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Abstract

Long lasting insecticidal nets (LLINs) are the current primary vector control measure
to prevent malaria transmission. They function by inhibiting mosquitoes from blood
feeding and also killing mosquitoes and hence provide personal and community
protection respectively. With findings from different LLIN distribution programmes
in different settings, it is assumed that the effective life of LLINs is 3 years. This is
mostly due to wear and tear of the fabric and hence need for the introduction of the
guidelines that provide standard methods to monitor the longevity of LLINs. The
standard means established to monitor longevity of ITN is through cone bioassays,
WHO tunnel tests and experimental hut evaluations. However, all the standard
methods for assessing LLIN durability have limitations and the information collected
on LLIN durability will only be useful if correctly collected using simple, realistic
and reproducible methods. Thus to address this issue of high public health
significance, we undertook two projects namely 1) ABCDR (Attrition, Bioefficacy,
Chemical residual, Damage and Resistance) and 2) Holed Net project. The ABCDR
project aimed at understanding of bednet durability in malaria endemic countries and
factors affecting bednet durability with the main focus of using that information in
improving the current methodologies by developing simple, realistic methods for
assessing bednet efficacy while Holed Net project, aimed at understanding the
association of size and location of net damage and interaction with insecticide
concentration in order to ensure their continued efficacy and also work with
manufacturers to optimize their longevity.

The results showed that, Of 6067 campaign nets reported to have been received
between 2009 and 2011, 35 % (2145 nets) were no longer present. In addition, most
of those nets had been discarded (84 %) mainly because they were too torn (94 %)
and only 39 % of distributed nets remain both present and in serviceable physical
condition, a functional survival considerably below WHO assumptions of 50 %
survival of a ‘three- year’ net. However, the majority of nets still retained substantial
levels of permethrin and could still be bio-chemically useful against mosquitoes if
their holes were repaired, adding evidence to the value of net care and repair
campaigns.

In conclusion, the findings from this study provided not only a deep insight into many
aspects of LLIN durability but also evidence for revising the existing standard
methods for LLIN durability. It also served as baseline information that was used to
revise; 1) the measurement of the standard entomological parameters i.e. mortality and
blood feeding inhibition in order to develop a logistically simple, time saving and
realistic method for assessing LLIN durability and ii) the measurement of
proportional hole index (phi) in order to develop a “location adjusted phi”. Through
findings from these studies, new bioassays have been developed to measure bednet
durability with high throughput and robust data power. The developed bioassays are
simple to use, very cost effective and reproducible for use in multiple countries.



Summary

Malaria is still a public health problem in sub-Saharan Africa and accounts for over
90% of the global burden. Pregnant mothers and children under the age of 5 years are
the most vulnerable group. Worldwide, malaria is estimated to cause 216 million
cases of malaria and 4450,000 deaths from malaria. In Tanzania, the National Burecau
of Statistics estimates that a total of 10-12 million citizens contract the disease with
80,000 die (majority of them being children) each year. The impact of malaria is
manifested through loss of working time when people are ill or taking care of family
members, through loss of resources that are used to finance treatment, and through
disabilities that result from severe malaria.

Long lasting insecticidal nets (LLINs) are the current primary vector control measure
to prevent malaria transmission. They function by inhibiting mosquitoes from blood
feeding and also killing mosquitoes and hence provide personal and community
protection respectively. The effectiveness of LLINs in controlling malaria in many
different settings has already been extensively studied and documented. Recent
findings from Bhatt and colleagues showed that LLINs were the largest contributor
(68%) of all malaria cases averted using all available interventions.

With findings from different LLIN distribution programmes in different settings, it is
assumed that the effective life of LLINs is 3 years. This is mostly due to wear and tear
of the fabric and hence need for the introduction of the guidelines that provide
standard methods to monitor the longevity of LLINs. These guidelines were
developed in order to assist the National malaria control programmes in different
countries in monitoring the durability (longevity) of insecticidal treated nets under
operational conditions. The information obtained from monitoring surveys helps in; 1)
evidence-based planning the replacement of badly torn nets, ii) making informed
decisions on procuring the most durable nets and iii) understanding factors causing
wear and tear of nets.

The standard means established to monitor longevity of ITN is through cone
bioassays, WHO tunnel tests and experimental hut evaluations. The cone test is a
contact assay where mosquitoes are held in proximity to the ITN and mosquito
knockdown (KD60) and 24 h mortality are recorded after 60 min and 24 h
respectively. The tunnel test uses a live animal as a bait (rabbit or guinea pig), so

mosquitoes are able to exercise host-seeking behaviour, and ITN efficacy is assessed
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by measuring mosquito mortality and blood feeding inhibition. Experimental huts are

small-scale field (phase II) testing assays used to evaluate ITNs that meet laboratory

(phase I) testing criteria. Huts are built in areas with high densities of target mosquito

species and are designed to resemble small local housing but have features to retain

mosquitoes that enter huts such as window traps and baffles. Volunteers sleep
underneath the ITNs and wild mosquitoes attempt to feed and interact with the ITNs
in the same way as they would in local homes. Both mortality and feeding inhibition
are key outcome parameters, which translate not only to personal and community

protection from malaria but also in i) planning the replacement of badly torn nets, ii)

making decision to procure the suitable and longer lasting LLINs and iii) understand

the factors that affect the LLINs not to last longer.

However, all the standard methods for assessing LLIN durability have limitations and

the information collected on LLIN durability will only be useful if correctly collected

using simple, realistic and reproducible methods. Thus to address this issue of high
public health significance, we undertook two projects namely 1) ABCDR (Attrition,

Bioefficacy, Chemical residual, Damage and Resistance) and 2) Holed Net project.

The ABCDR project aimed at understanding of bednet durability in malaria endemic

countries and factors affecting bednet durability with the main focus of using that

information in improving the current methodologies by developing simple, realistic
methods for assessing bednet efficacy. The project had 2 main components:

1) To understand durability of LLINs and reasons that can affect durability using the
retrospective study survey of Olyset campaign nets that were distributed between
2009-2010 (under five campaigns-USCC) and between 2010-2011 for universal
coverage campaign (UCC) in 8 districts in mainland Tanzania. This involved
household questionnaires that were delivered to get information of attrition and
reasons for attrition. All bednets remaining in households were collected,
transported to insectary of the Ifakara Health Institute in Bagamoyo and sorted for
campaign nets through different available records. A sub-sample of 198 Olyset
campaign nets were randomly selected and examined for bio-efficacy (against
Anopheles gambiae s.s. mosquitoes), chemical residual (amount of permethrin
content remaining) and physical integrity (number, location and size of holes)

using standard WHO methods.
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i1) To explore the standard WHO methods used to monitor the durability of LLINs
using a prospective follow-up study to determine the useful life of three different
LLIN products (Olyset, PermaNet 2.0 and Netprotect) that were randomly
distributed in 2013 to 3420 houses across 8 districts in mainland Tanzania and
followed yearly for 3 years and information on attrition (net loss and reasons) and
physical damage were taken. In addition, a sub-sample of representative “wild”
nets (from the three brands) were randomly selected and assessed further for
physical integrity (number, size and location of damage-holes), biological efficacy
(Yomortality and % bloodfeeding) and chemical residual (amount of active
ingredient remaining in each sampled net).
The second project, Holed Net, aimed at understanding the association of size and
location of net damage and interaction with insecticide concentration in order to
ensure their continued efficacy and also work with manufacturers to optimize their
longevity. Under this study, a series of laboratory experiments were conducted with
“deliberately holed” nets in order to assess the effect of (a) degree and magnitude of
net damage and (b) effect of tucking on net efficacy in terms of personal protection to
the user through reduction in mosquito feeding and community protection through
mosquito mortality.
The core of this thesis and the main objective was to explore the standard methods
used to monitor durability of LLINs and to use that information to improve the
understanding and devise new methods to assess the LLIN durability.
We took the opportunity of the LLINs distributed through the under five campaigns-
USCC and the universal coverage campaign (UCC) between 2009 and 2010, to
perform the retrospective study survey in 2013 to understand the durability of the
Olyset campaign nets and factors that could affect their durability. The results showed
that, Of 6067 campaign nets reported to have been received between 2009 and 2011,
35 % (2145 nets) were no longer present. In addition, most of those nets had been
discarded (84 %) mainly because they were too torn (94 %) and only 39 % of
distributed nets remain both present and in serviceable physical condition, a
functional survival considerably below WHO assumptions of 50 % survival of a
‘three- year’ net. However, the majority of nets still retained substantial levels of
permethrin and could still be bio-chemically useful against mosquitoes if their holes

were repaired, adding evidence to the value of net care and repair campaigns.
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In conclusion, the findings from the retrospective study survey provided not only a
deep insight into many aspects of LLIN durability but also evidence for revising the
existing standard methods for LLIN durability. It also served as baseline information
that was used to revise; 1) the measurement of the standard entomological parameters
i.e. mortality and blood feeding inhibition in order to develop a logistically simple,
time saving and realistic method for assessing LLIN durability and ii) the
measurement of proportional hole index (phi) in order to develop a “location adjusted
phi”. Through findings from these studies, new bioassays have been developed to
measure bednet durability with high throughput and robust data power. The
developed bioassays are simple to use, very cost effective and reproducible for use in
multiple countries. They include the following;

1) Ifakara Ambient Chamber Test (I-ACT)- is an improved method for evaluating
bioefficacy of LLINs compared to standard WHO bioassays (cone and tunnel
tests). This is a 50m long, 3m wide and 2.1m high steel tube frame construction
(Fig. 1a) covered by durable UV resistant polyurethane coated netting with an
overlaid polyurethane sheet to minimize wind so that bioassays are conducted in
still air (as would occur in a house). It consists of 10 compartments each with a
white-netted chamber 5 m long, 2 m wide, and 2 m high that seals with a zip, in
which the ITN is hung from a frame with a human volunteer sleeping
underneath. This allows whole ITNs to be tested in a controlled ambient chamber
test with a human host sleeping beneath to measure the protective efficacy (both
personal protection measured by feeding inhibition and community protection
measured by mosquito mortality) under user conditions. The design of the
chambers allows 100% recovery of released mosquitoes that improves precision
of the data, and experiments can be conducted year-round. The advantage of this
assay is that it can provide useful additional information compared to standard
WHO bioassays and hence act as a link between lab tests and semi field
experiments. [-ACT has a potential to be used for product equivalency testing
and durability studies because it measures composite bioefficacy and physical
integrity with both mortality and feeding inhibition endpoints, using fewer
mosquitoes than standard WHO bioassays (cone and tunnel tests). In addition, I-
ACT is also suitable for net products, whose mode of action involves either
toxicity or feeding inhibition and has potential to be used for novel compounds

that are being developed.
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2) Location Adjusted Hole Surface Area (LaHoSA)- This is a small modification of
the current proportion hole index (pHI). LaHoSA is a simple, time saving and
realistic method of assessing physical net integrity compared to standard phi
method. It was developed following the information to understand the relative
contribution of hole size, hole location and insecticide residue in penetrability
and mosquito killing effect of LLIN. The advantage of LaHoSA is that, you can
be able to know when the net is in badly torn right in the field and more houses
can be done more rapidly and cheaply to give a wider and more representative
population sample.

3) Alternative tunnel test using human as bait. This is an alternative method for
assessing bio-efficacy of LLINs using a preferred bait (unlike the standard WHO
tunnel test that uses rabbits/guinea pigs as bait). This method, in comparison to
the standard tunnel test method has got several advantages including the
following the new method is simple, takes few mosquitoes (20 compared with
100 in standard WHO tunnel test) with short time of exposure (I hour unlike 12-
15 hours in standard WHO tunnel test), and uses preferred bait (human unlike
rabbit/guinea pigs in standard tunnel test) hence time saving, cost-effective with
100% sensitivity and 100% specificity.

In addition to above, through findings from this thesis, a new entomological

parameter is proposed for use when assessing the efficacy of a bednet. The standard

WHO entomological parameter of “proportion of blood fed mosquitoes” means

number of mosquitoes that are fully blood-fed including the dead ones that were

already sorted and counted when scoring for “mortality” parameter and hence
duplication of data. Interestingly, experimental results from this thesis found that,
most of blood-fed mosquitoes did not survive after 24 h post exposure.

Given this fact, we think “survival of feeding” parameter may be used as useful

alternative composite metrics as it captures the information of only those mosquitoes

that managed to enter in the treated bednet, blood fed and leave without being killed.

Findings reported in this thesis have generated important knowledge that can be
integrated in bednet durability studies. This thesis demonstrated that the most of
distributed nets are still protective and retained substantial levels of active ingredients

even when in badly torn meaning, if the holes could be repaired, the nets could still be
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bio-chemically useful. Therefore, this study recommends that a badly torn treated net
should never be thrown away unless replaced with a new net.

In addition, this thesis found that, most of damage occurred in the bottom part of the
net, but interestingly, this part is usually tucked in under the mattress, and from
laboratory findings, it had little effect on mosquito entry and feeding. This is very
useful finding and can be incorporated into existing malaria SBCC platforms to
improve net condition and hence lasting longer, providing more protection leading to
reduction in malaria transmission. A “care is better than repair” slogan can also be

used.
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1. General Introduction

1.1. Global burden of Malaria

Malaria is still a major public health problem globally. The 2017 World Malaria report has
shown that in 2016 there was an increase of 5 million in the total malaria cases compared to the
previous year i.e. from 217 million in 2015 to 211 million in 2016 [1]. Additionally, the
mortality rate has reached 445,000 deaths, about the same as in the 2015 report, meaning that
much efforts are still needed to combat this disease especially in Africa which account for about
90% of malaria cases and deaths. In Tanzania, the National Bureau of Statistics estimates that a
total of 10-12 million citizens contract the disease with 80,000 die (most of them being children)
each year [2]. Women of childbearing age and children under the age of five years are
particularly at high risk, especially those living in remote rural areas without adequate access to

formal healthcare.

1.2. Malaria Parasites
Malaria is caused by Plasmodium parasites. The parasites are transmitted to people through the

bites of infected Anopheles mosquitoes, therefore referred to as malaria vectors. Five species of
the plasmodium parasite can infect human namely Plasmodium falciparum, P. vivax, P. ovale, P.
malariae and P. knowlesi [3]. Though P. falciparum accounts for 80% of all malaria cases [4],
transmission by P. vivax is overlooked. Mueller, et al., [5] reported that nearly 2-5 billion people
are at risk of P. vivax infection and an estimated 80 million to 300 million clinical cases occur
every year including severe disease and death are attributed. Malaria caused by P. ovale, and P.
malariae causes milder disease in humans that is not generally fatal. A fifth species, Plasmodium
knowlesi, a monkey malaria that occurs in certain forested areas of South-East Asia, is a zoonosis
that causes malaria in monkeys but can also infect humans, [6,7]. All the 5 Plasmodium species
differ in various aspects including morphology, location of habitat, relapse pattern and in how do
each respond to particular antimalarial. The primary hosts of Plasmodium species are female

mosquitoes of the Anopheles genus, while humans and other vertebrates are secondary hosts.

Plasmodium life cycle and Pathogenesis of the disease
Mosquitoes first ingest the malaria parasite by feeding on an infected human carrier [8]. Once

ingested, the male and female gametocytes taken up in the blood will then release male and



female gametes which fuse in the lumen of the mosquito to produce zygotes which rapidly
become an ookinete that penetrates the gut lining within 18-24 hours [9] and produces a single
oocysts which is trapped between the endothelium and the basal lamina of the gut wall (Figure
1.1). When the oocyst ruptures into the haemocoel, it releases sporozoites that migrate through
the mosquito's body to the salivary glands, where they are then ready to infect a new human host
[10]. The sporozoites are injected into the skin, alongside saliva, when the mosquito takes a
subsequent blood meal [11]. Each human infection with the parasite begins with an intravenous

inoculation of sporozoites by infected female mosquitoes.
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Figure 1.1. The life cycle of malaria parasites in the mosquito body (Image credit: Johns Hopkins

Bloomberg School of Public Health).

1.3. Malaria vectors and disease transmission
Malaria in humans is usually transmitted by the bite of an infected female anopheline mosquito

of genus Anopheles. Out of the 460 recognized species of Anopheles, 100 species can transmit
malaria in humans [12]. The principal malaria vector in east Africa coastal areas are the
members of Anopheles gambiae complex mosquitoes [13]. The most common and important
malaria vectors in Africa are An. gambiae Giles, An arabiensis Patton and An. funestus Giles

[14]. An. gambiae is more common in humid coastal and highland areas while An. arabiensis is



concentrated in the arid mainland of Tanzania [15]. Secondary malaria vectors in Tanzania
include Anopheles coustani, Anopheles quadriannulatus species A and B, and Anopheles merus
[16].

Malaria in human usually develops via two phases: an exo-erythrocytic and an erythrocytic
phase (Figure 1.2). The exo-erythrocytic phase involves infection of the hepatic system, or liver,
whereas the erythrocytic phase involves infection of the erythrocytes, or red blood cells. The
infecting agent is the sporozoite, a microscopic spindle-shaped cell which is in the mosquito's
saliva. When an infected mosquito pierces a person's skin to take a blood meal, sporozoites in the
mosquito's saliva enter the bloodstream. Within 30 minutes of being introduced into the human
host, the sporozoites infect hepatocytes multiplying asexually and asymptomatically for a period
of 60115 days via a process called schizogony. Inside the liver cell, the sporozoites differentiate
by asexual fission to form a cyst-like structure called a pre-erythrocytic schizont which contains
thousands of merozoites which, following rupture of their host cells, escape into the blood and
penetrate red cells, thus beginning the erythrocytic stage of the life cycle [17].

The time between the infecting mosquito bite and the appearance of the parasites in the blood is
called the pre-patent period. It is usually 7-30 days in P. falciparum (usually around 10 days) and
longer in other species; in the case of P. vivax and P. ovale many months or even more than a
year.

Merozoites released into the bloodstream from hepatic schizonts attach themselves to red cells
by means of surface receptors. Then they penetrate the red cells and reside in a vacuole with a
lining derived from the red cell surface. Within the red cells, the parasites undergo the process of
blood schizogony, which for P. falciparum, only occurs in capillaries deep within the body
whereas for other parasites they are commonly seen in peripheral blood films from infected
patients. They then rupture after a fixed period for each parasite, releasing thousands of
merozoites, which then invade fresh red blood cells. Several such amplification cycles occur,
each causing rapid onset of more severe symptoms. Thus, classical descriptions of attacks of
fever and chills arise from repeated waves of merozoites escaping, releasing waste products and
degraded cell contents, and the infecting new red blood cells. Some P. vivax and P. ovale
sporozoites do not immediately develop into exoerythrocytic-phase merozoites, but instead
produce hypnozoites that remain dormant for periods ranging from several months (6-12 months

is typical) to as long as three years.
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Figure 1.2. The life cycle of malaria parasites in the human body (Image credit: OpenLearn

Works).

After a period of dormancy, they reactivate and produce merozoites. Hypnozoites are responsible
for long incubation and late relapses in these two species of malaria [18]. Some of the merozoites
entering red cells do not develop into schizonts, but develop into male and female gametocytes.
These may persists in the blood circulation for many weeks without destroying the red cells
containing them, and these are the forms infective to the mosquito. If a female mosquito pierces
the skin of an infected person, it swallows the male and female gametocytes in her blood meal.
Unlike other diseases and parasites, mosquitoes are the definitive hosts for the malaria parasites
due to the fact that it is inside the mosquito's gut where fertilization and sexual recombination of

the parasite occurs [18]. New sporozoites develop and travel to the mosquito's salivary gland,



completing the cycle. Sometimes, human malaria is transmitted by transfused blood from
infected to healthy individuals, sharing infected needles, or from an infected gravid woman to
her fetus.

Malarial attacks present over seven days or more (usually 10-15 days after the incubation period)
with fever, headache, sweating and chills, often associated with fatigue, headache, dizziness,
nausea, vomiting, abdominal cramps, dry cough, muscle or joint pain, and back ache. If not
treated within 24 hours, P. falciparum malaria can progress to severe illness and sometimes death
[19]. Children in endemic areas with severe disease frequently develop one or more of the
following syndromic presentations: severe anaemia, respiratory distress, or cerebral malaria. In
adults, multi-organ involvement is also frequent. For both P. vivax and P. ovale, clinical relapses
may occur weeks to months after the first infection, even if the patient has left the malarious
area. These new episodes arise from "dormant" liver forms (absent in P. falciparum and P.

malariae), and special treatment targeted at these liver stages is mandatory for a complete cure

[20].

1.4. Malaria control
Control of malaria represents one of the world's greatest public health challenges, especially in

sub-Saharan Africa where over 80% of the disease occurs [21]. The history of malaria control
goes back in late 1800s after the discovery of the connection between Anopheles Mosquitoes and
the disease transmission by Ronald Ross [22].

This discovery opened a new chapter in malaria prevention specifically vector control. After the
discovery of this connection, major vector control measures included environmental sanitation
through drainage to eliminate the larval mosquito habitat, biological control through the use of
larvivorous fish in ponds and larviciding with oil. They were all very effective, especially in
countries like Brazil [23], Zambia [24], Egypt [25], northern part of Australia and large swath of
the south Pacific [26] until 1955 when WHO launched the Global Malaria Eradication
Programme with an overwhelming emphasis on widespread use of this indoor DDT spraying
against malaria vectors and anti-malarial drugs to treat malaria parasites [27]. This resulted in
great success with the elimination of malaria from most parts of Europe.

However, in late 1960's operational problems associated with DDT led to the emergence of fast-

evolving resistant Anopheles species. In some places there were instances of overdosing with



DDT, refusal of access to houses to be sprayed and even theft of insecticide for illicit sale on the
black market [26]. Insecticide resistance threatened the efficacy of these tools for the control of
malaria as DDT began to lose its efficiency in certain places. This led to abandonment of the
Global malaria Eradication Programme and WHO changed its policy from world-wide malaria
eradication program to malaria control through drug treatment of the parasite in infected humans.
The prioritized approaches during this era included the use of new antimalarials like Chloroquine
and Quinine against malaria parasites [28], and, later on, use of insecticides in bednet treatment
(i.e. synthetic pyrethroids) and in Indoor Residual Spray (IRS) for malaria vector control [29].
They all contributed significantly to the malaria control through reduction of malaria vector
density and malaria parasites in 2000s in most malaria endemic African countries including
Kenya, Rwanda, Eritrea, Zambia, Gambia, South Africa, Mozambique and Zanzibar [30-34],
representing an historical achievement and the most definitive progress since WHO changed its

policy from malaria eradication to malaria control [35].

1.5. Insecticide Treated bed nets (ITNs)

Bed nets were primarily developed for the purpose of protection against flies, mosquitoes and
other biting insects, as well as to protect against transmission of diseases such as malaria, dengue
fever and yellow fever. The idea of using insecticide-treated bed nets came during World War II,
when Germans, Russian and US armies started treated their combat uniforms and bed nets to
protect them against vector borne diseases, mainly malaria and leishmaniasis [36]. From the late
1970s, common use of synthetic pyrethroids started and studies showed they were safe and could
have a dramatic impact on malaria transmission [36—38].

About 68% of the total reduction in Plasmodium falciparum parasite rate (PfPR) seen in 2015
were attributed to by insecticide treated nets [39]. Furthermore, in recent years, the ownership
and use of insecticide treated nets has increased such that they are now the main important
intervention for malaria vector control in most part of sub-Saharan Africa. In Tanzania,
according to the recent malaria indicator survey, ownership of at least one ITN per household has
increased to 78% in 2017 from 50% in 2010 [40].

Lengeler, (2004) reported that the distribution of mosquito nets impregnated with insecticides
was an extremely effective method of malaria prevention, and these remain one of the most cost-

effective interventions available in public health [41]. In addition to above, community-wide use



of treated nets has been shown not only effective in killing or repelling larger number of malaria
vectors to provide personal protection, but also provides communal protection to non-users in the
surrounding community by reducing vector population sizes, mean age and infection prevalence
[41-49]. Community-wide bed net use can not only reduce child mortality by about 20% but also
reduce malaria episodes by about 42% [50].

The need to continual re-treatment nets with insecticides every six to twelve months proved a
major challenge to successful implementation in the field and prompted the development of
Long-Lasting Insecticide nets (LLINs) which will last for three up to five years without requiring
re-treatment [51]. These have been evaluated in comparison with the ITNs and found to last far

longer than standard ITNs [46,52].

1.6. LLIN durability in the context of vector control
The effective life of a good bednet is estimated to be three years after which they will be in bad

condition and need replacement [53]. However protection provided by treated bed nets is not
long lasting from either physical or chemical factors. Physical factors are attributed by wear and
tear (holes formation from various sources) of the fabrics over time. Chemical factors are
attributed by all factors leading to reduced or loss of insecticides). However, this is based on the
assumptions that there are variations in the physical and chemical decay among bed nets, which
appears to be significant, and the effective net life could even be less than three years. This
assumption was later thought to be over-optimistic [54]. Evidence from different places observed
variations in the effective life of bednets, with some observed an effective life of between three
and four years [55], four years [56] and seven years [57,58]. Having seen the variations of
effectiveness of LLINs in different field settings, WHO established standard guidelines, which
will be used to monitor net durability across different places. WHO suggested three elements to
consider when assessing net durability namely net survivorship, fabric integrity and insecticidal
activity (bioefficacy and insecticidal residual) [54]. A durable insecticidal treated net is one that
is still available for use (even after the three years of effective life), in good condition and can
prevent blood feeding by mosquitoes (as physical or chemical barrier) and killing mosquitoes (as
chemical barrier) and there are standard methods established to assess each of the above
components.

Net survivorship is the first component of bed net durability and refers to the proportion of nets

that are still available in the households after a certain period following initial distribution. The



opposite of survivorship is attrition, which refers to the absence of nets from the household [54].
Following WHO guidelines, absence include either given away, thrown away or used for
alternative purposes and can be captured from household questionnaire surveys [59-63].
Information on net survivorship (attrition) is very important for any malaria endemic country
even before understanding other components of the durability in order to know whether the net
distributed is still available or not and if not, what are the reasons. This will also assist future net
replacement campaigns because replacing nets too late puts people at risk of disease, but
replacing them too often wastes limited resources.

Physical integrity is another important component when assessing bed net durability. It involves
counting the number and size of holes based on hole size categories i.e. smaller than thumb (0.5-
2cm), larger than thumb but smaller than a fist (2-10cm), larger than fist but smaller than head
(10-25cm) and larger than head (>25cm). The total hole counts are then weighted according to
the estimated average area of each hole size category and summarize the counts in a
proportionate Hole Index (pHI) weighted by the approximate surface area of the holes to provide
a single measure as either good (<79cm” if circular or <100 cm” if rectangular holes), damaged
(80-789 cm” if circular or 100-1000 cm? if rectangular holes) or too torn (>790cm? if circular or
>1000cm” if rectangular holes) [64]. Fabric integrity assessments are not used by WHO for
LLIN durability assessment required for full WHO PQ (Pre Qualification) listing. Currently, a
candidate LLIN is considered to meet the criteria for efficacy for testing in Phase III studies, if
after 3 years, at least 80% of sampled nets are biologically effective in WHO cone or tunnel tests
[65].

Bio-efficacy is also among the components measured when assessing bednet durability. Standard
WHO methods used to assess net bioefficacy include cone test, tunnel test and through
experimental hut trials. The standard means of ITN bioefficacy evaluation is through cone
bioassays, WHO tunnel tests and experimental hut evaluations [65]. Cone test is a contact assay
where mosquitoes are held in proximity to the ITN and mosquito knockdown (KD60) and 24-h
mortality are recorded after 60 min and 24 h, respectively. The tunnel test uses a live animal as a
bait (rabbit or guinea pig), so mosquitoes are able to exercise host-seeking behaviour, and ITN
efficacy is assessed by measuring mosquito mortality and blood feeding inhibition [66—68].
Experimental huts are small-scale field (phase II) testing assays used to evaluate ITNs that meet

laboratory (phase I) testing criteria [54,69]. Huts are built in areas with high densities of target



mosquito species and are designed to resemble small local housing but have features to retain
mosquitoes that enter huts such as window traps and baffles [70]. Volunteers sleep underneath
the ITNs and wild mosquitoes attempt to feed and interact with the ITNs in the same way as they
would in local homes. Both mortality and feeding inhibition are key outcome parameters, which

translate to personal and community protection from malaria [71].

1.7. Problems with standard LLIN durability methodologies

Though a lot has been done to ensure wide coverage of bednets in most of these malaria endemic
countries, the world cannot claim victory through this intervention, as the distribution alone is
not enough unless the distributed nets last longer and are consistently and correctly used. LLINs
function as a physical and chemical barrier between mosquito and human being sleeping under
the net. As explained above, main components measured when assessing bed net durability
includes, attrition/survivorship, physical integrity and bioefficacy (insecticide activity and
chemical residual). However, all assays pose some challenges that need to be considered when
assessing durability of bednet.

Firstly, although information on net survivorship (attrition) is very important for any malaria
endemic country even before understanding other components of the durability in order to know
whether the net distributed is still available or not and if not, what are the reasons; but this
information usually relies on the reported information from the household heads that may not
reflect the real condition of the particular LLIN under field settings.

Secondly, the pHI method was formulated to help determine whether bed nets are still protective
or should be replaced after a certain period of field use. The method has been widely used as a
standard method to assess physical integrity of different net products in different settings [60,72—
78]. However, notable challenges have been observed related to this method including the
difficulties in identifying and counting of all holes in a net, the method is laborious and include
some assumptions when assessing net integrity [79—-81].

Thirdly, the standard WHO bioefficacy methods (cone/tunnel tests and experimental huts) have
been observed to face some methodological challenges [66], which may affect the outcome
measures of bed net durability. Cone tests may underestimate the induced mortality of irritant

insecticides, as mosquitoes do not settle on treated nets [82]. Indeed, comparatively higher



mortality is often measured in experimental hut studies of ITNs where mosquitoes make repeated
contacts with treated nets as they try to feed on human volunteers sleeping under nets. In tunnel
tests, the live host used as bait is not the preferred host for the strongly anthropophilic Afro-
tropical vector Anopheles gambiae sensu stricto (s.s.) [83] and may overestimate feeding
inhibition. Alternatively, mosquitoes must be reared by feeding them on small mammals to select
them for a preference to these non-preferred hosts, which is both expensive and of animal
welfare concern. Experimental hut experiments are the gold standard for ITN and IRS
evaluations, but wild mosquito populations are often seasonal and have high temporal
heterogeneity requiring substantial replication to ensure adequate power to detect true effect
differences between products [84].

While collecting data on bednet durability, in the laboratory or in the field, can provide
information on net efficacy and damage as well as attrition, however this information is only
useful and reliable if collected correctly in a simple, cost effective and reproducible manner in
different field settings.

Based on the observed challenges above, we undertook several experiments to understand more
the methodologies for LLINs durability and develop improved methods that are realistic, cost

effective and reproducible for assessing LLIN longevity under field settings.

1.8. Objectives
General objective
This thesis was motivated by the need to understand and improve the LLIN durability
methodologies for the longer and sustained malaria vector control. Therefore the overall aim of

this thesis was to understand the current methods used for assessing LLINs durability and

associated limitations/challenges and to develop improved methodologies for the same.

Specific objectives:

1. To measure the durability of LLINs in order to; i) better advise the country on procurement of

10



the most durable LLIN and provide information needed to plan the timing of future net

replacement campaigns and ii) understand factors that affect net durability.

. To use this information to revise the standard WHO bioassays (cone and tunnel tests) as a
measure of LLINs bioefficacy and develop a logistically simple, time saving and realistic

method for assessing LLIN durability.
. To use this information to improve understanding of the proportional hole index (phi) as a

measure for LLIN effectiveness and to revise this measurement to develop a “location adjusted

phi”.
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2.1. Abstract

Background: Long-Lasting Insecticidal Nets (LLINs) are one of the major malaria vector
control tools, with most countries adopting free or subsidised universal coverage campaigns of
populations at-risk from malaria. It is essential to understand LLIN durability so that public
health policy makers can select the most cost effective nets that last for the longest time, and
estimate the optimal timing of repeated distribution campaigns. However, there is limited
knowledge from few countries of the durability of LLINs under user conditions.

Methods/Design: This study investigates LLIN durability in eight districts of Tanzania, selected
for their demographic, geographic and ecological representativeness of the country as a whole.
We use a two-stage approach: First, LLINs from recent national net campaigns will be evaluated
retrospectively in 3,420 households. Those households will receive one of three leading LLIN

®, PermaNet®2.0 or Netprotect®) and will be followed up for three

products at random (Olyset
years in a prospective study to compare their performance under user conditions. LLIN durability
will be evaluated by measuring Attrition (the rate at which nets are discarded by households),
Bioefficacy (the insecticidal efficacy of the nets measured by knock-down and mortality of
mosquitoes), Chemical content (g/kg of insecticide available in net fibres) and physical
Degradation (size and location of holes). In addition, we will extend the current national
mosquito insecticide Resistance monitoring program to additional districts and use these data
sets to provide GIS maps for use in health surveillance and decision making by the National
Malaria Control Program (NMCP).

Discussion: The data will be of importance to policy makers and vector control specialists both

in Tanzania and the SSA region to inform best practice for the maintenance of high and cost-

effective coverage and to maximise current health gains in malaria control.

Keywords: Long-lasting insecticidal nets, LLINs, Durability, Mosquito net, Hole index,

Biological efficacy, Malaria control, Anopheles, Semi-field, Insecticide resistance
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2.2. Background

The recent successes in malaria control in sub-Saharan Africa (SSA), specifically in Tanzania
where malaria deaths have reduced by 70% since 2003, has been largely attributable to the
massive scale up of vector control tools, particularly Long Lasting Insecticidal Nets (LLINs) [1-
3]. However, sustained malaria control is costly, and dependent on continuing political and donor
support. As political commitment diminishes, the deliveries of life-saving control tools will slow
down and risk the reversal of the huge achievements to date. Global commitments for malaria
control in 2012 were approxi- mately US$2.5 billion, far below the estimated sum of US $5.1
billion required for the task [4]. Global funding mechanisms are projected to decelerate even
further in the coming years, leaving gaps of US$2.25 billion before achieving universal access to
malaria interventions [1]. Therefore, maximising the impact of interventions through selection of
the most cost effective and long lasting interventions is a health policy priority.

Despite the huge financial and logistical investments in the development, production and
distribution of LLINs worldwide, there are still limited data available on the LLIN durability
under user conditions. The World Health Organization (WHO) released specific guidance on
LLIN durability monitoring [5,6], which was incorporated into guidelines for laboratory and
field-testing of LLINs [7] to support national governments with the design of stan- dardised net
monitoring and evaluation studies. Effective net life has been estimated to be 3-5 years [8], but
some studies indicate that LLIN brands may last less than three years under operational
conditions [9-12]. It is only recently that researchers have started to investigate net attrition, i.e.
how long nets remain in use in a household, and constructed net survivorship curves [5,13].
Durability of mosquito nets should thus be defined and measured by the whole process of net
loss — from attrition and physical damage to the chemical loss of insecticide residue [5].

Net deterioration differs greatly between regions or cultures as care and repair behaviours,

maintenance and net use vary from place to place. Thus, nation-wide evaluations of LLINs are

required and called for by the WHO [6,14]. Evaluation of PermaNet®2.0 retrieved from six
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countries [15] and Olyse‘[®

nets from seven countries [16] show large between-country
variability of LLIN durability. Net products also vary in material, insecticide, or fibre
impregnation technology. Such varia- tions are still largely unknown and direct comparisons
within sites are scarce [17] (but see [9,11,18]). Reliable data need to be collected by National
Malaria Control Programs (NMCPs) to inform national procurement decisions for 1) selection of
the most suitable net to plan timely replacement, 2) to understand factors associated with net
durability to guide behaviour change communication including care and repair interventions, and
3) to assist industry in product improvement. NMCPs need to under- stand LLIN durability in
their local settings because replacing nets too late puts people at risk of disease, but replacing
them too often wastes limited resources.

Also, the dramatic increase in pyrethroid resistance in mosquitoes throughout SSA, including
Tanzania [19], might be posing a threat to the sustainability of insecticidal control methods
[20,21]. A surveillance system to monitor emerging insecticide resistance, for example using
Geographical Information Systems (GIS) [22,23], would allow governments and national malaria
control pro- grammes to plan resistance control strategies [24]. Spatio-temporal analysis of
malaria transmission to identify persistent transmission hotspots may maximise cost- and health-
effectiveness of control programmes [23]. The determinants and risk factors for net loss and
effectiveness vary spatially, but there is a lack of information of which factors play a role in the
attrition and deterioration of LLINs.

Therefore, the current study is conducted in collaboration with the Tanzanian NMCP to inform
their procurement decisions. The study will be conducted in eight districts in Tanzania, selected

for their demographic, geographic and ecological representativeness of the country as a whole.

There will be an initial retrospective evaluation of Olyset® nets distributed by the NMCP two-
to-four years previously as part of both a targeted and a universal coverage campaign [25]. The

®

same sampled households will then receive one of three LLIN products (Olyset™ with the new

knit pattern to improve fabric strength, PermaNet®2.0 or Netprotect®) by random allocation for
a prospective follow up study. Effective life of the nets will be assessed at regular intervals for
three years using the WHO-recommended set of net durability variables [5] (Table 2.1) and a set

of new methodologies (Figure 2.1).
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Table 2.1 LLIN durability components

Component Definition

Response variables for analysis

Attrition Net loss from household through discarding or use for
alternative purpose

Biological efficacy Ability of net to incapacitate or kill anopheline mosquitoes
after contact with insecticide

Chemical residue Amount of active ingredient in fibres

- Net presence.

- Mosquito knockdown (%) 60 minutes post-exposure.
- Mosquito mortality (%) 24 hours post-exposure.
- Percentage of bloodfed mosquitoes.

- Proportion of nets with active ingredient equal
to WHO standard g/kg

Physical degradation  Physical state of the net defined through number, size and location of - Proportionate Hole Index (pHI) / hole area

holes to estimate protection against mosquito bites

by location on net.

- Proportion of nets with a pHI exceeding 2643 [6].

We will also monitor insecticide resistance in mosquito vectors as an additional component for

evaluating LLIN effectiveness to contribute to the growing knowledge within Tanzania, which

will assist the NMCP on rational selection of insecticides for vector control.

Start 2013
Selection of study sites
Districts and villages

:

Household selection
Sampling from master list
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Figure 2.1 Retrospective and Prospective data collection
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Spatial risk factors of insecticide resistance and LLIN durability, such as land use patterns,

agriculture, altitude or distance to potential breeding sites, will be assessed to determine their

usefulness in selecting appropriate malaria control strategies by identifying areas where a

particular LLIN intervention may be more effective than another.

2.3. Methods/Design

Study population

The project will be carried out in eight districts represent- ing five of the eight geographical

zones of Tanzania and covering variations in malaria epidemiology and ecology. Fifteen

districts, i.e. seven districts in addition to the eight previously mentioned, will be included in the

mosquito insecticide resistance part of the project (Figure 2.2).

# District

Malaria prevalence

Zone

Range

Kinondoni

0.3-3.6%

Dar es Salaam

Ruangwa

4.0-26.0%

Southern

1
2
3 | Mtwara Urban
4

2.0-17.4%

Southern

Songea Urban

0.8-12.3%

Southern

5 | Mbozi

0-4.5%

Southern
Highlands

6 | Iringa Urban

0-0.4%

Southern
Highlands

7 | Kilosa

6.9-13%

Eastern

8 | Bagamoyo

7.4-10.2%

Eastern

9 | Arusha

0%

Northern

10 | Kondoa

0.5-2.6%

Central

11 | Singida Rural

0-0.2%

Central

12 | Geita

21.0-32.9%

Lake

13 | Musoma

14.6 - 25.6%

Lake

14 | Kahama

4.4-6.8%

Western

15 | Kasulu

9.9-26.1%

Western

z
12. Geita
- ¥, Arisna
. i
14. Kahama
)
.

£ 4. songea Urban

Figure 2.2 ABCDR districts in Tanzania.

Districts selected for LLIN durability (ABCD-components) and the insecticide resistance
part of the project (R-component) with malaria prevalence data (% of children aged 6-59

months diagnosed with malaria by Rapid Diagnostic Test and microscopy [29]) and

geographical zone. The following eight districts are included in the LLIN study: Kinondoni
(1), Mbozi (5), Iringa Urban (6), Kilosa (7), Bagamoyo (8), Geita (12), Musoma Rural (13)

and Kahama (14).

17



The 15 districts were selected from the 23 districts enrolled in the population arm of the Sentinel
Panel of Districts (SPD), SAmple Vital registration with Verbal autopsY (SAVVY) [26]. The 23
SAVVY districts were selected using two-stage sampling with probability proportional to size
(PPS) of districts and villages/Enumeration Areas (EAs) from the 2002 Population and Housing
Census dataset [27]. In each of the eight districts (Figure 2.2), all households within 6-20
villages/EAs were enrolled by the SAVVY programme for national representativeness in
2012/2013. We will select ten SAVVY villages per district based on the proximity to district
headquarters, except for Kinondoni (Dar es Salaam) where SAVVY only covered six EAs. Using
the SAVVY baseline household information, 45 households per village will be randomly
selected using the ‘sample’ function in the statistical software R 3.1.1 [28], giving a total of
3,420 households nationwide. Fifty percent more households will be randomly selected as

substitution households to accommodate for non-consent or household head absence.

The 3,420 study households will be geo-referenced using Global Positioning System (GPS)
points to create a GIS database including data on village and house characteristics,
socioeconomic variables, net characteristics, and geographical variables, such as environment,

land use and potential mosquito breeding sites.

LLIN products
All three products (Table 2.2) that will be tested in the prospective study were recommended by
WHO Pesticide Evaluation Scheme (WHOPES) at the point of procure- ment with full approval

of Olyset® [16] and PermaNet®2.0 [15], and interim approval of Netprotect® [30]. However,

®

Netprotect™ approval was withdrawn in September 2014 [31] and from that point on it was

® ®

decided to replace all sub-sampled study Netprotect™ nets with Olyset ™.

Table 2.2 Characteristics of Olyset®, PermaNet®2.0 and Netprotect® net products
distributed in the study

18



Product name  Product type Insecticide ~ Denier Manufacturer WHO Reference

concentration approval
Olyset Permethrin incorporated into polyethylene 780 mg/m*  >150 denier  Sumitomo Chemicals ~ Full [16]
PermaNet 20 Deltamethrin coated on polyester 55 mg/m’ 100 denier ~ Vestergaard Frandsen  Full [15]
Netprotect ~ Deltamethrin incorporated into polyethylene 68 mg/m’ 110 denier  BestNet Withdrawn 30,31

The WHOPES working group recommends that programmes should monitor efficacy and

® under local conditions to obtain further information about the

performance of Netprotect
product [32]. Ten nets of each product will be assessed at baseline to ensure that they meet
WHOPES thresholds for bioefficacy against anopheline mosquitoes using WHO cone and tunnel
tests and insecticidal content with high-performance liquid chromatography (HPLC) analysis.

As a consequence of using LLIN products from different materials (Table 2.2), the nets may be
able to be distinguished physically. However, each net type will be rectangular, of the same
dimensions (190 cm x 180 cm x 150 cm) and colour (white) with six loops per net to prevent
household participants, technical staff and field team from knowing the treatment allocation as
much as possible. A waterproof unique identifying barcode and a five-digit serial number will be

attached to each distributed LLIN with a self-laminating laser tag to a hanging loop of the net.

This will allow tracking of the nets once they are distributed.

The field team will record the net serial number on the questionnaire as the net is distributed to

allow the matching up of household and unique net identifying numbers on the net master list.

Study design

The general study design is shown in a flow chart in Figure 2.1. One week before the start of the
study, a sensitisation meeting will be set up at the district level to inform community leaders
(Mwenyekiti and Viongozi), key informants, District Executive Directors (DEDs) and District
Medical Officers (DMOs) of the purpose and design of the study. Their permission to work
within the community will be sought to inform the com- munity members of the study’s

objectives and methods.
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Retrospective study

Households will be enrolled on written informed consent (Additional file 2.1). Participants’
houses and questionnaires will be identified by barcodes associated with numeric codes (six-digit
serial numbers) to ensure their anonymity and due care will be taken to ensure that only barcodes
and numeric codes are used on LLINs and questionnaires, thus blinding participants and
researchers to treatment allocation. All the nets from the participating households will be
collected and replaced with one of the three new LLIN products (Table 2.2) chosen at random.
The prospective LLIN products will only be known to field teams as net types 1, 2 and 3, thereby
blinding and randomising the treatment distribution as much as possible. Each day the field team
will receive a household list and a randomly mixed bundle of five sets of type 1, 2 and 3 nets
(three nets of same type per set bagged for one household, assuming an average of three sleeping
spaces per household). The interviewer will randomly pick one set from the bundle to be
distributed when they arrive at each household (modified lottery method). If the household
contains more than three sleeping spaces, more nets of the same type will be provided. The
interviewer will record the five-digit serial numbers attached to the nets on the questionnaire as
described above. Thus, randomisation is conducted by the field workers at the household level,
resulting in 15 households per village receiving sufficient nets of one product to cover each

sleeping space (Table 2.3).

Table 2.3 Households allocated to each net product per village and district in the

prospective study

Olyset’ PermaNet 2.0 Netprotect. Total

Districts 8 8 8 8
Villages per district* 10 10 10 10
Households per village 15 15 15 45
Total households 1,140 1,140 1,140 3,420
Total nets** 3,420 3,420 3,420 10,260

A questionnaire will be conducted in Kiswahili, the local language spoken throughout Tanzania,
with household heads, or another adult, by the field team (Additional file 2.2). Respondents will
be asked whether they received nets during two NMCP campaigns in 2009-2011. Nets from the

campaigns are identifiable by their light-blue colour and size (single), allowing us to differentiate
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those nets from the campaign and those that might have come from the private sector or Non-
Governmental Organisations (NGOs). We will individually assess every net returned to the
storage facilities at Bagamoyo Research and Training Centre (BRTC) for its brand label, colour,

size, level of cleanliness, and age of manufacture, if available. From those retrospective nets, 200

Olyset®

campaign nets will be randomly selected using the ‘sample’ function in R 3.1.1 for
durability testing in the laboratory and semi- field systems (Figure 1; Table 1). All other

®

collected Olyset nets will be recycled by A to Z Textile Mills Ltd

(http://www.azpfl.com/index.php/en/).

Prospective study

Attrition, net use and user behaviour (Additional file 2.2), and physical degradation of study nets
will be assessed in every consenting household at three subsequent sampling points (10, 22, and
36 months) after the initial LLIN distribution. All households will be surveyed for attrition and a
sub-sample of three nets per household will be assessed for physical degradation. Field
interviewers will be trained using an amended version of a recently developed
USAID/NetWorks-supported training tool kit to assess the number of different category sized
holes under field conditions [33].

At each time point, all nets from 48 randomly selected households for each net product will be
taken for sub-sampling to validate the D component (physical degradation) assessment in the
laboratory, and for B (biological efficacy against mosquitoes) and C (HPLC analysis)
components efficacy testing (Figure 2.1). These households will be randomly selected stratified
by district and LLIN product so that six nets from each district per product are evaluated for
BCD components. All sampled nets will be replaced with new nets of the same kind except for

® ®

Netprotect™ nets which will be replaced by Olyset™, and the sampled household will be

excluded from subsequent sampling rounds.

ABCDR components
Attrition (A component)
Attrition of LLINs is defined as the proportion of LLINs that are no longer in use as mosquito

nets to sleep under in the receiving household after a given amount of time. This is commonly
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due to loss through nets being damaged, discarded, or used for other purposes than sleeping
under. Nets that are sold, given away or stolen will be excluded from the attrition analysis
following WHO guidelines [6] as they may still be “serviceable”.

Trained field interviewers will perform the field visits of all households selected from the master
list and voluntarily participating in the study during the sampling points (retrospective sampling,
10, 22 and 36 months after prospective LLIN distribution). Questionnaire data will be collected
using Open Data Kit (ODK) Collect software (http://opendatakit.org/use/collect/) on Android
tablet computers (Google Nexus One). Observations by the field workers on presence and
absence of distributed nets, the location of the net (hanging or stored away), fabric integrity and

the net condition are included in the questionnaire (Additional file 2.2).

Physical degradation (D component)

The physical degradation, or integrity, of the nets will be measured by counting the number,
location and size of hole(s) in each net. The proportional hole index (pHI) will be calculated
using the hole size categories as per WHO guidelines [5,6] (Table 2.4). In addition to the
different category sized holes, we will also include five different hole locations on the net by
dividing the side panels of the net into a total of four zones from top to bottom, each measuring
37.5 cm, and counting holes in the roof separately as a fifth location (Figure 2.3). Mosquitoes are
more likely to aggregate around certain locations on occupied bed nets (e.g. the roof; [34]). In
addition, the lower edges of the bed nets are more likely to be severely damaged, but they are
also more likely to be tucked in at night, potentially avoiding mosquito entry [35]. By counting
the holes by location, we will be able to take into account these factors when analysing the hole

index data and give different weights to holes in different locations.
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Figure 2.3 Collapsible frame for hanging bednets

To our knowledge, this formula has not yet been developed. One of our aims is therefore to
incorporate hole location into the equation, and to compare its relative importance to a simpler
model in terms of protection against mosquitoes in semi-field experiments. Holes will be counted
both in the laboratory and in the field using a collapsible metal frame made out of locally
available economical materials (Figure 2.3). In the field, holes in a maximum of three

prospective nets will be counted per household due to logistical and time constraints.

Biological efficacy (B Component)

Testing will be performed at BRTC, Bagamoyo, Tanzania using An. gambiae sensu stricto (s.s.)
(Ifakara strain, Njage 1996) mosquitoes that are fully susceptible to insecticides and are reared
according to CDC guidelines [36]. Mosquitoes used for testing will be 2-8 days old (depending
on the test), nulliparous sugar fed females. Standard WHO cone bioassays will be carried out to

evaluate new nets at baseline (ten samples per net product), 200 retrospective Olyset®

nets, and
a random sub-sample of 48 prospective nets per time point. WHO tunnel tests will be performed
if nets fail the cone test [7,37]. To validate these WHO recommended bioassays and help to
estimate fully the protection provided by nets under user conditions, those 48 nets will first be
tested in a semi-field tunnel (SFT) — the newly developed Ifakara Tunnel Test (ITT) - to measure
the protective efficacy of the nets to people rest- ing underneath them [38]. For the WHO tunnel
test and ITT, only those mosquitoes that are responsive to human odour on the day of testing will
be used. For semi-field tests, mosquitoes will be deprived of sugar solution for six hours prior to
experiments and transferred to a screened test cage one hour prior to testing to allow them to
acclimatise.

Ifakara tunnel test (ITT) A semi-field enclosure is here defined as an enclosed environment,
ideally situated within the natural ecosystem of the target disease vector and exposed to ambient
environmental conditions. Semi-field enclosures offer several useful features: 1) participants are
safe because they are exposed only to laboratory-reared disease-free mosquitoes, 2) experiments
can be run using standard numbers of mosquitoes allowing year round collections regardless of
natural vector populations, and 3) using mosquitoes of known age, physiological status and

avidity reduces experimental variability allowing for rapid data collection and improved data

23



quality.

The Ifakara tunnel is a 50 m long, 3 m wide and 2.1 m high steel tube frame construction
covered by durable UV resistant polyurethane coated netting (Figure 2.4A). The structure is
constructed upon a concrete base surrounded by a water channel to prevent entry by ants and
spiders. The tunnel sits beneath a simple beamed wooden frame supporting a corrugated steel

roof to allow work in all weather conditions.

Figure 2.4. Ifakara Tunnel Test (ITT)

The netted tunnel is divided into ten individual test chambers (5 m x 3 m x 2.1 m) with
interconnecting doors that are sealed with zips and Velcro to prevent mosquitoes moving from
one test chamber to another (Figure 2.4B). Each end of the tunnel contains an additional double
door module to prevent loss of laboratory-reared mosquitoes into the wild. Mosquitoes will be
released within each compartment by raising the netted holding cages from their removable
wooden bases. This is achieved remotely by the volunteer in each compartment pulling a nylon
cord to raise the cage whilst remaining beneath the net (Figure 2.4C). After the allotted
experimental time period, all mosquitoes within each of the compartments will be removed by
mechanical aspiration (Figure 2.4D).

Each of the ten experimental compartments will be provided with a steel bed frame and foam
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mattress upon which a volunteer will sleep during each test and over which the LLIN will be
draped (Figure 2.4C). A human volunteer will sleep beneath the LLIN from 21.00 hrs to 06.00
hrs to represent user conditions. For each test, 30 nulliparous 2-8 day old, disease-free An.
gambiae s.s. mos- quitoes will be introduced. At 06.00 hrs, the mosquitoes within the
compartment will be collected using a mechan- ical aspirator (Prokopack; [39]) and scored for
knockdown (KD), 24-hour mortality and blood-feeding success.

All participants in ITT experiments will be male staff members of IHI who have received
appropriate training and are experienced in conducting semi-field tunnel tests. All participants
will be recruited on written informed consent, which explains the risks and benefits of the study
and are free to leave the study without explanation. The risk of disease transmission to volunteers

is very low.

Chemical residue (C Component)

After biological efficacy and physical degradation testing in semi-field facilities in Bagamoyo
has taken place, the same 48 LLINs per product will be used for chemical residue analysis.
Chemical residues will be determined by HPLC [40]. The HPLC analysis will be carried out in a
WHO Collaborating Centre for Quality Control of Pesticides (Walloon Agricultural Research
Centre; CRA-W) following the latest WHO recommendations. Four sub-samples of 30 cm x 30

cm will be taken from each net representing the entire net. Samples will be kept at 4°C in
aluminium foil until analysed to determine the total content of permethrin (Olyset®) or

deltamethrin (Netprotect® and PermaNet®2.0) in g/kg.

Resistance monitoring (R Component)

The resistance monitoring component builds upon the existing nationwide longitudinal
monitoring of insecticide resistance in Tanzania that has already been carried out in 26 selected
sentinel districts from different ecological zones of Tanzania [41]. In the current study,
insecticide resistance will be assessed in a total of 15 districts (Figure 2.2). Eight of these
districts coincide with the ABCD part of the project. Insecticide resistance will be monitored in
cross-sectional countrywide surveys conducted annually throughout the project life. These
surveys will be carried out in May/June, just after the long rainy season. The susceptibility levels
and resistance mechanisms of malaria vectors to insecticides of public health and agricultural

relevance in Tanzania will be determined. Results will feed into the online geospatial application
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IR Mapper [23]. Anopheles larvae will be collected in easily accessible larval habitats in one or
two villages per district. Each breeding site will be geo-referenced using GPS. Larvae will be
bred to adult mosquitoes in field laboratories, which will be maintained on 10% glucose solution
in mosquito cages. Three- to five-day old F1 generation mosquitoes will be tested using standard
WHO insecticide susceptibility testing procedures [42]. Mosquitoes will be exposed to papers
impregnated with the WHO-recommended discriminating concentrations (vw) of 0.05% delta-
methrin, 0.05% lambda-cyhalothrin, 0.75% permethrin, 0.1% bendiocarb, 1% fenitrothion and
4% DDT prepared at University Sains, Malaysia [42]. During exposure, KD rates will be
recorded after a range of exposure times. Mosquitoes will then be provided access to 10%
glucose solution and 24 hour mortality will be scored. All mosqui- toes will be identified using
keys described by Gillies [43,44] and An. gambiae sibling species identified using established
Polymerase Chain Reaction (PCR)-based methods [45]. PCR-based standard methods will also
be used to detect kdr mutations [46] and biochemical assays will be used to detect the enzyme-

based resistance mechanisms in mosquitoes.

Statistics and data analysis

Sample size calculation

Sample size calculations were based on the primary outcome measure of net attrition using the
standard formula for the difference between two proportions [47]. The BCD components were
treated as an additional sub-sample to the original calculated sample size. Assuming an average
of 3 nets per household and a coefficient of variation of 0.25, then the formula on page 110 of
Hayes & Moulton [48] gives a sample size of 973 households per arm to detect a difference in
attrition between two brands with attrition rates of 47.5% and 52.5% with 90% power. Therefore,
there will be at least 90% power to detect a 5% difference in attrition rates. Loss to follow up and
households excluded due to sub-sampling have been added to the final sample size to give (1,140

households * 3 nets/ household)=3,420 LLINs per LLIN product (Table 2.3).

Data analysis
We will collect a set of response variables (Table 2.1) and explanatory variables. The
explanatory variables will be collected from household questionnaires and observations and will

include time after net distribution, net product, geographical location, patterns of net use (e.g.
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type of bed, frequency of net use), net status, washing and handling, perceptions of nets and

socioeconomic status of the household. All response variables will be analysed using the

statistical programs STATA®13 (http://www.stata.com/) and R (http://www.R-project.org/).
Regression modelling including multivariate generalised linear models and generalised linear
mixed models will be used to determine covariates affecting net durability components such as
LLIN age, geographical location and data collected from household surveys. Principal
Component Analysis (PCA) will be used to determine a combination of variables for
socioeconomic status to explain the overall observed variation and reduce the complexity of the
data. In order to analyse net attrition and physical degradation in more detail, 95% confidence
intervals will be calculated for the attrition and ‘unserviceable’ physical condition of each net
product at the three prospective time points. At each point, logistic regression with a category for
each brand of net will be performed to assess if there is a difference in attrition between the three

net products. If a significant difference is found, then pairwise comparisons will be examined.

Ethical considerations

Full ethical approval has been obtained from ethical review committees at London School of
Hygiene & Tropical Medicine (6333/A443), Ifakara Health Institute (IHI/ IRB/AMM/ No: 07-
2014) and the National Institute for Medical Research (NIMR/HQ/R.8¢c/Vol. 1/285).

Written informed consent will be obtained from the head of the household of those households
selected for participation (Additional file 2.1). If absent, another adult household member (above
the age of 18) representing the household head will sign the informed consent form. The
informed consent will be obtained before each survey. For participants who cannot read the
form, the informed consent form will be read out and explained by the local field staff in
Kiswahili or the local language in the presence of a community witness. After consenting, the
household head, or his representative, will be asked to mark a thumb impression on the form, and
the witness will be asked to sign it. The potential participants will be advised that they can refuse

to participate at any point in the future and may still keep their new net.

2.4. Discussion
In addition to following WHO durability guidelines [5], which will allow direct comparison

between our study and other ongoing durability investigations in SSA, we are also developing
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new methodologies to fully assess to what extent physical degradation, chemical decay and
biological efficacy actually determine the life of a net, i.e. the duration of its effective protection.
LLINs act as a barrier against blood-feeding of anopheline mosquitoes on humans. We will
determine the effectiveness of nets as transmission barriers by testing the whole net from the
field protecting humans throughout the night against mosquito bites in semi-field Ifakara Tunnel
Tests (ITT). This will give us a strong measure of the individual protective efficacy against
human biting behaviour. In addition, it will allow us to estimate the mortality of mosquitoes
exposed to LLINs under more natural conditions, a methodology that is commonly performed in
experimental huts [49]. However, the ITT is designed to increase both data throughput and data
power because it evaluates eight nets and two controls per night using mosquitoes of identical
physiological status. In addition, the same number of mosquitoes can be released into each of the
compartments so that the effect of the efficacy of the nets is measured in the same way in each
compartment. In contrast, field tests require far greater numbers of replicates to achieve good
statistical power due to both spatial and temporal heterogeneities in mosquito numbers [50]. We
will also determine the WHO-recommended hole index (pHI) by location on the net, with the
potential of influencing further net product design with strengthened material in the bottom
quarter of the net.

National and international public health policy makers may therefore use the information
provided by this, and other ongoing studies, to procure the most cost- and health-effective nets.
Results will allow the selection of nets that provide protection against disease at optimum costs
(trading off LLIN durability, price and insecticide resistance status of local mosquito
populations), and to estimate the timing of repeated distribution campaigns to ensure that

maximal health gains are maintained.

Current study status
At the time of submission of this manuscript (December 2014), the study had completed the
retrospective data collection and random distribution of the three new LLIN products, the

establishment of the return net data base, and the prospective household survey after 10 months.

Additional files

Additional file 2.1: English version of the informed consent form that will be used to obtain
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written informed consent from heads of household in the retrospective study. This informed
consent form has been translated into Kiswahili. (https://static-
content.springer.com/esm/art%3A10.1186%2F1471-2458-14-
1266/MediaObjects/12889 2014 7451 MOESM1_ESM.pdf)

Additional file 2.2: English version of the prospective questionnaire that will be programmed in
Kiswahili using ODK Collect on Google Nexus tablet computers to collect basic household and
net attrition and use information. (https://static-
content.springer.com/esm/art%3A10.1186%2F1471-2458-14-
1266/MediaObjects/12889 2014 7451 MOESM2 ESM.pdf)
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3.1. Abstract

Background: Long-lasting insecticidal nets (LLINs) are the first line choice for malaria vector
control in sub-Saharan Africa, with most countries adopting universal coverage campaigns.
However, there is only limited information on LLIN durability under user conditions. Therefore,
this study aimed to assess the durability of Olyset® LLINs distributed during net distributions
campaigns between 2009 and 2011 in Tanzania.

Methods: A retrospective field survey was conducted in eight districts in Tanzania mainland to
assess the durability of Olyset campaign nets in year 2013. Household questionnaires were used
to assess attrition, i.e. net loss. All nets remaining in households were collected. A sub-sample of
198 Olyset campaign nets was examined for bio-efficacy against Anopheles gambiae s.s.
mosquitoes, permethrin content and physical integrity following standard World Health
Organization (WHO) methods.

Results: Of 6,067 campaign nets reported to have been received between 2009 and 2011, 35%
(2,145 nets) were no longer present. Most of nets (84%) had been discarded mainly because they
were too torn (94%). Of the 198 sub-sampled Olyset LLINs, 61% were still in serviceable
physical condition sufficient to provide personal protection while 39% were in unserviceable
physical condition according to the WHO proportionate Hole Index (pHI). More than 96%
(116/120) of nets in serviceable condition passed WHO bioefficacy criteria while all nets in
unserviceable condition passed WHO bioefficacy criteria. Overall mean permethrin content was
16.5g/kg (95% CI: 16.2 — 16.9) with 78% of the sub-sampled nets retaining the recommended
permethrin content regardless of their age or physical condition. Nets aged four years and older
had a mean permethrin content of 14g/kg (95% CI: 12.0 — 16.0). Physical integrity of the present
nets was 4 times significantly lower (OR: 0.4, p-value=0.04, 95% CI: 0.1-1.0) when rats were
present in the houses.

Conclusions: Two-to-four years after a mass campaign, only 39% of distributed nets remain
both present and in a serviceable physical condition, a functional survival considerably below
WHO assumptions of 50% survival of a ‘three-year’ net. However, the majority of nets still
retained substantial levels of permethrin and could still be bio-chemically useful against
mosquitoes if their holes were repaired, adding evidence to the value of net care and repair

campaigns.
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3.2. Background

Long-lasting insecticidal nets (LLINs) have significantly contributed to the success of malaria
control in malaria- endemic countries in Africa [1]. In Tanzania in particular, mosquito nets
contributed to a 45 % reduction in all- cause mortality in children less than 5 years of age from
146/1000 live births in 1999 to the recent level of 81/1000 live births in 2010 [2]. Since 2009,
two LLIN mass distribution campaigns have been implemented in Tanzania, namely the under-

five catch-up campaign (U5SCC), which provided Olyset®

nets to all children under the age of
five between 2009 and 2010 [3], and the universal coverage campaign (UCC), between 2010 and
2011 [4], which provided Olyset nets for all sleeping spaces that had not been previously covered
during the USCC campaign. As recommended by the World Health Organization (WHO) [5],
LLINs are expected to provide both personal and community protection resulting in a decline in
malaria transmission. In addition to the mass distribution campaigns described above, two
continuous distribution strategies have been implemented in Tanzania. The Tanzania National
Voucher Scheme (TNVS) from 2004 to 2014 provided pregnant women and infants with LLINs
at a greatly reduced price [6]. The currently ongoing annual School Net Programme (SNP) in the
Southern zone provides every school child in specific grades one free LLIN for distribution to
their households [7]. In addition, a universal replacement campaign (URC) is currently ongoing
in 2015 and 2016, and is expected to provide 22 million nets to all households in Tanzania not
covered by the SNP. All these distribution campaigns aim to reduce malaria transmission in the
country through sustainable distribution mechanisms. Since LLINs have a limited serviceable
life through loss of chemical insecticide and physical damage, net replacement campaigns are
necessary to maintain high coverage, and the timing of these campaigns is of crucial importance.

The useful life of LLINs depends on properties of the net including physical integrity and
persistence of insecticide and is not simply a matter of how long the net remains in the house [8].
Durability of LLINs is affected by variation in physical wear, which in turn depends on
environmental and social factors like climate, type of sleeping space, presence of rodents or other

animals, frequency of use and washing of nets; all of which vary between locations and
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populations [9-11]. This means that Tanzania’s management decisions regarding LLIN
replacement should be based on local LLIN performance data [12]. Information on the durability
of different LLIN brands under user conditions will help malaria control programmes by
providing information needed to plan the timing of future net replacement campaigns, and the
procurement of the most durable LLIN for a country. In addition, information on appropriate net
use and care (through improved behaviour change communication) might help to prolong the life
of LLINs and reduce the costs of procurement and distribution [13, 14].

In Tanzania, the first choice of LLINs has historically been Olyset nets, developed by Sumitomo
in Japan and manufactured by A-Z Textile Mills Limited in Arusha, Tanzania. Olyset nets, made
from 150 denier polyethylene material with permethrin incorporated in the yarn, were the first
LLINs to receive the full recommendation of WHOPES in October 2001 for use in prevention
and control of malaria [15]. This study aimed to assess the durability of Olyset campaign nets
(old knitting pattern) distributed between 2009 and 2011 in eight districts in Tanzania by
measuring attrition (net loss), biological efficacy against anopheline mosquitoes (blood feeding
inhibition and mortality), chemical content (amount of active ingredient) and physical integrity

(number of holes and resulting physical condition of nets).

3.3. Methods

Study areas

This study was conducted as part of a long-term project on LLIN durability in Tanzania [16].
The study took place in eight districts (Fig. 3.1) selected from 23 districts enrolled in the
population arm of the sentinel panel of Districts (SPD), sample vital registration with verbal

autopsy (SAVVY) [17].
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Figure 3.1. Geographical distribution of eight study districts representing five of eight

geographical zones of Tanzania and covering variations in malaria epidemiology and ecology

Ten SAVVY villages per district were selected based on their proximity to district council
headquarters, except for Kinondoni district where SAVVY only covered six villages. Using
SAVVY baseline household information, 45 households per village (3420 households in total)

were randomly selected using the ‘sample’ function in the statistical software R 3.1.1. [16].

Data collection

Cross-sectional household surveys were conducted between October and December 2013. The
surveys involved collections of two sets of data. First, household information was collected by a
pre-tested semi-structured household questionnaire using Google Nexus tab- let computers
programmed with the open-source survey tool kit ODK Collect [18]. Information collected
included household characteristics (household assets and housing conditions), number of
mosquito nets (including Olyset campaign nets) received, any net lost since initial distribution
and reasons for losing them. Second, all nets present in the sampled households were collected
and replaced with new nets. All collected nets were returned to Bagamoyo Research and
Training Centre (BRTC), part of Ifakara Health Institute (IHI), and their colour, size, product and
manufacturing date (if available on label) were recorded to establish the total number of

campaign nets that were still present in households at the time of the survey. Government Olyset
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campaign nets could be distinguished from nets from other sources because they were light-blue
in colour and of single size (4 x 6 x 7 feet). However, it was not possible to identify which mass
campaign the nets originated from (U5CC or UCC) as very few nets retained labels with legible
manufacturing dates. Net age was estimated from data on when nets had been distributed to each
district during the UCC campaign. This underestimates the age of nets obtained during the USCC
campaign, which took place approximately 12 months before the UCC campaign. This is
believed to be a reasonable assumption since the UCC was a considerably bigger campaign
distributing 17.6 million nets compared to USCC’s 7.8 million [4]. From all light-blue single
sized Olyset campaign nets collected, 200 nets (25 nets per district) that still had legible
manufacturing labels attached were selected for counting holes (for physical integrity) and bio-
efficacy testing. All Olyset nets distributed in Tanzania and tested in this study were of the old
knitting pattern, which was replaced by a new knitting pattern in 2014.

LLINSs testing procedures

Attrition

Net attrition, the inverse of net survivorship, refers here to the proportion of nets distributed to
house- holds during the UCC or USCC campaigns which are no longer in use due to nets either
being discarded, used for something else than sleeping under [19] or given away for others to use
[8]. It is calculated by dividing the number of nets lost by the number of nets given out to each
household. Unfortunately, in this study, it was not possible to establish the number of campaign
nets given to each household through official net distribution channels. Therefore, recall
information on the number of nets received by each household was collected. Net survivorship
was calculated by setting the recalled total number of campaign Olyset nets (USCC and UCC)
received by each sampled household as the denominator, and the total number of light-blue

Olyset campaign nets physically collected as the numerator.

Net attrition was calculated using the following formula:

1 . Total campaign light-blue Olyset nets present in the household X 100%

Total campaign nets reported to be received by each household
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Physical integrity

Two hundred Olyset campaign nets were sub-sampled for assessment of their physical integrity
and repair status. Each sampled net was mounted onto a 180 cm x 160 cm collapsible net frame.
The number of differently sized holes of each sampled net was recorded following WHO
guideline [20]. The physical integrity of nets was categorized by the proportion- ate hole index
(pHI), which is calculated as follows:

pHI = (sizel holesx1)+(size2holesx23)+(size3holes x 196) + (size 4 holes x 578)

Based on their pHI value, LLINs were assigned to one of the following WHO categories: “good”
(pHI <64), “dam- aged” (pHI = 65-642) and “too torn” (pHI >643). The first two categories
were then combined as “serviceable” while those “too torn” were defined as “unserviceable”

nets.

Bioassays

After the physical integrity assessment, two squares of netting (25 x 25 cm) were cut from each
of four positions on each of the 200 sampled nets following WHO procedures [8]. One netting
sample per position per net was tested with cone bioassays as per WHO guidelines [20], the
other netting sample was sent for chemical analysis of permethrin content (see below).

Cone assays were carried out at 27 + 2 °C and 75 + 10 % relative humidity. Four standard WHO
cones were used per netting sample. These cones were laid on the netting sample pinned to a
board, held at a 45° angle to prevent mosquitoes from resting on the cone surface. The
mosquitoes used were pyrethroid susceptible Anopheles gambiae sensu stricto (s.s.) aged 3-8
days old originally colonized from wild-caught gravid females in Njage, South-East Tanzania in
1996. Mosquitoes were reared according to standard procedures [21]. Five mosquitoes were
introduced into each of the cones and exposed to the netting samples for 3 min, after which they
were transferred to holding cups and held for 24 h with access to 10 % sugar solution. One
untreated netting sample was used as a control for each net tested. Mosquito knock- down (any
mosquito that cannot stand or fly in a coordinated manner) and mortality (mosquitoes that show
no movement) were recorded 60 min and 24 h after expo- sure, respectively.

Net samples that failed cone test cut-off points (i.e. <80 % mortality and/or <95 % knockdown)
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were further tested in WHO tunnels assays with An. gambiae s.s. Kisumu strain, 3-8 days old at
Amani Research Centre (Muheza, Tanzania) using rabbits as bait following WHO guidelines
[20]. Of the four squares per net, the square that elicited mosquito mortality closest to the aver-
age mortality for the whole net sample was selected and tested in the WHO tunnel. Mosquitoes
were scored as alive, dead, blood-fed or unfed. Delayed (24 h) mortality was recorded for the
live mosquitoes. Net samples with mortality >80 % and/or blood feeding inhibition >90 % in
tunnel tests were regarded to pass WHO tunnel assay criteria [18]. If mortality in control
replicates was between 5-20 %, it was corrected by Abbott’s formula [22]. If control mortality

was above 20 %, the whole test was discarded and repeated as per WHO guidelines.

Permethrin content

Four netting square samples from each net were individually packed in foil, labelled and stored
at 4 °C before being sent for analysis of permethrin content at the WHO Col- laborating Centre
for Quality Control of Pesticides, Walloon Agricultural Research Centre (CRA-W) [23]. The
analytical method used for determination of permethrin in Olyset samples was the CIPAC
method 331/LN/M/3. This method involved extraction of permethrin in a water bath (85-90 °C)
for 45 min with heptane in presence of triphenyl phosphate as internal standard and
determination by Gas Chromatography with Flame Ionisation Detection (GC-FID). The
performance of the analytical method was controlled during the analysis of samples in order to
validate the analytical results. The results were recorded as either net sample with permethrin
content below the lower WHO tolerance limit of 15 g/kg of the target dose of a new net of 20
g/kg £ 25 % [15-25 g/kg].

Data analysis

Results from WHO cone and tunnel bioassays, insecticide content and physical condition of nets
were recorded on standardized forms and double entered in Excel spreadsheet for validation.
Cleaning and analysis of data were done using Stata 13.0 statistical software (Stata Corp.,
College Station, USA).

Socioeconomic status (SES) of each sampled household was assessed by constructing a
household wealth index based on household measures that included household assets and

housing condition [24, 25]. A weighted sum of the factors and household assets for each sampled
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house- hold was calculated using principal component analysis (PCA) and the best model was
the one with the lowest Akaike Information Criterion (AIC) value [26]. The sample was then
divided into wealth quintiles.

Attrition data was analysed by logistic regression with proportion of nets lost as the outcome
variable and district as the explanatory variable. Data from the physical integrity assessment
were analysed by logistic regression with the binary outcome of proportion of nets in serviceable
condition (pHI <643) relative to nets in unserviceable condition (pHI >643) and SES wealth
quintile, net age in months since UCC distribution grouped into four categories (<25 months
group, 25-36 months group, 37-48 months group and >48 months group), number of sleepers
per bed, presence of rats, and type of sleeping space set as explanatory variables. A likelihood
ratio test was used to compare two models in order to test the significance of particular
explanatory variables.

Data from WH