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ABSTRACT

This thesis is divided into 3 parts. The first part reports the effect of community-wide use
of bed nets treated with lambdacyhalothrin (10mg/m2), on malaria vector Anopheles
gambiae in Southern Sierra Leone. In the first year of the trial, 16 villages were
randomly allocated to either remain without treated nets or to receive treated nets for all
the inhabitants. During the first year of the trial, the treated nets provided personal
protection for their users, but had very little impact on densities of An. gambiae
mosquitoes. An. gambiae parous rates were significantly reduced in all intervention
villages, but malaria sporozoite rate fell in only 7 of the 8 villages with nets. In the
second year of the trial, there was clear evidence for a mass effect, shown by reduction
of biting, parous and sporozoite rates in the villages that had had nets for two years,

compared to controls. The interpretations and significance of these results are discussed.

The first part of this thesis also compares the relative sampling efficiency of two
sampling methods, namely, light trap catches, and counting of blood fed mosquitoes with
human bait catches, in estimating biting rates. Result showed that biting rates obtained
from light trap catches (in both villages with and without treated bed nets) can replace
those obtained from human bait catches. In contrast, counting of blood fed mosquitoes
cannot replace human bait catches in estimating biting rates in villages without treated

bed nets.

The second part of the thesis describes, analyses, and discusses the spatial and temporal
distribution of An. gambiae mosquitoes in two Tanzanian villages. Data for this study

were collected by carrying out an intensive mosquito sampling programme, using light



traps in two Tanzanian villages. Taylor’s power law showed that aggregation indices for
the spatial and temporal distribution of An. gambiae mosquitoes were not significantly
different. This suggests that sampling effort should be equally allocated to spatial and
temporal parameters (houses and night of sampling, respectively) when estimating
mosquito abundance. The results also showed that for a given amount of sampling effort,
the estimates of village-level mosquito abundance are more precise when sampling is
carried out in randomly selected houses on each sampling night, than when the same
houses are used on each occasion. However, in the case of estimating parous rates, it
does not depend on whether the sampling was carried out in the same or a random
selection of houses. The implications of these findings for designing sampling routines

for entomological evaluation of treated bed nets are discussed.

The final part of the thesis describes the development of an immunoassay based on
polyclonal antibodies for quantitative determination of pyrethroid insecticide on bed
nets. This test is capable of determining in a semi-quantitative manner if the amount of
permethrin, deltamethrin or lambdacyhalothrin on a piece of mosquito netting is up to
the level required for effectiveness. The test can be carried out in a modestly equipped

field laboratory. The use of this test and the direction for future work are discussed.
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CHAPTER 1
INTRODUCTION

11 Global malaria problem

Despite intense research effort towards its control, malaria still remains the most important
insect transmitted human disease in sub-Saharan Africa (Gillies & Warrell, 1993). Recent
figures estimated that about 40% of the world’s 5 billion population live in endemic regions,
reporting annually approximately 300-500 million clinical cases of malaria, of which about
1.4-2.6 million die (WHO, 1996). About 90% of the deaths and 80% of the clinical cases
occur in sub-Saharan Africa, where the majority of cases and deaths are among children.
Malaria is therefore a major cause of infant mortality and the only parasitic disease
comparable in impact to the world’s major killer transmissible diseases: diarrhoea, acute
respiratory infection, tuberculosis and AIDS. The huge malaria problem in sub-Saharan
Africa is due to the presence of the most virulent form of the malaria parasite Plasmodium
falciparum, and especially to the efficiency of the African vectors, Anopheles gamhiae s.1

and Anophelesfunestus.

The WHO recommended malaria control strategy for sub-Saharan Africa is based on early
diagnosis and prompt treatment with anti-malaria drugs, and selective vector control (WHO,
1995). Chloroquine has been at the forefront of malaria treatment, especially in Africa,
because of its low cost and relative freedom from side effects (Foster, 1991). However, its

usefulness is diminishing due to the problem of chloroquine resistant malaria, reported in
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Entomological Evaluation o f treated bed nets Chapter 1

many places (e.g., Antia-Obong et al., 1997; Ndyomugyengi & Magnussen, 1997; Sokhna et
al., 1997). Alternative anti-malarials are often expensive and beyond the means of people
living in malarious areas (Foster, 1991). In some countries multi-drug resistance has
severely reduced the therapeutic value of available anti-malaria drugs (Kondrachine &

Trigg, 1997).

In recent decades vector control has focused narrowly on the chemical control of
mosquitoes, such as house spraying with DDT and other residual insecticides, and more
recently on the use of insecticide treated bed nets (ITN). Though DDT resistant anopheline
mosquitoes have been detected in several areas, DDT still remains effective for malaria
control in other places, such as Ethiopia, Madagascar, Mexico, Ecuador, and India (Mouchet
et al., 1998; Robert et al., 1997; Yadava & Sharma, 1995). While DDT resistance is very
severe in South Asia and some parts of Southeast Asia because of its intensive use, it is very
rare in Africa where DDT has been used only in limited areas. In South Africa DDT was
continuously used for over 40 years but the main vector, An. arabiensis, remained fully
susceptible (Sharp 1996). However, many programmes these days prefer the use of fast
acting pyrethroid insecticides, with superior residual properties, which can produce greater
reduction of malaria than DDT (Arrendondo-Jimenez et al., 1993; Hii et al., 1993; Kere et
al.,, 1992; Mnzava et al., 1993). This switch to pyrethroids has also been stimulated by the
growing but rather inconclusive evidence that DDT is harmful to human health (Bouwman

et al., 1990; Curtis, 1994; Lopez-Carrilo eta!., 1997; Rogan et al., 1996).
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Between the 1950s and 1970s malaria eradication was achieved in the USA, USSR,
Southern Europe, Madagascar and most Caribbean islands mainly by house spraying with
residual insecticides, such as DDT or Dieldrin, and much progress was also made in the
Indian sub-continent and parts of South America (Pampana, 1969; Potkar et al., 1995).
Recently we have seen resurgence in parts of these areas, and other areas that were
previously free of malaria (Lumaret 1962 cited in Mouchet et al., 1998; Mukhopadhyay
1996; Sharp & Le Sueur 1996). This resurgence is partly the result of extensive
deforestation, irrigation, urbanisation, breakdown of control programmes, or a result of the
global warming phenomenon which has created conditions that favour the proliferation of
mosquitoes (Bryan et at., 1996; Lindsay & Birley, 1996; Mouchet & Brenquer 1990;
Service 1991). These growing environmental, population and climatic changes are likely to
widen the geographical distribution of malaria, to areas with non-immune populations, a
development which could have severe consequences (Lindsay & Marten, 1998; Mouchet et

al,, 1998).

There is much interest in developing a malaria vaccine, but those that have been extensively
field-tested gave either limited protection or no protection (Alonso et al. 1994; Graves 1998;
Nosten et al. 1996; Sherwood, et al., 1996). Yet still we are very hopeful that sooner, rather
than later, all the pieces of the malaria puzzle will come together to provide a lasting

solution.
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1.2. Malaria in Sierra Leone

1.2.1. History of malaria in Sierra Leone

It is not known exactly when malaria first entered into Sierra Leone, but it could date as far
back as to the time of its first settlers. It is known that the early European explorers were so
decimated by fever that they nicknamed Sierra Leone “the white man § grave" (Rankin

1836).

The study of malaria in Sierra Leone began towards the end of the 19th century, with the
arrival of military medical officers in Freetown who were concerned about the large
proportion of newly arrived ship-workers and Europeans suffering from the disease
(Duggan, 1897; Thin, 1896). In 1899 an expedition team from The Liverpool School of
Tropical Medicine, headed by Sir Ronald Ross, visited Sierra Leone (Ross et al., 1900) to
identify the main vectors of malaria in Freetown and to study their biology with a view to
formulate a plan for malaria control. Ronald Ross and his team discovered that the
Anopheles mosquitoes responsible for malaria transmission bred mainly in small water
pools, pot-holes, tidal fringes, along the edges of streams and rivers and in drainages (Ross,
1901). They then embarked on a massive mosquito control campaign, by filling up breeding
places and clearing drainages, which led to a tremendous reduction in the number of adult

mosquitoes in Freetown.

Blacklock (1921) studied the breeding sites and biology of the anopheline vectors of
malaria, in and around Freetown, and discovered that while mosquito larvae bred in small

puddles and at the edge of tidal streams, the adults rested predominately indoors. Gordon
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and Macdonald (1930) also carried out an intensive study of the biology and relative
importance of the existing anophelines in malaria transmission, in the Freetown area. They
concluded that An. gambiae was the main vector of malignant tertian malaria and that the

part played by other anophelines was small and often localised.

The few studies of mosquitoes carried out in the provinces were limited mainly to
determination of vector species and establishing their breeding sites. Blacklock and Evans
(1926) carried out a survey of the mosquitoes at Daru, Eastern Sierra Leone, and found that
An. gambiae was the main malaria vector in this region. A review by Gordon and
Macdonald (1930) reported that the following species of anophelines were malaria vectors
in Sierra Leone: An. gambiae Giles, An. funestus Giles, Anopheles marshalli Theobald,
Anopheles mauritians Theobald, Anopheles nili Theobald, Anopheles pharoensis Theobald,

Anopheles rhodensiensis Theobald, and Anopheles smithii Theobald.

Table 11 shows a summary of the prevalence of the different species of malaria parasite
obtained in different studies among different age groups, in Sierra Leone. The table
unsurprisingly suggests that falciparum malaria has recently become predominant over
P.malaria. Malaria prevalence during the present decade in Bo is reportedly higher than that
in Freetown in the 1930s, but there are no recent data for Freetown with which to establish

whether the differences are due to a difference in location or increase of incidence over time.
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Table 1.1. Comparison of malaria prevalence obtained from different studies carried
out in different parts of the Sierra Leone.

Age group Under 3 years of age 3to 4 years of age 0-7 years
Period 1931 1925-26 1924-25 1990-91
Place Freetown (Urban) Freetown Freetown Bo (Rural)
(Urban) (Urban)
Authority Gordon Gordon et Macdonald  Blacklock & Barnish et al. (1993)
et al al (1932)  (1926) Evans
(1932) (1926)
Season All All season Al season All season Dry Wet
season
Total 348 821 1059 809 890 801
examined
Total slide 41.0 38.6 50.5 20.8 69.7 70.1
positivity
rate (%0)
P.falciparum 23.8 16.1 41.4 18.4 554 575
P. malariae 10.9 19.6 7.9 15 33 25
P. vivax* 17 0.1 1.0 0.3 - -
Mixed 4.6 2.8 0.3 0.6 109 101
infection

*Presumably mainly or entirely Plasmodium ovale, which was not recognised at the time of
the early studies.

Most of the early clinical studies were done in the capital, Freetown. The few studies done
in the provinces were limited to spleen rate determination. Woods (1914) worked in the
Northern Province of Sierra Leone, and reported that the proportion of children with
palpable spleen in the wet and dry season were 40% and 20% respectively. A more recent
cross-sectional parasitological survey carried out by Mills (1967) in the same area revealed

that about 70% of the population were positive for P.falciparum.

Between 1989 to 1992 Barnish and others did the first longitudinal investigation of malaria

transmission in Sierra Leone (Barnish et al., 1993a & b). They carried out this study in 15
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villages in the north-eastern part of Bo District, in the Southern Province of Sierra Leone.
Bockarie and others (1994a) captured nine species of anopheline mosquitoes, namely: An.
gambiae, An. Junestus, Anopheles hancocki. Anopheles coustani. Anopheles obscurus,
Anopheles ziemanni. Anophelesflavicosta. Anopheles barberellus and Anopheles marshalli.
About 89.8% and 7.8% of the anophelines caught were An. gambiae and An. Junestus
respectively. Chromosomal analysis of a sample of the An. gambiae caught showed that
they belonged to An. gamhiae s.s. forest form (Bockarie et ai, 1993). Though An. gambiae
and An. funestus were the only species found to be positive for sporozoites, the other

Anopheles species still remain on the list of possible vectors.

Since 1946, the population of Sierra Leone has increased gradually, and the quest for money
and food has led to a tremendous increase in human activities. In most parts of the country,
diamond mining has resulted in the formation of numerous water pools and streams which
form the breeding places for An. gantbiae mosquitoes. Farming activities have led to more
bush and forest clearing, and construction of irrigation systems. An increase in the human
population has also led to more bush clearing for constructing dwelling places. All these
activities have caused an increase in vector breeding sites, and hence increased transmission
intensity, and possibly morbidity and mortality from malaria. Table 11 suggests that there is
more malaria now than there was in the 1930’s, though this difference could be due merely

to the use of improved microscopes, by more experienced technicians.
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1.2.2. History of anti-malaria campaigns in Sierra Leone

The previous section briefly summarised the history of malaria research in Sierra Leone.

This section presents a brief history of anti-malaria campaigns in Sierra Leone this century.

Anti-malaria campaigning in Sierra Leone started in 1901, during the malaria expedition of
Sir Ronald Ross and others to Sierra Leone (Ross et al., 1901). Their malaria campaign was
geared towards eliminating the breeding sites of anophcline mosquitoes, by drainage
construction, filling up pools of water with stone and sand, levelling street surfaces, and
removal of rubbish. Their effort was fairly successful because Ross (1901) reported a
noteworthy reduction in the numbers of anophelincs found in both houses and breeding
sites. Blacklock (1921) reported an apparent absence of mosquitoes in Freetown and in a
survey of anopheline breeding places in the town found that Anopheles mosquitoes were

almost entirely confined to the streams that crossed the city.

As a result of the success of Ross’s malaria campaign, The Medical and Sanitary
Department of the Freetown colony continued the campaign with the aim of reducing
transmission and mosquito nuisance through suppressing mosquito breeding (Gordon et al.,
1932). Some of the anti-larval measures adopted were: (i) oiling of pools, cesspits etc., (ii)
digging of earth drains in all compounds, (iii) filling of puddles and other hollows with sand
and stones, (iv) removal of refuse from compounds, (vi) closing of water wells, (vi) clearing
of high grass and bushes, (vii) building of public latrines to replace cesspits, and (viii)
prosecuting householders for allowing the presence of larvae in their compounds. These
resulted in a drastic reduction of mosquitoes in Freetown. A mosquito survey in the Western
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Area of Freetown in 1930 and 1931 also confirmed a very great reduction in the number of
anophelines, as a result of Gordon’s anti-malaria campaign. In 1930, Gordon and others
(1932) initiated a campaign to permanently reduce mosquito breeding in Freetown, by
constructing permanent modem street drainage, thereby eliminating puddles on the streets.
This campaign went on for two years, but was prematurely suspended due to shortage of

funds.

Regular spraying of dwelling places with pyrethrum insecticide in order to Kkill anophelines
was introduced in 1940 by Mr. P. Slater, the then Malaria and Sanitary Superintendent, as
part of an anti-malaria scheme for the Western part of Freetown and its district (Major &
Ribband, 1946). However, after a brief period this was discontinued, probably due to the

economic recession during the Second World War.

The present malaria control strategy is prompt case detection and treatment, through a cost
recovery program in the Primary Health Care system. This scheme works quite well in
places with hospitals and Health Centres, but there are many people living in areas that are

far away from any health facility, who do not benefit from this system.

Recently, Peterson et al. (1993) conducted a malaria control trial to investigate the effect of
lambdacyhalothrin treated bed nets on clinical malaria and its transmission, in the south-
eastern area of Bo. The entomological aspect of this trial is described in Chapters 2 and 3 of
this thesis. This trial revealed a 50% reduction in the incidence of clinical malaria in

children of 5 years or less, due to the use of the treated nets (Marbiah el al., 1998). On the
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basis of this result the Ministry of Health started a National Malaria Control Program. This

has been interrupted due to an on-going civil war.
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1.3. Designing vector control trials

1.3.1. Designing vector control trials in Africa: current perspective.

This section describes briefly the experimental designs that are currently used for evaluating

vector control trials, and the situations where each design is appropriate.

A critical element of any vector control trial is its evaluation. The aim of evaluating a
malaria control trial is essentially to provide reliable epidemiological evidence to support
any claim of success or failure of the trial. An important element of this task is to answer the
question, “can we attribute the changes observed during a malaria control trial to the
intervention rather than to chance?” This is usually accomplished through careful designing
of the trial, including adequate replication and appropriate controls, proper data collection,
and appropriate analysis of the data. However, proper evaluation of any control exercise is
not straightforward. Social, cultural, environmental, logistical and also ethical factors may

affect the design, and hence the outcome, of a trial.

Evaluation of vector control trials can be performed in two different ways, either by
comparing the malaria situation in a given location before and after the intervention
(Historical controls), or by simultaneously comparing control and intervention areas
(Contemporary controls). However, malaria is a very dynamic disease in that it can vary
both spatially and temporally, that is, between neighbouring areas during the same period,
and between successive years in the same location (Le Sueur et al., 1998; Snow et a/.,

1993). Hence the use of either method is not straightforward.
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Ideally, in order to use a historical control design, baseline data should be collected in the
same location until a consistent trend is seen in the malaria situation, before introducing the
intervention. This baseline period can be as short as 3 years or more than 20 years. The
underlining objective being to get a consistent trend in the outcome variable in order that
one can predict the malaria situation had the intervention not taken place. The difference

between the predicted and observed estimates can then be attributed to the intervention.

Experimental design using contemporary controls aims to ensure that for epidemiologically
similar villages any significant difference between them during a vector control trial can be
attributed to the intervention. However, studies by Cattani et al., (1986) and Greenwood
(1989a,b) have shown that even neighbouring villages can be quite different, as a result of
the uneven distribution of risk factors - confounders. For vector control trials possible
entomological confounders include, irrigated rice fields, bush clearing, altitude and

proximity to breeding sites.

The uneven distribution of confounders among the groups receiving the different
interventions can disguise the effect of an intervention. Randomisation of the intervention
units into control and treated groups has been recommended as the method of choice for
determining the effect of an intervention. (Lengelar & Snow 1996; Smith and Morrow
1991). Through randomisation of a large number of sampling units, it is possible to balance
extraneous variables associated with the response, between treated and control groups, so

that the differences observed between groups are predominantly due to any treatment effect.

30



Entomological Evaluation oftreated bed nets Chapter 7

The random allocation of communities into control and treated groups can be done in two
main ways. One is by pairing epidemiologically similar communities (based on similarity of
pre-intervention data) and randomly allocating one in each pair to either the treatment or the
control arm of the trial (Peterson et al., 1993). The other is by randomly allocating
communities to either the treated or control group, without prior matching (Lyimo et al.,
1991). For the purpose of this document the former will be called “matched-pair
randomisation”, and the latter “unpaired randomisation”. In principle, matched-paired
randomisation is more appropriate for randomising a small number of communities, while
unpaired randomisation is appropriate for a large number of communities. This is because
with large number of communities the randomisation itself can result in a heterogeneous
mixture of units in each arm, which will maximise comparability, while with a small number
of communities such heterogeneous mixing can leave considerable differences between the
different arms of the trial. Hence, for small number of villages, matched-paired

randomisation is preferable.

The main disadvantage of matched pair randomisation is that matches for individuals
villages with unusual values for the confounder variable are sometimes hard to find, and

imperfect matching removes only some of the confounder bias.

In order to carry out matched pair randomisation efficiently, Smith and Morrow (1991) have
suggested at least 6 units in each arm of the trial. The units should be matched or stratified
into pairs having similar underlying pre-intervention risks of the disease outcome in

question, and be randomised within pairs. Stratification should be in terms of variables that
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are strongly related to the risk of the outcome of interest. For example, in a treated net trial
in South Africa, Le Sueur and others (1998) used the matched pair randomisation design,
utilising historical entomological data collected over a period of 7 years from the different
experimental areas to identify villages with similar transmission patterns. These were
matched, paired and randomly assigned to either the intervention or control group. This
process made it possible for a change of 3% in malaria incidence between the paired areas to
be detected at the 95% confidence level. Chapter 2 of this thesis describes the entomological

results of a bed net trial in which the matched paired randomisation design was used.

The medium-scale field trials, such as that described above, have been followed by large-
scale efficacy trials studying the effect of the intervention under optimally controlled
conditions (Lengelar, 1996). Due to the large number of communities in these studies,
unpaired randomisation was used, allowing estimation of the number of clinical cases or
deaths averted by the intervention (D’Alessandro et al., 1995; Nevill et al., 1996). These
have shown a dramatic reduction in malaria mortality for children under the age of 5 (Curtis,

1996h).
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1.3.2. Historical review of the design of vector control trials

The previous section described the main types of experimental design currently used for
evaluating vector control trials. However, before this status quo the evaluation of malaria
control trials evolved through several stages, and this section reviews some of these
changes. The present century can be divided into larval control, malaria eradication, and
malaria control era, reflecting the various predominant control techniques during each

period.

1.3.2.1. Larval control (1900 - 1949)

The earliest attempts to control malaria were mainly based on larval control in the form of
engineering methods, environmental management, and destroying and oiling breeding sites
(Gordon, 1932; Ross, 1901). These control exercises were conducted mainly at localised
sites, such as harbours and army camps. Assessment of control exercises was often based on
estimating the mosquito density, spleen rate, fever rate, or mortality attributed to malaria,
through mosquito surveys, hospital admissions, and death registration (Covell et ai, 1938;
De Meillon, 1936; Hocking, 1946). These estimates were assessed from year to year and the
magnitude of these yearly changes in the controlled location was taken as direct indication
of the success of the control exercises (Bruce-Chwatt, 1949; Ross, 1936; Viswanathan &

Rama, 1949).

When DDT and other residual insecticides became available during the Second World War,
they transformed the approach to malaria control from a localised activity to a wider and

broader level, aimed at community-wide reduction of transmission. The design and
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evaluation of these malaria control exercises was based either on simultaneous comparison
of the spleen rates, mortality attributed to malaria, or slide positivity rates, in a large treated
versus a large untreated area (EImendorf 1947 & 1948), or by changes in these statistics in

the treated area (e.g., Eddey 1944; Gabaldon, 1949).

1.3.2.2. Malaria eradication era (1950-1969)

After 1950, global malaria eradication became a world-wide goal for public health,
resulting in a number of pilot projects in Africa with intensive studies on vector and parasite
prevalence (Pampana, 1969). The evaluation of these eradication programmes was mostly
based on year to year changes in the number of malaria cases reporting for treatment at

hospitals and clinics, and also through active surveillance.

In 1967 a WHO collaborative scheme for testing the effect of new residual insecticides on
mosquitoes in the field was set up in Nigeria. These trials were usually performed at village-
level, and the effectiveness of the insecticide was assessed by comparing the mosquito
density and sporozoite rates in a treated village, with that in a nearby untreated village
(Gratz et al., 1963; Pant, 1966). Treatment and control villages were selected on the basis of
isolation, proximity and similarity of environment and anopheline density during the pre-
spraying investigations (Rishikesh, 1978). Isolated villages were normally chosen in order to
reduce infiltration of mosquitoes from neighbouring villages, and in some cases an artificial
barrier was created around the candidate treated village by treating surrounding villages to

prevent infiltration.
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1.3.2.3. Malaria control phase (1970-present)

When it became apparent that a world-wide eradication of malaria by house spraying with
residual insecticides was not possible, especially in Africa, the focus was shifted from
eradication to control. The backbone of malaria control in the current era has been house
spraying with residual insecticides, mainly DDT and Dieldrin. However, in some cases
house spraying has now been replaced by the use pyrethroid treated bed nets, which have
been shown to be less expensive, but equivalent to house-spraying in reducing the incidence

of malaria (e.g. Curtis et al., 1998).

Following the encouraging results obtained with the use of pyrethroid treated bed nets, there
was a major effort to establish their feasibility, acceptability, safety and efficacy (Charlwood
& Graves 1987, Snow 1987). Community-wide use of pyrethroid treated nets has been
shown to reduce mosquito density, survival and sporozoite rate in some communities
(Magesa et al., 1991), but not in others (Quinones et al., 1998). Its evaluation has been
mainly at community rather than personal level with emphasis on community randomisation
into replicate treated and control villages with longitudinal follow-up. Part of this thesis
(Chapters 2 and 3) concerns an investigation of the effect of community-wide use of treated

bed nets on the mosquito population in communities in Southern Sierra Leone.

Finally, unlike the eradication phase when the entomological outcome variables were
essentially indoor resting and exiting densities and epidemiological evaluation depended
mainly on passive surveillance, the entomological outcome variables used during the current

phase have mainly been biting rates, survival rates and sporozoite rates, and the
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epidemiological evaluation has been mainly through active surveillance. This is because the
aim of the malaria campaign during the eradication era was to wipe out all malaria cases so
that there was nothing left when control activities stopped, hence the evaluations were
mainly to answer questions like: “Are there still malaria attacks?” whereas, in the control
phase the aim is to reduce disease and if possible transmission, so the evaluation is mainly to
answer questions like; “Does the intervention reduce the number of clinical cases and

malaria transmission?”
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1.4. Pyrcthroid treated bed nets

The preceding section alluded to pyrethroid treated bed nets as a newly emerging strategy
for controlling malaria. This section will describe how this strategy offers protection, and

the potential problems that threaten their long-term usage.

Pyrethroids are synthetic analogues of natural pyrethrum insecticides, but unlike the latter,
they are photostable with high residual activity (Zebra 1988). Bed nets treated with synthetic
pyrethroids can remain actively insecticidal for up to 1year (Curtis et al., 1992a; Njunwa et
al., 1991; Lindsay et al. 1991b; Miller 1994), and field trials show that treated nets are
capable of reducing the incidence of clinical malaria and death in African children (Choi et
al., 1995; Curtis, 1996b; Lengeler et al., 1998). Pyrethroid impregnated fabric such as
mosquito nets, curtains, eaves strips, papyrus mats and cloth provide personal protection for
their user by acting as barriers and/or repellents to reduce human-mosquito contact (Curtis,
1992b). The treated fabric can also kill some of the mosquitoes that contact it, and when
used by a large proportion of a community can reduce the biting rate on even those without

treated nets. This type of community protection is referred to as “mass effect”.

It has been clearly shown from laboratory studies that treated nets almost always provide
personal protection for their users (Curtis et al., 1991), but field trials showed that they

provide community level protection only in some places and not in others (Lines, 1996a).
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14.1 Degree of protection

1411 Community protection

Community-wide protection is the partial protection from infective mosquito bites which is
offered to everyone, including those without a net, when most people in a community use
treated nets (Curtis et al., 1991). Vector control measures such as pyrethroid impregnated
bed nets and house spraying can kill mosquitoes coming in to contact with the insecticide
treated surface. This “mass Killing effect” can reduce the number of mosquitoes, the
mosquito life span and the proportion of mosquitoes with sporozoites in their salivary
glands, thus even benefiting people in the community not using the intervention, by

reducing the number of infective bites they receive (Curtis, 1992b).

In order to estimate the degree of community protection offered by a malaria control trial
with treated nets, the intervention has to be carried out at the community rather than
household or individual level (Smith & Morrow 1991). Communities with the intervention
must be compared against communities without the intervention, and such communities
must be at least 3 km away from the nearest neighbouring community, to minimize the
possibility of migration of mosquitoes between communities. Part of this thesis, chapters 2
and 3, will investigate evidence for a mass killing effect from community-wide use of

treated bed nets in Southern Sierra Leone.
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1.4.1.2. Personal protection

Personal protection on the other hand is the protection offered by treated nets only to people
using them. This is usually manifested by a reduction in the level of contact between the
users and the vector (Lines, 1996a). Vector control methods such as insecticide impregnated
fabrics, house spraying and untreated bed nets provide personal protection in different ways.
Both untreated and impregnated bed nets provide a physical barrier between the mosquitoes
and net users, but the latter can also acts as a mosquito repellent. House spraying on the
other hand provides protection mainly at community level by killing mosquitoes. Its
repellency could however be important where the vector is mainly partially zoophilic and
malaria is hypoendemic, in which case even a small reduction in transmission could have a

substantial impact (Macdonald, 1957).

1.4.2. Critical issues related to treated bed nets

Though insecticide treated nets have been shown to reduce clinical malaria and death in
African children, the desirability of their long-term use has recently been questioned. While
some people have expressed concern about the loss of immunity that may result from
prolonged reduced exposure to malaria infection, others have expressed concern over the

potential threat of insecticide resistance. In this section, these issues are discussed.
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1.4.2.1 Long-term impact of treated bed nets on clinical malaria

In a recent retrospective study, Trape and Rogier (1996) compared the rates of malaria
attacks in areas with different transmission intensities, using data obtained from hospitals.
They claimed that above a given threshold of transmission intensity (> 1 infective
bites/year), the total number of malaria attacks a person is likely to suffer in his/her entire
life-time is independent of the intensity of malaria transmission. The only difference
observed was that people in high transmission areas received most of their malaria attacks
during childhood, while those in lower transmission areas received the majority of their
attacks in adulthood. On the basis of this result they claimed that because treated bed nets
might reduce a persons exposure to malaria by about 10-30 fold, their long-term use in high
transmission areas can mimic a situation with lower malaria transmission intensity. They
then pointed out that this could delay the acquisition of natural immunity in children and
hence increase the risk period for malaria attacks in high transmission areas from early

childhood (>5 years) to the entire childhood.

In addition, recently Snow et al., (1997) compared the incidence of paediatric admissions for
severe malaria in five distinct communities in The Gambia and Kenya, and observed that the
hospital admission rate for severe malaria in childhood was highest in areas of moderate
transmission intensities, and lower in populations with high transmission intensities. They
therefore claimed that because treated bed nets reduce exposure of children to malaria, their
long term use in a high intensity area could mimic a situation with low to moderate
transmission intensity that may prevent children from acquiring sufficient level of natural

immunity to help fight off later attacks. As a result, prolonged use of treated nets by
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children living in high transmission areas could lead to a longer period of risk of severe

malaria.

Moreover, Snow et al., (1997) pointed to results obtained in an earlier study (Snow et al.,
1994), which showed that severe anaemia is the predominant presentation of severe malaria
among children in high transmission areas whereas cerebral malaria is predominant among
older children in areas of lower transmission. They concluded that bed net usage in high
transmission areas could result in an increase in the number of cases .with cerebral malaria

and a decrease in severe anaemia.

These findings by Trape et al., (1996) and Snow et al., (1997) have giving rise to much
debate. D’Alessandro and Coosemans (1997) have criticised the comparison of morbidity
across distinct socio-economic and ecological environments by pointing out that these may
have inherent social and cultural differences which could influence people’s tendency to
take their children to hospital. They have also pointed out the limitations and possible biases
associated with data from hospital admissions, by arguing that because of the wide
availability of chloroquine most cases would be treated at home, and so may not report to
the hospital. Lines (1997) also criticised the use of hospital data by pointing out that cerebral
malaria (in low transmission areas) is more conspicuous than severe anaemia (in high
transmission areas), so parents will be more inclined to take potentially fatal cases of
cerebral malaria to hospitals than those with potentially fatal severe anaemia, which may

explain the difference in hospital admission rates in the different areas.
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Greenwood (1997) has pointed out that the evidence from the large-scale trials suggests that
the benefits obtained from treated nets are enormous and so until more convincing reasons

are presented for abandoning it, people should not be deprived of these benefits.

The above debate has highlighted our limited understanding of the factors that determine the
outcome of a malaria infection. However, even if we accept the assertion by Trape and other
that the use of treated nets is likely to postpone malaria attacks from childhood to later
years, this still would not warrant withholding nets from people. This is because even among
non-immunes, malaria is more fatal in children than in adults hence if most of the attacks are
postponed to later childhood them the fatality would be minimal (Molineaux, 1997).
Therefore, the use of bed nets is good for children and so it would be unethical to deprive
people in endemic communities of these benefits, especially when some of these

communities do not have ready access to medical treatment.
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1.4.2.2. Effect on malaria vectors

Whenever insecticides are used there is always the threat of insecticide resistance.
Laboratory crosses of two strains of Anopheles stephensi Liston, indicated that pyrethroid
resistance in the case examined is recessive, hence emergence of resistance is likely to be
slow (Curtis et al., 1990). However, data obtained by Vulule et al., (1994, 1996) from a
community-wide permethrin treated bed nets trial in Kenya showed a significant rise in
permethrin tolerance of An. gambiae collected in 4 villages after one year use of treated nets
or curtains. There was however no further rise after two more years’ use. Curtis et al.,
(1998) has pointed out that this type of pattern is consistent with a life-shortening of
mosquitoes coupled with the greater tolerance of younger mosquitoes (Hodjati & Curtis,
1996) or other phenotypic effects of extensive use of pyrethroids in the area rather than with
selection for resistance genes, which once started, might be expected to proceed so long as
pyrethroid exposure continues. Recently, Darriet et al., (1997) reported pyrethroid resistance
in a population of An. gambiae mosquitoes that have been exposed to agricultural use of
pyrethroid insecticides in the Ivory Coast. On the other hand, in the small Tanzanian village
of Mng’aza where bed nets have been used for about 8 years, repeated tests have so far
revealed no rise in tolerance (Curtis 1996a). Also, in China, where up to 2 million nets have
been impregnated with deltamethrin annually for 5 years there has so far been no evidence

of pyrethroid resistance (Cheng et al., 1995).

The threat of pyrethroid resistance is very real, because there is no doubt that resistance
genes are present in some populations, as artificial selection by Vulule et al., (1994)

produced a strain with certain resistance. The potential threat of knockdown resistance to
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pyrethroid insecticides as a result of exposure to treated bed nets is not to be taken lightly. It
is now up to us to find ways of preventing the emergence of resistance. It is advisable to
perform regular susceptibility tests in areas where pyrethroid treated bednets are used. This
should ensure early warning of resistance, which can give adequate notice for its
management. Recent studies in the Ivory Coast have shown that organophosphate and
carbamate treatment of bed nets can perform at least as well against pyrethroid resistant
mosquitoes as pyrethroid does against mosquitoes which are susceptible (Kolanzinski el al.
In prep.). This is indeed very good news because these can be used against pyrethroid
resistant mosquitoes, but more information is needed on the safety and acceptability of these

new compounds before they can be used in the field.

There have also been reports of behavioural changes induced by treated bed nets. In a
permethrin treated net trial in Papua New Guinea, Chariwood & Graves (1987) reported a
change in peak biting time induced by pyrethroid treated bed net. In another trial in
Tanzania, Njau et al., (1993) found that about 6 months after introducing treated nets in part
of a Tanzanian village, mosquitoes were biting during the early hours of the night in houses
with treated nets, but later on in the night in houses without bed nets. However, these
behavioural changes are believed (J.D. Lines, personal communication) to be due to
phenotypic changes rather than the permanent evolutionary changes (genotypic changes)
observed in the biting cycle of An. punctulatus complex in the Solomon Islands (Sloof,
1964), or with An. minimus in Thailand (Ismail, 1978), that were apparently caused by

spraying DDT.
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Host preference in mosquitoes is genetically determined, and the effect of insecticide
treated nets on opportunistic species may therefore be higher than for mosquitoes species
with distinct preference for certain hosts. The main malaria vector in Africa, An. gambiae, is
highly anthroprophilic and several studies have indeed shown that its human blood index
does not decline after introduction of treated nets (Lindsay et al., 1993b; Magbity et al.,
1997; Magesa et al., 1991; Mbogo et al., 1996; Quinones et al., 1997). In contrast, Lindsay
et al., (1989b) did observe a reduction in human blood index for An. gambaie in The
Gambia. However, this is believed to be due to a decline in the number of An. melas feeding
on man. Also, in Papua New Guinea Charlwood and Graves (1987) observed diversion of

An.farauti to feeding on alternative hosts after introducing treated nets.
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1.5. Methodological issues in assessing various vector control trials.

Previous sections discussed the kinds of experimental designs appropriate for evaluating
pyrethroid treated bed nets trials and the types of protections which treated bed nets offer.
This section will consider the indicators that need to be measured in the field in order to

come to a reliable conclusion about the impact of pyrethroid treated bed nets.

Each vector control strategy has a distinct impact on malaria transmission, and its influence
can be predicted by considering its effect on the individual components of vectorial
capacity. According to Garrett-Jones (1964a), vectorial capacity is the potential daily rate at
which future inoculations arise from a currently infective case, in a population of susceptible
individuals. He formulated the following relationship for vectorial capacity
C = ma2bn
- logcP
where
C =vectorial capacity
m =the number of female mosquitoes per person
a = the frequency with which each female mosquito bites man
(so ma =bhites per man per day)
p = survival rate of mosquitoes (so -1/log@ =average life-span of a mosquito in
days)
n = length of sporogonic cycle in days.
However, since a =bh, where b =bites/day,

and  h =the proportion of bites taken on man
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the equation becomes, C =  m.b2h2pn

- logcP
Modem methods that are expected to reduce malaria transmission include larviciding,
environmental management, biological methods, and house spraying with residual
insecticides, pyrethroid-impregnated materials, genetically engineered mosquitoes, and
transmission blocking vaccines. However, here we are only concerned with the effect of
pyrethroid treated material and house spraying with residual insecticides on the components

of vectorial capacity.

Both house spraying and pyrethroid-impregnated material are supposed to kill adult
mosquitoes, hence they can reduce the number of mosquitoes (m) and the life expectancy (p)
of the mosquitoes (Curtis 1992b). There is also the possibility that they may divert
mosquitoes to feed on alternative hosts, hence reducing the human blood index h
(Chariwood & Graves 1987). The vectorial capacity is very sensitive to changes in mosquito
survival rate (p), because p is raised to the power n (n>10). Therefore in evaluating trials
involving residual insecticides (house spraying and treated netting), efforts should be
concentrated primarily on reliable assessment of survival rates, then sporozoite rates, human

blood index and mosquito density.

Some trials have attempted to assess survival rates, sporozoite rates, mosquito density and
human blood index (See Table 1.2). However, because of the paucity of understanding of
the spatial and temporal variation of these entomological outcomes, the designing of these

trials and their data collection and analysis have been very difficult. Part of this thesis
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(Chapters 5 & 6) will describe and analyze spatial and temporal variation of density and
parous rates of Anopheles mosquitoes. This will be carried out in order to make pragmatic

recommendations for designing entomological sampling routines.

15.1. Sampling methods:

The previous section described the indicator variables that need to be estimated when
evaluating an insecticide treated bed net trial. This section describes the methods for
estimating human vector contact (b) in the presence of insecticide treated nets. Several
methods exist for measuring b, and some methods are more reliable than others are, so it is

necessary to know how each method works and how it relates to the outcome of interest.

One way in which insecticide treated bed nets protect people is by reducing contact between
the vectors and humans (reducing b). In evaluating this effect it is important to consider
contact between the vector and people sleeping under treated nets, without bed nets, and the
overall average number of bites (Lines, 1996). The next sub-sections describe the methods

by which human-vector contact can be measured in each case.
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15.1.1. Estimating human-vector contact of people sleeping under treated bed nets.

Currently available methods do not permit the reliable estimation of human-vector contact
for people using impregnated bed nets in ordinary houses, even though some have tried. For
example, Lindsay et al., (1989b) counted the number of fed mosquitoes in a room, obtained
from daily collection from window exit traps (ET) and pyrethrum spray catches (PSC), to
estimate the degree of contact between people sleeping under treated bed nets and
mosquitoes. However, this method is unreliable because more mosquitoes are likely to leave
rooms with treated nets than those without, and it is difficult to estimate the proportion of
exiting mosquitoes that are actually caught, since some may escape counting by leaving
through openings not covered by traps (Quinones et al., 1998). At the same time, some
mosquitoes may be knocked down at night and eaten by ants and hence escape counting. As
a result more mosquitoes in treated rooms than in untreated rooms will escape counting,

hence bias the measurement.

The most reliable available method for estimating contact between the vector and bed net
users is by using special huts known as ‘experimental huts’ (Smith, 1964). These
experimental huts enable reliable trapping of exiting, dead and indoor resting mosquitoes,
and hence can provide dependable information on the level of contact between the net users
and mosquitoes. However, it is worth noting that experimental huts are smaller than normal
bed rooms, and so do not completely mimic what happens to a sleeper inside a normal bed

room.
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1.5.1.2. Estimating human-vector contact of people not sleeping under treated bed
nets in a community with high net ownership.

Some trials have shown that community-wide use of pyrethroid treated bed nets can have a
mass killing effect on local mosquito populations, which may provide a partial protection
even for those who do not habitually use treated nets (Magesa et al., 1991). One way in
which the mass Killing effect is manifested is by reducing mosquito abundance in the
community, which can lead to a reduction of the number of bites suffered by non-bed net

users in that community.

The most direct method for estimating the degree of contact between the vector and people
not using impregnated net (level of ‘mass killing”) is by direct collection from human baits
(Service, 1993). This usually involves using human volunteers as baits for hungry blood
seeking mosquitoes, and mosquitoes landing on these are caught by means of a hand torch
and an aspirator (Service, 1993). It is important that the mosquito collection be carried out
away from the influence of pyrethroid treated fabrics because the pyrethroid may repel
mosquitoes and hence prevent then from coming to the human baits (Lindsay et al., 1992
Lines, 1996a). Even though human biting catches provides the most direct estimate of
human - vector contact, they are very tedious, difficult to supervise, costly, exposes the

catchers to an increased risk of disease, and are subject to collector bias.

Several surrogate sampling methods for measuring mosquito biting rates have been

developed (Service, 1993). The most commonly employed is a battery operated light-trap
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placed beside an occupied untreated bed net (Lines et al., 1991). While this method has been
shown in some places to be almost as effective as direct landing catches of some mosquito
species (Davis et al., 1995; Lines et al. 1991), other studies have found no clear relationship
(Mbogo et al., 1993). Where a relationship exists, light-traps have been found to be free of

collector bias, easy to supervise and not labour intensive.

Another method that has been used to estimate human vector contact in people not sleeping
under treated bed nets is to count blood-fed mosquitoes in simultaneous pyrethrum spray
catches (PSC) and window exit-trap catches (ET) in the same room (Lindsay et al., 1989a).
The PSC sample mosquitoes resting in the room, while window exit-traps sample exiting
mosquitoes. Some workers believe that the use of these two methods simultaneously in the
same room can provide an indirect estimate of the human - vector contact of people not
sleeping under treated bed nets. However, the reliability of this method in estimating human

biting rate has not yet been determined.

Part of this thesis (Chapter 4) investigates the reliability of light trap catches, and counting
blood fed mosquitoes, in estimating biting rates of An. gambiae mosquitoes in Southern

Sierra Leone.
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Table 1.2. Designs and entomological outcomes that have been used in evaluating
various bed net trials (Part of this table was taken from Quinones, (1996))

Country  Design Number of Outcomes References
villages
B C R Treated Control D p S H
The Gambia y 6 6 X Lindsay etal. (1993b)
1 0 i X Snow et al., 1987
3 3 y Thomson etal., (1995)
X 2 2 o X Lindsay et al. (1989b)
10 10 * \% Quinones et al., (1997)
Tanzania X 2 "1 S Magesa et al., (1991)
4 ‘0% X Curtis et al., (1998)
Burkina Faso X 05 0.5 V* X Robert & Camevale
(1991)
Zaire X 1 1 vV * X Karch etal, (1993)
Kenya X 2 2 vV o* X  Beach etal, (1993)
y vV 33 30 * s Mbogo et al., (1996)
Guinea y X 3 3 * X X Jaenson etal., (1994)
Bissau
Cameroon v X X i* 0 o/ X Le Goffetal, (1992)
Papua New s X X 1 0 * X Charlwood & Graves et
Guinea al.. (1987)
India X X 3 9 * X X X Jana-Kara et al., (1995)
X 1 X X Jambulingam et  al,
(1989)
Thailand X 3 2 * X Somboon etal., (1995)
Malaysia X 2 2 * X Vythilingam etal., (1995)
Solomon X X 23 20 s X X Kere et al., (1993)
Island "
X -1- 0 X X  Samarawickrema et al,
(1992)
X x 1 1 X X X Hiielal., (1993)
China X 9 1 * X X Lielal., (1989)
x X 4 1 y* X X X Dapeng etal, (1996)
Sierra Leone 8 8 Chapter 2 of this thesis
Benin X 05 0.5 X Akogbeto & Nahun

(1996)

Key for design and outcome variables: B = Baseline data collected; C = contemporary controls used (* evaluation by
comparing before and after changes in each outcome variable); R = villages randomised: Outcome = indicators that have
been measured in the trial; D=biting rates on unprotected people (* estimated by human bait catches; f estimated by
counting blood fed mosquitoes; %estimated by light trap catches); P=Parity rate; S=sporozoite rate; H=Human blood-meal
index.
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1.5.1.3. Estimating human-vector contact of the overall community

The average man-vector contact can be estimated by calculating the weighted average of the
man-vector contact for those under nets and those without nets, in a community. This can be
performed by adding the total number of bites on all treated net users to the total number of
bites on all those in the community without treated nets, and dividing by the total number of

people in the communities. Thus,

Average man-vector contact = (Bpx Np) + (Bux Nu) ~ ------------- —-- 2
(Np + Nu)
where,

Bp = biting rate on protected people - estimated from the number of mosquitoes

that fed on a bed net user in experimental huts.

Bu = biting rate on unprotected people, estimated either from outdoor human

biting catches, or, from light-traps.
Np = Number of people sleeping under bed nets

Nu = No of people sleeping without bed nets
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1.5.1.4. Diversion to people without bed nets

In investigating mosquito biting rates in people without treated nets by either HBC or by
counting blood fed mosquitoes in untreated rooms, one should be mindful of the possibility
of diversion of mosquitoes from protected to unprotected people in their quest for blood-

meals.

Experimental hut studies by Lines et al., (1987) showed that an unprotected person sleeping
close to a treated net suffers fewer mosquito bites, than in the absence of the treated net.
Lindsay et al., (1992) using six experimental huts, five of which were occupied by sleepers
with untreated nets and one by a sleeper with a treated net, showed that mosquitoes do not
concentrate in nearby huts without treated nets. In a village-scale treated bed net trial in
Papua New Guinea, Charlwood and Graves (1987) showed that community-wide use of
treated nets can divert An.farauti from humans to animals. The evidence so far accumulated
seems to suggest that mosquitoes are not diverted by treated nets to unprotected people, but
that the use of treated bed nets by some members of a community provides partial protection
for nearby less fortunate ones without nets. In a recent study in Ghana, Binka et al., (1998)
showed a 6.7% increase in mortality among non-users with each 100m shift away from the
nearest compound with treated nets, within a 500m range. This indicates that the insecticide

gave some protection to nearby non-users, and does not divert mosquitoes to them.
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15.2. Methodological issues

The previous section discussed the mosquito sampling procedures for estimating the
parameter b, for net users and non-users. This section describes the methods for estimating
the other components of vectorial capacity, and some other useful parameters in evaluating

treated bed nets.

Mosquito samples collected from the field need to be processed in order to get information
about individual mosquitoes. While some of the procedures for processing field mosquitoes
are fairly simple and straightforward, others require very complex skills. Table 1.3 lists
some useful parameters that one may need to estimate when evaluating a treated net trial,
together with brief notes on their units of measurement, their methods of assessment and

comments on the methodologies.

Quantitative determination of the amount of insecticide residue on nets is at present done
only by the slow and expensive method of gas chromatography and mass spectrometry
(GC/MS) which is not readily available in most countries where nets are likely to be used
(e.g., Magbity el al., 1997; Mbogo el al., 1996). Quality control of routine net dipping
operations has therefore not been possible in most bed net trials. A much cheaper and
simpler alternative method is the ‘Beilstein test’, which is a qualitative rather than
guantitative test for permethrin on nets (Muller el al. 1994). There is an urgent need for a
simpler test for quantitative determination of pyrethroid residues on nets, which could be

done in laboratories with modest facilities. Part of this thesis (Chapters 7 & 8) will describe
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the development of an ELISA test based on polyclonal antibodies for testing pyrethroid

deposits on mosquito netting.

Kits have also been developed for determining the duration of insecticide activity on fabrics
and also for testing insecticide susceptibility of local mosquitoes (WHO 1986). It is
recommended that mosquitoes of the same age be used in each test, because mosquito
susceptibility to insecticide varies with age (Hodjati & Curtis 1996; Lines & Nassor 1991).
Hodjati (1998) has also suggested the use of median time for knockdown, instead of the
WHO recommended procedure of determining mortality after a fixed exposure time, when
testing insecticide susceptibility. The is because the use of median time for knockdown
would permit earlier detection of resistant heterozygous so that appropriate action could be

taken before it evolved to homozygous population.

ELISA Kits have been developed for identifying the origin of the blood meal in individual
mosquitoes (Service, 1986). There are however serious difficulties in obtaining
representative mosquito samples for the estimation of human blood index (HBI). Outdoor
mosquito sampling is not very productive because of the large area involved in sampling,
but some anopheline species can be concentrated in artificial outdoor resting sites, such as
pit shelters” or other artificial locations (Service, 1993). It is difficult to estimate the
proportion of the overall mosquito population that rests indoors relative to outdoors, and
therefore it is unclear how to combine the (usually very different) estimates of HBI obtained

from indoor and outdoor samples to get village-level estimates. Garrett-Jones (1964b)

56



Entomological Evaluation oftreated bed nets Chapter |

recommended that the use of the unweighted mean of HBI obtained from samples collected
from human dwellings and others from other types of resting-places would provide a most

reliable possible estimate of HBI.

For example,

HBI (population) =HBI (indoor) +HBI (barns) + HB! (fences)
3

Several methods exist for determining the survival rate of mosquitoes. For example, the
method of Polovodova, (1949) permits one to estimate the age of a mosquito by determining
the number of times it has laid eggs, and the Detinova (1962) method allows the proportion
of mosquitoes that have laid at least one batch of eggs, to be estimated. The former
technique is far superior to the latter, but it is used seldom because it is technically difficult,
and very few people actually know how to do it. The latter is relatively easy and hence has
been used more often, though it provides only a crude estimate of mosquito survival

potential.

Malaria sporozoite rate can be determined by two methods, salivary gland dissection and a
sporozoite  immunodiagnostic  technique based on monoclonal antibodies to
circumsporozoite protein (Wirtz et al,, 1987). The former is time consuming, requires
appropriate technical skills, can be only undertaken on fresh samples and does not permit
the identification of individual Plasmodium species, but it is cheap and can be done in the
field. On the other hand the immunodiagnostic technique allows for rapid estimation of

sporozoite antigen rates on large numbers of dried samples and offers the possibility of
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identifying the Plasmodium species in the mosquitoes in the field. Its main disadvantage is
that it detects circumsporozoite protein which could be in oocysts or shed in the haemocoele
of the mosquitoes and not necessarily in the salivary glands. However, results from the
immunodiagnostic method have been found to correlate very strongly with those from
salivary gland dissection (e.g. Adungo et al., 1991), especially if the test is performed on the

head-thorax portion of the mosquitoes.
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Tablel.3.

Parameters
Dosage of
insecticide

Durability of
Residual
activity of
insecticide
Susceptibility

M an-biting
rate

Biting rhythm

Human blood
index (HBI)

Survival rate

Sporozoite
rate

Entomological
inoculation
rate (EIR)
Vectorial
capacity (VC)

Chapter 7/

Entomological parameters and their measurements in implementing
treated net trials.

Definitions
Quantity of
insecticide/m2of
net.

% mortality after
3 minutes
exposure period

% mortality on a
WHO insecticide
impregnated
paper.

Number of
mosquito
bites/man/night

Hour(s) of peak
biting

Proportion of
freshly fed
females with
human blood.
Probability of
mosquito
surviving through
each day.

Proportion of
sporozoite
positive
mosquitoes

Observed number
of infectious
bites/man/day
Potential number
of
inoculations/day
arising from one
infective case

Methods of measurement
Gas chromatography and
mass spectroscopy.

Bioassay cones or wire
frame for nets. 3 minutes
exposure time

WHO susceptibility testing
kits.

Human bait catches
(HBC), light-trap catch
(LTC) and other trapping
methods.

Human-biting catch and
light-trap catches by hour.
Bloodmeal ELISA, etc.

Parity rate determination,
multi-parous age grading,
delayed sporozoite rates
and mark-release-recapture
experiments.

Sporozoite ELISA or by
salivary gland dissection.

product o f man-biting rates
and sporozoite rate

Obtained from the
following parameter
estimates, HBI, mosquito
daily survival rates, length
of gonotrophic cycle and
man-biting rates.
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Comments

This test is rather slow and can only
process very few samples. There are
now efforts to develop a test based on
monoclonal and polyclonal antibodies.
Ideally mosquitoes for this test should
be F1offspring collected from control
villages where no insecticide is used,
and must all be of the same age.

It maybe preferable to use median time
for knockdown (KD %), rather than a
fixed exposure time as recommended by
WHO.

These assess the number of bites that an
unprotected human receives/night. This
is expected to be related to the village
level mosquito abundance.

HBC is recommended.

It is difficult to obtain a reliable estimate
of HBI because of the difficulty in
obtaining a representative sample from
all possible mosquito resting sites.
Daily mosquito survival rate has the
largest impact on malaria transmission
and it must be measured in trials
involving insecticides against adult
vectors.

ELISA method tests for the presence of
sporozoite antigen, while the dissection
method investigate for sporozoites in
salivary glands. However, the former
permits the identification of the parasite
species in the mosquito, while the latter
does not.

EIR is more reliable than the VC
because of the fewer parameters in its
calculation.

This parameter is usually not very
reliable because it is the product of large
number of parameters, each of which is
measured with its own error. The error
oftheir product is therefore extremely
large.



Entomological Evaluation oftreated bed nets Chapter |

1.6. Aims:

In spite of the success of treated bed nets, field evaluation is still fraught with difficulty.

Various methodological and statistical constraints interfere with the successful and

efficient evaluation of malaria vector control trials. Within these constraints, this thesis

will consider the following:

Design and methodological issues in the entomological evaluation of pyrethroid
treated bed net trials.

Statistical and sampling issues in the entomological evaluation of pyrethroid treated
bed net trials.

Developing a field based test for determining the quantity of pyrethroid deposit on

bed nets.

The aims of this work were:

1

to investigate evidence of a mass killing effect from a lambdacyhalothrin treated
bed net trial in Southern Sierra Leone.

to investigate the reliability of light traps and counting of blood fed mosquitoes for
determining biting rates of An. gambiae mosquitoes in Southern Sierra Leone

to make pragmatic recommendations for designing entomological sampling
routines.

to develop an ELISA test for quantitative determination of pyrethroid deposits on

bed nets.
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1.7. General outline of the thesis

The thesis is divided into three parts namely: Entomological evaluation of a treated bed
net trial; Designing mosquito sampling routines; Developing an ELISA for measuring
pyrethroid deposits on mosquito netting. These different parts contribute towards

improving the evaluation of insecticide treated bed net trials and programmes in Africa.

Chapter 1is a general introduction of the three parts of the study, and addresses the
issues involved in entomological evaluation of pyrethroid treated fabrics. Chapters 2
and 3 describe the entomological evaluation of the first and second year respectively, of
a trial with lambdacyhalothrin treated bed nets in Southern Sierra Leone. Chapter 4
investigates the reliability of CDC light trap catches and counting blood-fed mosquitoes
for estimating biting rates of An. gambiae in southern Sierra Leone. Chapters 5 and 6
describe, analyse, and discuss mosquito spatial and temporal distribution and their
implications for allocation of sampling effort for estimating mosquito abundance and

parous rate.

Chapters 7 and 8 describe the methodology used for producing polyclonal antibodies
for determining the quantity of pyrethroids on bed nets. They also describe the
optimization, standardization, and validation of the ELISA test. Chapter 9 provides a
final discussion and conclusion of the above studies, and addresses the impact of the

various findings on improving the evaluation of vector control.
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PART 1
CHAPTER 2.

EFFECTS OF COMMUNITY-WIDE USE OF LAMBDACYHALOTHRIN
IMPREGNATED BED NETS ON MALARIA VECTORS IN RURAL SIERRA
LEONE.

2.1. Introduction.

The use of mosquito nets impregnated with pyrethroid insecticide such as permethrin,
deltamethrin or lambdacyhalothrin, is an important advance in malaria vector control.
Pyrethroid impregnated bed nets act both as a physical barrier, by protecting the sleeper
from mosquito bites, and as a chemical barrier, by repelling mosquitoes away from the
sleeper and also killing mosquitoes that contact the nets (Knols & Takken 1998; Snow el al.,
1987). The use of an impregnated bed net protects the person sleeping under it, and in some
cases when used by an entire community, can result in a ‘mass killing effect’ on the local
mosquito population, often manifested as reductions in the density, parity and malaria
sporozoite rate of the mosquitoes. Community use of treated nets is therefore expected to
kill a large proportion of the local mosquitoes before they can reach the age at which the
malaria parasite reaches maturity, thus reducing the malaria risk for the whole community
(Curtis el al., 1992b). In this chapter an attempt is made to evaluate the mass killing effect of
community-wide use of lambdacyhalothrin treated bed nets, on a population of An. gambiae

mosquitoes in southern Sierra Leone.

Various field trials have evaluated the impact of community-wide use of pyrethroid treated

bed nets on anophcline vectors of malaria and on malaria transmission. In some trials there
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has been clear evidence for a ‘mass Killing effect’ on the local vector population indicated
by reduced density, sporozoite rate or longevity, such as in Burkina Faso (Camevale et al.
1988; Robert et al. 1991), in Tanzania (Curtis et al., 1998; Magesa et al., 1991; Maxwell et
al., 1999), in Cameroon (Le Goffet al., 1992), in Zaire (Karch et al., 1993), in Papua New
Guinea (Charlwood and Graves 1987), in India (Jana-Kara et al., 1995) and in China (Cheng
et al., 1995). In The Gambia, Thailand and Kenya however, no such effect has been seen
(Lindsay et al., 1993b; Mbogo et al., 1996; Quifiones et al., 1998; Somboon et al., 1995;
Thomson et al., 1995) - treated bed nets did not seem to reduce mosquito survival, outdoor
biting rate, sporozoite rate or human blood index. The contradictory nature of results
obtained for the same mosquito species in separate areas suggests that the effect of bed nets

on different populations of Anopheles species depends on local circumstances.

The implication of a mass effect in such places (e.g. Tanzania and Burkina Faso) is that in
implementation schemes, there is an additional epidemiological advantage in ensuring that
there is a high rate of coverage; in this case even those without nets would feel the impact.
By contrast, in situations where a mass effect has not been evident, (e.g. The Gambia)
treated nets benefit only those who use them properly. In such places treated nets could
reasonably be targeted at vulnerable members of the community, especially young children

and pregnant women.

Malaria control by impregnated bed nets has not been assessed previously in the rain forest
belt of West Africa under conditions of perennial transmission maintained by low vector

abundance. This study (Bamish et al., 1993b; Bockarie et al., 1994a; Marbiah et al., 1998;
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Petersen et al., 1993) investigated the effect of community-wide use of lambdacyhalothrin-
treated bed nets on clinical malaria in children. The entomological aspect aimed primarily at
evaluating the mass Killing effect of nets on the mosquito vectors. In this trial clinical
evaluation was of primary interest, and entomological evaluation was carried out to

supplement the results of the clinical evaluation.
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2.2. Specific objectives

The specific objectives of the entomological evaluation were to determine the effect of
community-wide use of lambdacyhalothrin treated bednets on female An. gambiae
mosquitoes with respect to the following parameters:

1 Abundance in villages.

2. Sporozoite rates.

3. Parous rates.

4. Human blood index.

5. Entomological inoculation rate.
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2.3. Material and method

2.3.1. Study area.

The study area was in the North-eastern part of Bo district, near the town of Bo (located at
about long. 12.5° W, lat. 8°N), and has been described by Bamish el al. (1993a). It
comprised 16 villages with an initial population of 11,157, and with individual villages
ranging from 115 to 1575 people. Villages nearer Bo are at an altitude of 100m above sea
level (‘lowland’), and the surrounding vegetation is mainly secondary palm-bush,
interspersed with numerous swamps which are mostly cultivated for rice. About 40km
(Northeast) away from Bo the area rises to 320m above sea level (‘highland’) where the
vegetation is a mixture of grassland, secondary forest and swamps. The study area receives
rain from May to October (wet season), followed by 6 months without rain (dry season),
with rainfall (as recorded at a meteorological office in the town of Bo) totalling 3200mm

between June 1992 and May 1993.

Inhabitants of the study area were mainly Mende by tribe and subsistence rice farmers, but
they also grow groundnuts, oil palm, banana, cassava, coffee and cocoa. In some villages,
the people rear sheep, goats and pigs, which were allowed to rove around freely within the

village.

Before this study, bed nets were very scarce in these villages with less than 1% bed net
ownership. A Knowledge Attitude and Practice survey showed that the people were not
using bed nets because of their high cost, which was beyond the means of most villagers

(E.B. Magbity, and K. David, unpublished data).
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Malaria is hyper-endemic and transmission is perennial in the study area, with overall
prevalence, in mass surveys of children regardless of fever symptoms, of about 60%
(Bamish et al., 1993c). P. falciparum is the predominant species of malaria in the area.
Preliminary entomological studies of the biology, ecology and distribution of the anopheline
vectors of malaria were reported by Bockarie et al. (1994c) for 4 of the 17 villages included
here. The main malaria vector is An. gambiae s.s. forest form of Coluzzi et al. (1985),
usually breeding in temporary pools, such as pot-holes on roads, open pits and gutters, but
not in swamps (Bockarie et al., 1993). This vector is anthroprophilic, endophagic and bites

late at night (Bockarie et al., 1994c).

2.3.2. Study design.

The study design has been described by Petersen et al. (1993). Two of the villages (villages
5 and 6) which were about 100m apart were merged and regarded as one village (village 6).
Sixteen villages, 10 in the lowland and 6 in the highland, were paired on the basis of
population size because preliminary studies have shown that they were similar in their
incidence of clinical malaria in children. One of each pair of villages was randomly
allocated to receive treated nets and the other did not receive nets. The stratification was
done in this way because clinical outcomes were of primary importance in the trial and, for
this, village size was considered to be more relevant than entomological outcomes (which
were of secondary importance). In this way the residents of 4 lowland and 4 highland

villages received impregnated bed nets, while 6 lowland and 2 highland villages remained

67



Entomological evaluation oftreated nets Chapter 2

without nets as controls. The inhabitants of the control villages without nets were promised

treated nets after one year.

In addition, a double-blind randomised study was carried out using Maloprim prophylactics
(pyrimethamine + dapsone) in each village. This involved children aged between 6 months
and 5 years, half of whom received Maloprim while the others received placebo tablets,
fortnightly. The clinical evaluation was carried out through weekly morbidity surveys and

cross-sectional surveys once every 6 months in each village.

2.3.3. Bed net impregnation and distribution.

Bed nets were made of polyester, 156 mesh per square inch (SiamDutch, Bangkok Mosquito
net Co.). Three different sizes of nets were used: small (area=l 1.64m2), medium (area =
14.52m2) and large (area = 15.48m32). The nets were impregnated with lambdacyhalothrin at
a target rate of I0Omg a.i./m2of net. All nets were of the same material, and it was estimated
that this material absorbed, after dipping and wringing, 27.5mls of water per m2 The
insecticide (2.5% EC lambdacyhalothrin) was therefore diluted by adding 13.8mls to each

litre of water.

Prior to the distribution of the nets, the number and size of the sleeping places (including
sleeping mats) in each house were counted and recorded. In June 1992 all sleeping places in

the villages allocated to receive nets were supplied with appropriate nets.
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2.3.4. Mosquito sampling.
Mosquitoes were sampled monthly from June 1992 to July 1993 in each village by four
collection methods (WHO 1975): human biting catches (HBC), light-trap collections (LTC),

pyrethrum ‘knockdown’ spray catches (PSC) and window exit-trap (ET) collections.

Two pairs of catchers working alternate 3-hour shifts from 1900 to 0700 hrs carried HBC
out monthly in each village on the veranda of a designated house. LTCs were carried out
monthly in three designated bedrooms per village using CDC light-traps operated beside
occupied untreated bed nets for the whole night (Lines et al., 1991; Magesa et at. 1991). In
each study village, exit traps were fitted to three other designated bedrooms (with or without
bed nets) wherein PSCs were made in the morning immediately after removing the exit-

traps.

2.3.5. Mosquito processing.

Al the anopheline mosquitoes caught were identified morphologically according to the keys
provided by Gillies and Coetzee (1987), and their gonotrophic stage assessed, as unfed, fed,
half-fed or gravid (WHO, 1975). Ovaries of unfed female anophelines were routinely
dissected to determine parity (Detinova, 1962). The abdomens of blood-fed female
mosquitoes were squashed onto filter papers and the host animal from which the bloodmeal
originated identified by the ELISA method of Service et al. (1986). The head and thorax of
all anophclines caught were tested for circumsporozoite antigen, by the ELISA method

(Wirtzefa/., 1987).
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2.3.6 Data analysis.

For the calculation of season mosquitoes densities, monthly catches from each village were
log-transformed as logm(x+1). The villages were allocated to 4 categories: lowland villages
with nets, lowland villages without nets, highland villages with nets and, highland villages
without nets. The seasonal mean and confidence intervals for each category of villages were
calculated using STATA 5.0 statistical software (StateCorp, 1995). The effect of treated nets
on mosquito densities were calculated using Mann-Whitney U statistics by the STATA 5.0
statistical software. In order to adjust for the effects of altitude and season on mosquito
abundance, 4 separate analysis were performed comparing nets versus no net villages: effect
of net in the lowland villages in the wet season; effect of net in the lowland villages in the
dry season; effect of net in the highland villages in the wet season; and effect of nets in the
highland villages in the dry season. The total ranksum, expected ranksum and variances for

all the analysis were then calculated and substituted in the formular for z

z = (ranksum —expected ranksum)/Variance.

Seasonal parous and malaria sporozoite rates were compared in the net versus no net and

lowland versus highland villages by Mann-Whitney U statistics test.
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2.4. Results.

2.4.1. Mosquito density

The overall proportion of Anopheles species collected by different methods from June 1992
to July 1993 (14 months) are shown in Table 2.1, showing that An. gambiae predominated
(> 99%) in all samples.

Table 2.1. Proportion of different female Anopheles species caught by each sampling

method. HBC=human bait catches; PSC=pyrethrum spray catches;
LTC-=light trap catches; ET=exit trap catches.

Sampling An. gambiae An.funestus Other Anopheles Total Anopheles

Method species caught
HBC 99.7% 0.3% 0 1572
PSC 99% 0.7% 0.3% 2443
LTC 99.5% 0.5% 0 427
ET 99.1% 0.47% 0.47% 419

Figure 2.1 shows the monthly fluctuation of female An. gambiae mosquitoes after bed nets
were installed in June 1992. The figure shows a similar pattern of fluctuation of An.
gambiae abundance in villages with and without nets in the lowland and highland; more
mosquitoes in the wet than the dry season (z=7.514; p < 0.001). HBC man-biting rates was
consistently less in highland than in lowland villages (z= 4.036; p < 0.001) (Figure 2.2 and
Table 2.2). Because very few mosquitoes were caught in the dry season, most of the analysis

will be of wet season mosquito samples.

Mann-Whitney analysis shows no significant difference in man-biting rates of An. gambiae
between villages with and without nets (z=0.992, p=0.75). Significantly more mosquitoes

were also collected per light-trap/night in lowland compared with highland villages
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(z=4.357; p< 0.001), but like HBC there was no significant difference in the number of

female An. gaw6/ae/trap/night between villages with and without nets (p > 0.10).

Figure 2.1. Monthly geometric mean man-biting rates oi An. gambiae in different

classes of villages, during the first year of intervention, following insta