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ABSTRACT

Vector control methods such as insecticide treated nets (ITNs) and indoor residual
spraying (IRS) have been successful in preventing mosquito-borne diseases like
malaria and dengue. However, these methods face challenges including insecticide
resistance, high costs, logistical difficulties, low adoption rates, and limited durability.
Therefore, there is a need for simpler and more affordable interventions that can be
used on a large scale in disease-endemic communities to supplement current
approaches. This study evaluated the effectiveness of using insecticide-treated eave
ribbons as a potential tool for complementing the current vector control methods. Eave
ribbons are pieces of hessian fabric that can be placed around the eave spaces of
poorly constructed houses to kill or repel mosquitoes. Laboratory cone bioassays were
conducted to assess the efficacy of eave ribbons treated with the organophosphate,
pirimiphos-methyl, for killing the malaria vectors, Anopheles funestus and Anopheles
arabiensis, and the dengue vector, Aedes aegypti, under varying exposure durations
and insecticide doses. In addition, a semi-field experiment was done to assess the
efficacy of eave ribbons treated with pirimiphos-methyl against the malaria vectors.
Indoor and outdoor biting was assessed by the number of mosquitoes captured indoors
in window exit traps and outdoors by human landing catches, respectively. Mortality of
recaptured mosquitoes was recorded after 24, 48, and 72 hours. The findings revealed
that treated eave ribbons resulted in higher mosquito mortality than the untreated
ribbons, but the impact increased with increased exposure duration or dose. The semi-
field study indicated moderate levels of bite prevention and mortality of the mosquitoes.
At the doses of 1 g a.i./m? and 2 g a.i./m? pirimiphos-methyl, there was no significant
protection against An. arabiensis, but at the dose of 4 g a.i./m? pirimiphos-methyl, there
was only significant protection against outdoor biting An. arabiensis, but not An.
funestus. In conclusion, while insecticide-treated eave ribbons may have potential for
controlling malaria and dengue vectors, further research is needed to validate their
efficacy in field settings and to identify suitable insecticides or insecticide combinations
that are safe and effective.
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CHAPTER ONE
1 INTRODUCTION
1.1 The burden of malaria
Vector-borne diseases (VBD’s) are a major public health concern, with nearly 80% of
the global human population at risk. These diseases account for about 17% of all
infectious diseases (WHO Regional Office for South-East Asia, 2014). Mosquitoes are
major vectors responsible for transmitting various pathogens, including malaria
parasites and dengue fever virus, which mostly affect the poor and low-income
communities in tropical and subtropical regions (WHO Regional Office for South-East
Asia, 2014). The World Health Organization (WHO) has reported that malaria caused
around 247 million cases and 619,000 deaths in 2021, a slight decrease from 627,000
deaths in 2020 (WHO, 2022c). Africa bore the greatest share of the burden, accounting
for approximately 95% of cases and 96% of deaths that occurred in 2021 (WHO,
2022c). Children under the age of five were the most affected group, accounting for
about 78.9% of deaths reported in 2021 in the WHO African region (WHO, 2022c).
More than half of the malaria deaths globally were in just four African countries, one
being Tanzania accounting for 4% of malaria deaths globally (WHO, 2022c). One study
predicted the average parasite prevalence in 2019 to be 10.6% (95% Bayesian
Credible Interval 3.4— 39.2) in Tanzania (Alegana et al., 2021). The burden of malaria
in Tanzania is not uniform. It varies both, within and between regions which makes a
sub-national stratification of malaria risk a crucial component for a targeted deployment
of interventions as recommended by WHO (WHO, 2018) (Figure 1). About 37% of the
population live in areas with a high malaria burden (> 30% parasite prevalence), 23%
in moderate prevalence areas (5-30% parasite prevalence), 28% in low prevalence
areas (1-5% parasite prevalence) and 12% in very low prevalence areas (< 1%
parasite prevalence) (Thawer et al., 2020).

The national malaria strategic plan 2021-2025 has a target to reduce the prevalence
of malaria in children under the age of five from 7% in 2017 to less than 3.5% by 2025
(NMCP-Tanzania, 2021). The stratified targets aim at reducing malaria prevalence in
high and moderate transmission areas from 15% in 2017 to less than 7.5% in 2025
while maintaining and further reducing the prevalence to less than 0.5% in low and
very low transmission areas (NMCP-Tanzania, 2021). It has been predicted that
combining all available interventions could reduce the malaria burden in the high



prevalence stratum by 76%, with ITNs and high case management accounting for 70%
of that reduction (Runge et al., 2022)

A
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[ Low
[] Moderate
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Figure 1: Map showing the stratification of malaria risk at district council in Tanzania.
Source (NMCP-Tanzania, 2021)

1.2 The burden of dengue

Dengue, on the other hand, is the world's fastest-growing vector-borne disease, with a
continuous increase in the number of cases and the number of countries reporting
dengue for the first time. Before the 1970s, only nine countries reported dengue cases
but recently, more than 100 countries in various regions have reported dengue cases
(WHO, 2022a). There were an estimated 96 million apparent and 294 million
inapparent cases of dengue worldwide in 2010, Asia being the highest contributor
(~70%), while Africa and the Americas were estimated to bear nearly the same burden
(Bhatt et al., 2013). Apparent cases are those in which an individual exhibits visible
signs or symptoms of the disease, whereas inapparent cases are those in which
individuals have the condition but are asymptomatic. Between 1990 and 2019, dengue
incident cases have increased by 85.5%, with a higher proportion of incident cases
and deaths occurring in adults (Yang et al., 2021) rather than the young population as

previously documented (Stanaway et al., 2016).
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The WHO estimated an eight-fold increase in dengue cases over the last two decades
with a total of 5.2 million cases reported in 2019 and the spread in new areas such as
Afghanistan where dengue transmission was reported for the first time (WHO, 2022a).
It was reported that Africa bears a large burden, but dengue is underreported,
misdiagnosed with other febrile diseases such as malaria, and receives little attention
and resources which results in insufficient data available to accurately estimate the
burden (Bhatt et al., 2013; Gainor, Harris and Labeaud, 2022).

In Tanzania, dengue fever was detected on Zanzibar Island in 1823 and 1870. The
disease was referred to as "kidinga pepo" in Swahili, which means cramp-like pain
caused by an evil spirit (Christie, 1872; Amarasinghe et al., 2011). Later in 2010,
travelers returning from Tanzania to Japan and Europe were diagnosed with dengue
fever shortly after arriving in their respective countries. This indicated that they became
infected in Tanzania, implying that the virus was circulating there (Gautret et al., 2010;
Moi et al., 2010). In 2014, dengue outbreaks in Tanzania resulted in 1,969 and 961
suspected and confirmed dengue cases respectively (SACIDS, 2019). In 2019,
Tanzania experienced its worst outbreak ever, which resulted in 6,873 cases and 13
deaths (SACIDS, 2019). All four dengue serotypes have been reported to circulate in
the country (Vairo et al., 2016; SACIDS, 2019; Chipwaza et al., 2021). Although there
is no overall country prevalence of dengue reported, the burden is high and the
prevalence was reported to be 38.2% in Kilosa (Chipwaza et al., 2014), 20% in Dar es
Salaam (Vairo et al., 2016) and 9.9% in Kilombero (Chipwaza et al., 2021).

1.3 Reasons for high burden of vector-borne diseases Africa

The burden of VBD's in sub-Sahara Africa is very high compared to other parts of the
world and their control is very challenging due to various reasons. Malaria, for example,
has been linked to poverty and it mostly affects low-income communities most of which
are found in sub—Saharan Africa (Gallup and Sachs, 2001). These areas are presented
with weak health systems, poor housing, nutrition and education which contribute to a
high disease burden (Kigadye et al., 2012; Lowassa et al., 2012; Kienberger and
Hagenlocher, 2014; Hagenlocher and Castro, 2015; Snyman et al., 2015; Oleribe et
al., 2019). Weak health systems compromise the quality and on-time provision of care.
The availability of resources and competent personnel to deliver services is critical to
the positive impact of health services provided to the population (Okumu et al., 2022).



The climatic conditions in Africa are also crucial for the growth and survival of parasites
and vectors. Suitable temperature and rainfall provide ideal conditions for the
development of parasites within the mosquito as well as the development of vector
aquatic stages and adult survival (Rossati et al., 2016). The climate in sub-Saharan
Africa favors the growth and survival of both parasites and vectors, leading to a
significant disease burden in the area (Craig, Le Sueur and Snow, 1999).

Thirdly, the distribution and efficiency of the vectors that transmit the disease also play
a vital role in the disease's severity. Africa is home to four major efficient vectors for
malaria transmission namely, Anopheles gambiae sensu stricto (s.s), Anopheles
arabiensis, Anopheles funestus and Anopheles coluzzii (Sinka et al., 2012; Coetzee et
al., 2013). While An. funestus, An. gambiae s.s and An. coluzzii are efficient vectors
because of their primarily anthropophilic behavior (prefer to feed on humans) which
makes them more likely to come into contact with humans (Githeko et al., 1994; Takken
and Verhulst, 2013; Akogbéto et al., 2018), An. arabiensis is an opportunistic vector
that can feed on humans and other hosts (Githeko et al., 1994; Takken and Verhulst,
2013). Its ability to feed and rest outdoors when people are not protected by nets
makes it a suitable vector for residual outdoor transmission (Kibret and Wilson, 2016;
Killeen et al., 2016). The two main vectors responsible for dengue transmission can
also be found in Africa. Aedes aegypti is anthropophilic and the primary vector for
dengue (CDC, 2017). It is considered to have originated in Africa (Mattingly, 1957).
Aedes albopictus on the other hand was introduced into Africa from Asia in 1991
(Savage et al., 1992). Aedes albopictus is more opportunistic but a potential vector for
dengue (Valerio et al., 2010; CDC, 2017). In Africa, it has been involved in the
transmission of dengue and chikungunya viruses in central Africa (Leroy et al., 2009;
Paupy et al., 2010).

Other factors impeding control efforts include biological threats such as insecticide
resistance in mosquitos, behavioral adaptations (Durnez and Coosemans, 2013) and
the invasion of Anopheles stephensi to the horn of Africa (Faulde, Rueda and Khaireh,
2014; Carter et al., 2018; Ahmed et al., 2021), and recently in East Africa (Ochomo et
al., 2023) which is capable of transmitting malaria in urban areas. Sub-optimal use of
the available interventions by people (Ahorlu et al., 2019), civil wars, conflicts and
outbreaks of other infectious diseases also affect the control efforts of VBD’s in Africa
(Okumu et al., 2022).



To combat VBD’s in Africa, strong cross-sectoral cooperation is required. Different
sectors should consider health issues when developing policies (Danasekaran et al.,
2014). The environmental sector, housing and infrastructure sectors should be
integrated to control mosquito vectors. Environmental management and sanitation as
well as improved housing are among the long-term measures against mosquito control
and may significantly reduce mosquito-borne diseases (Okumu et al., 2022). The
government should support through funding and increase investment in public health.
The healthcare systems should be strengthened to ensure quality and proper provision
of health services (Okumu et al., 2022). It is important to promote development
strategies that will help African countries overcome adversity and eventually combat
VBD’s (Badmos et al., 2021). Supplementary vector control interventions are
necessary to allow targeting the vectors at different stages of their development
(Govella and Ferguson, 2012; Russell et al., 2013)

1.4 Transmission and control

1.4.1 The vectors

Both malaria parasites and the dengue fever virus are transmitted by a bite of an
infected female mosquito. While malaria is transmitted by an infective bite from female
Anopheles mosquitoes (Ross, 1923; Fantini, 1999; Cox, 2010), dengue is transmitted
by a bite from an infected female of the genus Aedes. Anopheles funestus, An.
arabiensis, An. gambiae s.s. and An. coluzzi are the four primary species responsible
for malaria transmission in Africa (Figure 2) (Sinka et al., 2012; Coetzee et al., 2013;
Kyalo et al.,, 2017). In Tanzania, the major malaria vectors are An. funestus, An.
arabiensis and An. gambiae s.s the majority being An. funestus (56.3%) followed by
An. arabiensis (24.9%) and lastly An. gambiae s.s. (18.8%) (NMCP-Tanzania, 2021).
In rural southern Tanzania An. funestus has been found to mediate more than 80% of
malaria transmission (Kaindoa et al., 2017a; Mapua et al., 2022).

Dengue is spread by Ae. aegypti and Ae. albopictus the former being the principal
vector (WHO, 2009). Aedes aegypti is widespread in tropical and subtropical climates
and is an efficient vector for dengue because of its anthropophilic behavior, capacity
to feed multiple times in different hosts to complete one gonotrophic cycle, and ability
to nest close to human settlement (WHO, 2009). It feeds mostly during the day, both
indoors and outdoors. Aedes albopictus is largely involved in the transmission of
dengue in central Africa where it is also more abundant than Ae. aegypti (Leroy et al.,
2009; Paupy et al., 2010).
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Figure 2: Predictive maps for occurrence of sibling species of Africa malaria

vectors. “a” An. coluzzii, “b” An. gambiae “c”, An. arabiensis, “d” An. funestus. Source
(Wiebe et al., 2017)

1.4.2 The control of the vectors

Efforts to control VBD’s began in the 1900s, with various initiatives such as
environmental management, biological control and larviciding (WHO, 2009; Wilson et
al.,, 2020). The discovery of DDT (dichlorodiphenyltrichloroethane) in the 1930s
sparked a global drive to eradicate malaria by indoor residual spraying (IRS) with DDT.
The program was successful in some areas but was later abandoned because it was
realized that it was not feasible to eradicate malaria with the available resources within
a short period, nor with a single tool (Najera, Gonzalez-Silva and Alonso, 2011).
Synthetic pyrethroids were introduced in the 1980s for use in malaria vector control in
the form of IRS and ITNs. To date, six classes of insecticides are pre-qualified by WHO
for adult vector control. These classes are organophosphates (OP), pyrethroids,
carbamates, organochlorines, pyrroles, and neonicotinoids. Examples of active
ingredients and products used in vector control for each class are shown in Table 1.

Since 2000, the increased use of insecticide treated nets (ITNs) and IRS as primary
vector control interventions has resulted in a considerable decrease in malaria
incidence and deaths across Africa (Bhatt et al., 2015). ITNs alone contributed to about

68% of the malaria cases averted from 2000 to 2015 (Bhatt et al., 2015). Despite these
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achievements, it has been noted that the progress has begun to level off (WHO,
2022c). As discussed below, several factors limit the effectiveness of vector control

interventions.

Table 1: Examples of WHO prequalified insecticides for adult malaria vector control.
The full list is available online on https://extranet.who.int/pgqweb/vector-control-

products/prequalified-product-list.

Insecticide class  Active ingredient Use Product name
(Representative
compounds)
Pyrethroids Bifenthrin, Lamda- IRS Bistar 10WP, Icon
cyalothrin, Alpha- WP, REVIVAL 100
cypermethrin, WP, CS, RUBI 100
Deltamethrin SC, WP, PALI 250
WG, etc.
Alpha-cypermethrin, ITN MiraNet, DuraNet LN,
Deltamethrin, Permethrin, DuraNet Plus, Panda
Piperonyl Butoxide Net 2.0, PermaNet
2.0, Olyset plus
Organophosphates = Pirimiphos-methyl EC, CS IRS Actellic CS 300
Carbamates Bendiocarb IRS Ficam, FastM
Neonicotinoids Clothianidin IRS SumiShield 50WG,
Fludora fusion
Organochlorines DDT IRS NA
Pyrrole Chlorfenapyr ITN Interceptor G2

1.5 Vector control challenges

1.5.1 Inadequate use of ITNs among targeted populations

ITNs have contributed greatly to the massive reduction of malaria in sub-Saharan
Africa since 2000 (Bhatt et al., 2015). Achieving and maintaining universal access to
and use of ITNs as recommended by WHO is necessary for sustaining the gains. In
2021, only 38% of the households in sub-Saharan Africa were reported to own at least
one ITN for every two people; and 54% had access to an ITN within their households,

a considerable increase from 3% in 2000 (WHO, 2022c). The percentage of people
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sleeping under ITNs has increased from 2% in 2000 to 47% in 2021, however, since
2017 the access to and use of ITNs started to decline in sub—Saharan Africa (WHO,
2022c). High temperatures when sleeping under the bed net, skin irritations, difficulty
in hanging the nets, and low mosquito densities are some of the reasons given by
people for not sleeping under bed nets (lwashita et al., 2010; Ahorlu et al., 2019). ITN
use also varies by season, with the highest usage often reported during the rainy
seasons when mosquito densities are high and the climate is cooler than in the dry
season (Thwing et al., 2008).

In Tanzania, free ITN distribution to the communities resulted in increased ownership
and access to ITNs for the populace (Renggli et al., 2013; Koenker et al., 2023).
However, there is a gap between access to and use of ITNs. According to the 2017
malaria indicator survey, 63% of the population had access to ITNs, but only 52% slept
under bed nets the night before the survey (Figure 3). The gap was greater in rural
areas, where 60% of people had access to ITNs but only 40% used them (MOH-
Tanzania et al., 2017).

Non-compliance to bed net use may compromise malaria control efforts. According to
a study conducted in Uganda, failure to use ITNs has been linked to a 15-fold increase
in the risk of contracting malaria, thereby underlying the importance of continuing to
use ITNs even if malaria has considerably decreased (Rek et al., 2020). Although the
majority of the community members seem to understand the importance of using nets
(Kanyangarara et al, 2018), more community involvement, education, and
communication are required to understand their perceptions and attitudes regarding
vector control initiatives. Understanding their preferences such as design and color
could boost acceptance and compliance.
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Figure 3: Percentage of the households with access to and percentage of the
population that slept under an ITN the night before survey. Source (MOH-Tanzania et
al., 2017)

1.5.2 Mosquito resistance to insecticides

Insecticide resistance is defined as “a development of an ability in a strain of an
organism to tolerate doses of a toxicant which would prove lethal to the majority of
individuals in a normal (susceptible) population of the species” (WHO, 1957). This
occurs as a result of repeated exposure of the mosquito to insecticides. This results in
the selection of resistant mosquitoes which pass resistant genes to their offspring
(IRAC, 2011). There are various mechanisms used by vectors to prevent the lethal
impacts of the insecticide as discussed below. Figure 4 shows a summary of these

mechanisms.

1.5.2.1 Target site resistance

When mosquitoes are exposed to insecticides, the insecticide acts at a specific site
within the mosquito known as the active site. Target site resistance occurs when
mutations alter the active site in such a way that the insecticide can no longer bind to
the active site and act (Figure 4).

The active site for pyrethroids and DDT is a voltage-gated sodium channel (VGSC) in

mosquito neurons. The insecticides act on VGSC, causing a prolonged influx of sodium
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ions and prolonged membrane depolarization, resulting in mosquito paralysis and
death (Davies et al., 2007). Resistance develops when an insecticide fails to bind to
the VGSC due to mutations that alter the active site. This type of resistance is
commonly referred to as knockdown resistance because the mosquitos can withstand
exposure without being knocked down. Knockdown is defined as when the mosquito
is unable to stand, or fly in a coordinated manner, or the female can stand and take off
briefly but rapidly falls (WHO, 2016b).

Organophosphates and carbamates are cholinesterase inhibitors. They inhibit the
acetylcholinesterase (AChE) enzyme, resulting in nerve impulse disruption and
mosquito death. Mutations in the AChE genes have been shown to modify the AChE
active site, resulting in reduced sensitivity to OP or carbamate insecticides (Weill et al.,
2004). Both, malaria and dengue vectors have been found to have mutations in VGSC
and AChE genes (Verhaeghen et al., 2006; Sombié et al., 2019; Diouf et al., 2020)
which confer target site resistance to these vectors.

1.5.2.2 Metabolic resistance

This resistance mechanism occurs as a result of increased enzymatic activity that
metabolizes insecticides before they reach the active site (Figure 4). Increased
enzymatic activity can result from increased gene expression or gene duplication,
which leads to increased enzyme production. Three enzyme families are involved in
mosquito insecticide detoxification namely, cytochrome P450s, esterases, and
glutathione S-transferases (GTS). The cytochrome P450s confer resistance to
pyrethroids and carbamates, as well as organochlorines and OP’s to a lesser extent.
Esterases confer resistance to OP’s, carbamates, and, to a lesser extent, pyrethroids
(Vaughan, Rodriguez and Hemingway, 1995), whereas elevated GSTs aid in the
detoxification and excretion of OP’s and DDT in insects (Hayes and Wolf, 1988). There
is reported evidence of overexpression of metabolic resistance genes in the major
malaria vectors (Stevenson et al., 2011; Riveron et al., 2014) and in Ae. Aegypti, a
vector responsible for the transmission of dengue (Kasai et al., 2014).

1.5.2.3 Cuticular resistance

The cuticles of mosquitos are the first point of contact with insecticides and allow
insecticides to penetrate the mosquito body. Cuticular resistance refers to changes in
insect cuticles, such as increased thickness or altered cuticle structure, that render or
reduce insecticide uptake (Balabanidou, Grigoraki and Vontas, 2018) (Figure 4). One
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of the first studies showed that, resistant An. funestus had thicker cuticles than
susceptible An. funestus (Wood et al., 2010). Cuticular resistance has been shown to
work together with metabolic resistance by reducing the amount of insecticides that
penetrate the body which is then easily metabolized by metabolic enzymes or by
increasing the amount of time available for metabolic enzymes to detoxify the
insecticide before it reaches the target site (Balabanidou et al., 2016; Yahouédo et al.,
2017). More research is required to understand the contribution of cuticular resistance
to insecticide resistance. This is critical because cuticular resistance can have an

impact on a wide range of insecticides that require absorption through the cuticular

membrane.
Insecticides
° . .
Susceptible mosquitoes %%. Resistant mosquitoes
[ ] ° ® o0
* 00. o.o oo
/ *ole ’
Cuticle & Reduced penetration ‘
(9
: Rou
K o, \exreton ogs
Excretion “&
o0
o © I Increased detoxification ‘

[J
=
[

| Target site modification ‘

Reduced mortality ‘

Figure 4: Mechanisms of insecticides resistance in insects. Modified from
(Lapied et al., 2009)

1.5.2.4 Sensory appendage protein

Sensory appendage protein (SAP2) is one of the chemosensory proteins which is
enriched in the legs of Anopheles mosquitoes (Ingham et al., 2020). This protein was
demonstrated to confer resistance against pyrethroids in malaria vectors (Ingham et
al., 2020). This protein was found to be overexpressed in resistant species and was
further elevated following exposure to pyrethroids. Silencing the SAP gene resulted in

the restoration of the susceptibility of the mosquitoes (Ingham et al., 2020).
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1.5.2.5 Impact of mosquito resistance to malaria vector control

Mosquito resistance to public health insecticides has been a matter of great concern
for the future of vector control (Ranson and Lissenden, 2016). It can result in reduced
effectiveness of vector control interventions or control failure which occurs when the
interventions are no longer preventing transmission (WHO, 2012a). Insecticide
resistance is caused by the repeated use of insecticides in both the public health and
agriculture sector, inducing selective pressure for the selection of resistance (Nkya et
al., 2014; Reid and McKenzie, 2016; Implications of Insecticide Resistance
Consortium, 2018; Urio et al., 2022).

The history of resistance dates back to the 1950s when DDT was widely used for
malaria control through IRS. This led to the development of resistance which was
among the reasons that contributed to the failure of the campaign to eradicate malaria
globally (Livadas and Georgopoulos, 1953; Najera, Gonzalez-Silva and Alonso, 2011;
Sharma, 2012). As of now, evidence of resistance to four classes of insecticides has
been found in several countries (WHO, 2016a, 2021, 2022c) (Figure 5). Pyrethroid
resistance is the most prevalent and widespread in the principal malaria vectors (WHO,
2016a; Hancock et al., 2020; Moyes et al., 2020). Since most of the ITNs contain
pyrethroids, resistance to this class is of great concern particularly, in sub-Saharan
Africa where the burden of malaria is still very high and ITNs are the main control tool
(Strode et al., 2014; Toé et al., 2014).

In Zanzibar for example, apart from the opportunistic feeding behavior of An.
arabiensis, resistance to pyrethroids used in ITNs and IRS also added to the challenge
of eliminating malaria (Haji et al., 2013). In Mozambique, strong resistance of An.
funestus to pyrethroid was reported which reduced the efficacy of ITNs and even
piperonyl butoxide nets in a laboratory assay (Riveron et al., 2019). In South Africa,
DDT spraying led to the disappearance of An. funestus in 1950s. In 1996, IRS was
switched from DDT to pyrethroids, resulting in the reappearance of An. funestus, which
was resistant to pyrethroids. This resulted in an increase in malaria cases from 4,117
cases in 1995 to 27,238 cases in 2000 (Hargreaves et al., 2000, 2003). The
reintroduction of DDT resulted in a decrease in malaria cases to 9,473 cases in 2001

(Hargreaves et al., 2003).

Apart from pyrethroid resistance which is the most widespread, resistance and
possible resistance to other classes of insecticides, such as carbamates,

12



organochlorines, and OP, has been reported. This is of critical concern as it will have
an impact on other types of insecticide available for IRS (Hargreaves et al., 2003;
Ranson et al., 2009; Wanjala et al., 2015; Fang et al., 2019; WHO, 2022c).

Status of IRMMPs Insecticide class number

® Completed I Four insecticide classes No resistance detected fo any classes
In progress I Three insecticide classes No data reported
® Not started Two insecticide classes Not malaria endemic
One insecticide class Not applicable

Figure 5: Insecticide classes for which resistance in at least one malaria vector has
been confirmed between 2010 and 2020. Source (WHO, 2022c)

1.5.2.6 Insecticide Resistance Management

The WHO has created a global plan for managing insecticide resistance, which
contains several suggestions for managing resistance (WHO, 2012a). Rotations entail
switching insecticides with different modes of action from year to year. Combination of
interventions involves using two or more insecticide interventions with different modes
of action in one house. Mosaic spraying involves using one insecticide in one
geographic area and a different insecticide in the neighboring areas, the two
insecticides being from different insecticide classes. Mixtures involve the use of several
insecticides with different modes of action to create a single formulation that exposes
the vector to multiple classes of insecticides at once. All these methods can help to
manage resistance by removing the selection pressure that causes resistance or by
killing the resistant vectors through exposure to more than one insecticide at once
(WHO, 2012a).
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Since the use of insecticides in agricultural pest control also contributes to the
development of resistance, it is necessary to integrate the two sectors in managing
resistance (Hawkes and Ruel, 2006). Additionally, community involvement through
education on the proper use and disposal of insecticides, and the impact improper use
of insecticides in agriculture may have on public health is necessary (Matowo et al.,
2020, 2022; Urio et al., 2022)

1.5.3 Behavioral avoidance

The use of vector control interventions to target indoor vectors has resulted in changes
in mosquito behavior to avoid the impact of the interventions (Pates and Curtis, 2005;
Durnez and Coosemans, 2013; Carnevale and Manguin, 2021). Vectors adapt by
switching from indoor to outdoor feeding, indoor to outdoor resting, changing biting
time, or changing blood meal hosts.

Changes in mosquito feeding behavior were observed in the British Solomon Islands
Protectorate in the 1970s where the main vector control tool was IRS using DDT. The
ratio of numbers of An. farauti biting outdoors and indoors was 657: 330 after DDT
spraying compared to 1767: 2060 before DDT spraying (Taylor, 1975). In southern
Tanzania, the scale up of ITNs in 2004, resulted in a decrease of more than 50% in
indoor feeding by An. funestus compared to 1997 where ITNs were not used (Russell
et al., 2011). In Bioko Island where the dominant malaria vector was An gambiae s.s.,
similar observations were made in 2009 where an increased proportion of outdoor
host-seeking mosquitoes was observed following the implementation of the Bioko
Island malaria control project which involved the applications of insecticide indoors
(Reddy et al., 2011). In Benin, the application of bendiocarb IRS resulted in a decrease
in indoor feeding An. gambiae s.I. mosquitoes from 67% before intervention to 42%
after intervention (Padonou et al., 2012).

Apart from the changes in feeding behavior, resting behavior has also been influenced
by ITNs and IRS. In Kenya, a study by Mbogo et al (1996) indicated a decline in indoor
mosquito collections and increased outdoor collections following the introduction of
permethrin-treated nets and pyrethrum sprays. The use of permethrin impregnated
nets resulted in a reduction in the number of An. gambiae and An. funestus mosquitoes
resting indoors by more than 90% (Bagh et al., 1998). In Benin, one study indicated a
reduction of indoor resting mosquitoes from 67% before the implementation of IRS to
4.5% after the application of IRS (Padonou et al., 2012).
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Shifts in blood meal hosts from humans to animals have been reported following the
use of vector control interventions. The use of permethrin-treated nets in Kenya has
resulted in the shift of the anthropophilic An. gambiae and An. funestus vectors to feed
on alternative hosts instead of humans. Prior to the intervention, the human blood index
(the proportion of blood meal taken from humans by mosquitoes) of An. gambiae and
An. funestus was 99% in both control and intervention villages. However, after the
distribution of treated nets, the proportion of human blood meals was significantly
reduced to 87.5% and 52.2% in An. gambiae and An. funestus, respectively, with
14.3% of An. gambiae blood meal and 47.8% of An. funestus blood meal originating
from other hosts (Begh ef al., 1998). Similar observations were made in Western
Kenya, with An. gambiae s.s (Ndenga et al., 2016) and in Burkina Faso (Lefevre et al.,
2009).

The changes in the biting time of the major malaria vectors have also been observed
following the use of indoor interventions. Different studies indicated shifts in the biting
time of malaria vectors from midnight biting to early evening and even daylight biting
when people are not protected by ITNs or IRS (Taylor, 1975; Moiroux et al., 2012;
Sougoufara et al., 2014; Thomsen et al., 2017; Sangbakembi-Ngounou et al., 2022).

Although indoor interventions have been beneficial in protecting individuals from
malaria vectors (Kigozi et al., 2012; Musiime et al., 2019), the shift in mosquito biting
behavior to avoid these interventions may interfere with malaria control efforts. There
is a need for new tools that can control indoor and outdoor transmission to eliminate
malaria (Govella and Ferguson, 2012; Russell et al., 2013). Therefore, understanding
the role of human behavior at night and how it contributes to residual malaria
transmission is crucial for deploying appropriate supplementary interventions (Monroe
et al., 2019).

1.6 Supplementary interventions for malaria vector control

Following the challenges of the primary vector control interventions such as resistance
to insecticides and changes in mosquito behavior as discussed above, there is a need
for supplementary interventions that target changing mosquito behavior (Govella and
Ferguson, 2012; Russell et al., 2013). Some of the supplementary malaria control

interventions are discussed below.
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1.6.1 Interventions that target aquatic stages

Larval control has been shown to be successful in reducing vector abundance and
malaria transmission in various settings (Fillinger and Lindsay, 2006; Fillinger et al.,
2008, 2009; Geissbuhler et al., 2009). When combined with ITNs, larval control
provides up to two fold reduction in malaria infections compared to when ITNs are used
alone (Fillinger et al., 2009). However, larval control remains ineffective in settings
where breeding sites are widespread, flooded, and difficult to access on foot
(Majambere et al., 2010), particularly the rural areas. As a result, WHO currently
recommends only a restricted deployment strategy in areas where mosquito aquatic
habitats are fixed, few and easy to find (WHO, 2012b).

1.6.2 Interventions that target mating behavior

Male mosquitoes typically congregate in swarms, competing for the opportunity to
mate with female mosquitoes looking for a mate. The swarms form at consistent
locations and times of day, usually at sunset throughout the year. Studies have
indicated that mosquito swarms can be located and sprayed with insecticides to reduce
vector density and malaria transmission (Sawadogo et al., 2017). In Burkina Faso,
spraying of mosquito swarms resulted in a reduction in mosquito densities by 73%,
while the female insemination rate was also significantly reduced (Sawadogo et al.,
2017). Trapping swarming mosquitos resulted in a significant reduction in indoor
resting mosquitos as well as malaria prevalence in The Gambia, but there was no
significant reduction in biting rate, sporozoite rate, or entomological inoculation rate
(Assogba et al., 2022). In Tanzania, swarms of both An. arabiensis and An. funestus
have been located in the Kilombero valley (Kaindoa et al., 2017b; Kaindoa et al., 2019)
implicating that the swarms could be targeted for malaria control. Targeting male
mosquitoes in swarms can potentially be an effective vector control intervention where
the vectors are resistant to insecticides, or they evolved behavioral change to escape
the core interventions (Sawadogo et al., 2017). Since most of the interventions target
females which have led to the emergence of resistance and behavioral avoidance,
targeting the males in swarms can be a potential way to address those challenges.

1.6.3 Interventions that target sugar feeding behavior

Both male and female mosquitoes obtain sugar on plant nectars as a source of energy.
Attractive targeted sugar baits (ATSBs) target mosquitoes when feeding on sugar
sources by attracting them to a bait station and killing them upon feeding (Qualls et al.,

2015; Traore et al., 2020). Indoor application of ATSBs resulted in a four-fold and
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thirteen-fold decrease in the indoor female and male populations of An. gambiae s./
respectively. The older females (females with greater than four gonotrophic cycles)
which are potentially more likely to carry and transmit malaria were also significantly
reduced (Qualls et al., 2015). A large-scale field trial of ATSB in Mali indicated a
significant reduction in vector densities and the number of females infected with
sporozoites. Females with greater than three gonotrophic circles were significantly
reduced by 95% in June and 100% in December after the introduction of ATSBs
(Traore et al., 2020). Apart from malaria vector control, ATSB has been shown to be
effective in controlling Ae. aegypti a major vector for dengue transmission (Qualls et
al., 2014; Sissoko et al., 2019). More studies to assess the epidemiological impact in
different settings (including settings with high vegetation cover), as well as community
acceptance are also needed (Maia et al., 2018).

1.6.4 Topical and spatial repellents

Topical repellents can be used to safeguard people when not protected by ITNs or IRS
(Critchley, 1971; Goodyer et al., 2010). The most commonly used topical repellent is
N, N-diethyl-3-methylbenzamide (DEET), though there are several other products
including di-methyl phthalate (DMP), Picaridin, Insect repellent 3535 and plant based
repellents such as citronella and cedarwood oil (Curtis et al., 1987; Fradin, 1998; Fathy
Khater et al., 2019). Topical repellents are effective at providing personal protection
against mosquito bites and can reduce mosquito bites by more than 80% within five
hours from the time of application (LeGoff, Robert and Pierre, 1994; Coetzee, 2000;
Rowland et al., 2004; Dadzie et al., 2013). However, some of the studies indicated that
topical repellents could not offer protection against clinical malaria (Chen-Hussey et
al., 2013; Sangoro et al., 2014; Wilson et al., 2014), inconvenience on daily
applications of repellents such as skin irritations, headache, flu, dizziness (Dadzie et
al., 2013; Gryseels et al., 2015) and risks of diversion of mosquitoes to non-users
(Moore et al., 2007; Maia et al., 2013).

Spatial repellents on the other hand work by emitting repelling vapors in the air thereby
protecting multiple people within a specified area by preventing human-vector contact
(Achee et al., 2012). Different delivering formats of spatial repellents have been
investigated such as mosquito coils (Ogoma, Moore and Maia, 2012), hessian strips
(Ogoma et al., 2012, 2017; Tambwe et al., 2020) and controlled release devices
(Stevenson et al., 2018) all shown to be effective in delivering a repellent thereby,

preventing mosquito bites. In recent years, a different use case, i.e., the deployment
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of repellent-treated materials around eave spaces of dwellings, has become
increasingly common. This technology, commonly referred to as the “eave ribbons”,
involves the hessian material treated with a candidate spatial repellent, and suspended
around dwellings at the level of the eave spaces, through which malaria vectors
typically enter dwellings (Mmbando et al., 2018). Its development, potential, and
reason for employing the same technology in this study are further discussed below.

1.7 The development of eave ribbon technology

Ogoma et al (2012) described the use of hessian strips treated with a spatial repellent,
transfluthrin for the prevention of mosquito bites in the semi-field tunnel. Transfluthrin
is a fast-acting pyrethroid insecticide, which strongly repels and kills mosquitoes.
Transfluthrin treated hessian strips provided more than 90% protection against
mosquito bites for six months (Ogoma et al., 2012). In 2015 a field study in Dar es
Salaam demonstrated that the transfluthrin treated hessian strips could protect against
malaria and lymphatic filariasis by providing more than 90% protection against An.
gambiae and Culex mosquitoes (Govella et al., 2015). Another field study in 2017
found that hessian strips can provide long-term protection against the vectors that
transmit malaria, arboviruses, and filariasis. People who were not using the treated
strips within 5 m away from treated strips were protected and there was no evidence
of mosquito diversion to nearby unprotected persons within an 80 m radius (Ogoma et
al., 2017).

The eave ribbon technology was developed by adapting the use of the same hessian
material used in previous studies. It is 0.15 m wide, but the length varies depending on
the size of the house where it is installed (Mmbando et al., 2018). The ribbon is placed
around the eave spaces of houses, based on observations that mosquitoes use these
gaps to enter human houses, (Lindsay and Snow, 1988; Spitzen et al., 2016; Mburu et
al., 2018), thus allowing repellent or mosquitocidal effect to be delivered at the point of
entry. The first study with transfluthrin treated eave ribbons published by Mmbando et
al (2018) indicated that transfluthrin treated eave ribbons could prevent people from
mosquito bites by more than 90%, both indoors and outdoors

When transfluthrin treated eave ribbons were tested on a push-pull system (with a push
system consisting of treated eave ribbons and a pull component consisting of traps),
the treated eave ribbons could still offer high protection on their own and the addition
of pull (traps) component resulted in a slight increase in protective efficacy (Mmbando

18



et al., 2019; Tambwe et al., 2020). When evaluating the possibility of diverting the
mosquitoes repelled by treated eave ribbons to non-users, one semi-field study
demonstrated that the treated eave ribbons could offer about 57% and 48% indoor and
outdoor protection to non-users respectively with the protection to non-users
increasing with increase in coverage or the number of huts with treated ribbons
(Mwanga et al., 2019). In rural locations where agricultural communities relocate from
their houses to the farms for the entire length of the farming season and sleep in
makeshift huts, transfluthrin-treated eave ribbons have been demonstrated to protect
these populations as well (Swai et al., 2019). Other research used the same hessian
material to make innovative transfluthrin-treated hessian decorative, chairs, and
sandals which were found to provide significant protection against malaria vectors
(Masalu et al., 2018, 2020a; Sangoro et al., 2020)

Although most of the research has focused on eave ribbons treated with transfluthrin,
there are still opportunities to explore more on the potential of using eave ribbons
treated with other insecticides. In this study, eave ribbons treated with the residual
pesticide pirimiphos-methyl (Actellic® 300CS) were tested as a tool of protection
against malaria and dengue vectors. Pirimiphos-methyl was chosen since it is currently
an effective insecticide used in IRS and mosquitoes in Kilombero valley are susceptible
to this insecticide (Kahamba et al., 2020; Pinda et al., 2020) . If the use of eave ribbons
treated with pirimiphos-methyl proves to be successful, it could offer a simpler
alternative intervention that can be used in large scale compared to IRS which is costly
in terms of logistics and operations.

1.8 Rationale of the study

Mosquito resistance to insecticides limits the effectiveness of ITNs and IRS
(Hemingway et al., 2016; Ranson and Lissenden, 2016). Most of the ITNs are
pyrethroid based on which strong resistance has been reported against this class of
insecticide. Although ITNs containing a pyrrole, Chlorfenapyr have been approved by
WHO (WHO, 2022b), pyrethroid based ITNs are still abundant and mostly used in

vector control.

IRS on the other hand uses different insecticide classes apart from pyrethroids such
as carbamates, OP’s and neonicotinoids which are still effective (WHO, 2022b).
However, the percentage of the population in endemic countries protected by IRS has
decreased from 5.5% in 2010 to 2.4% in 2021. Globally, the number of people
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protected by IRS has decreased from 153 million in 2010 to 80 million in 2021 (WHO,
2022c). The implementation of IRS is limited by high costs and logistical challenges
(Conteh et al., 2021). For example, it requires the removal of household belongings
before spraying, significantly slowing operations. It also requires well-trained teams,
further limiting coverage and effectiveness (Kaindoa et al., 2021). Moreover, large
quantities of insecticides are needed to spray all indoor surfaces which add up to the
cost of IRS (Conteh et al., 2021; Kaindoa et al., 2021)

Another limitation is that not all mosquitoes rest on surfaces that have been sprayed
(Smith, 1962; Msugupakulya et al., 2020) and therefore current IRS monitoring
approaches are sub-optimal. Communities refuse IRS due to reasons such as bad
smell and stains left by insecticides, difficulties in removing household assets and not
willing to allow strangers inside their houses (Magacgo et al., 2019). Modification of the
walls such as plastering, washing, painting, or adding new rooms after IRS reduces
the actual coverage as well as the effectiveness of IRS (Opiyo et al., 2022). The risk
of accidental physical contact with insecticide treated walls poses a safety threat to the
users. Children may unknowingly touch the wall and ingest the insecticide sprayed on
the walls (Kaindoa et al., 2021). Temporary shelters such as farm huts (temporary
shelters used by farmers while staying on the farms during the farming season), mining
camps and refugee camps are in most cases not included in IRS operations due to
logistical and feasibility challenges further lowering the coverage of IRS.

To circumvent these challenges, there is a need to simplify house spraying, without
compromising its effectiveness. One option is to use insecticide treated eave ribbons,
such as those previously used to deliver spatial repellents for protecting people indoors
and outdoors against mosquito bites (Mmbando et al., 2018, 2019; Mwanga et al.,
2019; Swai et al., 2019; Masalu et al., 2020b; Kaindoa et al., 2021). Such a technique
targets mosquitoes at the point of house entry but would be far more scalable and
cheaper. This could potentially address the challenges associated with standard IRS
as it utilizes lower quantities of insecticides, as only the ribbons to be used in the eaves
will be sprayed. Operations and implementation might be simplified because there will
be no need of removing household belongings before spraying or large spray teams

which may simplify the operation resulting in high coverage.

Mosquitoes which rest on other surfaces not sprayed during IRS may be targeted as
they enter indoors potentially increasing the impact. It is safer because it is less likely
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that the users may accidentally touch the treated eave ribbon on the eaves. Temporary
shelters can also be targeted, a good example is demonstrated in rural south-eastern
Tanzania by (Swai et al., 2019) where people living temporarily in farm huts were
protected against malaria and non-malaria vectors both, indoors and outdoors when
using transfluthrin treated eave ribbons. In addition, the intervention is accepted by
community members and more than 90% were willing to use and pay for the
intervention (Swai et al., 2019). It may also help to manage resistance when used in
combination with ITNs which are mostly treated with pyrethroids or when treated with
a combination of two or more insecticide classes with different modes of action
(Kaindoa et al., 2021)

However, despite the evidence of the effectiveness of transfluthrin treated eave
ribbons in protecting people against malaria and non-malaria vectors, no study has
tested eave ribbons treated with alternative insecticides. This study was therefore
aimed at assessing the potential of using eave ribbon treated with a residual insecticide
pirimiphos-methyl, as a protection tool against malaria and dengue vectors and its
potential to be used as an alternative for IRS by addressing the challenges posed by
standard IRS.

1.9 Objectives
1.9.1 Overall objective
To evaluate the potential of eave-ribbons treated with a residual insecticide pirimiphos-

methyl for controlling malaria and dengue vectors in rural Tanzania.

1.9.2 Specific objectives
1. To assess the efficacy of eave-ribbons treated with pirimiphos-methyl at WHO
standard dose (1 g a.i./m?) and exposure time (30 minutes) against malaria and

dengue fever vectors.

2. To assess the efficacy of eave-ribbons treated with different doses of
pirimiphos-methyl, against malaria and dengue fever vectors at different

exposure durations.

3. To assess the efficacy of the eave-ribbons treated with different doses of
pirimiphos-methyl for providing household-level protection against malaria and
dengue fever vectors in the semi-field systems.
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CHAPTER TWO
2 MATERIALS AND METHODS
2.1 Description of the study area & facility
The study was conducted in south-eastern Tanzania in Ifakara town, using specialized
facilities at the Ifakara Health Institute for the bioassay work as well as for the semi-
field studies. The laboratory bioassays were carried out at the vector biology
laboratory, also known as, the VectorSphere. Semi-field studies were carried out inside
a large, tunnel-shaped semi-field cage at the Mosquito City facility (Figure 6), located
in Kining'ina Village, ~6km north of Ifakara town. The tunnel (also known as the
Mosquito Marathon Tunnel) is 110 m long, 3 m wide and 2.5 m high, and has previously
been described in multiple reports (Lorenz et al., 2013; Mmbando et al., 2015; Mwanga
et al., 2019).

Four portable experimental huts (3.0m length x 2.7m width x 2.0m height) were placed
in the four chambers inside the tunnel, 25 meters apart from each other. Chambers
are compartments separated by fiberglass mesh in which experimental huts with either
treated or untreated eave ribbons were placed. This enables mosquitoes to remain in
a specific compartment with a specific treated or untreated eave ribbon without
crossing to the other huts when released during the experiment. In this experiment, we
had four chambers, and one experimental hut was placed in each chamber. The
treated eave ribbons were fitted to the eave spaces of experimental huts while control
huts had no eave ribbon or untreated ribbon.

Each hut was fitted with exit traps on windows. Exit traps are rectangular box-shaped
structures made up of metal rods joined together by wooden blocks covered with
fiberglass netting (Okumu et al., 2012). They were attached to the windows on the
experimental huts using Velcro adhesive facing inside of the huts to catch mosquitoes
trying to exit the huts. They have a sealable sleeve on the outside to allow retrieving
mosquitoes in the trap by using a mouth aspirator (Govella et al., 2011; Okumu et al.,
2012).
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Figure 6: The large tunnel-shaped semi-field cage, within which the study was
conducted, and the experimental huts used (A: Inside view; B: outside view; C:
experimental hut with open eaves represented by the orange arrow, without exit trap
or eave ribbon; D: hut with fitted ribbon and window exit trap). Source (Mmbando et
al., 2015)

2.2 Design and Treatment of the eave ribbons.
The eave ribbons were made of hessian fabric purchased locally in Tanzania. Two
pieces of hessian were joined together to make a double layered ribbon. The lengths
usually vary with the size of the house where it is fixed (Mmbando et al., 2018), and
the weight of a single layer ribbon was 360 g/m? and was capable of adsorbing ~300
mL of liquid when freshly treated. The ribbons used in this study had two different
dimensions as follows:
i.  The ribbons used in cone bioassays had final dimensions of 0.15 m wide and
11.6 m long, treatable surface area of 2 x 1.74 m? = 3.48 m?
i. The ribbons used in semi-field studies had final dimensions of 0.15 m wide and
7.7 m long, consisting of a treatable area of 2 x 1.155 m?=2.31 m2.
The eave ribbons were treated by spraying using a Hudson Micronair CS10 backpack
sprayer with an 8002E flat fan nozzle equipped with a control valve as recommended
by WHO for IRS (WHO, 2015). The control valve ensures uniform discharge as the
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pressure in the spray tank decreases. Separate sprayers were used for the control arm
(using water only) and treatment arm (using the organophosphate, pirimiphos-methyl).
For each specific test or experiment, freshly treated ribbons were used, and the tests
were done one day after treating the eave ribbons. The sprayer was pressurized by
manual pumping to 55 pounds per square inch. The nozzle was kept ~10 cm away
from the eave ribbon during treatment to ensure that the spray swath covered the entire
surface of the eave ribbon. The ribbons were sprayed on both sides, each time allowing
the ribbon to dry under a shade before spraying the other side. Once dry they were
rolled in aluminium foil and placed in buckets ready to be taken to the study site.

2.3 Test insecticide and doses

This study assessed the eave ribbons treated with Actellic® 300CS, a long lasting
formulation of the organophosphate, pirimiphos-methyl in a micro-encapsulated format
(co-developed by Syngenta and Innovative Vector Control Consortium (IVCC, 2013)).
The doses of pirimiphos-methyl tested were 0.5 g a.i./m?, 1 g a.i./m?, 2 g a.i./m?, 4 g
a.i./m?, and 8 g a.i./m? for cone bioassay, and 1 g a.i./m?, 2 g a.i./m? and 4 g a.i./m? for
semi-field studies. A detailed description of the tank mix preparation for each dose is

attached in Appendix 1 of this document.

2.4 Biological material

Laboratory reared 3-5 days old nulliparous (female mosquitoes that have never laid
eggs), non-blood fed females of An. arabiensis, An. funestus and Ae. aegypti were
used. The mosquitoes were maintained in the VectorSphere insectary. The larvae
were fed on Tetramin® fish food and maintained at 26 - 28°C. Adults were fed with a
10% glucose solution and the insectary was maintained on a 12h:12h light and dark
cycle (Siria et al., 2018). Previous studies had shown that the malaria mosquito
colonies were susceptible to common public health insecticides (Urio et al., 2022)

2.5 Efficacy of eave-ribbons treated with pirimiphos-methyl at WHO standard
dose (1 g a.i./m?) and exposure time (30 minutes) against malaria and dengue
fever vectors.

To assess the efficacy of treated eave ribbons, cone bioassays tests were done
following the standard WHO procedure for IRS cone bioassays (WHO, 2006) (Figure
8). One eave ribbon, treated with 1 g a.i./m? pirimiphos-methyl was cut into four pieces,
each measuring ~60 cm long and 15 cm wide. An untreated piece of similar dimensions
was used as a control.
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On each eave ribbon piece, four WHO cones were affixed using adhesive tape (Figure
7). Five female mosquitos of An. arabiensis, An. funestus and Ae. aegypti were then
transferred by mouth aspirator into each cone and exposed for 30 minutes as per WHO
guidelines (WHO, 2006). Each of the three mosquito species was tested separately. A
total of 80 female mosquitoes for each species were tested on the treated eave ribbons
(four treated pieces, each tested with four cones, and each cone containing five
mosquitoes). Additionally, 20 mosquitoes were exposed to the untreated eave ribbons
(one untreated piece of ribbon with four cones each with five mosquitoes exposed).
After 30 minutes of exposure, mosquitoes were removed using a mouth aspirator and
placed into labelled paper cups, then provided with glucose and monitored for mortality

after 24, 48 and 72 hours post-exposure.

Figure 7: Picture showing WHO cone attached to eave ribbon with a cotton wool

plugged on the aspiration hole to prevent mosquitoes from escaping “A” and “B”

showing aspiration of mosquitoes in the cone using mouth aspirator.

2.6 Efficacy of eave-ribbons treated with different doses of pirimiphos-methyl,
against malaria and dengue fever vectors at different exposure durations.
This objective involved two different activities (Figure 8) as follows:

e Cone bioassays on eave ribbons treated with pirimiphos-methyl at the WHO-
recommended IRS dose of 1 g a.i./m? for reduced exposure durations (one,
three and 10 minutes, and 30 minutes as reference).

e Cone bioassays on eave ribbons treated with varying doses of pirimiphos-
methyl at the reduced exposure durations (one and three minutes)

The first activity was done using the three mosquito species (An. arabiensis and An.
funestus and Ae. aegypti) while the second activity was done using only An. arabiensis
and Ae. aegypti
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2.6.1 Cone bioassay on eave ribbons treated with pirimiphos-methyl at the WHO-
recommended IRS dose of 1 g a.i./m? for reduced exposure durations

It was hypothesized that since the eave ribbon technology targets mosquitoes at the
eave spaces as they attempt to enter human dwellings, the mosquitoes may spend
less than 30 minutes near the eaves before entering houses. Therefore, this
experiment was conducted to assess the mortality of mosquitoes exposed to treated
eave ribbons at reduced exposure durations of one, three and 10 minutes, as well as
the 30 minutes exposure as a reference. Similar procedures were followed as detailed
above in section 2.5.

Four eave ribbon pieces (~60 cm long and 15 cm wide) treated with 1 g a.i./m?
pirimiphos-methyl and one untreated piece were tested. On each eave ribbon piece,
four WHO cones were affixed using adhesive tape and five female mosquitos were
exposed to each cone. Separate cohorts of female mosquitoes of each species were
exposed for one, three, 10 or 30 minutes exposures. Mortality of the mosquitoes was
recorded after 24, 48 and 72 hours post-exposure.

2.6.2 Cone bioassay on eave ribbons treated with varying doses of pirimiphos-
methyl at the reduced exposure durations

The experiments described under section 2.6.1 yielded very low mortality of the
mosquitoes exposed at one and three minutes (< 25% mortality). Therefore, additional
investigations were conducted to assess if higher mortality could be achieved using a
higher concentration of the active ingredient at these exposure times. This experiment
involved treating eave ribbons with different concentrations of pirimiphos-methyl (0.5 g
a.i./m?,1 g a.i/m? 2 ga.i/m? 4 g a.i./m? and 8 g a.i./m?). The ribbons were prepared
and treated as described in section 2.6.1 above. Similarly, additional untreated pieces

were included as controls.

Four plastic cones were attached to each piece of treated and untreated ribbon and
five female mosquitoes were transferred into each cone using a mouth aspirator.
Female mosquitoes of An. arabiensis and Ae. aegypti were exposed to different doses
of treated eave ribbons for one and three minutes. This activity did not assess An.
funestus due to the limited availability of this species. After exposure, mosquitoes were
removed using a mouth aspirator and placed in labelled paper cups, provided with 10%
glucose. Mortality was recorded after 24, 48 and 72 hours post-exposure.
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Figure 8: A diagram summarising the procedures for laboratory assessment of the

efficacy of eave ribbons treated with pirimiphos-methyl.

2.7 Assessing the efficacy of insecticide-treated eave-ribbons against malaria
vectors in and around human-occupied experimental huts within a semi-field
system
This activity aimed at answering three questions:
i) To what extent do the insecticide treated eave ribbons reduce mosquito
biting risk inside and outside human-occupied huts?
ii) To what extent do the insecticide treated eave ribbons reduce the densities
of indoor and outdoor resting mosquitoes?
iii) To what extent do the insecticide-treated eave ribbons induce mortality of

mosquitoes in the treatment chambers compared to control chambers?
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To answer these questions, three different experiments were conducted, and three
different doses of pirimiphos-methyl were evaluated (1 g a.i./m?, 2 g a.i./m? and 4 g
a.i./m?) in a semi-field system, as follows:
e A semi-field study to assess the efficacy of eave ribbons treated with 1 g
a.i./m? pirimiphos-methyl against An. arabiensis
e Two semi-field studies to assess the efficacies of eave ribbons treated with
2 g a.i./m? and 4 g a.i./m? pirimiphos-methyl against An. arabiensis
e A comparative study to assess the efficacies of eave ribbons treated with 2
g a.i./m? and 4 g a.i./m? pirimiphos-methyl against An. arabiensis and An.

funestus

Mosquito collection procedures

Each activity involved releasing 200 laboratory-reared female mosquitoes every night
inside each chamber with experimental huts fitted with treated or untreated or with no
ribbon. The mosquitoes were released in two batches, the first 100 females at 06:30
pm and the remaining 100 at 10:00 pm. The mosquitoes were released at two intervals
to ensure that mosquitoes were always available in the chamber and to avoid HLC

collecting all mosquitoes and having no mosquitoes available for morning collections.

Adult volunteers performed human landing catches (HLC) from 07:00-10:00 pm within
each experimental chamber while seated outside one meter away from the
experimental huts inside the chambers. The volunteers entered the huts at 10:30 pm
and slept under untreated bed nets until 06:00 am the next morning. Mosquitoes that
entered the huts during the night and attempted to exit through the windows in the
morning were collected in window exit traps at 06:00 am using a mouth aspirator.
Additionally, indoor and outdoor resting mosquitoes were collected using a Prokopak®
aspirator (Model 1419 supplied by John W Hock company) (John W, 2009). Collected
mosquitoes were maintained with a 10% sugar water solution and mortality was
recorded after 24, 48 and 72 hours. Primary outcomes were: (i) the number of
mosquitoes caught indoors in the exit trap, ii) the number of mosquitoes captured
outdoors by HLC, iii) resting mosquitoes collected by the Prokopak® aspirator and (iv)
the percentage mortality of the recaptured mosquitoes. The mosquitoes that were not
recaptured by any trapping method were not included in data analysis. During each
experiment, environmental conditions were recorded using Tinytag Plus2 data loggers.
Two data loggers were placed in the first and the last chamber outside the experimental
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huts to record temperature and humidity each night of experimental except during the
testing eave ribbons treated with 1 g a.i./2.

2.7.1 Semi-field evaluation of the efficacy of eave ribbons treated with 1 g
a.i./m? pirimiphos-methyl against An. arabiensis

Two eave ribbons were sprayed on both sides using standard IRS concentration of
Actellic® 300CS (a.i. pirimiphos-methyl 1 g a.i./m?) (IVCC, 2013; WHO, 2013), and a
second set of untreated ribbons were used as control. Although it had been
demonstrated in the cone bioassays that this dose was not having significant mortality
at the one and three minutes exposures, this dose was tested in the semi-field system
to assess if it could reduce the biting risk as well as the number of mosquitoes resting
indoors and outdoors overnight. The ribbons were fitted around the eave spaces of
experimental huts inside separate different chambers (Figure 9). Two hundred
laboratory-reared female An. arabiensis were released every night inside each
chamber. Mosquitoes were released and re-collected indoors and outdoors as
described in section 2.7 above. This was done for four days and stopped after
observing that there was no difference between mosquito recaptures and mortality in

control and treatment arm.

a a a a
b
19 a.i/m? Untreated 1g a.i./m? Untreated
ga.l ribbon d ribbon

Figure 9: Arrangement of the interventions in the four experimental huts located inside
the semi-field tunnel. The Figures show: a) the four semi-field chambers, b) an
example of a single experimental hut, ¢) an eave ribbon fitted on eave space of the
hut, and d) an open eave gap not blocked by eave ribbon to allow females to enter the
house

2.7.2 A semi-field evaluation of eave ribbons treated with 2 g a.i/m? and 4 g

a.i./m? pirimiphos-methyl against An. arabiensis

In the second set of experiments, the dosage of the insecticide treatment was

increased to 2 g a.i./m? and 4 g a.i./m? pirimiphos-methyl, and the two doses were

tested in parallel. This activity was done as a result of the low efficacy obtained in the
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first experiment with the lower dose described in section 2.7.1 above. The eave ribbons
were treated with 2 g a.i./m? and 4 g a.i./m? pirimiphos-methyl and placed on the eave
spaces of the experimental huts as shown in Figure 10. The chambers and huts were
cleaned with 70% alcohol and soap before introducing new interventions. Similar
procedures for releasing and re-capturing the mosquitoes in the semi-field system
were used for four days as described above in section 2.7.

The experiment was stopped after four days after realizing possible cross
contamination due to similar mosquito mortalities in control and treatment chambers.
The contamination might have been a result of cross contamination between chambers
with experimental huts with treated eave ribbons into the control chambers with
experimental huts with untreated eave ribbon or no eave ribbon. The experimental

design explained below in section 2.7.3 was then adopted.

: Untreated N o et
No ribbon ribbon 2g a.i./m 4g a.i./m

Figure 10: Arrangement of different interventions in the four huts located inside the
semi-field tunnel (the doses are indicated as g a.i./m?)

2.7.3 A comparative study to assess the efficacy of eave ribbons treated with 2
g a.i./m? and 4 g a.i./m? pirimiphos-methyl against An. arabiensis and An.
funestus

This study was done after observing slightly higher control mortality in the above
experiments. To ensure that there is no cross contamination between the control and
treatment chambers, a before-and-after study design was implemented, where
baseline control (No ribbon in the experimental huts) tests were conducted before
introducing the treated eave ribbons. To evaluate the possibility of cross-contamination
between chambers with experimental huts with treated eave ribbon and those with no

ribbon, an additional control was included in parallel to the intervention phase.

Two doses of pirimiphos-methyl i.e., 2 g a.i./m? and 4 g a.i./m? were assessed

separately starting with the lower dose followed by the higher dose (Figure 11). The
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first experiment was done with all chambers acting as control with no ribbon for ten
days. Following the control with no eave ribbon phase, the eave ribbons treated with 2
g a.i./m? pirimiphos-methyl were introduced into the experimental huts in the first and
last chamber with the two middle chambers remaining as control with no ribbon. Two
hundred mosquitoes of An. arabiensis females were released in each chamber for ten
days.

After completing the experiment with a 2 g a.i./m? dose, the chambers and huts were
cleaned with soap and 70% alcohol and a second baseline control with no ribbons was
done for ten days this time using An. arabiensis and An. funestus released together
each night per chamber. Two hundred An. arabiensis and one hundred An. funestus
were jointly released per night per chamber. Fewer An. funestus were released
compared to An. arabiensis due to the limited availability of the former species. These
two species were jointly released to mimic natural settings where the species occur in

sympatry.

After the second baseline control with no ribbons, eave ribbons treated with 4 g a.i./m?
pirimiphos-methyl were introduced into the experimental huts in the first and last
chambers while two middle chambers served as control as it was done in the first
experiment with 2 g a.i./m? ribbons. Two hundred An. arabiensis and one hundred An.
funestus were released together in each chamber.

Mosquitoes were collected and monitored for mortality as explained in section 2.7
above.
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Cleaning of the huts with soap
and water followed by 70%
alcohol before the experiment.

| Chamber 1 | | Chamber 2 ‘ ’ Chamber 3 | | Chamber 4 |
First control in all 4 chambers
Control Control Control Control (Baseline control done for 10 days)
No ribbon No ribbon No ribbon No ribbon
| Chamber 1 | | Chamber 2 | | Chamber 3 | | Chamber 4 I First dose in 2 chambers. Two middle
Control Control chambers remains as control to assess
2g/m? ribbon ontro . 2g/m? ribbon the potential of cross contamination
No ribbon No ribbon (Done for 10 days)
Cleaning of the huts with soap
and water followed by 70%
alcohol.
Chamber 1 ‘ | Chamber 2 | | Chamber 3 | | Chamber 4 |
Control Control Control Control Second control in all 4 chambers (Done for
No ribbon No ribbon No ribbon No ribbon 10 days)
Chamber 1 | ‘ Chamber 2 | | Chamber 3 | | Chamber 4 | Second dose in 2 chambers. Two
Control middle chambers remains as control to
. Control ontro . the potential of cross
4g/m? ribbon ] ! 4g/m? ribbon assess the p
9 No ribbon No ribbon 9 contamination (Done for 10 days)

Cleaning of the huts with soap and
water followed by 70% alcohol after
completing the experiment.

Figure 11: A schematic diagram showing a before-and-after study design with the

arrangement of treatments and controls in the chambers

2.8 Data analysis

Analysis was done using R statistical software version 4. 1. 2 (R Core Team, 2017).
Data for each species and insecticide dosage were analyzed separately. Graphics
were generated using ggplot2 (Wickham, 2011). The mean number of recaptured and
dead mosquitoes was calculated in R using the dplyr package. The percentage
mortality of mosquitoes was calculated as the proportion of exposed mosquitoes that
died.

Dead mosquitoes

(% mortality = 100).

Exposed mosquitoes

To compare the differences in percentages of mortalities of mosquitoes exposed at
different exposure durations (one, three, 10 and 30 minutes) and holding time post-
exposure (24, 48 and 72 hours), the Kruskal-Wallis test was done followed by Dunn’s
pairwise comparison test (Kruskal and Wallis, 1952). This was done after confirming
by Shapiro—Wilk test that the bioassay data were not normally distributed therefore the
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assumptions of ANOVA were not met. Probit analysis was used to assess the dose
that can kill 99% of mosquito species tested (LCgo) using the ecotox package.

The impact of pirimiphos-methyl on biting risk and mortality of recaptured mosquitoes
was modelled using a generalized linear mixed model (GLMMs) following binomial
distributions. For biting risk, the number of recaptured mosquitoes as a fraction of those
released was added as the dependent variable, while for the case of mortality, the
proportion of recaptured mosquitoes that died was used as the dependent variable.
Intervention was added as a fixed factor while Chamber.ID and the day of test were
added as random factors. Percentage protective efficacy was calculated using the

formula:

Mean number captured in control-Mean number captured in treatment*1 00

Mean number captured in control
Indoor biting risk was measured using a mean number of mosquitoes captured in exit
traps, while outdoor-biting risk was measured using a mean number of mosquitoes
recaptured by HLC. The impact of treated ribbons on resting mosquitoes indoors and
outdoors was assessed by the number of mosquitoes captured by Prokopak® indoors

and outdoors respectively.

2.9 Ethical approval and consent to participate

The study participants were recruited only upon providing written informed consent
forms. All the information about the study, including objectives, benefits and potential
risks was explained to the participants in the local language (Swabhili) so that they can
comprehend prior to consenting. They were informed of their right to end participation
at any time without the need to provide reasons to the investigator. Those who

voluntarily agreed to participate were recruited.

This study was approved by the Institutional Review Board of Ifakara Health Institute
(IHI/IRB/N0:56-2020), the Medical Research Coordinated Committee of the National
Institute for Medical Research of the United Republic of Tanzania (Ref:
NIMR/HQ/R.8a/Vol.IX/3637) and the Wits Ethics Clearance Board (M211014). All the
clearance certificates are attached in the appendix section (Appendix 2-4)
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CHAPTER THREE
3 RESULTS
3.1 Results of the cone bioassays
Mortality of mosquitoes exposed to 1 g a.i./m? pirimiphos-methyl for 30 minutes
In all three species tested namely An. arabiensis, An. funestus and Ae. aegypti, 100%
24 hours mortality was observed at the standard IRS dose of 1 g a.i./m? of pirimiphos-
methyl and a standard exposure time of 30 minutes. The control mortalities did not
exceed 10% (Table 2).

Table 2: Percentage mortalities of mosquitoes exposed to 1 g a.i./m? pirimiphos-methyl

for 30 minutes

N2 No dead at %
Species Intervention
exposed 24h Mortality
1 g a.i./m? pirimiphos-methyl 80 80 100
Anopheles arabiensis )
Control (Untreated ribbon) 20 2 10
1 g a.i./m? pirimiphos-methyl 80 80 100
Anopheles funestus )
Control (Untreated ribbon) 20 0 0
1 g a.i./m? pirimiphos-methyl 80 80 100
Aedes aegypti )
Control (Untreated ribbon) 20 2 10

Effects of exposure duration on mosquito mortality

Host seeking females might have a short contact duration with the treated eave ribbons
and this might have an impact on the 24 hours mortality. Therefore, the three species
of mosquitoes were exposed to treated eave ribbons for one, three and 10 and
compared to 30 of minutes exposure as a reference. The results are presented in
Figure 12. The highest mortalities were recorded at 30 minutes exposure but declined
with reduced exposure time (Figure 12). Anopheles funestus had the highest
mortalities, exceeding 95% at 10 and 30 minute exposures followed by An. arabiensis,
which had a mortality of 73% and 98% at 10 and 30 minutes exposure, respectively.
For Ae. aegypti however, lower mortalities of 20% and 61% at 10 and 30 minutes of
exposure respectively were observed. Exposure times of one and three minutes
resulted in 24 hours mortalities of less than 31% for all three species.
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Figure 12: Mean percentage mortality, 24 hours post-exposure of mosquitoes
exposed to eave-ribbons treated with 1 g a.i./m? of pirimiphos-methyl at different

exposure times. The error bars represent 95% confidence interval (Cl)

The Kruskal-Wallis test indicated that there was a significant difference in the median
percentages of mortalities of mosquitoes exposed in different exposure durations in all
three species tested (Figure 13). Dunn’s pairwise comparisons of the 24 hours
mortalities at different exposure times, indicated that 30 minutes of exposure induced
higher mortalities than other exposure durations in each mosquito species tested. At
10 minutes of exposure, the impact was reduced significantly in Ae. aegypti (Median
difference (MD) 40.00, p = 0.003)) while that of An. funestus and An. arabiensis

remained similar to that of 30 minutes of exposure.

At one and three minutes of exposure, the impact of pirimiphos-methyl on 24 hours
mortality was significantly reduced in all species compared to the impact observed at
30 minutes of exposure (p values <0.001) (Figure 13). The exposure of mosquitos for
either three or 10 minutes resulted in a significant difference in the mortality of An.
arabiensis (MD 80%, p value 0.001) and An. funestus (MD 60%, p value 0.001) but not
in Ae. aegypti. The percentages of mortalities observed in mosquitoes exposed for one
minute was similar to those observed for three minutes exposure in all three species.
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Figure 13: Pairwise comparison of the impact of exposure time on mosquito

mortality. The top row in grey shows Kruskal-Wallis test results followed by the bars

indicating significant differences between the groups with p values and the red dots
denotes the median. “A” represents An. arabiensis, “B” represents An. funestus, and

“C” represents Ae. aegypti.
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For all three species tested, holding the mosquitoes at the insectary for 24, 48 and 72

hours post-exposure had no significant impact on per cent mortality (p > 0.05). This

was the same at all exposure durations (Table 3)

Table 3: The impact of holding time (24, 48 and 72 hours) post-exposure on mortality

of mosquitoes at different exposure durations

An. arabiensis An. funestus Ae. aegypti
Exposure time % %Kruskal-Wallis P YKruskal-Wallis P % %Kruskal-Wallis P
1 minute 4.19 0.12 4.31 0.12 3.37 0.19
3 minutes 272 0.26 1.09 0.58 1.09 0.58
10 minutes 0.19 0.91 0 1 1.15 0.56
30 minutes 0 1 2 0.37 0.39 0.82

Mortality of mosquitoes exposed to varying doses of pirimiphos-methyl at the
reduced exposure durations

As mosquito mortality at 24 hours post-exposure reduced significantly at shorter
exposure durations, the impact of higher concentration of pirimiphos-methyl on the 24
hours mortality was also investigated at one and three minute exposure durations. The
mortality of mosquitoes increased with increasing doses and exposure duration. At
concentrations of 0.5 g a.i./m? and 1 g a.i./m?, less than 10% mortality was recorded

for all species for one and three minutes exposures.

However, at a concentration of 2 g a.i./m?, the mortality of An. arabiensis rose to 83%
after one minute of exposure and 100% after three minutes of exposure. At the same
concentration, the mortality of Ae. aegypti remained low (22.5%) after one minute of
exposure but increased to 83% after three minutes of exposure. At concentrations of
4 g a.i./m? and 8 g a.i./m?, the mortality of An. arabiensis was 100% after both one and
three minutes of exposure. The mortality of Ae. aegypti was 83% after one minute
exposure at 4 g a.i./m? and 100% for all remaining exposures. These tests were not

done on Anopheles funestus (Table 4).
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Table 4: Percentage mortalities of mosquitoes exposed to different concentrations of
pirimiphos-methyl

1 minute exposure 3 minutes exposure
Species Dose N2 N2 % Dose N2 N2 %
(g/m?) exposed dead Mortality (g/m?) exposed dead Mortality
(24h) (24h)
An. **0 200 6 3 0 200 8 4
arabiensis 0.5 80 4 5 0.5 80 5 6.25
1 80 5 6.25 1 80 13 16.25
2 80 67 83.75 2 80 80 100
4 80 80 100 4 80 80 100
8 80 80 100 8 80 80 100
Ae. aegypti
**0 200 1 0.5 0 200 1 0.5
0.5 80 0 0 0.5 80 3 3.75
1 80 1 1.25 1 80 5 6.25
2 80 18 22.5 2 80 67 83.75
4 80 67 83.75 4 80 80 100
8 80 80 100 8 80 80 100

**The 0 g a.i./m? represent the control which was not treated with pirimiphos-methyl,

N° represent number.

Using Probit analysis, the lethal concentration that could induce mortality of 99% in An.
arabiensis (LCq) was estimated to be 3.8 g a.i./m? and 2.7 g a.i./m? for one and three
minutes exposures respectively. For Ae. Aegypti, the LCgo was 6.8 g a.i./m?and 3.6 g
a.i./m? for one and three minute exposures respectively (Table 5).

Table 5: LCqo for the An. arabiensis and Ae. aegypti two different exposure time

. Exposure Lethal Dose 95% ClI
Species
time conc (g a.i./m?) (g a.i./m?)
1min LCog 3.8 2.7-8.2
An. arabiensis
3min LCo9 2.7 1.99-5.73
1min LCo9 6.8 4.9-14.6
Ae. aegypti
<A 3min LCog 3.6 2.6-7.7

3.2 Results of the semi-field studies
To evaluate the efficacy of eave ribbons under semi-field conditions, the three
concentrations (1 g a.i./m?, 2 g a.i./m? and 4 g a.i./m?) of pirimiphos-methyl were

evaluated. Two malaria vectors An. arabiensis and An. funestus were assessed in the
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semi-field. Anopheles funestus was assessed at the dose of 4 g a.i./m?only in a “before
and after” study due to the limited availability of these species. Aedes aegypti was not
evaluated in the semi-field after observing low efficacy in malaria vectors and also due
to low mortality of Ae. aegypti observed at reduced exposure duration in the cone

bioassay.

Each night 200 female mosquitoes were released in each semi-field chamber.
Volunteers collected mosquitoes outdoors by HLC from 07:00 to 10:00 pm In the
morning they collected mosquitoes in the window exit traps, resting mosquitoes
indoors and outdoors using a Prokopak® aspirator. The recaptured mosquitoes were
monitored at the insectary and mortality was recorded after 24 hours post-exposure.
The outcome measures were (i) indoor and outdoor biting risk measured by the number
of mosquitoes captured on exit trap and HLC respectively (ii) reduction in indoor and
outdoor resting mosquitoes measured by the number of mosquitoes captured by
Prokopak® aspirator indoors and outdoors (i) 24 hours mortality.

Efficacy of eave ribbons treated with 1 g a.i./m? pirimiphos-methyl against An.

arabiensis

Eave ribbons treated with 1 g a.i./m? pirimiphos-methy! did not reduce indoor biting by
An. arabiensis, but there was an insignificant reduction in outdoor biting risk by 6.21%
(Odds Ratio (OR)=0.93, 95% CI: 0.74-1.18, p > 0.05). Similarly, the eave ribbons also
did not reduce outdoor resting by the same mosquitoes species but caused a small
insignificant reduction of indoor resting of 13.29% (OR =0.87, 95% ClI: 0.55-1.35, p >
0.05) (Table 6). The 24 hours mortality of recaptured mosquitoes in the treatment arm
was also not significantly different from the 24 hours mortality observed in control arms
(OR=1.08, 95% CI: 0.75-1.56, p > 0.05) (Table 7).

Efficacy of eave ribbons treated with 2 g a.i./m? and 4 g a.i./m? pirimiphos-
methyl against An. arabiensis

The efficacy of eave ribbons treated with 2 g a.i./m? and 4 g a.i./m? pirimiphos-methyl
was assessed in parallel in the semi-fields system. The results are presented in Table
8. The eave ribbons treated with either 2 g a.i./m? or 4 g a.i./m? pirimiphos-methyl
significantly reduced An. arabiensis biting risk by 13.19% (OR = 0.85, 95% CI: 0.73-
0.99, p =0.04) and 27.07% (OR = 0.70, 95% CI: 0.59-0.82, p < 0.001) respectively
compared to untreated controls. There was no significant difference in biting risk in
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chambers with experimental huts with untreated eave ribbon control compared to no
eave ribbon control (p > 0.05). There was also no significant difference in 24 hours
mortality observed in the presence of treated eave ribbons compared to untreated eave
ribbon control or no ribbon control (p > 0.05). Untreated eave ribbon control and no
ribbon control 24 hours mortality post-exposure were slightly high and did not
significantly differ from that observed in treated eave ribbons. The average
temperature recorded during the nights of the experiment was 22.08 degrees Celsius
(°C), while the average relative humidity (RH) was 40.08%.

Efficacy of eave ribbons treated with 2 g a.i./m? and 4 g a.i./m? pirimiphos-
methyl against An. arabiensis and An. funestus _ a “before and after” study
Baseline: Control experiments (no eave ribbons) were conducted in the experimental
huts before carrying out the treatment arms (treated eave ribbons). The aim of doing
baseline control was to get the data at baseline in the absence of the intervention. This
was done after observing slightly high control mortalities in the above experiments. To
make sure the chambers are clean and free of contamination before introducing
interventions we did a control experiment in all chambers first. The results of baseline
control indicated low mortalities of less than 10% up to 72h post-exposure (Table 9).
The nightly temperature and humidity during the baseline control were 21.67°C and
41.40% RH respectively. During the second baseline control, temperature was
18.90°C while relative humidity was 47.89%.

Indoor and outdoor biting risk: The effects of treated eave ribbons on indoor and
outdoor biting risk are summarized in Table 10. Using eave ribbons treated with 2 g
a.i./m? pirimiphos-methyl reduced indoor biting risk by 18.2% and outdoor biting risk
by 5.8% compared to the control, though these reductions were not statistically
significant (p > 0.05). The average nightly temperature and humidity recorded during
this experiment were 20.13°C and 38.13% RH respectively. Using eave ribbons treated
with 4 g a.i./m? pirimiphos-methyl significantly reduced outdoor biting An. arabiensis
by 11.62% (OR = 0.80, 95% CI: 0.71-0.91, p < 0.001). However, there was no
significant reduction in indoor biting risk. In the same settings, the use of eave ribbons
treated with 4 g a.i./m? pirimiphos-methyl reduced indoor biting risk in An. funestus by
24.39% while the outdoor biting risk was reduced by 0.70%. Here too, the reductions
were not statistically significant (p > 0.05). The nightly temperature was 18.48°C while
relative humidity was 46.91%.
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Indoor and outdoor resting mosquitoes: The effects of treated eave ribbons on indoor
and outdoor resting by the mosquitoes are summarized in Table 11. The use of eave
ribbons treated with 2 g a.i./m? pirimiphos-methyl significantly reduced the indoor
resting An. arabiensis by 16.5% (OR = 0.80, 95% CI=0.67-0.95 p = 0.01) compared to
control. However, there was no significant reduction in outdoor resting mosquitoes (p
> 0.05). In the same settings, the use of eave ribbons treated with 4 g a.i./m?
pirimiphos-methyl did not lead to any significant reductions in indoor and outdoor
resting An. arabiensis and An. funestus (p > 0.05).
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Table 6: Effects of eave ribbons treated with 1 g a.i./m? pirimiphos-methyl on biting reduction and reduction in indoor and outdoor

resting An. arabiensis

Ne Ne AGETT Reducti OR P

Location Intervention Nights captured/night/cha

0, 0,
released captured mber (95% Cl) on (%) (95% CI) value
Control 4 800 17 2.12 (0.99-3.26) Ref 1
Indoor _ 0.33
Biti 1ga.i/m 4 800 27 3.37 (1.99-4.76) -58.96  1.62 (0.62-4.26)
iting
reduction
Control 4 800 161 20.12 (15.46-24.79) Ref 1
Outdoor o 0.55
1ga.i/m 4 800 151 18.87 (14.41-23.34) 6.21 0.93 (0.74-1.18)
Control 4 800 68 8.50 (5.06-11.93) Ref 1
Indoor _ 0.53
Reduction in 1ga.i/m 4 800 59 7.37 (5.60-9.15) 13.29 0.87 (0.55-1.35)
resting
mosquitoes Control 4 800 174 21.75 (15.93-27.57) Ref 1
Outdoor o 0.61
1ga.i/m 4 800 184 23.00 (19.13-26.87) -5.75 1.06 (0.83-1.36)

Table 7: Summary of 24 hours mortalities of An. arabiensis recaptured in chambers with eave ribbons treated with 1 g a.i./m?
pirimiphos-methyl.

o Mean No Mean OR p o
Intervention Nights captured/night/cha dead/night/cha o °
Captured mber (95% CI) dead mber (95% CI) (95% Cl) value Mortality
Control 4 420 13.12 (9.64-16.60) 73 2.28 (0.93-3.63) 1 17.38
0.66
1ga.i./m? 4 421 13.16 (9.96-16.36) 69 2.16 (1.37-2.95) 1.08 (0.75-1.56) 16.41
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Table 8: Protective efficacy and mortality offered by eave ribbons treated with 2 g and 4 g a.i./m? against An. arabiensis

N2 Mean Biting Mean
OR P N2 ) % OR P
Night Capture captured/night/cha reduction dead/night/cha .
(95% Cl) value dead Mortality (95% CI) value
d mber (95% CI) (%) mber (95% CI)
No ribbon 4 403 25.19 (16.89-33.49) Ref 1 46 2.87 (0.38-5.36) 11.41 1
0.91 (0.78-
Untreated 4 372 23.25 (15.21-31.29) 7.70 1.06) 0.23 29 1.81 (0.84-2.78) 7.79 0.64 (0.39-1.05) 0.08
0.85 (0.73-
2ga.i/m? 4 350 21.87 ((13.53-30.21) 13.19 0.99) 0.04 52 3.25(1.11-5.39) 14.86 1.41(0.92-2.16)  0.12
0.70 (0.59-  <0.00
4 g a.i./m? 4 294 18.37 (11.59-25.15) 27.07 0.82) ] 2.12 (0.98-3.26) 11.56 1.04 (0.65-1.67)  0.88
Table 9: Baseline control mortality done before introducing the treated eave ribbons into the experimental huts
Mean dead 24 Mean dead 48 Mean dead 72
Mean . % . % . Yo
Baseline _ No. of _ hours /night/ hours /night/ _ hours /night/ )
Species ) captured/night/ ortality Mortality Mortality
control nights Chamber (95% Chamber (95% Chamber (95%
Chamber (95% CI) hours 48 hours 72 hours
Cl) Cl) Cl)
Control 1 An. arabiensis 10 22.54 (19.66-25.42) 0.32(0.11-0.21) 1.42 0.68 (0.54-0.81) 3.02 1.11 (0.93-1.28) 4.92
Control 2  An. arabiensis 10 21.21 (18.59-23.82) 0.10 (0.04-0.16) 0.47 0.22 (0.13-0.22) 1.04 0.39 (0.26-0.51) 1.84
An. funestus 10 11.44 (10.19-12.68) 0.17 (0.08-0.26) 1.49 0.36 (0.23-0.49) 3.15 0.72 (0.56-0.89) 6.30
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Table 10: Effects of eave ribbons treated with 2 g a.i./m? or 4 g a.i./m? of pirimiphos-methyl on indoor and outdoor biting densities of

An. arabiensis and An. funestus in the semi-field settings: results of a “before and after” study.

Mean
i _ ) _ Ne % Reduction OR P
Species Location Intervention Nights Released captured/night/
captured Recaptured (%) (95% CI) value
Chamber (95% Cl)
Control 10 4,000 77 1.92 3.85(3.28-4.42) Ref 1
ind 2 g a.i./m? 10 4,000 63 1.57 3.15(2.31-3.99) 18.2 0.81 (0.57-1.16) 0.26
ndoor
Control 10 4,000 36 0.90 1.80 (1.49-2.10) Ref 1
4 g a.i./m? 10 4,000 28 0.70 1.40 (1.01-1.79) 22.2 0.78 (0.47-1.27) 0.32
An. arabiensis Control 10 2,000 1019 50.95 50.95 (46.77-55.13) Ref 1
o 2 g a.i./m? 10 2,000 960 48.00 48.00 (45.10-50.90) 5.8 0.89 (0.78-1.00) 0.06
utdoor
Control 10 2,000 921 46.05 46.05 (42.85-49.25) Ref 1
4 g a.i./m? 10 2,000 814 40.70 40.70 (37.68-43.72) 11.62 0.80 (0.71-0.91)  0.0006
ind Control 10 2,000 41 2.05 2.05 (1.75-2.35) Ref 1
ndoor
4 g a.i./m? 10 2,000 31 1.55 1.55 (1.11-1.90) 24.39 0.75 (0.47-1.20) 0.24
An. funestus
o Control 10 1,000 429 42.9 21.45 (20.26-22.64) Ref 1
utdoor
4 g a.i./m? 10 1,000 426 42.6 21.30 (20.19-22.41) 0.70 0.99 (0.83-1.18) 0.89

**Indoor biting risk was measured by the number of mosquitoes captured on the exit trap while outdoor biting risk was measured by

the number of mosquitoes captured by HL



Table 11: Effects of eave ribbons treated with 2 g a.i./m? or 4 g a.i./m? of pirimiphos-methyl on indoor and outdoor resting densities

of An. arabiensis and An. funestus in the semi-field settings: results of a “before and after” study.

Species Location Intervention Nights Released N2 % Mean Reducti OR P
captured Recaptured captured/night/ on (%) (95% CI) value
Chamber (95% CI)
Indoor Control 10 4,000 321 8.02 16.05 (13.87-18.23) Ref 1
2 g a.i./m? 10 4,000 268 6.70 13.40 (11.64-15.16) 16.5 0.82 (0.69-0.97) 0.02
An. arabiensis Control 10 4,000 218 5.45 10.90 (9.56-12.24) Ref 1
4 ga.i./m? 10 4,000 210 5.25 10.50 (9.37-11.63) 3.67 0.96 (0.79-1.17)  0.69
Outdoor  Control 10 4,000 526 13.15 26.30 (22.41-30.19) Ref 1
2 g a.i./m? 10 4,000 497 12.42 24.85 (11.22-27.59) 5.5 0.94 (0.82-1.07) 0.35
Control 10 4,000 555 13.87 27.75 (25.49-30.01) Ref 1
4 g a.i./m? 10 4,000 550 13.75 27.50 (24.89-30.10) 0.90 0.99 (0.84-1.14) 0.90
An. funestus Indoor Control 10 2,000 153 7.65 7.65 (6.88-8.42) Ref 1
4 ga.i./m? 10 2,000 148 7.4 7.40 (6.38-8.42) 3.27 0.96 (0.76-1.22) 0.76
Outdoor  Control 10 2,000 444 22.20 22.20 (20.33-24.07) Ref 1
4 g a.i./m? 10 2,000 447 22.35 22.35 (20.72-23.98) - 0.67 1.01 (0.87-1.17) 0.91

**Indoor resting mosquitoes were measured by the number of mosquitoes captured by Prokopak® aspirator inside the experimental
huts while outdoor resting mosquitoes were measured by the number of mosquitoes captured by Prokopak® aspirator outdoors.
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Mortality of mosquitoes recaptured from experimental huts fitted with treated eave
ribbons: The mortality of recaptured mosquitoes was consistently higher in huts fitted

with the treated eave ribbons compared to control huts (Table 12, Figures 14 & 15).

Out of 1,788 recaptured An. arabiensis from huts having eave ribbons treated with 2 g
a.i./m? pirimiphos-methyl, 8% had died after 24 hours, 14% after 48 hours and 22%
after 72 hours. Increasing the dose to 4 g a.i./m? pirimiphos-methyl did not result in
increased mortalities of recaptured An. arabiensis. The mortalities were 4% after 24
hours, 10% after 48 hours and 16% after 72 hours; out of the 1,602 recaptured (Table
12, Figure 14). The odds of mortality among the recaptured An. arabiensis after 24
hours were ten times higher in huts with 2 g a.i./m? ribbons (OR=10.65, 95% Cl: 5.97-
18.99, p < 0.001) compared to controls; and seven times higher in huts with 4 g a.i./m?
ribbons (OR=7.36, 95% CI1:3.92-13.83, p < 0.001) compared to control.

In tests with An. funestus, 1,052 females were recaptured from huts having treated
eave ribbons. In huts having eave ribbons treated with 4 g a.i./m?, mortality of the
recaptured An. funestus was 10% after 24 hours, 20% after 48 hours and 34% after
72 hours while that of control remained below 5% (Figure 15). The odds that the
recaptured mosquitoes would die after 24 hours were eleven times higher in huts with
treated eave ribbons compared to control huts (OR=11.29, 95% CI: 5.35-23.81, P <
0.001)
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Figure 14: Percentage mortality of recaptured mosquitoes in experimental huts fitted
with treated eave ribbons (2 g a.i./m?) or control with no ribbons. These tests were
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Figure 15: Percentage mortality of recaptured mosquitoes in experimental huts fitted
with treated eave ribbons (4 g a.i./m?) or control with no ribbons. These tests were

conducted with An. arabiensis and An. funestus
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Table 12: Summary of the 24 hours mortality of An. arabiensis and An. funestus mosquitoes recaptured from chambers with eave

ribbons treated with 2 g & 4 g a.i./m? of pirimiphos-methyl.

Mean Mean
= = Odds ratio P %
Species Intervention Night captured/night/chamber dead/night/chamber )
Captured dead (95% Cl) value Mortality
(95% CI) (95% CI)
Control 10 1,943 24.29 (20.18-28.39) 17 0.21 (0.09-0.34) 1 0.001 0.86
<0.
2 g a.i./m? 10 1,788 22.35 (18.51-26.19) 147 1.84 (1.34-2.33) 10.65 (5.97-18.99) 8.23
An. arabiensis
Control 10 1,730 21.62 (17.76-25.49) 11 0.14 (0.03-0.25) 1 0.001 0.65
<0.
4 ga.i./m? 10 1,602 20.02 (16.53-23.52) 70 0.87 (0.61-1.14) 7.36 (3.92-13.83) 4.34
Control 10 1,067 13.33 (11.33-15.35) 11 0.14 (0.04-0.23) 1 1.05
An. funestus <0.001
4 ga.i./m? 10 1,052 13.15 (11.10-15.19) 107 1.34 (0.98-1.69) 11.29 (5.35-23.81) 10.19
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CHAPTER FOUR

4 DISCUSSION

ITNs and IRS are the cornerstones of malaria vector control, but their efficacy is
threatened by the development and spread of resistance in key malaria vectors
(Hemingway et al., 2016). While most ITNs use pyrethroids, against which there are
already very high levels of resistance, IRS uses different classes of insecticides, many
of which are still effective against malaria vectors (WHO, 2022b). Unfortunately, the
implementation of IRS is limited due to high costs and logistical challenges (Conteh et
al.,, 2021), as well as the stringent environmental regulations relevant to the
management and disposal of pesticides. Other limitations of IRS include low
acceptability from community members (Magaco et al., 2019), modification of sprayed
surfaces (Opiyo et al, 2022) and changes in indoor mosquito resting surfaces
(Msugupakulya et al., 2020). This necessitates the development of new tools and
delivery formats that are cost-effective, widely accepted, and scalable.

While some studies have attempted to reduce the costs of IRS by performing partial
spraying (Gandahusada et al., 1984; Dunbar et al., 2019; Coleman et al., 2021) most
of the challenges mentioned above are still not addressed by this approach. Ifakara
Health Institute in Tanzania has previously investigated eave ribbons treated with a
spatial repellent, transfluthrin for protection against bites indoors and outdoors; and as
a possible complementary tool to address some of the current limitations of vector
control. The findings indicated that the transfluthrin treated eave ribbons could offer
high protection against malaria and non-malaria vectors (Mmbando et al., 2018;
Mwanga et al., 2019; Swai et al., 2019; Tambwe et al., 2021).

This study assessed the potential of using eave ribbons treated with pirimiphos-methyl,
an organophosphate commonly used for IRS, against malaria and dengue vectors to
address the challenges associated with IRS. To the best of our current understanding,
this is the first scientific study to assess eave ribbons treated with insecticide other than
transfluthrin. This tool is expected to reduce the cost by simplifying the logistics which
can result in wider coverage and potentially address the challenges associated with
IRS. The study involved laboratory cone bioassays on treated eave ribbons to assess
their efficacy, effective exposure durations and dosages, followed by semi-field
experiments in volunteer occupied experimental huts. The semi-field experiments

assessed the human biting risk as well as mortality induced by treated eave ribbons.
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Generally, in the cone bioassays, An. funestus and An. arabiensis had higher
mortalities than Ae. aegypti. In the first objective, eave ribbons treated with 1 g a.i./m2
pirimiphos-methyl resulted in 100% mortality of all three species when exposed for 30
minutes. In the second activity, the exposure time was reduced. Reduced exposure
durations resulted in a decline in mortality in all species, whereas the mortality
increased with an increase in exposure duration. An increase in insecticide dose
resulted in an increase in mortality and at higher doses, higher mortalities were
observed even at short exposure durations. These findings are consistent with
previous laboratory studies which assessed the mortality of insecticide treated eave
tubes, which demonstrated an increase in mortality with an increase in exposure time
(Oumbouke et al., 2018). This is because increasing either dose or exposure time

increases the possibility of mosquitoes picking a lethal dose of insecticide.

Surprisingly, in the first and second activity with eave ribbons treated with 1 g a.i./m?
pirimiphos-methyl at 30 minutes exposure, Ae. aegypti had different percentages of
mortalities. In the first activity, 100% mortality was observed but in the second activity,
only 61% mortality was observed despite the dose and exposure time being the same.
It is unclear why the mortality decreased; however, it is possible that differences in
environmental conditions during the experiments contributed to this variation. Despite
these variations, it generally required higher doses or long exposure durations to Kill
Ae. aegypti compared to the other species. The lethal dose required to kill 99% of the
Ae. aegypti was determined to be almost two times higher than that of An. arabiensis.
This could indicate that, Ae. aegypti have a higher tolerance to insecticides than other
species tested. Although one study in Ifakara using wild Ae. aegypti confirmed its
susceptibility against pirimiphos-methyl and pyrethroids (Kahamba et al., 2020) future
studies should confirm the susceptibility status of Ae. aegypti using WHO tube
resistance bioassay (WHO, 2016b).

In the semi-field settings, treated eave ribbons resulted in only modest protective
efficacy and mortality against An. arabiensis and An. funestus. There was only
significant protection against An. arabiensis observed outdoors at the dose of 4 g
a.i./m? while there was no significant protection against An. funestus observed indoors
or outdoors. At the doses of 1 g a.i./m? and 2 g a.i./m?, there was no significant indoor
or outdoor bite prevention against An. arabiensis while An. funestus was not assessed
at these doses due to the limited availability of the species. Previous studies targeting
the eaves using insecticide treated or untreated screens (Lindsay, Emerson and
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Charlwood, 2002; Kirby et al., 2009; Msoffe et al., 2022) and eave tubes (Snetselaar
etal., 2017; Sternberg et al., 2021) demonstrated a significant reduction in indoor biting
risk which are contrary to the findings observed in this study. This could be due to the
design of those interventions which block the eaves thereby preventing mosquitoes
from entering indoors unlike eave ribbons which do not completely block the eaves.

Moreover, moderate level of mortality against An. funestus and An. arabiensis was
observed. Anopheles funestus had slightly higher mortality than An. arabiensis which
is consistent with the cone bioassay findings where An. funestus had slightly higher
mortality at low exposure duration compared to An. arabiensis (Figure 12). These
findings are contrary to previous studies on window screens and eave baffles treated
with pirimiphos-methyl which indicated high mortalities of An. funestus and An.
arabiensis (Killeen et al., 2017; Chinula et al., 2018). This could be because the eave
baffles are designed in such a way that, there is a high possibility that mosquitoes will
contact the treated surface when entering indoors unlike eave ribbons where
mosquitoes may or may not contact the treated material when entering indoors (Killeen
et al., 2017). Another study using insecticide treated eave tubes demonstrated
mortalities of up to 64% of the recaptured mosquitoes after 24 hours post- exposure
(Oumbouke et al., 2018) which is contrary to the findings of this study. However, the
study used pyrethroids which are fast acting insecticides unlike pirimiphos-methyl as
used in this study.

Despite previous studies of IRS using pirimiphos-methyl in semi-field and experimental
huts demonstrating high mortality and densities reduction against malaria and non-
malaria vectors even at a lower dose of 1 g a.i./m? pirimiphos-methyl (Rowland et al.,
2013; Oxborough et al., 2014; Sy et al., 2018; Ngwej et al., 2021), these observations
are contrary to the observations of this study. The modest effects could be related to
the limited surface area treated and hence limit the probability of the mosquitoes being
exposed to the insecticide treated eave ribbon, compared to IRS. In typical IRS, the
mosquitoes are exposed to a much wider surface area on the entire indoor surfaces.
However, in this case, the surface area of contact was only 1.5m by 7.7m, equivalent
to just 2.31 m? total surface area on both sides of the ribbon. In addition, IRS had the
advantage that blood fed female mosquitoes rest on the treated walls for a much longer
time, hence allowing females to be exposed to a lethal dose of the active ingredients.
However, in this study, mosquitoes were expected to contact the treated eave ribbons
as they enter indoors which may not allow them to be exposed to a lethal dose of
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pirimiphos-methyl. Nevertheless, the modest mortality and bite reduction observed
suggests that a vapor-phased intervention or one that has high knock-down effects
may achieve greater mortality and bite prevention. Future evaluations of treated eave
ribbons should therefore consider alternative insecticides or insecticide classes to
demonstrate effectiveness. Indeed, work with transfluthrin (a vapor-phase) insecticide
suggests that there can be high levels of both mortality and bite prevention (Mmbando
etal., 2018, 2019; Mwanga et al., 2019; Swai et al., 2019; Tambwe et al., 2021). While
vapor phase repellents have proven to offer high protection due to repellency effect,
this was not a major impact observed with eave ribbons treated with pirimiphos-methyl.
Videographic observations have indicated that mosquitoes do spend a short time (a
few seconds) around the eaves and they contacted the treated eave tubes (Spitzen et
al., 2016; Sperling et al., 2017; Oumbouke et al., 2018). Future studies should therefore
assess the behavior of mosquitoes around the eaves and determine the effective
contact rates.

Whereas the main objective of the study was met, there were several limitations.
Firstly, cone bioassays were done on treated eave ribbons only once and residual
activity was not assessed which could have given a picture of the longevity of the
insecticide on treated eave ribbons. Secondly, tests with Ae. aegypti in the semi-field
setting were not conducted after observing the low efficacies in malaria vectors and
also lower mortalities of this species in the bioassays. Although the LC99 for Ae.
aegypti was determined to be 3.6g a.i./m? at 3 minutes of exposure and the highest
dose assessed in the semi-field was 4g a.i./m?, it was not feasible to include tests with
Ae. aegypti in the semi-field experiment due to observed low efficacy with malaria
vectors, which were more susceptible than Ae. aegyptiin the cone bioassays, however,
further assessment in the future is necessary. Thirdly, the limited availability of An.
funestus resulted in some of the activities being done using only An. arabiensis. This
species is notoriously difficult to rear under laboratory conditions and this is not unique
to this study (Gillies and De Meillon, 1968; Ngowo et al., 2021). Fourthly, the actual
amount of pirimiphos-methyl absorbed by the eave ribbons was also not determined.
Lastly, this study did not assess the behavior of mosquitoes around the eave spaces
to confirm if the mosquitoes are contacting the treated eave ribbons. Future iterations
of this study should address these gaps.
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CHAPTER FIVE

5 CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The study evaluated the use of insecticide-treated eave ribbons, which are pieces of
hessian fabric treated with an insecticide and placed around the eaves of poorly
constructed houses to kill or repel mosquitoes, as a potential tool for controlling
mosquito-borne diseases such as malaria and dengue. Laboratory and semi-field
experiments were conducted to assess the efficacy of the eave ribbons in killing or
repelling the targeted mosquito species. The results showed that treated eave ribbons
resulted in higher mosquito mortality compared to untreated ribbons, but the impact
increased with increased exposure duration or dose. In the semi-field study, there was
moderate protection against mosquito bites and mortality, but the level of protection
varied depending on the insecticide dose and the mosquito species. In conclusion,
while insecticide-treated eave ribbons may have the potential for controlling malaria
and dengue vectors, more research is needed to validate their efficacy in field settings
and to identify suitable insecticides or insecticide combinations that are safe and

effective.

5.2 Recommendations
i.  Further research is needed to determine the effectiveness and limitations of
insecticide-treated eave ribbons, as well as suitable insecticides or insecticide
combinations. This should include testing in both laboratory and experimental
hut settings, with a focus on fast-acting insecticides. Pyrethroids for example
are fast acting with high knock-down effect. Combinations of pyrethroids with
other insecticide classes could be assessed in future studies.
ii.  More studies should be conducted to understand mosquito behavior around the
eaves, including whether they contact the eave ribbons as they enter houses.
iii. Itis also recommended to conduct studies on the residual efficacy of the active
ingredients on the eave ribbons, to determine how long they remain effective.
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APPENDICES

Appendix 1: Tank mix preparations

Eave ribbons with two different dimensions were treated.

The ribbons used in cone bioassays had final dimensions of 0.15 m wide and
11.6 m long, treatable surface area of 2 x 1.74 m? = 3.48 m?
The ribbons used in semi-field studies had final dimensions of 0.15 m wide and

7.7 m long, consisting of a treatable surface area of 2 x 1.155 m?=2.31 m2,

Test insecticide and doses

The doses of pirimiphos-methyl tested were 0.5 g/m?, 1 g a.i./m?, 2 g a.i./m?, 4 g a.i./m?,

and 8 g a.i./m? for cone bioassay, and 1 g a.i./m?, 2 g a.i./m? and 4 g a.i./m? for semi-

field studies.

Tank mix preparations

Ribbons used in cone bioassays.

The ribbons used in cone bioassay had the surface area of 1.74 m? and total
holding capacity of 1,044 mL.

To get the target doses of pirimiphos-methyl for each dose, the required amount
was as follows:

To get the target doses of 0.5 g a.i./m?, 2.9 mL pirimiphos-methyl mixed with
1,041.1 mL of water was required.

To get the target doses of 1 g a.i./m?, 5.8 mL pirimiphos-methyl mixed with
1,038.2 mL of water was required.

To get the target doses of 2 g a.i./m?, 11.6 mL pirimiphos-methyl mixed with
1,032.4 mL of water was required.

To get the target doses of 4 g a.i./m?, 23.2 mL pirimiphos-methyl mixed with
1,020.8 mL of water was required.

To get the target doses of 8 g a.i./m?, 46.3 mL pirimiphos-methyl mixed with
997.7 mL of water was required.

Since we cannot prepare the exactly amount of spray solution, 2 L solution was
prepared for each dose to ensure enough amount of mixture to spray the
ribbons and for the sprayer to work well.

The following mixtures were prepared for each dose.

5.5 mL of pirimiphos-methyl were mixed with 1,994.5 mL of water, to get the
target dose of 0.5 g a.i./m? pirimiphos-methyl.
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11.1 mL of pirimiphos-methyl mixed with 1,988.9 mL of water to get the target
dose of 1 g a.i./m? pirimiphos-methyl.

22.2 mL of pirimiphos-methyl were mixed with 1,977.8 mL of water to get the
target dose of 2 g/m? pirimiphos-methyl.

44.5 mL of pirimiphos-methyl were mixed with 1,955.5 mL of water to get the
target dose of 4 g/m? pirimiphos-methyl.

88.7 mL of pirimiphos-methyl were mixed with 1,911.3 mL of water to get the
target dose of 8 g a.i./m? pirimiphos-methyl.

Each ribbon was sprayed on both sides and the remaining amount of liquid after

spraying each ribbon was discarded.

Ribbons used in semi-field experiment

For semi-field work three doses were prepared 1 g a.i./m?, 2 g a.i./m? and 4
g a.i./m2. The ribbons used were having a total surface area of 1.155 m?
which could absorb 693 mL of liquid both sides.

To get the target doses for ribbon treatment, 3.8 mL pirimiphos-methyl mixed
with 689.2 mL of water, 7.7 mL pirimiphos-methyl mixed with 685.3 mL of
water and 15.4 mL pirimiphos-methyl mixed with 677.6 mL of water were
required to treat each ribbon to get 1 g a.i./m?, 2 g a.i./m? and 4 g a.i./m?
pirimiphos-methyl respectively.

However, a total of 1,500 mL solution was prepared by mixing, 8.3 mL
pirimiphos-methyl with 1,491.7 mL of water, 16.6 mL pirimiphos-methyl with
1483.4 mL of water and 33.3 mL pirimiphos-methyl with 1,766.7 mL of water
to get 1 g a.i./m?, 2 g a.i./m? and 4 g a.i./m? pirimiphos-methyl respectively.

This amount was sprayed to each ribbon corresponding to each dose. The

remaining amount of liquid was discarded.
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Appendix 2: Ethics Review Certificate (Ifakara Health Institute)
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Appendix 3: Ethics Review Certificate (Tanzania Government)
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This is to certify that the research entitled: Using repellent eave ribbons to protect low income families against malaria and
other mosquito borne-infections in rural Tanzania (Kaindoa E. et al) has been granted ethical clearance to be conducted in
Tanzania.

The Principal Investigator of the study must ensure that the following conditions are fulfilled:

1. Progress report is submitted to the Ministry of Health, Community Development, Gender, Elderly & Children and the
National Institute for Medical Research, Regional and District Medical Officers after every six months.

2. Permission to publish the results is obtained from National Institute for Medical Research.

3. Copies of final publications are made available to the Ministry of Health, Community Development, Gender, Elderly &
Children and the National Institute for Medical Research.

4. Any researcher, who contravenes or fails to comply with these conditions, shall be guilty of an offence and shall be liable
on conviction to a fine as per NIMR Act No. 23 of 1979, PART III Section 10(2).
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Appendix 4: Ethics Review Certificate (University of the Witwatersrand)
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HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)
CLEARANCE CERTIFICATE NO. M211014

NAME: Miss Ruth Shirima
(Principal Investigator)
DEPARTMENT: Wits Research Institute for Malaria
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Ifakara Health Institute
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PROJECT TITLE: The use of insecticide treated eave ribbons as a protection
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Appendix 5: Waiver from the Animal Research Ethics Committee (University of the

Witwatersrand)
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HoD applicant : Lizette Koekemoer

Staff number : 09700304
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Department: Wits Research Institute for Malaria;
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Supervisor: Lizette Koekemoer, Givemore Munhenga, Yael Dahan-Moss, Shune Oliver, Basil Brooke

and Maria Kaiser

Email: lizette.koekemoer@wits.ac.za

Address: 7 York Road, Parktown, Johannesburg, 2001
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according to applicable rules of the Post-Graduate and other Committees.
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Please contact me should you require further information.

P Candy

Geoffrey Candy PhD
Chair : Animal Research Ethics Committee

Geoffrey P Candy PhD

Professor, Department of Surgery, Faculty of Health Sciences, University of the Witwatersrand, 7 York Road Parktown 2193,
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Appendix 7: Consent form

CONSENT FORM

Title of Project: Using insecticide treated eave ribbons as a protection tool against
populations of mosquitoes that transmit malaria and dengue fever.

Initial’s box
1. | confirm that | have read the information sheet for the above study, and | have
understood.
2. I bhad a chance to ask questions and received satisfactory answers.
3. | understand that my participation is voluntary and that | am free to withdraw at
any time
without giving any reason, without any negative consequence.
4. | understand that data collected during the study may be looked at by
investigators involved in this study. | give permission to these individuals to

have access to my records.

5. | agree to take part in the above study.

By signing below, | am indicating my consent to participate in the research.
Participant’s name:

Participant’s signature or thumbprint: Date:

Witness Name (As appropriate):

Witness signature (As appropriate): Date:

Study team member’s statement:

I, the undersigned, have explained to the participant in a language that s/he
understands; the procedures to be followed in the study, the risks and benefits
involved, and the obligations of the study team.

Name Signature Date

When completely filled, one copy will be given to you and another copy for a
researcher.
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