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INSECTICIDE-TREATED BED-NETS FOR MALARIA
MOSQUITO CONTROL

c. F. CURTIS, C. A. MAXWELL,1'2 S. M. MAGESA, R. T. RWEGOSHORA AND T. J. WILKES

ABSTRACT. Pyrethroid-treated bed-nets act against late-night biting mosquitoes, like traps baited by the
body odor of the occupant. The personal protective effect of treated nets is considerable, even if they are

torn. However, some biting of the occupants does occur, as shown by matching microsatellite alleles in
mosquito blood meals to those of net occupants. When whole communities were provided with treated nets,
ovarian age grading showed that mosquito survival was reduced, and so was the number of sporozoite-
positive mosquitoes in malarious communities. Thus, a high percentage of coverage of all members of
malaria-endemic communities is considered to be the most effective way of providing protection for highly
malaria-vulnerable children and pregnant women. Teams distributing nets or retreating them free of charge
show high productivity, and we consider this the most cost-effective way to proceed. There is evidence for
reduced anti-malaria antibody levels in children in communities where treated nets have long been used.
However, overall benefits in reduced anemia and mortality are sustained. A high frequency of the kdr
resistance gene has not prevented pyrethroid-treated nets from functioning, but it is important to develop
alternative fabric treatments in case stronger forms of resistance emerge.
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PERSONAL PROTECTION DUE TO
PYRETHROID-TREATED NETS

The biting by most of the world's malaria
vectors peaks in the middle of the night (Pates
and Curtis 2005). It has been suggested that the
biting habit of the dangerous older mosquitoes,
which have survived long enough for Plasmodiurn
sporozoites to have reached maturity, may not be
the same as habits of the rest of the population.
However, Maxwell et al. (1998) could find no
significant difference with Tanzanian Anopheles
gambiae s.s. and An. funestus, and their data
indicate that 30 of 34 (88%) of sporozoite-positive
bites occurred between 2200 and 0500 h. Ross
(1910) perceived that biting of malaria vectors in
the middle of the night should make bed-nets an
effective protection against malaria but, if nets
are torn, they provide no protection (Lines et al.
1987, Curtis et al. 1996, Mwangi et al. 2003). It
was initially for this reason that the idea of
adding a chemical barrier to the imperfect
physical barrier was conceived, by treating nets
with a pyrethroid that is safe for close contact
with humans.
Treating a family's nets needs only about 1/6 as

much insecticide as indoor residual spraying of
their house (Curtis et al. 1998). In Tanzanian
villages, nets are usually washed about 3-5 times
a year, and bioassays confirm that retreatment
once a year is sufficient to ensure continuous high
insecticidal activity (Maxwell et al. 2003). In
Vietnam, the nets of 10 million people are
retreated annually by government teams (Tran
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Duc Hinh, unpublished data; reviewed by Curtis
et al. 2004). There are now manufactured nets on
the market in which the insecticide is incorporat-
ed in the netting fiber or attached to it with
a resin. These deposits are more wash-resistant
than those on conventionally dipped nets (Tami
et al. 2004, Graham et al. 2005), and it is claimed
that they remain insecticidal for the physical
"life" of the net (approx. 3-8 years).
Counting of bloodfed mosquitoes resting in

houses, and those driven out into exit traps on
windows by the excitorepellent effect of pyre-
throids, shows that treated nets greatly reduce
biting, even if they are torn. Thus, a net provides
considerable personal protection to the sleeper
inside it if the net is intact, pyrethroid treated, or
both (Curtis et al. 1996, Maxwell et al. 2003). It
seemed possible that the few bloodfed mosquitoes
found in rooms (and traps on windows of the
rooms) with treated nets might have fed outside
and entered already fed. However, Soremekun et
al. (2004) matched the microsatellites in mosquito
blood meals with those in the blood of people
who slept under treated nets in the rooms where
the mosquitoes were caught. The matches and
mismatches were unequivocal; only 15% of the
few bloodfed An. gambiae and An. funestus could
be explained by entry of already fed mosquitoes,
and the remainder had fed on the people who had
slept under the nets. It is not known whether
these feeds were by biting through the treated nets
(despite their excitorepellent effect) or by waiting
until the net occupant left the net during the
night. However, the proof that these feeds occur
allows us to conclude that although treated nets
give good personal protection of the net occu-

pant, the protection is not perfect (Table 1,
columns 2 and 3).
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Table 1. Entomological data showing the relative importance of the personal and community-wide effects of
treated nets.

Personal protection of treated
nets in rooms (corrected for mosquitoes

entering after feeding elsewhere)
(Soremekun et al. 2004)

Effect of community-wide use of treated nets
(Maxwell et al. 2003)

Treated nets/no % bloodfed of Feeding rate with EIR based on EIR with treated
nets in rooms and mosquitoes in rooms nets as % of that sporozoite +ve nets as % of that

villages and exit traps without nets mosquitoes outside nets without nets

Annually retreated 22.6
nets

No nets 73.0
30.9

37.5

148.6
25.2

COMMUNITY-WIDE EFFECTS OF
TREATED NETS

Many dead mosquitoes can be collected in the
morning from the floor of huts in which treated
nets have been used the previous night. To
properly assess this mortality in huts in tropical
villages, ant traps are needed to prevent access by
scavenging ants. One also needs to take into
account mortality of mosquitoes that exited
during the night but had already picked up
a lethal dose of insecticide (Curtis et al. 1996).
Among wild An. gambiae and An. funestus that
enter huts in search of blood meals, mortalities of
25-75% have generally been observed with
various different pyrethroids on nets that had
been freshly treated or washed 5 times (Curtis et
al. 1996, Maxwell et al. 1999).
As pointed out by Macdonald (1957), when

residual insecticides are applied indoors, endo-
phagic mosquitoes take a risk every time that they
enter a house in search of a blood meal, which
they do every 2-3 days at tropical temperatures.
Thus, where there is high percentage of coverage
of the houses in a village, the mean age of the
village mosquito population is expected to be
reduced, and very few mosquitoes will survive the
approximately 12 days required for sporozoite
maturation. Polovodova (1949) developed a meth-
od for assessing mosquito age from dilatations on
the ovarioles (Detinova 1962). T. J. Wilkes

applied this method to An. gambiae in Tanzanian
villages before and after provision of treated nets

or DDT spraying for all houses. The mosquitoes
were also dissected and examined for sporozoites
or tested for their presence by enzyme-linked
immunosorbent assay (Burkot et al. 1984). As
shown in Table 2, before these interventions,
mean mosquito age was longer in traditional
villages with thatched roofed houses than in
a more modern village with iron roofs that
become very hot at mid-day. When insecticidal
nets or house spraying were provided, the mean

age of the mosquitoes declined. In conformity
with the observations about mean age, the
sporozoite rates were less in the iron-roofed
village and after each of the insecticidal interven-
tions (Magesa et al. 1991).

Using light traps in bedrooms,
we have re-

peatedly assessed the biting of anopheline mos-
quitoes outside nets in villages provided with
treated nets in all the rooms except the "sentinel"
rooms in which the light traps were run. As would
be expected, because of the considerable mortal-
ity in populations, the biting densities were
reduced, and multiplying these densities by the
sporozoite rates led to estimated reductions in the
rates of sporozoite-infective biting per night
(entomological inoculation rate [EIR]) to about
25% of those in villages without nets (Table 1,
columns 4 and 5).

Table 2. Data of T. J. Wilkes for An. gambiae on ovarian age grade (maximum number of dilatations per ovariole
in each individual, averaged over all individuals) and percentage of mosquitoes positive for sporozoites. Data
shown for 2 traditional and more modern Tanzanian village, before and after provision of permethrin-treated
bed-nets or DDT indoor residual spraying. Sample sizes on which age grading data were based were 95-1,533 and

for sporozoite rates were 201-2,181 (Magesa et al. 1991).

Preintervention
Village (type of
roof on houses) Mean age grade % sporozoite +ve Intervention

Postintervention

Mean age grade % sporozoite +ve

Mng'aza (thatch) 1.255 6.1 Pyrethroid 0.792 2.3
treated nets

Mindu (thatch) 1.229 7.9 DDT indoor 0.400 2.5
spraying

Mlingano (iron) 0.764 4.9 Pyrethroid 0.518 0.6
treated nets



SEPTEMBER 2006 MOSQUITO CONTROL WITHOUT PESTICIDES 503

Comparison of the personal protection and
community-wide "bonus" effects of treated nets
(Table 1, columns 2 and 3 versus 4 and 5) shows
that each reduces risk to 25-30% ofwhat it would
be without nets in rooms or villages. Thus, the
overall reduction is to about 25% 30%, i.e., to
about 7.5%, or a reduction of 92.5%, due to the
combination of both forms of protection. There
are no exact data on the reduction of EIR at
different percentages of coverage of all the beds in
a village with treated nets, but it is a reasonable
assumption that the higher the percentage of
coverage, the greater the mosquito mortality and
thus the greater the reduction in EIR.
From a large Centers for Disease Control and

Prevention (CDC)/Kenya Medical Research In-
stitute trial in Western Kenya, Hawley et al.
(2003) showed that impact of treated nets on
child mortality and morbidity extended out from
areas with the nets to neighboring areas without
them, because of the impact of the insecticidal
nets on the EIR of the local vector populations
(Gimnig et al. 2003).
In highly malaria endemic areas, such as

lowland tropical Africa, children and pregnant
women are the most vulnerable to malaria
because they have lower levels of antimalaria
immunity than the rest of the population.
Schemes are being developed or in existence for
targeting fr.,ee or subsidized treated nets to the
vulnerable 4hildren and pregnant women. The
Abuja Declaration by African Heads of State set
60% provision of treated nets for children and
pregnant women as a target. Achieving this goal
should be given every encouragement, but the
data in Table strongly suggest that considerably
better protection for the vulnerable categories
would be achieved if insecticidal nets were pro-
vided for everybody in highly malaria-endemic
rural communities, so that many mosquitoes are
killed on the nets of the not-so-vulnerable before
these mosquitoes can attack the very vulnerable.

COST OF UNIVERSAL PROVISION

The productivity is very high of teams who visit
a village (by prior arrangement with the inhabi-
tants) to check the numbers and approximate
sizes of each bed or sleeping mat in each house
and provide treated nets for each, against house-
holders' signatures acknowledging the donation
of the nets for that family's protection. That the
teams are not required to try to collect money or
to judge who deserves a free or subsidized net
greatly adds to the speed at which the work can
be done. Some feel that nets provided free will not
be valued and will be sold or misused. However,
that is not our experience in work in Tanzania
over the past 18 years, and checks by Guyatt et
al. (2002) showed that nets targeted by a UNICEF
project for pregnant women in Kenya almost all

Table 3. Estimates of annual costs for free provision
to a million people--700,000 nets to be replaced every
4th year and retreated every year (labor costs based on
observed high productivity of Kenyan and Tanzanian
teams not encumbered by having to collect money).

175,000 nets/year @ $2.50
700,000 doses of alphacypermethrin
2 teams of 5 net distributors +

administrators: wages + transport:
11 retreatment supervisors +

33 village workers: wages + transport:
Total/million people/year:

$437,500
$28O,O00

$171,000
$135,000

$1,023,500

Therefore total costs estimated as ca. $358 million/year for
scaling up to provide for 350 million people in rural lowland
tropical Africa (excluding towns where many people buy nets
against Culex nuisance, not malaria mosquitoes). Alternatively,
if Olyset nets @ $5.50 last 8 years and do not require
retreatment, total cost would be ca. $198 million/year.

reached them and were used by them. Similar
high productivity and coverage have been found
with net retreatment provided free of charge on

an appointed day each year by a visiting super-
visor and a team of village health workers. This
system works far better than expecting very poor
people to take the initiative and go to a shop to
buy sachets of insecticide.

Table 3 shows estimates of materials and labor
for providing replacement nets every 4 years for
a million people and for retreatment of these nets

every year. The estimates assume nets at a bulk
purchase price of $2.50 each, and labor and
transport are as observed in free distribution
operations in Kenya and Tanzania. The costs per
million people may be multiplied by the total
rural population of tropical Africa for a conti-
nent-wide estimate. This estimate assumes target-
ing at everyone in the highly malarious lowland,
rural areas of Africa. There are already many nets
in use in African towns because people have more
access to cash there than do subsistence farmers
and because the nuisance from Culex is generally
worse in towns with poor sanitation than in rural
areas, which have cleaner surface water and
therefore far more Anopheles and malaria cases.
The costs shown in Table 3 may possibly be

reduced if "long-lasting nets" live up to expecta-
tions and never require retreatment and are more
physically robust than cheaper nets and thus
require replacement less often. The costs listed in
Table 3 may be compared with the money spent
on controlling another blood-sucking insect--the
cat flea, on the control of which Rust (2005)
reported that $2.1 billion is spent annually in
Europe and the USA.
Lower distribution costs than those shown in

Table 3 have been reported by programs that
couple free net distribution to child measles
vaccination campaigns (Grabowsky et al. 2005a,
2005b). Such campaigns occur on a very large
scale in Africa (Henao-Restrepo et al. 2003) and
are very well attended by even the poorest people.
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Table 4. Investigation of whether loss of immunity causes a "rebound" on the anemia in older children when
treated nets are used for several years.

Previous use of treated nets

% reduction in anemia
Antibody titers (in children

>2 years old)

<2 years old 2-5 years old Anti-CSP Anti-VSA

Newly introduced nets 58.9* 58.5* 0.327 1,183
3-4 years previous use 53.2* 30.1 ns 0.161 964

Circumsporozoite protein, difference significant at P < 0.05, Metzger et al. (1998).
Variant surface antigen, difference significant at P < 0.01, Askjaer et al. (2001).
Maxwell et al. (2003).
Maxwell et al. (2002).
ns, apparent difference not significant.
difference significant at P < 0.001.

These campaigns provide an opportunity for
a major and remarkably equitable scaling up of
the coverage of children with treated nets
throughout rural Africa. However, so far, these
distributions have targeted children and not
whole malaria-endemic populations, which, as
suggested above, would give optimum protection
of the vulnerable children.
Those who support the social marketing of nets

would accept that taxpayers in developed coun-
tries are almost incomparably richer than African
subsistence farmers. However, they take the view
that, although there is considerable concern
about malaria control expressed at present
among donor governments, this concern proba-
bly will not last, and that it is better that the
poorest people on earth get used to the idea that
they must find the money that will be needed to
protect their children from malaria. This is not

our view nor that of the UN Millennium Project
(2005) report, which unequivocally urges that
a major requirement for an effective attack on
highly endemic African malaria is organized free
provision of insecticidal nets.

SUSTAINABILITY OF HEALTH BENEFITS
FROM REDUCING

MALARIA TRANSMISSION

There is much evidence from short-term trials
that community-wide use of treated nets has
major benefits in reducing malaria morbidity and
mortality (Phillips-Howard et al. 2003a, 2003b;
ter Kuile et al. 2003; Lengeler 2005). However,
because of the importance of acquired immunity
to malaria, it has been argued (with regard both
to residual house spraying as envisaged in the
1950s and insecticide-treated nets in recent years)
that major reductions in numbers of infective
bites received by children may cause reduced
buildup of antimalaria immunity. Hence, these
reductions might fail to achieve an overall
reduction of malaria morbidity and mortality,
but only its postponement to later in childhood.
If, at that somewhat later age, the children were

more susceptible to cerebral malaria, the eventual

effect of well-meaning attempts to reduce trans-
mission could even be to make the burden of
malaria worse (Trape and Rogier 1996).

Table 4 shows some data indicating reduced
levels of two anti-malaria antibodies in children
in villages where treated nets have been used for
several years (Metzger et al. 1998, Askjaer et al.
2001, Kariuki et al. 2003). However, among these
children, there was less anemia, which is the main
route by which malaria kills in highly endemic
areas. The continued reduction in anemia was
highly significant in young children. In older
children, there was not significantly less anemia in
netted villages, but there was certainly not
significantly more, i.e., no indication that the
older children were "paying for" the benefit that
they received when they were }ounger (Maxwell
et al. 2002).

Similarly, 4- to 6-year follow-up of the large
CDC-supported treated net project in Kenya
showed that mortality of infants under year
continued to be reduced in the netted villages, and,
at later ages, mortality was neither reduced nor
increased (Lindblade et al. 2004, Eisele et al. 2005).
The best impact so far reported with a malaria

vaccine (Alonso et al. 2004) was not as great as
that due to treated nets. In view of the evidence in
Table 4 that prolonged use of nets lowers
antibody levels, one might consider a vaccine as

a way of improving the long-term performance of
treated nets by restoring antibodies to the high
levels that are normal in areas highly endemic for
malaria.

INSECTICIDE RESISTANCE

In our project area in Tanzania, we have tested
for, but not found, pyrethroid resistance in An.
gambiae and An. funestus. However, pyrethroid
resistance does exist in the same area in Culex
quinquefasciatus. Very low mortality of this
species is observed in our experimental hut
studies (Curtis et al. 1996), and, in contrast to
anophelines, no effect of community-wide use of
treated nets on Culex populations has been
observed (Maxwell et al. 1999).
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Village populations of the tropical bedbug
Cimex lectularis were eradicated when treated
nets were first introduced. However, after about
6 years of use of treated nets, villagers noticed the
return of bedbugs. Susceptibility tests showed
that in 5 of these villages there was detectable
resistance, in contrast to 5 villages without nets
(Myamba et al. 2002). It is important to find an
alternative way of controlling these bedbugs,
because the high level of acceptance of the use
of treated nets and need to bring them for
retreatment may have been partly because of
the good effect of the nets on nuisance bedbugs.

In Crte d'Ivoire a high frequency of the kdr
pyrethroid resistance gene has been found in An.
gambiae, but high mortality of these mosquitoes
has been observed in experimental huts with
pyrethroid-treated nets (Darriet et al. 2000, Asidi
et al. 2004), and there has been good control of
malaria with these nets in villages (Henry et al.
2005). It is suggested that because this gene not
only reduces susceptibility to being killed but also
to excitorepellency, the mosquitoes continue to
rest on treated nets until a lethal dose is absorbed.
Other more powerful forms of pyrethroid re-
sistance exist elsewhere in Africa (Hargreaves et
al. 2000). Thus, it is important to develop
alternative fabric treatments with little likelihood
that cross-resistance to pyrethroids would occur.Entomopathoenic fungal spores, which kill adult
Anopheles (Scholte et al. 2004), seem to be
a possibility that is worth exploring.
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