll 3y} “((JOI) sa8ues snrenb-1ayur pue) Joquinu
uepow 9y) Suimoys djqe] ‘punos Aevads siy oYy Suunp JySiu yoea p3jdd[[0d soojnbsow Jo Jaquinu Joj 2]qe) sonsnels Arewwns ¢ JqEL



161

15U PaIRANUN PAsn SIAJJUNJOA YOIYM Ul SJnY pakeidsun 0} 19JoJ S[ONUOD) 44

SISu21qup “uy 10§ Se SWes Ay} sem (u) sareorjdal jo saquinu Y
sojearjdal Jo Iaqunu [)0) 0} SI9J31 U, UL} Y]

¥ Ul pajE[Nofed Se SUBSW PIJRUINSD [IPOU Y} 0) SIJOY 4

9L 0S1-0S 08 1861 8¥€-06 S€C 10000>  L'6T1-1°¢9 606 (09)¥8L6  SEbC-8IL  00CI 3J1] uod| pue uLRofeyAd epqure]
8ps  0TI-0€ 09 810 8L£-S6 0TT 9100 1101 - L'¢S 0°EL (09)779L  ELL-€8S S00I 1ANEULIdJ PUE ULIIO[EYAD epqure ]
8¢y  86-07C oS 9161 OveE-86 0'tC ¥00°0 601 - 1°LS 0'6L (09) LV68 0°LOT-SS9 SSIL 128A]Q puE ULIHO[RYAD BpquIeT]
079 0€l-0v ¢SL 0S61  08€-€01 §°0C S¥0°0 8101 -¥'6v 60L (09)s€sL  S8LI-€1S  S001 3uoe ULIYIO[BYAD BpquIeT]
8¢y 06-¢T oy sz6l  8Er-0'SI  06C L00'0 9GI1-T9S 908 (09)9L19 <8vI-S8F 078 Jryuod] pue Lad
1Le  89-07C oy 6061 SOv-€01 0L 6000 Y01 - L'¥S L'sL (09)8ZsS OSEI-€Iy 0TL ONewIdd pue 1ad
96T  8S-01 (13 681 80V -€01 §°ST 000 el - 1°6S 8’18 (09) €509  S6TI-€1S 09L 195410 pue 1ad
$9¢  08-07C 137 8781 €9¥-¢€T1 0¢C £90°0 66 - 18 1'69 (09) €86y 8'LO1-€8E 0'L9 Auo 1aa
L 0L1-0¢ 06 €20€  S6S-¢91  S°LE 100°0> Sepl - LEL 8701 (09) 1296 S'L6I-STL Syl 9JI"T US| pue PPV
8IS §Il-¢€¢ 0L T€0€  €T9-0°L1  0°0¢ 9000 9011 - £9¢ 6'8L (09)8L6L €161-06S SP6 JONEULId] pue J[PIY
Ley  86-0¢ 09 ¥8EE  OVL-S91 S'EE 100°0> TIST-9°LL £'801 (09)8866 €£80T-8vL 09¢1 18410 pure 3PV
9  0¢El-¢e 06 01E  8S9-Spl  SeE SEI'0 1'68 -TSY ¢'e9 (09159  81P1-€TS 0S8 Auo sy[aY
€L olL-0¢ 09 8997 tev-8'¢l  STC 100°0> v'e6-¢€19 L'SL (06) 6LT11  €¥91-0'LS 0°SOL 9JIT uo9|
Uy €9-01 g€ sz SIv-001 0'¢€C 1S€°0 €TL-L'Th §ss (06) 0¥Z8 €8IL-S'I¥ 0’19 SUO[R JONEULR]
08¢ €¢-01 0e 86¥C £€6£-001 0€C 620°0 €68 -0 969 (06)68L6 8'SYI-0ch 0P8 auofe 13s4]0
LeS  08-0¢ oS I9vC  S6€-011 0T CTIL-L'ee o6y (06) I8IL  0°S6 -S9€ 09 ++AJUO 13U pajeanup)
anfeA 4 1D%5S6 WBIIA «
Suns UOI UBIp3 | jung AOI UeIpI SIjEWNSI PPON () wng AOI UBIpPON suopeuiquod NI'T1/SHI
sa1>3ds pruosuvpy sardads xam) sisua1qoap sajaydouy

syusunean NITT Pue SYI JUSISLIIp ynam pany siny jeyuowiiadxa ur 3ySiu 1ad jy3nes saojinbsow
JO wins 3y} pue (K[Uo s15UsIqD4D s312ydouy) STEAISIUI FDUIPIJUOD %66 YIm SUBIUI pajewnsa [apowr a1 ‘((YOI) sd8uel d[iuenb-1ajul pue) Joqunu
ueipaw oY) Suimoys d|qe] ‘punol Aeids puodas ayy Suunp ySiu Yoes pajos|[0o saoynbsow aquinu Joy 3[qe) sdousHes Arewwng :p AqQeL



c6l

‘S[BAIDIUI IDUIPIJUOD 9,66 01 1321 sieq JOLId- & Y[ ‘sjusuneas AJuo a1 219M S[EIIUAYD SY] WUSISJIIP oY) siny [eudwLddxs woy
eiep smoys g IS 3[iym ‘s3dA3 1ou JUAIYYIP Y3 A[UO PIsn SIBIUNJOA UBUINY Y3 SIoYMm Siny [eyuowadxs woyy ejep sjudsaidor i a3
‘punol Aeads puooas ayyy Suunp 1ySiu 1ad 1y 1ad 1y3nes ssonnbsow szsuarqo.av sapaydouy o 1dqUINU aSeI1aA® 91} Ul UOHBLIEA [BUOSEIS <] dInBiy

10T - LL0Z N 1102 o4  LIOZTUer 01027930 0LOT AON L0210V L10Z JBN L10Z 994 LIOT Uer 010Z 930 0LOZ AON
) 1 i 1 1 0 : N L | N 0

B

- 06

g

- 001

- 061

2 3
N -
wybneo sisueiqe.e sejeydouy-oN ebeisay

- 00

g

1ybnes sisusiqese sefeydouy oN dbeisAy

g v

00¢

(174
sy pakesds-utngoreys epquie] —8— sy pakeuds-1aQ - O—

SJoU a1 U0 LM PaRY SINH —B— Sjou JoNBULId] YYM PagY SNH = ©—
Sy pakelds-oepy - - P [0uOD

Sjau JasA0 i paly SINH - V- SIY |0UOD) =




Proportion of dead mosquitoes caught in experimental huts with different LLIN

and IRS treatments

Tables 5 and 6 show the summary statistics, including model estimated mean
percentages (and 95% confidence intervals) of An. arabiensis mosquitoes that were
caught in the different experimental huts during the two spray rounds. The median %
mortality remained consistent between the two rounds and the relative effects of
treatment combinations remained similar between rounds with addition of actellic IRS
consistently inducing greatest additional mortality, while addition of Olyset® nets
consistently inducing lowest additional mortality. However, mortality was generally
higher in round II than in round I. In the first spray round, all the tested insecticidal
applications except DDT combined with Olyset® nets (z = 1.593, P = 0.111) and
Olyset® nets (z = 1.388, P = 0.165) when used alone significantly increased the
percentage mortalities of An. arabiensis, relative to the controls (P < 0.05).

The most toxic net in round 1 was PermaNet®, which when used alone, killed
19.6% (11.8% - 32.5%) of the vectors (z = 2.142, P = 0.032), while the most toxic
IRS compound was actellic, which when used alone killed 46.8% (27.0% — 81.0%) of
the vectors (z = 4.664, P < 0.001). Overall, the most toxic combination was actellic
IRS combined with PermaNet® nets (estimated mean mortality of An. arabiensis
being 53.5% (31.3% - 91.5%)) over the 4 month test period (z = 7.189, P < 0.001).
Compared to any of the LLINs when used alone, only actellic IRS (but not DDT or
lambda cyhalothrin) increased proportions of An. arabiensis mosquitoes killed during
this first spray round (Table 5). However, when median percentage mortality was
calculated for different months, we observed short-lived enhancement of benefits in
the first two months, during which addition of all the IRS compounds except DDT

increased the proportions of dead mosquitoes relative to just the LLINs alone (Table
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7). For example, during the first month after spraying, actellic IRS increased median
mortality of malaria vectors by 20% when added to huts having Olyset® nets, by 22%
when added to huts having PermaNet® nets, and by 29% when added to huts having
Icon Life® nets.

On the other hand, relative to IRS alone, there was mostly no apparent
additional mortality as a result of introduction of LLINs (Table 5), but again we
observed some short-lived protective benefits when the data was broken down by
month (Table 7). For example, in the first month, DDT and untreated nets killed 9.8%
of An. arabiensis, while DDT and PermaNet® killed up to 17.3%. Also, actellic IRS
coupled with Icon Life® nets killed 39.2% compared to 27.9% when actellic was used
with untreated nets during the same month. Also, it was observed throughout this first
spray round, that both PermaNet® and Icon Life® nets were more toxic to An.
arabiensis than Olyset® nets alone (Tables 5 and 7).

During the second spray round, there was an unusually high mortality in the
controls (14.3% (10.8% - 18.6%), thus the estimates were corrected using Abbots
formula [36]. All the treatments killed significantly greater proportions of An.
arabiensis than the controls (P < 0.001). The most toxic LLIN against An. arabiensis
was Icon Life® nets, which killed 28.5% (24.8% - 32.3%) of all mosquitoes of this
species entering the huts. On the other hand, the most toxic of the IRS compounds
when used alone was actellic, which killed 37.3% (31.0% - 43.9%) of all 4n.
arabiensis entering the huts (Table 6). Addition of PermaNet® or Icon Life® nets but
not Olyset® nets tended to increase proportions of mosquitoes dying relative to the
IRS alone (Tables 6 and 7). It was observed that incremental toxicity in cases where
IRS was added onto any of the LLINs was greatest when actellic was the candidate

IRS, but similar effects of the other IRS compounds was marginal (Table 6).
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Though, toxicity of all the treatments to Culex mosquitoes was evidently much
lower than their toxicity to An. arabiensis, the data here from both rounds shows that
relative to the controls, significantly higher proportions of Culex mosquitoes were
killed in huts with either actellic or lambda cyhalothrin IRS (P < 0.003) and in huts
with DDT coupled with PermaNet® (z = 3.674, P < 0.001). In the second round
increased proportions of Culex mosquitoes killed relative to the controls even though
the estimated mean proportions of dead mosquitoes were lower than in the case of An.
arabiensis. Higher proportions of Mansonia mosquitoes were killed in huts with DDT
based IRS coupled with PermaNet® (z = 3.402, P = 0.001) in round I and similarly in
round II all treatments killed significantly higher Mansonia proportions than the
controls, except where the huts had DDT alone (z = 1.164, P = 0.245) or DDT

combined with Icon Life® nets (z = 0.889, P= 0.374).

Actual number of mosquitoes killed by the different treatments

In addition to computing the proportional mortality among mosquitoes that entered
different experimental huts, we estimated and directly compared the actual numbers
of mosquitoes killed in huts that had the different insecticidal treatments, relative to
the controls. In addition to the percentage mortalities, Tables 5 and 6 both show also
the actual total numbers of mosquitoes of different species that were killed. In both
spray rounds Icon Life® consistently killed a greater number of mosquitoes than other
net types both when used singly or in combination, and actellic IRS was the most
toxic of the IRS tested. In round I, the huts with actellic and Icon Life, the estimated
mean number of malaria mosquitoes killed per night was 28.4 (15.4 -52.2) compared
with an estimated mean of 4.8 (3.1 - 7.3) in the controls. In round 11, the greatest

increase in number of An. arabiensis mosquitoes killed relative to controls was
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observed in huts sprayed with actellic supplemented with Icon Life® nets (z = 10.415,
P = 0.001). The estimated mean number of dead An. arabiensis mosquitoes in these
huts was 70.2 (57.1 — 105.4) per night compared with 8.1 (6.6 — 12.3) per night in the
controls. Similar to the first spray round, actellic combined with Icon life® nets killed
the largest number of malaria mosquitoes per night during this spray round, followed
by actellic coupled with PermaNet® nets.

In both rounds there was a significant increase in number of dead mosquitoes
found in experimental huts fitted with all treatments except DDT alone (z=0.418, P =
0.676), DDT and Olyset® nets (z 0.482, P = 0.630), DDT and PermaNet® nets (z

0.792, P = 0.428), and Olyset® nets alone (z = 1.802, P =0.072) in the first round only.
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Direct protection from mosquito bites

During the first spray round, regardless of whether IRS treatments were combined
with the nets or not, less than 0.5% of all live An. arabiensis mosquitoes caught in any
of the huts and less than 1% of the dead ones, were either fed or partly fed. Overall,
all the IRS or LLINSs treatments and the controls (which consisted of intact untreated
mosquito nets used correctly), therefore provided greater than 99% protection from
potentially infectious bites by the malaria vector, An. arabiensis. Similar results were
obtained in the second spray round, where less than 1% of all live or dead An.
arabiensis mosquitoes caught in any of the huts, with any of the treatments, were fed
or partly fed. Thus all the treatments and the controls all provided greater than 99%
protection from potentially infectious bites by the malaria vector, An. arabiensis.
These calculations are based on the assumption that all the fed and partly fed
mosquitoes had obtained their blood meals from the human volunteers sleeping inside
the different experimental huts as the huts were located far from other potential

sources of blood meals.

Proportions of mosquitoes caught while exiting the experimental huts versus

proportions caught inside the huts

In both spray rounds, most of the mosquitoes were caught inside the exit traps as
opposed to inside the experimental huts. During the first spray round, the exit trap
catches accounted for at least 94.5% of all mosquitoes collected from any of the huts.
The An. arabiensis mosquitoes found inside of the huts accounted for an average of
5% of the total catches of this species, the maximum percentage indoor catch being

merely 6.3%, in the huts having actellic IRS and untreated nets. Even in the unsprayed
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experimental huts having only non-insecticidal nets (i.e. the controls), 96.2% of 4n.
arabiensis, 96.9% of Culex and 89.5% of Mansonia mosquitoes were caught while
exiting the huts as opposed to inside the huts. Similarly, during the second, even the
collections from the control huts, consisted of 98.5% of An. arabiensis, 97.8% of
Culex and 97.8% of Mansonia mosquitoes exit trap catches, meaning that the indoor
catches were in all cases less than 5%. Similarly high percentages of mosquitoes

caught in treated huts were from exit traps rather than inside the huts.

Time of the night when mosquitoes leave human occupied experimental huts

Considering only those mosquitoes that were caught exiting, the tendency to exit huts
earlier was examined among the An. arabiensis mosquitoes caught in experimental
huts with the different insecticidal treatments, relative to the controls. Figure 2 and
Figure 3 show the patterns of mosquito exit, during the first and the second spray
rounds, respectively. During the first spray round, the greatest percentage of exiting
mosquitoes consisted of those caught between 7pm and 11pm, but this pattern shifted
slightly but significantly whenever any of the insecticidal applications were used in
the huts, such that this 7pm-11pm proportion was significantly increased (P < 0.05).
The only exception was with Actellic IRS, which did not have this effect (Wald Chi
Square = 1.549, P = 0.213). The general exit pattern however remained unchanged,
meaning that most of the mosquitoes were still exiting during the same time period
(Figure 2). The greatest shift towards early exit was observed in huts having actellic
IRS combined with PermaNet® nets (Wald Chi Square = 65.095, P < 0.001), and in
huts having Icon Life® nets alone (Wald Chi Square = 65.322, P < 0.001), both of
which resulted in 53.6% of the An. arabiensis mosquitoes exiting in between 7pm and

11pm compared to the controls where an average of 42.9% were exiting at the same
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period. Many of the other treatments caused less than 10% increase in this early exit
rate (Figure 2).

During the second spray round, more of the An. arabiensis exit from the
control huts occurred at dawn. As shown in Figure 3, the greatest percentage of the
exiting mosquitoes was observed to be between 3am and 7am, most likely due to
seasonal shifts since round I was conducted during the dry season when temperatures
are on average higher and round II during the wet season when temperatures are on
average lower. However, when many of the LLINs, IRS of their combinations were
introduced, this pattern shifted so that most of the mosquitoes were now exiting
carlier in the night, i.e. between 7 and 11pm. When nets were introduced into
unsprayed huts only PermaNet induced exophily (Wald Chi Square = 7.263, P <
0.007). Of the IRS treatments only actellic induced exophily (Wald Chi Square =
8.56, P < 0.003), although combining nets with IRS induced increased exophily with
the exception DDT and Olyset® nets (Wald Chi Square = 0.044, P = 0.834). Similar to
the first spray round, the greatest shift here was also observed in huts having actellic
IRS combined with PermaNet® nets (Wald Chi Square = 44.329, P < 0.001), which
resulted in 38% mosquitoes exiting in the period between 7pm and 11pm, compared
to 29% in the exiting the controls at the same period. In both spray rounds, there were
also apparent but marginal increases in rate of irritancy when the IRS and LLINs were
used together relative to whenever either the LLINs or the IRS were used alone

(Figures 2 and 3).
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Figure 3: Effects of IRS/LLIN applications on the time when Anopheles arabiensis exited volunteer-occupied experimental huts during the second spray round. Bars marked

with two stars (**) denote irritant applications that caused significantly more mosquitoes (P < 0.05) to exit earlier than in the controls.
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Time-dependent changes in mosquito densities and mortality

The number of An. arabiensis and also the mortality (both percentage mortality and
absolute counts of dead A4n. arabiensis mosquitoes) varied significantly between
months with a general trend in decreased mortality observed through time. In the first
spray round, we observed that relative to the catches obtained during the first month
of the study, there was a significant increase in overall An. arabiensis catches in the
second (z = 5.043, P < 0.001), but not in the third month (z = 1.902, P = 0.057) or the
fourth month (z = 0.131, P = 0.318). Conversely, Culex catches were significantly
lower in all the subsequent three months relative to the first month (P < 0.05), while
Mansonia catches were significantly higher in the subsequent months than in the
beginning (P < 0.001). Surprisingly, there was no significant change on the overall
proportion of An arabiensis killed over the four month experimental period, except for
a marginal increase in month 2 (z = 2.548, P = 0.012), and also no change on relative
proportions of Mansonia killed (P > 0.05). As for the proportions of Culex, even
though insecticidal toxicity against mosquitoes of this taxon had been limited, we
observed that the proportions killed significantly increased in months 3 (z = 5.189, P
<0.001) and in month 4 (z = 2.730, P = 0.006)

The decrease in mortality with time was more apparent in the second spray
round, where proportions of An. arabiensis dying in months 2-6, in huts with the
different treatments was in all cases significantly lower relative to the first month (P <
0.001). A similar observation was recorded for Culex species even though in this case
the decline remained insignificant until at the sixth month when proportions of Culex
mosquitoes dying became significantly lower than in month 1 (z = -2.488, P = 0.013).
Proportions of Mansonia mosquitoes dying remained the same in month 2 relative to

month 1 (z = 0.646, P = 0.518), but declined significantly in months 3 (z = -2.587, P
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=0.010), month 4 (z=-3.127, P =0.002), month 5 (z = -3.401, P = 0.001) and month 6
(z=-2.433, P =0.015). Lastly, significant reductions were also observed on the actual
numbers of mosquitoes killed in months after the start of the study. In the case of the
malaria vector An. arabiensis a significant reduction in abundance was observed at
month 4 (z = -2.384, P= 0.017), month 5 (z = -8.863, P < 0.001) and month 6 (z = -
8.954, P < 0.001). Interestingly for Culex mosquitoes, there was no difference in
actual numbers dead in month 2 relative to month 1 (z=1.933, P = 0.053), month 4 (z
= 0.141, P = 0.888) and month 5 (z = 0.030, P = 0.976), but there was a significant
increase in the numbers killed in month 3 (z = 3.526, P < 0.001) and month 6 (z =
3.880, P < 0.001). No difference was observed in the number of dead Mansonia
mosquitoes except for a slight reduction in month 2 (z = -2.061, P = 0.039).

Relative to the catches obtained during the first month of the study, there was
a significant increase in overall An. arabiensis catches in the second (z = 3.994, P <
0.001), third month (z = 4.578, P < 0.001) and fourth month (z = 3.368, P < 0.001),
and a significant decrease beginning the fifth month (z = -2.658, P = 0.008) of the
study. The Culex mosquito catches were however significantly higher in all months
relative to the first month (P < 0.001). On the other hand the Mansonia mosquito
catches remained the same in the second month of the study (z = -0.329, P = 0.742),
but then became significantly higher throughout the rest of the study period relative to
the first month (P < 0.001). This fluctuation was due to the availability of breeding

habitats influenced by local rainfall.
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Relationship between total number of mosquitoes caught and the proportions that
died

To assess whether the huts that had more mosquitoes were also the huts that had
greater proportions dead, and to examine whether the huts design features such as
baffled spaces were letting out mainly live mosquitoes, a statistical relationship was
examined between the total catches and mortality among the catches. This analysis
was conducted using only the An. arabiensis catches. It was observed that there was
no association between these variables except for a marginally significant correlation
in huts with actellic and Olyset® nets (R2 =0.08, P =0.027).

Table 9 shows values for all the important indicators of association as
observed in various huts with different treatments. If the high mosquito catches in
treated huts were due to the fact that live mosquitoes were leaving and that only the
killed mosquitoes were remaining, then one would expect that there is a significant

relationship between these two variables, total catch and proportional mortality.
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Discussion

All the accrued achievements in malaria control notwithstanding, many malaria
experts now believe that successful control and eventual elimination of the disease in
many parts of Africa will require additional new tools, and an optimal integration of
the existing methods such as LLINs and IRS [23, 37-40]. Given that conclusive proof
remains one of the key requirements for decision-making regarding LLIN/IRS
combinations, the purpose of this current study was to contribute direct empirical
evidence for or against this strategy, by conducting actual field studies in a malaria
endemic area. All treatments were assessed relative to a control consisting of
untreated bed nets, such that volunteers who slept inside the experimental huts were
always afforded the basic level of personal protection from potentially harmful
mosquito bites. The study was conducted in two spray rounds, the second round
including a set of incremental improvements over the first spray round. The study
enabled direct comparisons of different treatments on the basis of a variety of
attributes namely: a) the number of mosquitoes entering different huts, b) proportions
and actual numbers of mosquitoes that died after exposure to the various treatments,
¢) the times when mosquitoes exited the huts with various insecticidal applications, d)
the proportions of mosquitoes prevented from feeding upon the volunteers and ) the
proportions of mosquitoes caught exiting the huts as opposed to remaining indoors.
Given the research methodology applied and the results of this study, there are
at least two ways to focus on our most important question, which is whether
LLIN/IRS combinations can prevent exposure to malaria transmission more than
either LLINs alone or IRS alone. First, where IRS is already in place, addition of
LLINs would be clearly beneficial by enhancing direct protection against bites (i.e.

feeding inhibition) and to a small extent by killing additional malaria mosquitoes in
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the house. Mosquito deterrence on the other hand is obviously not an important
protective property of LLINs. Based on the results of this study, its clear that all tested
bed net types, including the untreated nets, when used correctly function mainly by
preventing mosquitoes from feeding upon hut occupants, but that there is no
deterrence of malaria mosquitoes except with PermaNet® nets that have a limited
deterrent effect. Relative to any of the IRS treatments when used alone, none of the
net types resulted in a decrease in number of mosquitoes entering the huts, suggesting
that any additional benefits from LLINs would not possibly be due to improved
deterrence at household level, but that it would be due to direct prevention of bites at
an individual level and direct toxicity of the LLINs to malaria mosquitoes providing
community level protection. Moreover, results from both spray rounds show an
increase in mosquito counts in huts having pirimiphos methyl IRS versus and/or Icon
Life® nets. Though we are not yet able to explain this apparent attractiveness of the
two treatments, future research should examine this possibility and determine whether
the treatments have an even greater potential as candidates for lure and kill strategies.
The second way to look at the question of additional protection is to consider
situations where LLINSs are the pre-existing interventions, in which case, the results
from this study are mixed. It is clear especially from the first spray round that whereas
IRS using DDT would provide additional household level protection by deterring
mosquitoes from entering huts thus reducing man-vector contact, no additional benefit
can be expected from DDT due to toxicity. Moreover, IRS treatments are not known
to prevent vector feeding on their own, meaning that other than the minor deterrent
effects of DDT, additional protection from IRS treatments would mainly be the result
of increased toxicity. Of the tested IRS compounds, only actellic significantly

increased the proportional mortality relative to what is achievable with LLINs used
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alone. Lambda cyhalothrin exhibited only a limited degree of toxicity while DDT did
not appreciably induce additional mortality relative to LLINs used alone. It seems
therefore that where people already use any of the LLINSs, additional improvements by
IRS can be obtained only where the chemical of choice is either actellic (as used in
this study), or some other approved compound with similar properties. This
suggestion matches the current proposals by both WHO and also a number of experts
who are concerned about overexposing mosquitoes to insecticides of the same class,
which would increase the likelihood of insecticide resistance [17, 21, 41]. Given
actellic is an organophosphate, combining it with any of the LLINs, all of which are
currently pyrethroid based, would therefore not only provide additional household
protection, but the insecticide combination would also potentially mitigate against the
rise and progression of resistance alleles among vector populations [17, 41]. This kind
of strategy is already being widely suggested for consideration as a means of
preserving effectiveness of existing vector control tools [40, 41]. Indeed, on a very
positive note, hut trials recently conducted in Benin, west Africa confirmed that
combinations of LLINs with chlorfenapyr, a pyrole insecticide can have enhanced
impact by killing greater proportions of mosquitoes bearing insecticide resistance
genes, relative to LLINs used on their own [21].

The level of mortality observed in our experimental hut study is lower than
observed in many previous studies, the results of which were presented in the
supplementary online materials accompanying the review article by Okumu and
Moore [17). Other than the differences in experimental hut designs [25], one possible
explanation for the low mortalities in our experiments is that all the nets used in this
study were intact (un-holed) nets; and that even the control huts had intact untreated

nets rather than no nets at all. This means mosquitoes were restricted from feeding
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upon the hut occupants, and were more likely to exit the huts and continue host
seeking. Indeed, this study also shows that less that 1% of the collected mosquitoes
were blood fed (fully or partly). As a result, there were not many mosquitoes resting
in these huts after feeding, which would otherwise have translated to higher post-
feeding mortality. Previous studies have shown that IRS treatments kill mostly blood
fed mosquitoes [21, 42], mainly because these are the mosquitoes that rest for long
periods on the treated surfaces. It is thus possible that our experimental set up, with
intact nets as controls, may have to a certain degree, misrepresented real life situations
where poor care of LLINs leads to daxﬁage after just a few months of use, and
therefore led to an underestimation of toxicity.

However, it is also likely that the low mosquito mortalities in this study are
linked to the fact that most of the collected mosquitoes (> 95% in all cases) were
actually caught while exiting the huts. Besides, the data on time of exit suggests that
this egress was occurring soon after the mosquitoes entered the experimental huts
(Figures 2 and 3). This observation coupled with the fact that we conducted our
collections multiple times a night (i.e. every four hours), suggests that the mosquitoes
visited the huts normally but exited soon afterwards, most likely because they had not
been successful in finding any blood meals in the huts. Clearly, the mosquitoes were
not spending sufficient time in the huts to receive a fatal exposure to insecticides.
While it is natural that unfed mosquitoes would continue their host seeking activity
[43], what is also very important to consider is the indication that these mosquitoes, or
at least the local An. arabiensis populations, tend to give up on any individual hosts
whom they find protected with nets, and therefore readily fly out of huts where users
have intact nets or use insecticide [44]. This is not surprising as it matches the

behaviour of An. arabiensis, which is of course known to be a fairly opportunistic
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feeder [45] and could also explain why An. arabiensis populations have been reduced
to a lesser extent by ITNs than An. gambiae s.s. [27, 46].

There are two inferences from these observations that are important in terms
of public health benefits. First, the mosquitoes that fail to feed are less likely to rest on
the inside hut walls and are therefore less likely to be killed by any IRS insecticides, a
very likely explanation for our observation of comparatively low mortality rates in
this trial than in most previous studies, where holed nets were deliberately used to
allow mosquitoes to feed on sleeping volunteers and therefore rest while digesting
their blood meal [21]. Secondly, constantly deterring mosquitoes to the extent that
they give up on host seeking within any household would inevitably result in a
desirable blanket protection at community level, if used at sufficiently high coverage
[47]. Therefore, despite the mosquito behaviour and the possibility that reduced
toxicity may substantially reduce communal benefits, the personal protection that nets
provide when combined with either deterrent or toxic IRS at household level remains
significantly protective, and can be readily extrapolated to entire communities by
increasing the intervention coverage across the human population[17], also as detailed
in Chapter VIII.

In addition to computing the proportional mortality among mosquitoes that
entered different experimental huts, we also examined and directly compared the
actual numbers of mosquitoes killed in huts that had the different treatments, relative
to the controls. The main reason for this was to extrapolate directly what the
contributions of these insecticidal applications would be in terms of community level
protection minus the effect of the physical barrier that a net provides. By killing a
larger number of mosquitoes than the controls each night, any insecticidal application

would have a considerably higher community level effect [48). This study has shown
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that huts sprayed with actellic would result in the greatest community level effect, but
that significant benefits are also achievable in huts with lambda cyhalothrin when
supplemented with either Icon Life® or PermaNet® nets. Other than the direct
protection from mosquito bites as observed from the low blood feeding rates in houses
with LLINs, it should be recognized that houses fitted with LLIN or IRS treatments
actually act like large mosquito killing stations; where mosquitoes are lured into the
houses and then Killed. In this regard therefore, where intact nets are available to
users, highly effective contact toxicants such as actellic based IRS and Icon Life® nets
or combinations consisting of these interventions, which let in large numbers of
malaria mosquitoes and kill a large proportion of those mosquitoes, would provide a
greater community level impacts than interventions that let in and kill fewer
mosquitoes due to deterrent or irritant modes of action while still protecting the
individuals in that household. This point of view has been expressed by malariologists
for many years, including by world renowned experts, Prof. Chris Curtis and Dr.
Abraham Mnzaza [49], who suggested over a decade previously that non-irritant
insecticides should be favoured for IRS over the pyrethroids because the latter make
insects leave the site of treatment (i.e. excito-repellents) thus reducing mosquito
mortalities.

Perhaps the most important reason why people use nets is to prevent mosquito
bites. For most users, this generally includes nuisance mosquitoes such as many of the
Culex and Mansonia mosquito species, which may also transmit a number of
neglected tropical infections [S0). This study has clearly demonstrated that at
household level, all nets, including the untreated nets, can prevent blood feeding by
more than 99%. These high protection levels were achieved in all huts regardless of

Wwhether they had been sprayed with any of the IRS compounds or not. Obviously it
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would be illogical to expect higher feeding success rates in the controls since the
controls actually also had intact nets, albeit untreated ones. On the contrary, this result
can be interpreted to mean that even untreated bed nets if consistently used and kept
intact, will provide high levels of protection from mosquito bites, as has been shown
previously elsewhere [27, 51, 52], and can themselves significantly improve the
benefits achievable from IRS, relative to IRS alone. The study also clearly shows that
with regard to prevention of mosquito bites at household level, no added advantage
should be expected from adding IRS where most people already use LLINs or
untreated nets. This bold view is however somewhat simplistic as it assumes the very
unlikely scenarios that: 1) all net owners would properly and consistently use the nets,
and 2) the users stay under their nets all the time when they are in their houses and 3)
that the nets remain intact all the time.

Though this observation on feeding inhibition was made only at household
level, one would argue that in communities where most residents, say 80-90% use
these nets, host seeking mosquitoes would be deterred consistently, eventually
creating a blanket community effect where these mosquitoes die of starvation or
predation as they search for alternative hosts, likely to be wild animals, cows, chicken
etc. Indeed many previous studies have shown that interventions that have significant
deterrent effects notably DDT would lead to near extinction of the main vectors
especially where these vectors feed almost exclusively on humans [47, 49, 53].
Therefore, another very important inference from this study is the potential of a high
coverage of consistently used and intact untreated intact nets in providing necessary
public health benefits and possibly even eliminating the need for insecticide
treatment. In foresight, we would like to suggest that the new LLIN technologies,

which reduce the probability that nets become holed, could be utilised to create long
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lasting untreated nets (LLUN), which would then be applicable in rotations with
current LLINs, or in combinations with current IRS treatments, as a way of insecticide
resistance management.

Lastly, we also analysed, based on our exit trap catches, the tendency of An.
arabiensis mosquitoes to exit huts earlier than normal (Figures 2 and 3). The intention
was to examine if any of the insecticidal applications actually had an irritant effect on
the mosquitoes, which would lead to more mosquitoes getting out of the house;
potentially improving household level protection, especially where such exits take
place before mosquitoes feed [17], but also potentially undermining communal
benefits of LLINS, by forcing the mosquitoes out before they take up lethal insecticide
doses [22]. Data from the first spray round suggest that most of the applications
tended to increase early exit, but also that even where the greatest of this shift
occurred, the general pattern of exit remained same as in the controls, such that the
proportion of all exits remained greatest between 7pm and 11pm. Results from the
second spray round however showed that whereas in the controls, the greatest
percentage of exiting mosquitoes consisted of those caught exiting between 3am and
7am each (Figure 2), i.e. at dawn, this pattern tended to shift slightly so that after
introduction of the insecticidal applications, most of the mosquitoes were now exiting
earlier in the night, between 7 and 11pm. Considering the need to protect not only the
intervention users but also non, users, it is perhaps important to realize that the period
between 7pm and 11pm coincides with the time when people are still going about
their business outdoors and that mosquito species, particularly An. arabiensis, might
exploit the situation and become more dangerous to people outdoors at this time of the

night.
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Compared to IRS alone, the additional benefit achievable from forced early
exit can however be expected to be minimal. For example, in actellic and DDT
sprayed huts, we observed only marginal increments in the rate of irritancy whenever
the LLINs were added, relative to whenever the IRS applications were used alone. We
are not aware of any previous study suggesting that excessive early exits would have
any eventual public health benefit, and further studies will be needed to clarify this
aspect. On one hand, it is logical to assume that by increasing the early exit rate,
especially where the exiting mosquitoes do so without having been successful at
feeding upon hut occupants, household level protection would be proportionately
increased, so that where most houses are protected in the same way, a desirable level
of community protection can be achieved. On the other hand however, there remains
the possibility of antagonism at household level, where highly irritant IRS would
cause the mosquitoes to without having contacted treated surfaces e.g. LLINs indoors
[22, 49], or without having picked up large enough doses of the insecticides to kill
them. In such a case, insecticides that cause early exit would be disadvantageous.
Therefore, the question of whether impacts of this early exit can be large enough to
warrant investments to reduce it through improved formulation should be investigated
further.

Whereas it is possible to generalise observations made in this study for several
other studies as well, it is important to note that the local mosquito populations in this
area have undergone significant changes in composition over the past years. Whereas
An. gambiae s.s. used to be the most common malaria vector in the area, data from
this current study and from several recent collections consistently suggest that more
than 95% of malaria vectors in the area, are now An. arabiensis [27]. Thus we would

be more inclined to generalise these results only to other areas where the dominant
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vector species is either An. arabiensis or has similar behavioural and physiological
characteristics as the populations in this study site and not to all areas. Also, it should
be noted that insecticide susceptibility tests, standard WHO bioassays on treated walls
and on nets as well as molecular examination of mosquitoes from this area do not
point at any known insecticide resistant mechanisms, but instead give indications that
susceptibility to commonly used public health pyrethroids may be weakening [54]. A
more descriptive analysis of the bio-efficacy and residual effects of the treatments is
presented in Chapter V.

A related but more immediate concern from the results presented here relate to
the low toxicity and deterrence achievable using Olyset™ nets, which are currently the
commonest in Tanzania. Compared to the other two LLINs that we tested, this brand
was the least toxic and had minimal deterrence. All the Olyset® nets, we tested were
obtained directly through the local supply chains, meaning that these results are very
likely to be representative of the efficacy of this brand of nets as is currently being

used in Tanzania.

Conclusion

This study involved evaluation of LLINs and IRS treatments in the best possible
conditions, where they are used consistently and properly the whole night. We
conclude that: 1) there are minimal additional protective benefits to be gained from
adding IRS with DDT or lambda cyhalothrin into houses where people already use
existing LLINs consistently, 2) given the available range of insecticides for malaria
control, combining pyrethroid based LLINs with IRS would be most effective if the
IRS of choice were a highly toxic and non irritant chemical such as actellic, a

combination which would also provide an additional advantage of being suitable for
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resistance management 3) intact untreated nets, by merely preventing mosquito bites,
can constitute an effective complementary intervention to be used alongside IRS,
where LLINs are not readily available and 4) where resources are limited, the focus
should be that everyone in a malaria risk area uses an LLIN consistently, instead of
trying to combine LLINs with IRS. Nevertheless, we also recognize that in situations
where it is not possible to provide everyone with LLINs or where the LLINs cannot
be maintained in an intact state, and in epidemic situations, IRS with highly toxic
insecticides should be added to provide the necessary communal protection by killing
excess malaria mosquitoes. Thus the current practice by WHO should be continued in
the sense that IRS should be promoted in communities where malaria epidemic risk is

high and also in areas where there are low rates of net-use.
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Chapter V

Bio-efficacy and persistence of insecticides used for indoor residual
spraying and long lasting insecticide nets: results from laboratory and

field evaluations against the malaria vector, Anopheles arabiensis in south-

eastern Tanzania®*

Abstract

Background: We assessed the bio-efficacy and residual activity of insecticides used for
indoor residual spraying (IRS) and long lasting insecticidal nets (LLINs), against
laboratory-reared and wild populations of the malaria vector, Anopheles arabiensis in
south-eastern Tanzania. This was a complementary study conducted alongside an
experimental hut study aimed at assessing synergies and redundancies in household level

protection, when IRS is combined with LLINS.

Methods: WHO bioassays were performed using cones and wire balls to assess residual
activity of insecticides in LLINs, and those sprayed on mud walls and palm-thatched
ceilings of experimental huts. WHO-susceptibility tests were also performed using
diagnostic concentrations of candidate insecticides, against wild mosquitoes collected in
the study area. Lastly, molecular analysis was performed to detect knock-down resistance

genes associated with resistance against DDT and pyrethroids.

Results: Whereas all candidate IRS formulations (DDT wettable powder, lambda
cyhalothrin capsule suspension and pirimiphos-methy! (actellic) emulsified concentrate),

were highly effective during the first month after spraying (killing > 85% of mosquitoes

* Adapted from: Okumu F., Mbeyela E, Ligamba G., Moore J., Chipwaza B. and Moore J:
Bio-efficacy and persistence of insecticides used for indoor residual spraying and long
lasting insecticide nets in an area of weakening susceptibility among the malaria vector
species, Anopheles arabiensis, in south-eastern Tanzania, Manuscript in Preparation
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exposed in cone bioassays) these treatments rapidly decayed losing most activity within
1-3 months. The tested LLINs (Olyset®, PermaNet® and Icon Life®) also lost insecticidal
efficacy, in some cases by > 50% in six months, although they were not washed in this
period. Malaria vectors in this study area were fully susceptible to DDT and no knock-
down resistance gene mutations were detected. However, weakening susceptibility to
lambda cyhalothrin and permethrin was observed, necessitating vigilance against

emerging pyrethroid resistance.

Conclusions: Existing pyrethroid-based LLINs remain the most efficacious intervention
against malaria vectors in this area. Given the rapid decay of insecticidal activity on the
mud surface, and possibility that mosquitoes might not rest long enough on treated
surfaces to pick up lethal doses, IRS when used alone is minimally appropriate for vector
control in this scenario. If these results are interpreted in the context of the more general
objective, to determine if there are any added advantages of combining LLINs with IRS,
there is clear justification for adding LLINs where IRS is the only existing intervention,
especially to provide continued protection when the IRS decays. There is however, no
evidence to support introduction of IRS into houses where LLINs are already being used.

The potential for resistance emerging in the area should be carefully monitored.
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Introduction

Decisions to use indoor residual spraying (IRS), insecticide treated nets (ITNs) or the
two methods together for malaria vector control in any given area are usually based
on existing epidemiological conditions, operational requirements and the expected
protective efficacy of the interventions [1]. Of these factors, protective efficacy is
itself a function of the behaviour of local mosquito populations [2] and also
susceptibility of these vectors to those insecticides used for the ITNs or IRS [3].

In an earlier study, we evaluated three different insecticides approved by
WHO for use in IRS campaigns (lambda cyhalothrin, actellic and DDT) and also three
types of LLINs (Olyset®, PermaNet® and Icon Life®), the first two of which are
already widely used in malaria endemic areas. The aim of that study, which was
conducted using experimental huts, was to determine if there can be any additional
benefit of combining LLINs with IRS as opposed to using either of the methods alone
(Chapter IV). Here, we report on a complementary study conducted in parallel, to
assess the bio-efficacy and residual activity of insecticides used in the LLINs and IRS

that were under evaluation.

Materials and methods

Study area and mosquitoes

The study was conducted in Lupiro village (8.385°S and 36.670°E) in Ulanga District,
south-eastern Tanzania (see Okumu et al., 2010 [4] for detailed description of the
study area). The mosquitoes used for this study were either wild female Anopheles
arabiensis mosquitoes caught inside experimental huts constructed in the study

village, or they were from a new mosquito colony that was established using offspring
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from blood fed An. arabiensis mosquitoes collected from local human houses the

same study area.

LLINs and IRS compounds

Four net types (three LLINs and one non-insecticidal net) and three IRS insecticides
of different classes (one organochloride, one synthetic pyrethroid, and one
organophosphate) were tested. The candidate LLINs were: Olyset® nets (a
permethrin-impregnated net manufactured by A-Z, Tanzania), PermaNet 2.0% nets (a
deltamethrin-coated net, manufactured by Vastergaard, Switzerland) and Icon Life®
nets (a deltamethrin- impregnated net, manufactured by Syngenta, Switzerland).
Similarly, the candidate IRS compounds were those tested in the earlier LLIN/IRS
study and included 2g/m”> DDT wettable powder (AVIMA, South Africa), 0.02g/m2
lambda-cyhalothrin capsule suspension, (produced by Syngenta, Switzerland) and an
emulsified concentrate of 2g/m® pirimiphos-methyl emulsifiable concentrate, also
known as actellic (Syngenta, Switzerland). These IRS insecticides had been sprayed
on walls and ceilings of selected experimental huts using standard WHOPES
procedures [5]. The walls of these experimental huts were plastered using local mud,
which locals use for house building because of its high clay content, while the ceilings

were made of palm woven mats locally known as Mikeka.

Assessment of residual activity of the IRS insecticides and LLINs

Based on WHO guidelines for testing mosquito adulticides [6], bioassays were
conducted insitu to examine residual activity of the insecticides in the bed nets, and on

the hut walls and ceilings, at specific intervals during the period of the LLIN/IRS
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combination study. To do this, blood fed Anopheles gambiae complex mosquitoes
were collected from local houses in the same study village where the LLIN/IRS study
had been taking place. The mosquitoes were kept in separate water filled vials and left
to lay eggs, after which adults was identified by polymerase chain reaction (PCR), to
distinguish between An. arabiensis and An. gambiae s.s [7), the two sibling species of
An. gambiae complex found in the study area. Using the eggs obtained from An.
arabiensis (which constituted >99% of all the field samples), an insectary colony was
established and maintained in a semi-field system inside a screen house at the Ifakara
Health Institute [8], to provide mosquitoes for bioassays. The larvae here where
regularly fed on ground fish food and adult mosquitoes maintained on 10% sugar

solution, at temperatures of 28 - 29°C and 70-80% relative humidity.

Residual efficacy of bed nets: Cone bioassays and wire ball tests [6] were conducted
on newly unbundled nets, and thereafter once every month, for the six months period
during which the LLIN/IRS study was conducted. Differences between cone and wire
ball assays are as follows: in the cone assays, mosquitoes are exposed by enclosing in
close proximity to test surfaces using plastic cones. This method can be used on any
flat surfaces including nets surfaces, walls and ceilings. The wire ball method on the
other hand consists of two intersecting circular frames of wire, each measuring 15cm
diameter, around which test nets are wrapped to form a netting ball. This method can
be used on nets but not on walls or ceilings [6].

Batches of 5 mosquitoes (for cone tests) or 11 mosquitoes (for wire ball tests)
were exposed for 3 minutes on each of the 5 sides of the nets as described in the
WHO guidelines [6]. The mosquitoes were all 2-5 days old nulliparous females. After

exposure, the number of mosquitoes knocked down within 60 minutes was recorded.
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All mosquitoes were then provided with 10% glucose solution inside a holding room
where mean indoor temperatures were 29.1°C + 3.0°C during the day and 26.7°C *
2.3°C at night, while mean relative humidity was 70.6% + 17.9% during the day and
75.7% % 13.7% at night. Mosquitoes were monitored for 24 hours, after which the
numbers of dead and surviving mosquitoes were recorded. Dead mosquitoes were
defined as mosquitoes not standing on their legs at the usual 45 degrees angle, and
incapable of any movement when disturbed. Controls, consisting of non-insecticidal
mosquito nets, were included alongside each of the assays, and up to 4 different nets

of each type were tested per month.

Residual efficacy of IRS: Batches of 10 nulliparous females (2-5 days old) from the
screen house colony were introduced into the WHO cones and exposed for 30 minutes
on each of the four walls of each hut and also on two randomly selected positions on
the ceilings of each of the sprayed experimental huts. The mosquitoes were monitored
for 24 hours as above and mortality recorded. The first of these bioassays on walls
and ceilings were done in freshly sprayed experimental huts (i.e. two days after the
spraying). Repeat bioassays where conducted once every month for the six-month
duration of the LLIN/IRS combination study. Controls, which consisted of unsprayed
hut walls and ceilings, were included in each of these assays.

A similar set of bioassays was performed on separate wooden panels (lmz),
lined with either mud or Mikeka, to simulate the walls and ceilings of the
experimental huts respectively. The panels had been treated with insecticides the same
way as the experimental huts, by attaching them onto the inside surfaces of the door
shutters, so that they were sprayed at the same time as the huts were being sprayed.

These panels were kept inside the same experimental huts so as to ensure they
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remained under the same environmental conditions as the sprayed walls and ceilings,
for as long as the LLIN/IRS combination experiment lasted. However, unlike in the
experimental hut bioassays, which were conducted either on vertical surfaces (in the
case of sprayed walls) or downward facing horizontal surfaces (in case of ceilings), all
assays on the wooden panels were conducted with the panels kept on a flat horizontal
surface. There were two mud panels and two Mikeka panels sprayed with each of the
test IRS compounds. Ten mosquitoes were exposed on four different spots per panel,
so that a total of 80 mosquitoes were tested per treatment per surface per month.

Controls used here consisted of unsprayed Mikeka and mud panels.

Susceptibility of local malaria vectors to insecticides used for IRS and LLINs

Adult mosquitoes were collected using exit traps attached to experimental huts, inside
which adult male volunteers slept under non-insecticidal nets. The experimental huts
and also the traps used for this purpose have previously been described elsewhere [9].
For this specific purpose, we used those huts that had not previously been sprayed
with any insecticide, during the LLIN/IRS combination study (Chapter IV).
Mosquitoes collected from the huts were provided with 10% sugar solution and
maintained under ambient shade conditions in a holding room at our study site, for up
to five hours before being used. Each morning after mosquito collection, mosquitoes
were identified morphologically to select An. gambiae s.1 females, which were then
subjected to standard WHO insecticide-susceptibility bioassays [10). Recent
molecular analyses of Anopheles gambiae mosquitoes from this study village have
consistently shown that > 97 % are An. arabiensis [4, 11].

The insecticide-susceptibility bioassays [10] were performed by exposing the

selected nulliparous female mosquitoes 2-4 days old to filter papers impregnated with
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diagnostic concentrations of deltamethrin (0.05%), permethrin (i.e. 0.75%), lambda
cyhalothrin, (i.e. 0.05%), dieldrin (i.e. 0.4%) and DDT (i.e. 4%). The assays were
performed at near-room temperature conditions (25 + 2°C), making sure that the
exposure tubes are always held vertically. All the insecticide-impregnated papers as
well as papers used as controls, and all the insecticide-testing tubes and mouth
aspirators were supplied by the Vector Control Research Unit, Universiti Sains
Malaysia.

In each test 21 to 25 mosquitoes were exposed to the insecticide-impregnated
papers for up to 60 minutes in tubes lined with the respective insecticide impregnated
papers (Figure 1). During exposure the number of mosquitoes knocked down in each
tube was recorded after 10, 15, 20, 30, 40, 50 and 60 minutes. After the 60 minutes
exposure, mosquitoes were transferred into clean holding tubes and kept for 24 hours
in the holding room, during which time they were provided with 10% sugar solution.
Where no knock-down was observed within the initial 60 minutes of exposure, the
mosquitoes were transferred from the insecticidal test tubes to the clean holding tubes
and observed after an additional 20 minutes. Mortality was monitored and recorded
after the 24 hour holding period. We tested a maximum of 125 mosquitoes per
insecticide, which was equivalent to 5 replicates of 25 mosquitoes per test. Since we
were also unable to collect enough An. arabiensis females to conduct all the assays at
the same time, the replicate tests were conducted in consecutive days, making sure
that we had one control each day. Figure 1 shows insecticide susceptibility tests being

conducted at a field station in the study village.
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Molecular analysis of frequency of knock down resistance (kdr)-gene mutation in

the local mosquito population

Given that that we initially observed low percentage mortalities even among
mosquitoes caught in experimental huts with WHO approved insecticidal
interventions [12], it was reasonable to suspect that insecticide resistance was present.
Given that most of the interventions that we tested were pyrethroid based (Olyset®,
PermaNet® and Icon Life® nets, and lambda cyhalothrin for IRS), and because we
also tested DDT for IRS, one of our major concerns was possibility that any such
resistance would be associated with presence of knock-down resistance (kdr) alleles
[13] among local mosquito populations. Therefore molecular analysis was performed
with the aim of detecting kdr presence.

We included four different groups of mosquitoes for the kdr analysis, namely:
1) wild An. arabiensis mosquitoes collected using CDC-light traps from local houses
in the same study village where our LLIN/IRS experimental hut study was being
conducted: 2) wild An. arabiensis mosquitoes collected inside the experimental huts
used in the LLIN/IRS study, 3) mosquitoes originating from the An. arabiensis colony
that we established using mosquitoes originally collected from the same study village,
as described above and 4) mosquitoes which had survived the WHO bioassays
performed on the insecticide-sprayed walls, sprayed ceilings and the nets, also as
described above. Courtesy of Dr. Raphael N’guessan of Centre de Recherche
Entomologique, Cotonou, Benin , positive controls were obtained from an area in
Benin, where kdr allele frequency has been consistently shown to be > 95% in recent
years [14]. The detection of kdr using PCR was performed at 1fakara Health Institute,

Tanzania. We adapted a protocol originally developed by Martinez-Torres et al. [15]
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for detection of both the L1014S kdr allele (mutation commonly found in East Africa

[16, 17]) and L1014F kdr aliele (mutation commonly found in West Africa [15, 18]).

Data analysis

The mortality of mosquitoes in the different bioassays was calculated as a proportion
of the total number exposed to each chemical. Abbots formula was used to correct the
mortality in all tests where the control mortality was higher than 10%. In the
susceptibility tests, the percentage knock-down was also calculated for each of the

time periods when the mosquitoes were observed.

Molecular distinction of An. gambiae complex sibling species

A sub-sample of all the female An. gambiae s.I mosquitoes collected in the
experimental huts and in the local houses for the bioassays, was examined using
multiplex PCR, using the protocol originally developed by Scott er al. [7] to
determine proportions of An. gambiae s.s. and An arabiensis. All the wild mosquitoes
subjected to kdr examination were also subjected to the PCR for species

identification.

Protection of participants and ethical approval

Human participants in this study included the volunteers who slept in the
experimental huts during the time when adult mosquitoes were being collected for use
in the insecticide susceptibility tests. Participation of volunteers in these experiments

was voluntary, even though all participants received nightly wages. After full
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explanation of purpose and requirements of the studies, written informed consent was
sought from each volunteer prior to the start of all experiments.

While inside the experimental huts, the volunteers slept under intact bed nets
as a basic protection against mosquito bites. They were also provided with long
sleeved, hooded jackets to provide additional protection from bites, whenever the
volunteers stepped outside the nets to collect mosquitoes from the exit traps attached
to the huts. In addition, the volunteers were provided with access to diagnosis for
malaria parasites using rapid diagnostic test kits, and treatment with the current first-
line malaria drug (artemether-lumefantrine) in case they had malaria. Ethical approval
for this work was granted by the Institutional Review Board of the Ifakara Health
Institute (IHRDC/IRB/No.A019), the Tanzania National Institute of Medical Research
(NIMR/HQ/R.8aNo1.W710) and the London School of Hygiene and Tropical

Medicine (Ethics Clearance No. 5552).

Results

Residual activity of candidate insecticidal applications on malaria transmitting
mosquitoes: results of the monthly bioassays

Figure 2-4 show residual activity of insecticides sprayed on mud walls and ceilings of
experimental huts, and also activity of the LLINs on 4n. arabiensis mosquitoes over a
period of six months. Additional data including total numbers of mosquitoes exposed
per test is provided in supplementary tables S1-S4. During the first month of spraying,
100% of mosquitoes exposed to Mikeka ceilings sprayed with either actellic or

lambda cyhalothrin died, whereas only 85% were killed by DDT. On the mud walls
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sprayed with the same chemicals, we observed 100%, 90.0% and 97.5% mortality
respectively during the first month (Figure 2).

Activity of the IRS declined significantly within just two months, so that by
the third month, actellic killed only 42.5% of mosquitoes exposed to sprayed ceilings
and only 55.0% of those exposed to treated walls. Lambda cyhalothrin on the other
hand killed only 46.3% on ceilings and 52.5% on walls. By month 6, actellic had
nearly entirely decayed, killing only 7.5% of An. arabiensis exposed to sprayed
ceilings and on 27.5% of those exposed to sprayed walls. By this time, lambda
cyhalothrin was now killing only 30.0% on ceilings and 27.5% on walls. The decay of
DDT on either of the surfaces was however relatively much slower, and by the sixth
month, it was still killing 42.5% of mosquitoes exposed to sprayed ceilings, and
36.3% of those exposed to sprayed walls (Figure 2).

The additional set of data obtained from bioassays on sprayed mud and
mikeka panels depict a similar insecticide decay pattern (Figure 4), except that the
mikeka panels remained effective for much longer than the mikeka ceilings.
Nevertheless, these panel assays also showed that by the sixth month, most of the
insecticidal activity had vanished from both mud and Mikeka surfaces sprayed with
any of the candidate insecticides (Figure 3).

Results of the bioassays conducted on LLINs are shown in Figure 4. While all
the net types generally performed better (i.e. killed more mosquitoes) on wire frame
assays than on the cone assays, it was surprising that their activity rapidly deteriorated
by the second month of use relative to new nets. For example, Olyset® nets killed only
69.1% of An. arabiensis mosquitoes exposed in the wire ball assays during the second
month and only 26.0% of those exposed in the cone assays at the same time (Figure

4). Only PermaNet® nets retained mosquitocidal efficacy of 80% by the sixth month
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of net use (killing 92.7% on wire ball tests and 84% on cone assays). All the LLINs
however retained very high knock-down rates (> 90% in wire ball tests and >80% in
cone tests) on the exposed mosquitoes, except Olyset® nets whose knock-down

activity reduced to 72.7% on wire ball tests and 62% on cone tests by the sixth month.

Susceptibility of local An. arabiensis females to commonly used insecticides

Table 1 below shows the susceptibility status of 4n. arabiensis mosquitoes in the
study area to the candidate insecticides. Of all the insecticides tested, 100%
susceptibility was observed only for DDT. In tests on permethrin, lambda cyhalothrin
and deltamethrin, we observed signs of insecticide tolerance, with susceptibilities
within WHO-set range of 80%-97%, at which resistance should be suspected [10].
However, both DDT (4%) and permethrin (0.75%) elicited very high knock-down
rates after 60mins of exposure, i.e. 95.2% and 99.2% respectively, while lambda
cyhalothrin (0.05%) elicited only 74% knock-down and deltamethrin elicited only
85.9% knock-down after the same period of time. The lowest knock-down rates were
observed with 0.4% dieldrin, which after 60 minutes had knocked down only 2.5%.
We continued to monitor these mosquitoes for 80 minutes as stipulated in the WHO

guidelines [10] but the knock-down rate remained very low, i.e. 26.5%.
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Frequency of knock-down resistance genes among local An. arabiensis females

We analysed a total of 141 An. arabiensis females obtained from the colony that had
been established using wild caught females from the study area. Among these
mosquitoes, there were 122 successful amplifications in the PCR for detection of kdr,
all of which were kdr-negative (100%). Though, these mosquitoes included those that
had survived the standard bioassays on the hut walls and nets, they were all negative
for kdr alleles. Of the 522 mosquitoes obtained from our experimental huts during the
LLIN/IRS combination study described earlier (Chapter 1V), we obtained 383
successful amplifications in both the kdr detection PCR and species identification
PCR. Again, all of these were determined to be An. arabiensis and all were kdr-
negative (100%). Finally, we also analysed 43 mosquitoes collected directly from
local houses in the study area, using CDC light traps set near bed nets. In this case
only 15 showed successful amplifications in the PCR for both kdr detection and
species identification, all of which were identified as An. arabiensis and also as being

100% kdr-negative.
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Discussion

This study was designed to complement a separate study, which was conducted to
evaluate common LLINs and IRS insecticides when used alone or when combined
(Chapter IV). The results therefore provide important clues on the bio-efficacy of
public health insecticides currently being used for malaria vector control, particularly
how they are likely to perform in an area where malaria vectors remain susceptible,
albeit with clear signs of that this susceptibility is declining. In Tanzania, ITN use has
been increasing significantly in the past decade [19]. High coverage with ITNs has
been actively supported through a voucher scheme, which was scaled up to nation-
wide reach in 2008 [20]. Catch up campaigns with permethrin treated LLINs (Olyset®
nets) targeting children under fives began in 2008 {21}, and the government with
support of partners, mainly the US President’s Malaria Initiative (PMI), has been
actively implementing IRS campaigns in a number of epidemic-prone districts [22].
The potential for insecticide resistance to emerge against common IRS/LLIN
insecticides must therefore be very carefully monitored.

Insecticide susceptibility is usually classified based on the proportions of
mosquitoes that die when exposed to diagnostic concentrations of test chemicals as
follows: 98-100% mortality indicates susceptibility, 80-97% mortality indicates signs
of resistance that need to be confirmed and less than 80% mortality indicates that
there is insecticide resistance [10]. In a recent nationwide study in Tanzania, where
insecticide resistance was assessed in several districts, it was shown that susceptibility
of mosquito populations to lambda cyhalothrin, deltamethrin and permethrin had
started to diminish in most of the sentinel districts in the country, including
Kilombero district, which neighbours Ulanga district where this current study was

conducted [23]. In that study, standard WHO insecticide susceptibility tests on 4n.
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gambiae s.] from Kilombero district, showed 93.9% mortality after exposure to 0.05%
lambda cyhalothrin, 96% mortality after exposure to 0.75% permethrin and 90.3%
mortality after exposure to 0.05% deltamethrin [23]. Results from this current study
(Table 1), depict a closely similar pattern, two years later, i.e. full susceptibility to the
diagnostic concentrations of DDT, and reduced susceptibility to lambda cyhalothrin
(mortality = 90.2%), permethrin (mortality = 95.2%) and deltamethrin (mortality =
95.8%). While the resistance limits in this area have not yet reached a state where
vector control interventions such as pyrethroid based LLINs and IRS with DDT
would be considered ineffective, this current study also indicates the declining
susceptibility of malaria mosquitoes to the common vector control insecticides, and
therefore also supports the need for constant monitoring.

The good news however was that both the bioassays and the molecular
analysis conducted to detect kdr alleles, confirmed absence of target site resistance to
pyrethroids and DDT, which is one of the mechanisms linked to genetic mutations in
the para-sodium channels in several insects [24]. Pyrethroid-DDT cross-resistance
currently presents, what is perhaps the greatest challenge to insecticide based malaria
interventions in Africa [25, 26]. Therefore, insecticide susceptibility surveys have
now become standard pre-requisites as sources of baseline data on insecticide
susceptibility status, to support the large scale LLINs and IRS campaigns in Africa
[26, 27]. Two different kdr mutations have been found in the African malaria vector
Anopheles gambiae s.s, including one in West Africa, which is caused by a leucine to
phenylalanine substitution (L1014F) [15, 18] in the genetic sequence coding for the
sodium channels, and a different mutation in East Africa, caused by leucine to serine

substitution at the same amino acid position (L1014S) [16, 17]. Though the kdr-
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detection protocol used here could detect either of the two mutations [15], we found a
100% kdr-negative rate in all the samples tested.

Based on percentage mortalities observed after a maximum of 30 minutes
contact between mosquitoes and sprayed surfaces, this study shows that activity of the
tested IRS compounds can decline significantly within the first few months after
spraying, and could in some cases be considered ineffective earlier than the time when
they would normally be due for re-spraying [12]. According to recommendations
made by WHO [12], DDT should be re-sprayed after every 6 months, lambda
cyhalothrin every 3 to 6 months and pirimiphos methyl (actellic), every 2 to 3 months
[12]). As an example, we found that actellic EC, which according to our LLIN/IRS
combinations study was also the most toxic to mosquitoes (Chapter 1V), caused
merely 42.5% mortality on ceilings and only 55.0% on walls by the 3" month after
spraying. One recent independent study also showed that this formulation, remains
effective against An. gambige s. for up to 3 months, matching the existing
recommendations by WHO [28).

If we consider the more practical situation where malaria control programs can
feasibly afford to do only two spray rounds per year, it becomes apparent that ail the
other tested IRS compounds in their existing formulations would be minimally
appropriate for use in this study area or in areas with similar vector populations and
where people use similar construction materials for walls and ceilings. In this study,
we observed that after 6 months, actellic EC was now killing only 7.5% and 27.5% of
An. arabiensis on ceilings and walls respectively, a near complete decay. DDT WP on
the other hand was killing only 42.5% on mud walls and 36.3% on ceilings, while
lambda cyhalothrin CS killed only 30.0% and 27.5% respectively, six months after

spraying (Figure 2). Given that actellic and lambda cyhalothrin are clearly very highly
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toxic to malaria vectors when tested in experimental huts, improving their residual
activity so that they can be used for longer periods, for example by using different
formulations, should be emphasized in future developments. Indeed there are already
some efforts to develop new formulations of these chemicals, notably actellic, that can
would ensure slower release of the active ingredient and longer periods of
effectiveness [29, 30].

In addition to enabling the assessment of residual activity, the wall and ceiling
bioassays also highlighted how differences in treatment surface substrates can affect
insecticidal efficacy. That is to say, efficacy of active ingredients on mosquitoes is
modulated by type of substrate onto which the compound is applied [31]. In this
study, two of the IRS insecticides, actellic EC or lambda cyhalothrin CS, killed 100%
of mosquitoes exposed to the Mikeka ceilings, while DDT WP sprayed on Mikeka
ceilings killed a modest 85% in the first month. However, on the mud walls sprayed
with the same chemicals, we observed 100%, 90.0% and 97.5% mortality respectively
in the same period. It seems therefore that, whereas lambda cyhalothrin CS,
performed better on ceilings than on mud surfaces, the DDT formulation was clearly
better when used on mud walls than when used on Mikeka ceilings, from which the
water-based wettable powder would more easily have flaked off. Similar arguments
have been put forth by a number of authors [31-35), and it is thought that such
differences are associated with differences in adsorptive properties of the substrates.
For instance, mud surfaces can be highly porous and adsorptive to insecticides, and
substrates containing alkaline substances may degrade the candidate insecticide faster
than substrates without alkaline contents [31, 36] In one study where pyrethroids were
tested on different substrates, it was found that porous surfaces such as mud can show

variability in insecticidal activity, presumably due to absorption of the insecticides,
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while less porous surfaces such as wood would result in higher insecticidal activity for
long periods due to lower rates of insecticide absorption [34]. More recently, Etang ef
al.,, [31], also observed variations of insecticide residual bio-efficacy on different
types of wall surfaces in Cameroon and therefore suggested that local construction
materials shouid be considered when determining lengths of spray cycles.

Given the results that we have obtained from the bioassays on nets, it is clear
that the two methods used here, i.e. the plastic cone and wire ball method [6], can give
different outcomes, and therefore a more careful interpretation is required. The LLINs
generally killed more mosquitoes in the wire ball assays than in the cone assays.
According to the current LLIN testing guidelines [6], there are two possible
alternatives to the WHO cones, which can also be used to assess residual efficacy of
insecticidal nets, namely: 1) the use of WHO test tubes (cylinders) lined on the inside
with the test nets, and 2) the wire-ball test as used in this study. It is however also
suggested that further calibration against the WHO cones is required before the
alternative methods can be widely used in testing and evaluation of insecticide for
treatment of mosquito nets, an explanation which also suggests an expectation that the
two test methods would give different results.

One may argue that since the wire ball offers no alternative resting sites
(unlike in the cone assays, where mosquitoes can occasionally rest on the cotton plug
used to seal the insertion hole on top of the cone, and therefore fail to make adequate
contact with the test surfaces), mosquitoes are more likely to be killed in the balls than
in the cones. Furthermore, if the active ingredient has irritant properties, which
prevent mosquitoes from resting on treated surfaces for extended periods of time, it is
possible that exposed mosquitoes would tend to frequently move from point to point

making multiple contacts with the treated surfaces, and therefore leading to greater
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exposure and higher percentage mortality. In this study however, we did not directly
observe any mosquitoes avoiding tarsal contact with the netting material during the
cone bioassays; neither did we observe many mosquitoes landing on the cotton wool
that was used to plug the plastic cones, which would have indicated a significant role
of irritancy [37, 38]. We believe therefore that the reason more mosquitoes died in
wire ball assays than the cone assays was the greater total surface area of LLINs and
consequently the greater overall quantities of insecticide that these insects were
exposed to in the wire balls relative to the cones.

On the same note, these findings from the LLIN bioassays were somewhat
unexpected, given our expectation that the LLINs should retain their insecticidal
activity for at least 3 years and 20 washes [39]. The tests described here depict a very
rapid loss of the mosquitocidal activity of the candidate LLINs; even in the wire ball
tests. Whereas these products are usually made to last at least 3 years [39], with some
such as the Olyset® nets designed to have up to 5 years of effective life [40], our tests
show that insecticidal activity significantly actually declines significantly within the
first few months. For example, Olyset® nets killed only 69.1% of An. arabiensis
mosquitoes exposed in the wire ball assays and only 26.0% of those exposed in the
cone assays by the second month of use. Only the PermaNet® nets retained a killing
efficacy of 80% by the sixth month of net use (killing 92.7% on wire ball tests and
84% on cone assays). Despite this rapid decline, it is equally important to note that in
this study, we also observed that all candidate LLINs retained high knock-down rates
(>90% in wire ball tests and >80% in cone tests) on the exposed mosquitoes, except
Olyset® nets whose knock-down activity was reduced to 72.7% on wire ball tests and
62% on cone tests by the sixth month. This particular observation presents a slightly

complicated scenario in the sense that on one hand, the high knock-down rates may be
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a sign that there can still be significant personal protection achievable in houses where
these interventions are used, but on the other hand, the reduced knock-down rates
occurring after only six months in some test nets such as the Olyset® nets can be
considered as a reinforcement of the likelihood that pyrethroids are nonetheless
beginning to loose their insecticidal potency in this area. The latter explanation is
reinforced by the data from our insecticide susceptibility tests, also conducted under
this study (Table 1), which showed that lambda cyhalothrin impregnated papers
caused 99.2% knockdown after 60 minutes exposure, while DDT and permethrin
caused only 95.2% and 74.8% knock-down respectively.

One other important aspect to consider in relation to the above is the fact that
in this study the nets were not washed, at any time during the course of the study, but
were instead only dusted occasionally to remove dust. The lack of washing could
explain the observation that LLINs such as Olyset® nets, which are known to possess
regenerative properties (normally activated after lengthy periods of use, after washing
or after exposure to heat [40, 41]), exhibited a decline in activity during this study.
Nevertheless, it is reasonable to be concerned about quality of nets that get marketed
as being effective for many years. Evidence from this current study may suggests the
likelihood that after just one year of use, the only effect of the net that would be left is
the physical barrier effect where nets work simply to prevent mosquitoes from feeding
upon the net occupants, unless the nets are regenerated through washing or exposure
to sunlight, suggesting minimal difference between treated and untreated nets. Indeed,
in the LLIN/IRS study (Chapter 1V), we have also determined that intact non-
insecticidal nets equally prevent mosquitoes from blood feeding upon net users, just

as intact insecticidal nets.
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Given the results from our susceptibility tests, which were conducted on wild
mosquitoes, the absence of kdr mutation in both laboratory samples and field samples
tested, and also the fact that mosquitoes used for testing residual activity of IRS and
LLINs had been colonised for at least six months without any selection pressure from
insecticide exposure, it is reasonable to believe that the colony did not harbour any of
the insecticide resistance mechanisms that would hinder efficacy of these insecticides.
It is also reasonable to believe that the colony mosquitoes were 100% susceptible to
both DDT and the pyrethroids tested here.

In our earlier LLIN/IRS study, we did not observe any percentage mortalities
greater than 50% with any of the insecticidal applications, even during the fist month
after the start of the experiments. Based on the results of this complementary study
(notably the 100% mortality observed in the first month bio-assays on actellic and
lambda cyhalothrin treated surfaces (Figures 2-3), the 98.2% and 100% mortality in
first month wire ball assays on Icon Life and PermaNet nets respectively (Figure 4),
and also the 100% susceptibility to DDT impregnated filter papers (Table 1)), we now
believe that insusceptibility to any of the IRS insecticides or the LLINs is clearly
unlikely to be the reason that percentage mortalities in the LLIN/IRS study were that
low. Instead it appears that the actual behaviour of vectors inside our experimental
huts was the major cause [2, 38]. Given that most of the mosquitoes that we captured
in the LLIN/IRS trial were unfed mosquitoes caught exiting the huts, and also since
we emptied out exit traps every 4 hours ensuring that exiting mosquitoes were not
unnecessarily retained near treated surfaces, it is very likely that the reason we
observed low percentage mortalities with the same insecticidal applications tested
here, was that mosquitoes were not making adequately long contacts with the treated

surfaces, and were not receiving toxic doses of insecticide. Instead the mosquitoes
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were exiting the huts soon after entry and without taking blood meals, as all
volunteers in the huts were covered with nets. Thus the generally low mortalities
observed in that trial (Chapter IV).

If the results of this study are interpreted in the context of our general
objective which was to determine if there are any added advantages of combining
LLINs with IRS, relative to using each individual application separately, then this
study provides very clear evidence to support the need to add LLINs where IRS is the
only existing intervention. Given that most of the IRS candidate insecticides decay so
quickly, and since in practice it can be difficult to regularly re-spray houses at the
frequencies stipulated by WHO [12], addition of LLINs in such houses would provide
not only an additional reduction in mosquito biting rates indoors, but it would also
add the temporal overlap necessary to protect house occupants during the period after
which the IRS is no longer efficacious. On the other hand the mortality assessments in
this study present no justification for introducing IRS into houses where LLINs are
already being used. As in our previous publication [1], we suggest that there may be
no critical need for IRS campaigns to be launched where there is already wide
coverage and correct use of LLINS, except in situations where there are epidemics and
where the nets are likely to be old or torn (as is common with ordinary hand treated
ITNs). However, even in such cases, the IRS treatments should preferably be those
that 1) significantly deter malaria mosquitoes from entering houses, 2) are of a
different insecticide class than the LLINs and 3) are implemented consistently at very

high coverage throughout the communities [1].
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Conclusion

We conclude from this study that the insecticidal efficacy of all the three IRS
compounds, DDT WP, lambda cyhalothrin CS and actellic EC, decay very quickly
within the first few months after spraying, necessitating that LLINs are used in the
same houscholds where these IRS compounds are sprayed, so as to provide the
necessary protection even after IRS activity is significantly reduced. The LLINs also
gradually loose their insecticidal efficacy with time, in some cases by up to 50% or
more within just six months but can continue to directly protect users from mosquito
bites as long as they are intact. Campaigns that highlight the need for regular net
regeneration as part of correct net use have an important role in ensuring optimal
malaria control. Moreover, though the malaria mosquitoes in this study area are still
fully susceptible to DDT and despite the absence of knock-down resistance genes
among the vector populations, there are signs of weakening susceptibility to
pyrethroids, which necessitate vigilance against possibility of widespread insecticide
resistance arising in this study area in the near future, especially since insecticide
treated net coverage in the area is already extremely high, reaching over 90% in 2008
[42]. These findings support our earlier recommendations that: 1) where houses are
already sprayed with any of the 3 tested IRS compounds, addition of LLINs would
provide significant benefits by directly providing additional protection against
mosquito bites and by ensuring that the people remain protected even after the IRS
activity has decayed, and 2) where residents use intact LLINs, addition of IRS may

not necessarily provide any significant additional benefits.
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Preview of Part Three

This part of the thesis consists of three chapters:

Chapter VI: Development of a mathematical model applicable for evaluating
community level impacts of integrated malaria vector control. This chapter describes the
first step in the development of a deterministic model which was later used used to simulate
community level effects of combining long lasting insecticide treated nets (LLINs) with
indoor residual spraying (IRS), as described in Chapter VIII. At this initial stage, this model

version was tested by simulating combinations of LLINs with odour baited mosquito traps.

Chapter VII: Improvement and further testing of the mathematical model developed in
chapter V1. This chapter describes the second stage of the mathematical modelling work. It
includes a series of increamental improvements that were made to the model described in
Chapter V1, so that it would be more representative of mosquito life cycle processes, and how
these processes can be affected by different LLIN and IRS applications, with different modes
of action. After these improvements, the model was tested by simulating effects of
insecticidal applications which primarily repell malaria transmitting mosquitioes versus those,

which primarily kill the mosquitoes.

Chapter VIII: Simulated community level effects of combining LLINs with IRS for
malaria vector control in Africa: This chapter describes the final stages of the mathematical
modelling work. In addition to some additional improvements, this chapter effectively
describes the actual application of the fully developed model as described in Chapters VI and
VII, to assess community level effects of combining LLINs with IRS. Data used for this
specific simulation originated from the feld study described in Chapter I'V.

Important Note: Regarding the LLINs referred to in Chapters VI to VIII as Icon
Life® nets, the supplier (Syngenta Itd) informed us at the end of our studies that this
net type is the same as the one branded as NetProtect®, which has actually been
given an interim approval by WHO (http://www.who.int/whopes/quality/en).

However, in this thesis, the brand name Icon Life® has ben retained, given that this

was the label on the actual nets that we evaluated in the studies described here.
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Chapter VI

Potential benefits, limitations and target product-profiles of odour-baited

mosquite traps for malaria control in Africa*

Abstract

Background: Traps baited with synthetic human odors have been proposed as suitable
technologies for controlling malaria and other mosquito-borne diseases. We investigated
the potential benefits of such traps for preventing malaria transmission in Africa and the

essential characteristics that they should possess so as to be effective.

Methods and principle findings: An existing mathematical model was reformulated to
distinguish availability of hosts for attack by mosquitoes from availability of blood per se.
This adaptation allowed the effects of pseudo-hosts such as odour-baited mosquito traps,
which do not yield blood but which can nonetheless be attacked by the mosquitoes, to be
simulated considering communities consisting of users and non-users of insecticide-
treated nets (ITNs), currently the primary malaria prevention method. We determined that
malaria transmission declines as trap coverage (proportion of total availability of all hosts
and pseudo hosts that traps constitute) increases. If the traps are more attractive than
humans and are located in areas where mosquitoes are most abundant, 20-130 traps per
1000 people would be sufficient to match the impact of 50% community-wide ITN
coverage. If such traps are used to complement ITNs, malaria transmission can be
reduced by 99% or more in most scenarios representative of Africa. However, to match
cost-effectiveness of ITNs, the traps delivery, operation and maintenance would have to

cost a maximum of US$4.25 to 27.61 per unit per year.

* Adapted from: Okumu FO, Moore SJ, Govella NJ, Chitnis N, Killeen GF: Potential
benefits, limitations and target product-profiles of odor-baited mosquito traps as a means of

malaria control. PLoS ONE 201 0, 5:¢11573
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Conclusions and significance: Odor-baited mosquito traps might potentially be effective
and affordable tools for malaria control in Africa, particularly if they are used to
complement, rather than replace, existing methods. We recommend that developers
should focus on super-attractive baits and cheaper traps to enhance cost-effectiveness, and
that the most appropriate way to deploy such technologies is through vertical delivery

mechanisms.
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Background

The interactions between mosquitoes and humans are central to the transmission of
human malaria and other mosquito borne pathogens. Blood-seeking mosquito vectors
identify humans from more than 30 meters away by detecting and following the
chemical cues that the humans emit [1,2]. In recent years, studies of the olfactory
mechanisms of the Anopheles mosquitoes, which transmit malaria in Africa, have
yielded considerable insights into the molecular and physiological processes involved
{3]. In some studies, the aim has been to discern how these processes influence
malaria transmission [4,5], while in others it has been to find synthetic compounds
that attract or repel mosquitoes [6-9]. From a public health point of view, the primary
motive for investigating these issues lies in the potential to create new mosquito
surveillance and abatement technologies.

While their applications in public health are still limited, odor-baited
technologies are widely exploited in the agricultural sector where pest control is
generally more advanced than is the case for vectors of human diseases [10). Notable
examples of success include the push-pull strategies practiced in crop pest
management [11-13] and the control of tsetse flies, which transmit human and animal
trypanosomiasis [14-16]. In both cases, the behavior of the pest is manipulated such
that, instead of finding their intended hosts, they are lured into traps or onto
insecticide-treated targets. Several types of odor-baited mosquito traps have been
developed but they are used primarily for sampling, rather than controlling vector
populations. Common examples include traps baited with whole humans [17-21], and
those baited with carbon dioxide or other synthetic host cues [22-27]. Perhaps the
most convincing examples of what may be possible by introducing lethal traps or

targets is provided by the most successful existing methods of malaria control today:
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Insecticide-treated nets (ITNs) [28,29] and the application of indoor-residual sprays
(IRS) to houses [30,31]. Both methods essentially turn existing blood resources
(people) and associated resting site resources (human dwellings) into lethal mosquito
traps.

One important factor to consider before introducing new vector control
methods, such as odor-baited mosquiio traps, in Africa is the ongoing scale up of long
lasting insecticidal nets (LLINs) across the continent [29]. These nets have lowered
malaria burden in many endemic countries [28,32,33] and are currently prioritized as
the frontline malaria prevention method across most of Africa [34-36]. Moreover, past
and recent trends indicate that many countries are steadily increasing coverage with
ITNs [29,37]. With these developments, it is necessary that any new tools are not
evaluated in isolation, but rather on the basis of how much additional benefit they
confer upon these communities where nets are already being used. The successful
rollout of ITNs also poses new challenges by selectively suppressing transmission by
indoor biting mosquitoes that prefer human blood [38]. New complementary vector
control strategies that target the more zoophagic, exophagic vector species are
required to tackle the residual transmission mediated by such modified vector
populations.

While some relatively expensive designs have been proposed as being suitable
for trapping mosquitoes in numbers sufficient to achieve population control
[25.27,39,40], no rigorous large scale and independent evaluations of these
technologies have been reported. More importantly, even though there is a constantly
growing interest in odor-baited technologies, essential characteristics which they
should posses so as to effectively control or disrupt malaria transmission have not

been determined. Also unknown are the optimal approaches that could be used to
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deliver them as public health commodities. Nevertheless, recent field trials of novel
synthetic odor blends have shown that they can exceed the attractiveness of humans
by up to four fold [41] and affordable, practical outdoor trap designs are becoming
available [40,42), so the possibility of controlling malaria vector populations and
malaria transmission is becoming increasingly realistic.

Here, the potential for using odor-baited mosquito traps to control malaria in a
number of common epidemiological scenarios in Africa is mathematically
investigated. F irstly, we examined whether traps, when used alone or as a
complementary intervention alongside insecticidal nets, can fully reduce malaria
transmission in highly endemic areas. Secondly, the target product-profiles that
developers of this technology should consider so as to ensure effectiveness under real-
life operational conditions were elucidated. These were accomplished by modifying
an existing mathematical model of malaria transmission [43], which has previously
been useful for informing global ITN coverage policy [36], but for which substantive
revision was prompted by this particular example of odor-baited mosquito traps. The
traps were treated as pseudo-hosts, which unlike humans or cattle, cannot provide
blood to host-seeking mosquitoes, but which mosquitoes can attack nonetheless. This
conceptual reformulation enabled explanation of the potential value and target product

profiles of mosquito traps as a means to complement ITNs.

Methods

Description of the model

This is an adaptation of a deterministic model representing the most important host-

seeking, survival and malaria transmission processes that individual mosquitoes
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undertake before they can transmit malaria [43]. All parameter symbols and their
meanings are outlined in Tables 1 and 2. Versions of the original model have been
used to explore effects of bednets, cattle, repellents and insecticides on malaria
transmission [44], to outline global coverage targets [36] and likely efficacy of ITNs
[45], and also to examine interactions within push-pull strategies such as combining
net-use with zooprophylaxis using cattle [46].

Blood feeding is the most important epidemiological event in the interactions
between humans and malaria vector mosquitoes [47,48]. In this model, the blood
acquisition process is considered as having three phases: 1) the mosquito being in a
host-seeking state, 2) the mosquito attacking the host (or diverting away) and 3) the
mosquito feeding upon the host (Figure 1). As in previous works by other authors, this
feeding process is considered to be cyclical rather than continuous, so as to more
accurately represent natural events [49,50-52]. The model examines diversion and
mortality processes that occur during the three phases and how changes induced by
interventions upon these processes can contribute to individual and community-level
protection against malaria.

Effects of odor-baited traps were simulated in conceptual environments of two
alternative dominant vector species (4dnopheles gambiae sensu stricto Giles or An.
arabiensis Patton) [53] in the presence of cattle, the main alternative blood source for
these vectors [54], and presence or absence of ITNs. In each test scenario, the
technology was evaluated in terms of combined, individual and community-level
protection against malaria transmission when traps are implemented alone or in
combination with ITNs.

Similar to most malaria transmission models, an enclosed ecosystem of

parasites, vectors and hosts, is assumed [55,56]. In order to further reduce
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computational complexity, the human hosts are considered to be homogenously
mixed, meaning that vulnerability of individuals to malaria infection [5,57] or
attractiveness of individuals to mosquitoes [2,58,59] can be reasonably estimated
using population mean values for these parameters. These assumptions allowed for
exploration of what might be possible if the traps are concentrated in geographical
areas where mosquito densities are most abundant. Such locations are known to exist
in real field settings [60-62] and can be targeted to achieve greatly enhanced control
of pathogen transmission [63].

In the original model, the term ‘hosts’ referred to any vertebrate blood-sources
upon which vectors can feed. This definition is hereby expanded to include all entities
that a vector can attack with the intention of taking a blood meal, regardless of
whether that entity actually has blood or not. This redefinition allows for inclusion of
odor-baited traps as additional hosts (more precisely, pseudo-hosts) even though
mosquitoes cannot possibly obtain blood from them. Another modification was a
more explicit sub-division of the host-seeking process. Unlike the original model, the
host-seeking process is considered here as consisting of two successive stages leading
to the mosquito attacking the host namely: 1) non-host oriented kinesis, referring to
arbitrary movements of the mosquito before it detects host cues, a process which
ends with a host encounter event, and 2) host-oriented faxis, referring to directional
movements of the mosquito once it encounters and detects the host cues in the
environment and starts moving towards the source of those cues, a process which if
initiated, either ends with a host attack event, or is aborted resulting in diversion back

to kinesis (Figure 1).
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The duration of non-host-oriented kinesis, which is equivalent to the reciprocal
of the rate at which an individual host is encountered by an individual vector, depends
on: 1) physical distance between hosts and mosquitoes and 2) the distance over which
attractive host odor plumes can extend. This means mosquitoes are more likely to
encounter hosts which are near to the point at which they began host-secking than
those hosts which are far away. In nature, such spatial relations, including modifiers
such as topography and wind direction are known to be important determinants of
rates at which individual hosts are encountered [60-65].

This definition of the kinesis process also means that mosquitoes will more
readily encounter hosts whose odor plumes extend over a wide radius than hosts
which have short-radius plumes. For the purposes of this model, wider odor plumes
are regarded as being equivalent to more mosquitoes potentially falling within the
range of host encounter. Therefore hosts generating such kairomonal plumes are
considerably more readily available than hosts generating less dispersed, short radius
plumes. Interestingly, recent field trials of odor-baited traps demonstrate that the host-
specific cues which malaria vector mosquitoes use to identify their preferred human
hosts act mainly as long range attractants, presumably triggering the encounter
process itself and allowing mosquitoes to make the choice between attack and
diversion as early and as efficiently as possible [41].

Host-oriented taxis begins immediately after host encounter once the mosquito
as chosen to proceed with host attack. There is a possibility that a mosquito
encountering a non-preferred host type will ignore the opportunity to approach the
host or may discontinue taxis, thus diverting back to non-host-oriented kinesis to seek
other hosts. Once the mosquito commits to attack a host, it is assumed to complete a

full taxis phase which ends with the host attack event.
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The original definition of host availability [43] was also altered to specifically
and separately describe the availability of hosts for attack rather than availability of
host blood per se. The availability (a) of any host of any species or type (s) for
mosquitoes to attack is the product of the rate at which individual vectors encounter

that host (&s) and the probability that, after this encounter, they will attack the host

(¥s):

1) as =&y
Previously, host availability had been described as the product of host encounter rate
and feeding probability [43,44,46,54]. Replacing the term, feeding with the term,
attack, allows us to model the behavior of mosquitoes which attack the odor-baited
traps and for which the feeding probabilities are therefore nil. A closer examination of
what was previously defined as host availability [43] reveals that actually, it
represents the availability of host blood at a particular source rather than the
availability of the hosts themselves. That is to say, the availability of host blood (z)
from a host of any species or type (s) is the product of the rate at which individual
vectors encounter this host (&) and the probability that, after this encounter, they will
successfully feed upon that particular host (¢):

2  z=saé

Similar to the original model, we label certain parameters with subscript s to
represent different host species or host types including humans, cattle or odor-baited
traps. Also, where necessary, the subscript s is specified as one of three different
subscripts, ¢, ¢, 4 to represent traps, cattle and humans respectively. Moreover,
humans not using nets (unprotected humans) and humans using nets (protected
humans) are in some cases specifically represented by subscripts Au and hp

respectively. Another subscript, j, which was used in previous versions of the original
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model [43,44] to represent individuals within different host types or species, has been
omitted in this reformulation, as no specific individual hosts are considered and
instead, all parameters in this paper represent mean values for respective host
populations.

When the mosquito encounters the host, it can either attack the host
(successfully completing the host-seeking process, but not necessarily the blood
acquisition process) or it can be diverted from the host (aborting the host-seeking
process). The attack () and diversion (A;) probabilities therefore sum to unity.

3) %+As =1

After host encounter, all diverted mosquitoes are assumed to re-enter non-
host-oriented kinesis afresh. The diversion may include behavioral responses of
mosquitoes to non-preferred or protected hosts which prompt them to abort taxis. For
preferred hosts, diversion may be induced by physical barriers like house screens and
untreated nets or chemicals used to treat nets or houses, and which repel or irritate
mosquitoes [66,67].

However, not all vectors that attack the host will successfully feed. To account
for mosquitoes that die during this attack process, a term for the mean attack-related
mortality (1) is introduced. It is assumed that only two possibilities exist at this stage:
either the vector feeds successfully and consequently survives or it dies in the attempt
before obtaining a blood meal. All mortality risks associated with host attack are
expressed as a single mean probability and assumed to occur prior to feeding. The
probability of successful feeding per host encounter (g) is therefore calculated as

follows:

@) ¢ =p(l- w)=(1-A)1- )
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Assuming similar levels of baseline host defensiveness, the probabilities of diversion
(A) and attack related mortality (x) are considered to be same for cattle (c) and
humans who are not using ITNs, i.e. unprotected humans (hu). Equation 4 can
therefore be specified as follows:

(5) ¢ =hw = mull — ginu)=(1- Anu 1 = pi1.u)

Personal and house-hold protection measures such as bednets, repellents or
domestic insecticides function by diverting host-seeking vectors or killing the vectors.
The terms, A and u are therefore modified for ITN users i.e. protected humans (h,p),
to become Ay, and u,, respectively. Consistent with Killeen & Smith (2007) [44], the
new terms are obtained by adding the ITN-induced changes to the baseline diversion
and baseline mortality values:

(6)  Anp=Anut mO(1-Anu)

() thr= i+ Ol - )
Where, 64 and 6, represent the additional effects of ITNs on the diversion and
mortality probabilities respectively. These coefficients were previously annotated as
Ap and p, in the original model [43,44] but have now been changed to distinguish
them more clearly from the A, and A,,,, which refer to diversions from protected and
unprotected humans respectively.

The term 7; in the two equations refers to the proportion of normal exposure to
mosquito bites upon humans lacking ITNs that occurs during the times when nets
would normally be in use [45,68). It is used here to modify the terms 6, and 6,, in
order to obtain the true effects of ITNs upon a typical user. Without the term, z; the
equations would represent merely an ideal situation where ITNs are consistently and
correctly used over the full course of the time when malaria vectors bite. However,

such an ideal scenario seldom happens and possessing a net does not always translate

278



to consistent and perfect use of it. Moreover, even the most nocturnal vectors can feed
to some extent in the early evening hours before people go under their nets or in early
mornings when many people are awake and are no longer protected [45,67,68].

Thus in practice, not all human exposure to mosquito bites occurs during the
times when nets are actually in use [45,67-69]. Note that this approach deals more
simply and parsimoniously with such behavioral avoidance of interventions, than
previous approaches by incorporating these effects at the single point of the model
where they actually act in biological reality, rendering the more elaborate and indirect
formulations such as equation 8 in Killeen ef al., 2007 [43] and equation 1 in Govella
et al., 2010 [45], redundant.

Equations 6 and 7 are used to specify equation 4 in order to explicitly express

the probability of successful feeding upon an ITN user (¢,):

®) th.r= (1= tr.0)= (1= An p X1 - 121.5)
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Table 1: Symbols and their meanings

Symbol Definition References

a Availability of individual hosts: rate at which a single mosquito  This paper.
encounters and then attacks a given single host or pseudo-host.

A Total availability of hosts and pseudo hosts: rate at which a This paper.
single mosquito encounters and attacks all hosts and pseudo
hosts.

B The mean number of infectious bites per emerging mosquito [43,44,73].
during its lifetime.

c Cattle. [43,44)].

Cy Proportion of the total available host resources accounted for This paper.
by the odor-baited traps, equivalent to trap coverage.

Ch Proportion of people using ITNs, equivalent to ITN coverage as [43,44].
surveyed by its most relevant indicator [117].

A Probability that a mosquito which encounters a host will be [43,44].
diverted from that host.

£ Host-encounter rate: rate at which a single host-seeking [43,44,54).
mosquito encounters a given single hosts.

E Emergence rate of mosquito vectors per year. [43,44,73).

EIR Entomological inoculation rate (mean number of infectious [43,44,54,73
bites that an average individual human receives per year). ,17).

¢ Probability that a mosquito which attacks a host will [43,44,54).
successfully feed upon that host.

f Feeding cycle length: measured as the number of days it takes a  [43,73].
single mosquito to get from one blood feed to the next.

g Gestation interval: number of days a mosquito takes to digesta  [43,44].
blood meal and return to searching for oviposition site.

h Humans. [43,44].

hp Protected humans using ITNs. [43,44].

hu Unprotected humans not using ITNs. [43,44].

K Human infectiousness to mosquitoes: probability of a vector [43,49,73].
becoming infected per human bite.

A Relative availability of hosts other than humans: calculated asa  [41,43,54].
ratio of availability of those hosts to availability of humans not
using ITNs.

L Potential of any individual vector to transmit malaria from [73].
infectious humans over its lifetime.

y7) Probability that a mosquito which attacks a host will die during  [43,44].
the attack.

Mo Oviposition site-seeking interval: number of days that a [43,44].

mosquito takes to find an oviposition site once it starts
searching for it.

M Host-seeking interval: number of days a mosquito takes to find  [43,44,54].
and attack a host.

N Number of hosts. [43,44].

64 Excess proportion of mosquitoes which are diverted while This paper.

attempting to attack a human while that person is using an ITN.
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Table 2: Symbols and their meanings-continued from table 1

Symbol Definition References

6, Excess proportion of mosquitoes which die while attempting to  This paper.
attack a human while that person is using an ITN.

Q Intervention package scenarios consisting of a specific This paper.
coverage with ITNs and a specific number of odor-baited
mosquito traps per 1000 people.

T The proportion of normal exposure to mosquito bites upon [43,45,68].
humans lacking ITNs, which occurs indoors at times when nets
would normally be in use.

P Probability that a resting mosquito survives any one day. [43,44].

Py Probability that a mosquito survives a single complete feeding ~ [43,44].
cycle.

Py, Probability that a mosquito survives any full day of the [43,44].
oviposition site-seeking interval or host-seeking interval.

O Human blood index: the proportion of all blood meals from all  [43,44,54,73
hosts and pseudo hosts, which are obtained from humans. ]

s Host species or host type [43,44].

t Odor-baited mosquito traps. This paper.

4 Probability that a mosquito attacks an encountered host.

74 Relative exposure of different hosts other than unprotected This paper.
humans to mosquito bites: calculated as a ratio of exposure of
those hosts to exposure of humans not using nets.

Whp,0 Combined personal and communal protection provided by the ~ This paper.
integrated intervention package €2 to people who use ITNs.

Wh, Traps Additional protection offered by odor-baited traps to This paper.
communities using ITNs.

Vhuo Communal protection provided by the integrated intervention  This paper.
package Q to people who do not use ITNs.

Yo Mean relative exposure of an average member of a community  This paper.
where the intervention package 2 is implemented.

z Availability of blood from an individual host: rate at which a This paper.
single mosquito encounters, attacks and successfully feeds
upon a given single host

Z Total availability of blood from hosts and pseudo hosts: rate at  This paper.

which a single mosquito encounters, attacks and successfully
feeds upon all hosts.
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Modeling the effects of individual odor-baited traps

Odor-baited traps are assumed to affect the foraging behavior of host-seeking
mosquitoes by triggering the transition from kinesis to taxis, in exactly the same way
as vertebrate hosts. Their efficacy as tools to control malaria transmission is derived
primarily from two complementary characteristics: 1) their high attractiveness to
malaria mosquitoes compared to attractiveness of humans [41] and 2) their ability to
trap and Kill mosquitoes which attack them thus removing these mosquitoes from the
biting population. Any given trap type can therefore be described in terms of its mean
availability for attack by host-seeking mosquitoes (a,), defined as the rate at which it
is encountered (g), and the probability that it is attacked by the mosquitoes ()
following encounter. As successful blood feeding upon a trap is not a possible
outcome, the mortality probability for mosquitoes that attack a trap (4;) and the
corresponding probability of successful blood feeding (¢), are fixed at one and zero
respectively (u=1, ¢=0).

These assumptions about individual-level processes enable adaptation of
subsequent equations from the original formulation [43], so as to estimate population-
level effects of odor-baited traps used alone or in combination with ITNs, and also to

elucidate desirable characteristics of such devices.

Estimating population level effects of odor-baited traps when used alone or in

combination with ITNs

The availabilities of cattle (a,) and traps (ay,) for attack by host-seeking mosquitoes

were calculated based on field estimates of their relative availabilities (A, for cattle
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[54] and A, for odor-baited traps [41]) when compared to the availability of humans

for similar attacks as described in equation 1:

® A==
ahn
10) A==

an

For any given number of odor-baited traps (NV,), cattle (N.), people not using
ITNs (Ny.) and people using ITNs (Ns),), the total host availability (4) was calculated
as the sum of the products of mean availabilities of each host species or type (a) and
the number of hosts of that particular species or type (N;). However, unlike in the
original formulation [43], the term host availability hereby includes events only up to
host attack, thus excluding all probabilities of blood feeding or death after the attack.
The mean host-seeking interval (7,) was then calculated as the reciprocal of total host
availability (4) and consistent with previous formulations [54]:

1 1 1
(11) m:—-: =
A An+ Ac+ A an,ulNhow + an, pNa, p + acNe + acNe

The relative exposure of any host to mosquito bites (which is calculated as a
function of successful feeding and therefore the availability of blood rather than hosts
per se) is therefore no longer equivalent to its relative availability when calculated as
a function of host attack probability. This means that any two hosts can be equally
available for attack but may be differentially exposed if interventions which cause
different levels of reduction of successful feeding despite equal levels of diversion are
specified. The relative exposure () of different hosts must therefore be calculated
separately from relative availability of attackable hosts and must be based on the

availability of the blood resource that each host type or species (s) represents to
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mosquitoes (z;). For example, relative exposure of humans protected with ITNs, when

compared to that of humans not protected with ITNs is calculated as follows:

12) ypp=2z =P
( ) Whp Zhu ¢1,u

where z;, refers to the mean availability of blood from a protected human.

For a vector to complete one feeding cycle, it must survive all the host-seeking
phases shown in Figure 1 including gestation to convert blood to eggs and then an
equivalent set of resource acquisition processes required to enable oviposition. While
gestation is primarily spent resting in relatively safe places, which are often inside
houses, foraging for resources is an intrinsically dangerous process for mosquitoes.
Even without any human intervention, survival is reduced by numerous biotic and
abiotic factors in the environment such as predators, host defensive behavior and
dehydrating conditions of heat and low humidity [70,71].

As in our original model [43] and in some previous models by other authors
[50,72], it was assumed that survival during host-seeking and oviposition site-seeking
phases is lower than survival while the mosquito is resting inside houses. Survival
across all phases of the gonotrophic cycle was estimated as the distinct daily survival
probability during each phase to the power of the respective time intervals, namely the
host-seeking interval (7,), gestation interval (g) and oviposition site-seeking interval
(170). Though the current definition for host-seeking refers to processes up to and
including attack, but not blood acquisition itself, the duration between the time when
the mosquito attacks the host and the time when it bites and acquires blood from it, is
considered here to be a negligible interval in the context of a gonotrophic cycle which
lasts for two or more days.

The daily survival probability of a resting mosquito is defined as P and the

survival probabilities during host-seeking and oviposition site-seeking are assumed to
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be equal and are both defined using the term (P,,). The survival rate per feeding cycle
(Py) was therefore estimated as the combined probability that a vector survives
gestation (P°), oviposition site-seeking (P,,"’), host-seeking (P,,"") and the eventual
attack of a host (P)):

(13) P;=PP,"P,"™ P,= PP, P,

To calculate the probability of mosquitoes surviving their eventual attack upon
any host (P,), we assumed that the proportion of all attacks that end in death is the
mean of the mortality probabilities for attacking the various hosts (non-ITN users,
ITN users, cattle or odor-baited traps), weighted according to the proportion of total
availability that each host class represents [45]:

. o, pNi,p + pn,u{@cNe + an, i)+ aiNe

(19 Py=1-
an,ulNh,u + an, pNn, p + acNe + ailNe

This term differs slightly from equation 13 of the original formulation [43], in
that it now reflects ITN effects that have been modified by the proportion of normal
unprotected human exposure that occurs during times when this intervention would
typically be in use () [45,68], but does so more directly than the more complex
formula of Govella et al., 2010 [45] because this effect has already been captured by
equations 6 and 7. The term for mortality upon attacking an odor-baited trap ()
could be included explicitly in the numerator so that the equation is clearer, but
because it has already been defined as being equal to one, the trap terms in both the
numerator and denominator are expressed simply as a/N.. Here again, this revised
formulation is more specific and predicts survival of attack based only on rates of
attack rather than the probabilities of successful feeding.

The human blood index (proportion of all blood-meals that originate from

humans; Qy), was calculated based on the proportion of the total availability of blood
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from all host types (Z), which humans represent (Z;). Note that for any host species or
type, Zs=z,N;. Specifically, O was therefore calculated as the proportion of surviving
mosquitoes obtaining a blood meal that do so from humans, based upon the overall
total rates of encounter of each host type and the probabilities of successfully

obtaining a blood meal from each:

Znu+Zhp
(15 =
) Q}’ Zh,u+Zh,p+Zc+Z!
(16) = Zh,ulNn,u + zn, pNh, p
Zh,ulNnu + Zn, pNh, r+ 2eNe + 2N
(17) — &(Nh,uﬁ,u'f’Nh.pﬁ,p)
& Nuugh,u + Ni, pin, p) + &N

It should be noted that equation 17 also does not contain terms for odor-baited traps
(N, & and @) in the denominator. This is because it is impossible for mosquitoes to
obtain blood meals from the traps so even if the term g were included, it would be

valued zero thus rendering the equation mathematically equivalent to the above.

Estimating protection against exposure to malaria

As described in the very first formulation of the population-level component of this
hierarchical model [73] and its subsequent improvements [43,44], the survival rate per
feeding cycle (Py) and the proportion of blood meals taken from humans (Q;) were
used to calculate the potential of any individual vector to transmit malaria from
infectious humans over its lifetime (L). The term L together with human
infectiousness to mosquitoes (x) were then used to calculate the mean number of
infectious bites per emerging mosquito during its lifetime (5). To obtain the sum of all

infectious bites that occur in the whole human population, the mean number of
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infectious bites per emerging mosquito (f) was multiplied by the emergence rate of
mosquito vectors (E). If this product (BE) is divided by the human population size
(M), we obtain the mean number of infectious bites that an average individual human
receives, also referred to as the mean entomological inoculation rate (EIR)

experienced by individuals in the community [73,74]:

(18) EIRx= é-E—
N

In a human population composed of two distinct subgroups (ITN users and
non-users), it is important to calculate separately the EIR experienced by each
subgroup so that we can compare them. For either subgroup, this is a product of the
total number of infectious bites upon humans that occur in the population as a whole
(BE) and the fraction of biting exposure experienced by that particular subgroup of the
population. Here also, the original forms of these equations [43] are replaced with
explicit forms to express the availability of blood rather than the a