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Abstract. The efficacy of nets treated with lambda-cyhalothrin, a pyrethroid insecticide, on malaria infection and
disease was assessed for the first time at the community level in Anopheles gambiae pyrethroid resistance areas. The
study was carried out in northern Côte d’Ivoire, which is an area of kdr resistance. Four pairs of villages were selected
and matched according to demographic, sociological, and ecological criteria. Among each pair, a village was randomly
allocated to receive mosquito nets. More than 80% of beds were covered with nets treated with lambda-cyhalothrin and
retreated after 6 months. In each village, 54 children aged 0–59 months were randomly selected and clinically monitored
for 8 periods of 7 days throughout the year. Results showed that the efficacy of treated nets was maintained with a
reduction of the prevalence of asymptomatic malaria infection by 12% and an estimated protective efficacy against
malaria disease of 56%.

INTRODUCTION

Many studies have shown the efficacy of insecticide-treated
bed nets in reducing malaria transmission and morbidity and
all-cause child mortality.1 The only insecticides used for the
impregnation of bed nets are pyrethroid insecticides, such as
lambda-cyhalothrin, deltamethrin, or permethrin.

In the sub-Sudan savannah region of Côte d’Ivoire, inten-
sive cotton cultivation has involved large-scale insecticide
spraying for several years. It is strongly suspected that this has
been a source of selection for DDT and pyrethroid resistance
on mosquito populations including those of Anopheles gam-
biae, which breed in the lowlands where insecticide residues
concentrate after being washed down by the rains. This has
led to the selection of a resistance mechanism called knock
down resistance (kdr) with a high frequency of kdr allele.2 In
the course of phase II trials for the WHO Pesticide Evalua-
tion Scheme on evaluation of insecticides, tests carried out in
experimental huts on the efficacy of nets treated with per-
methrin and deltamethrin showed that these nets reduced the
rates of hut entry, increased rates of hut exit, and caused some
mortality in the local populations of An. gambiae despite their
resistance to pyrethroids.3 In addition, a trial in the village of
Kafiné in Côte d’Ivoire, where An. gambiae is very resistant
to pyrethroids, showed that Olyset nets into which per-
methrin is industrially incorporated conferred personal pro-
tection against malaria attacks.4

The current trial was carried out in the sub-Sudan savannah
zone of Côte d’Ivoire where the association of malaria risk
with different systems of rice cultivation has been previously
measured.5 The main malaria vectors of this area were An.
gambiae s.s. and Anopheles funestus, but An. gambiae was
predominant in villages close to rice fields (Dossou-Yovo J,
unpublished data). An. gambiae was strongly resistant to
pyrethroids with a kdr allelic frequency of around 90%. An.
funestus was still susceptible to these insecticides (Koffi AA,
unpublished data). The current study aimed to evaluate the

epidemiologic impact of nets treated with lambda-cyhalothrin
in a region with intense transmission due to An. gambiae
highly resistant to pyrethroids. A comparison was made be-
tween eight villages, four provided with treated nets and the
other four without any nets. The malaria burden on children
less than 5 years old has been studied in terms of prevalence
and density of malaria infection, of clinical malaria attacks,
and level of anemia. The entomological impact of the treated
nets was evaluated simultaneously in the same villages (Dos-
sou-Yovo J, unpublished data).

MATERIALS AND METHODS

Site and sampling. A longitudinal study was conducted in
the Department of Korhogo, in the North of Côte d’Ivoire,
from July 1999 to June 2000. The required numbers of com-
munities and children for epidemiologic evaluation of the in-
tervention were estimated to detect a 50% protective efficacy
with a power of 80%, a significance level of 5%, a design
effect of 0.25, an average of 2.6 clinical malaria attacks per
child-year in the reference group,5 and 20% of the children
lost to follow-up.6 Thus, the required number of communities
was calculated to be 4 villages for the intervention group and
4 villages for the control group, and the required number of
children was 54 subjects per village followed during 56 days
distributed over 8 periods of 7 consecutive days scheduled at
6 week intervals throughout the year. Among the 12 villages
where malaria transmission and morbidity were previously
measured, 4 pairs of villages were selected and matched ac-
cording to the lowland rice cultivation system, the social and
behavioral characteristics and the size of village (Table 1).
Among each pair of matched villages, one was randomly al-
located to receive impregnated mosquito nets, and the other
remained as control. After updating the census of each vil-
lage, including children born since 1997, samples of children
aged 0–59 months were selected from randomly sampled
compounds as in an earlier study.5 Each head of family, or the
guardian of the child, gave informed consent. The Ministry of
Public Health of Côte d’Ivoire granted ethical approval for
this study. During the monitoring periods, children of villages,
whether participating in the study, were treated free of charge
by the medical team.
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Treatment of mosquito nets. Before impregnation, a com-
prehensive census was done in each village to identify every
bed and sleeping mat in every house to be covered by an
insecticide-treated net (ITN). At the start of the trial in June
1999, every mosquito net was treated, in the village, with
lambda-cyhalothrin formulated as a capsule suspension (15
mg a.i./m2) and marked with both wash-resistant and wash-
able markers to check for washing or movement of nets to
different houses from those for which they were intended.
Mosquito nets were dipped again after 6 months in December
1999. In each village, the correct use of ITNs was regularly
checked by two village health workers trained for this trial.
The four villages without mosquito nets received ITNs after
the trial. All bed nets were given free of charge.

Data collection. Active case detection (ACD) for malaria
episodes was done during 8 periods of 7 days at 6 weekly
intervals. Each day during these surveys a nurse, assisted by
two health workers from the village trained for this study,
visited the households of each child of the sample, and a
physician supervised the field work. The presence or absence
and state of health of each of the children were thus recorded
daily on a specially prepared sheet (one sheet per household).
The nurse examined and recorded data on every detected
case of sickness at home. A thick blood film was taken from
every sick child. Children were treated according to the clini-
cal diagnosis made by the nurse. When a malaria attack was
suspected, the patient was treated with chloroquine at 25 mg/
kg body weight for 3 days according to the recommendations
of the National Program for Malaria Control. Cross-sectional
surveys (CSS) were carried out on every asymptomatic child
(confirmed by an axillary temperature < 37.5°C) included in
the study. During each survey, a blood sample was taken on
the sixth day to confirm that those classified as asymptomatic
were free of malaria infection in the days before the blood
sample was taken. In November 1999 (end of the rainy sea-
son), capillary blood was also taken from each asymptomatic
child, 0–2 years old, to measure packed cell volume.

Laboratory examination. Thick smears were Giemsa
stained in the field and examined at the Institut Pierre Richet
in Bouaké to identify Plasmodium species. Asexual stages of
Plasmodium falciparum were counted in the blood volume
occupied by 200 leukocytes, and parasite density was calcu-
lated by assuming 8,000 leukocytes/�L of blood. Thick smears
from each village were read by the same experienced techni-
cian, under the supervision of a parasitologist. The techni-

cians were also compared on the same set of blood samples.
Their rate of parasite detection and parasite density estimates
did not differ significantly. Cross-check quality control was
regularly done on a randomly selected sample representing
10% of all thick smears.

Data analysis. Demographic, clinical, parasitological, and
attendance data were double entered independently in an
Access database (version 7, 1995). Data were analyzed using
Epilnfo (version 6, 1995), STATA� statistical package (Stata-
Corp. 2001) and Egret (version 2, 1999) software programs.
For each person, only one blood sample per monitoring pe-
riod was considered for the analysis. When a pathological
condition was detected, the blood sample taken during the
clinical episode was retained for analysis. When many blood
samples were available in an asymptomatic period, one of
them was randomly selected for the analysis. The association
between the parasite density and the occurrence of clinical
episodes was tested using a random-effect logistic regression
model, taking clinical status (pathological episode versus
asymptomatic state) as the dependent variable, and parasite
density and age as the independent variables. In this type of
model, a random intercept variable is allowed to vary with
subjects, and this random subject-specific intercept allows one
to take into account the interdependence of the observations
made on the same person. The independent variables and
their interaction terms were tested and kept in the model
when their effects were significant likelihood ratio statistic,
P < 0.05). For each pathological period, the probability that it
was caused by malaria was estimated by the attributable frac-
tion calculated from the odd ratios associated with the esti-
mated parasite density in the logistic model.7 The pathologi-
cal episodes were clinically defined by a high axillary tem-
perature (� 37.5°C), a body hot to the touch, sweats, shivers,
headaches, nausea or vomiting,8 or by a history of fever dur-
ing the 48 hours preceding the first day of ACD or, for in-
fants, anorexia or any pathological condition described by the
mother.9 For individuals and given periods, the number of
malaria attacks was estimated by the sum of probabilities that
pathological episodes were due to malaria, depending on the
parasite density. Malaria incidence density was calculated by
the ratio of pathological episodes attributable to malaria di-
vided by the child-days under survey during the monitoring
periods. Clinical malaria incidence data were gathered by vil-
lages, surveys, and age groups (0–23, 24–59 months). The ef-
fect of the intervention was tested using the likelihood ratio
statistic in a Poisson regression model taking into account the
effect of the design (matching), survey, and age, with the
estimated number of malaria attacks as dependent variable
and the cumulative number of monitoring days as exposure
variable. A goodness-of-fit test was used to check the ad-
equacy of the model. Protective Efficacy was calculated as
PE � (1 − Adjusted incidence density ratio) × 100.10 The
confidence interval for the clinical protective efficacy was cal-
culated from the confidence interval of the adjusted incidence
density ratio. Parasitological data were analyzed separately in
terms of prevalence and density of P. falciparum asexual
blood forms. A generalized estimating equation (GEE) ap-
proach was used for statistical analysis of repeated mea-
sures,11 which can be used with normal distributions and dis-
crete data. To take into account the interdependence of ob-
servations made on the same person, an exchangeable
correlation structure was used in which the correlation be-

TABLE 1
Pairs of villages with their characteristics

With ITN
Without ITN

Pairs of villages

Gbahouakaha
Nongotchenekaha

Binguebougou
Fapaha

Ounadiekaha
Folofonkaha

Kaforo
Nambekaha

Agrosystem
Double cropping

rice/year + +
Single cropping

rice/year +
No rice cultivation +

Senufo subethnical
group Tiembara Tiembara Tagbana Tiembara

Size of village 605 1305 720 447
(N inhabitants) 667 1496 726 563

ITN, insecticide-treated net.
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tween these observations made on one person at different
times is assumed to be the same. The differences were tested
by the Wald test and 95% confidence intervals were calcu-
lated. The prevalence of asymptomatic malaria infections was
analyzed as a binomial response. The positive asymptomatic
parasite density was log transformed and analyzed with a link
function for a normally distributed response. The GEE ap-
proach allows some departure from the hypothesis about the
distribution of the dependent variable and gives robust esti-
mates of regression coefficients taking into account the inter-
dependence of observations made on the same person. Com-
parisons between prevalences and between parasite densities
and packed cell volumes were performed by chi-square test
and analysis of variance taking into account the study design.
Statistical tests were considered as significant when P < 0.05.

RESULTS

Population description. For one year, 426 children in 8 vil-
lages (216 in the 4 villages furnished with lambda-
cyhalothrin–impregnated mosquito nets and 210 in the 4 un-
treated villages) were parasitologically and clinically moni-
tored. Children born during the study were not included.
Mean age was comparable (27 months) in the two groups. Sex
ratio was well balanced: range of M/F sex ratio was 0.8 and
1.0, respectively, in the treated and control groups. Children’s
participation in clinical monitoring was high in both groups
(Figure 1). A total of 16% were lost to follow up of which 2%
had died. Each child in the control and treated groups was
visited on average on 43 days (± 8) of the 56 active detection
days scheduled. A total of 2,128 blood films were made with

an average of 5 per child. The distribution of blood samples is
shown in Figure 2. One fever episode where no thick smear
was taken was excluded from the study. Each fever syndrome
corresponds to one episode of illness in a child at one survey.
Average coverage rate with ITNs was regularly checked and
ranged from 76.7% to 84.0% in different villages.

Parasitological and hematological indexes of asymptomatic
children observed by CSS. The mean annual rates of preva-
lence and parasite density in asymptomatic infections with P.
falciparum observed in the baseline study in 19975 were com-
parable in the two groups of villages (P > 0.30). The rates of
infection were about 80% and the densities averaged 143 to
199 asexual stages of P. falciparum per �L (Table 2). In 1999,
after introduction of the ITNs, the observed rate of asymp-
tomatic infections was higher in the untreated group than the
treated one: 68.5 (95% CI, 64.9–72.1) versus 56.6%, (53.0–
60.2) (P < 0.001). The parasite density was significantly higher
in the untreated group: 69 (95% CI, 53–91) versus 29 (22–38)
asexual P. falciparum stages per microliter (P < 0.001) (Table
3). The effect of the ITNs on anemia in the children aged 0 to
2 years was significantly positive in November 1999 (Table 3)
with a mean hematocrit 2.0% higher in the treated group than
in the control: 32.8 (95% CI, 31.9–33.7) versus 30.8%, (29.6–
31.9) (P � 0.007).

Clinical malaria observed by ACD. We considered only
one fever episode per patient per survey. In 1997, the fre-
quency of clinical malaria attacks per child per year was com-
parable in the 2 groups of villages (2.3 versus 2.9, P � 0.36)
(Table 2). In 1999, in the ITN villages, the incidence was
significantly lower than in the control villages: 0.8 versus 1.8
clinical malaria attacks per child per year (P < 0.001). The
protective efficacy of treated nets was 56% (95% CI, 25-
75%). The impact was comparable in the two age classes

FIGURE 1. Participation in monitoring.

FIGURE 2. Distribution of blood samples according to clinical sta-
tus and treatment by ITN.
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(0–23 and 24–59 months) and the overall impact in reducing
clinical malaria attacks was statistically significant (P < 0.015)
(Table 4). Moreover, ITNs also tend to reduce the number of
clinical malaria episodes per child during the year. In the
control group, 12 (21%) out of 56 children suffered more than
one malaria attack during the year, with 9 children having two
episodes and 3 having 3 episodes each. In the treated group,
only 3 out of 32 children suffered two malaria attacks during
the year, and no child suffered 3 or more attacks.

DISCUSSION

Studies conducted during the past 20 years with insecticide-
treated nets in various epidemiologic conditions have con-
firmed their effectiveness in reduction of the burden of ma-
laria.1 The extension of the range of resistance to pyrethroids
in Côte d’Ivoire2 and other countries in West Africa has
called into question the continued effectiveness of treated
nets and of the current strategy for malaria prevention based
on promotion of the use of these nets. A trial in a village
where An. gambiae is resistant to pyrethroids suggested that
Olyset nets, which incorporate permethrin, are still effective
in reducing by 50% the incidence of malaria attacks.4 Various
trials in experimental huts in Côte d’Ivoire have shown that
insecticide-treated nets can still provide personal protection
from biting as well as a high mortality of mosquitoes resistant
to pyrethroids.3,12,13 These data obtained in Phase II trials
according to WHOPES protocol were the starting point of the
current study, which corresponds to a Phase III WHOPES
protocol.

In 1997, a study on the relationship of malaria to rice cul-
tivation in 12 villages in the Department of Korhogo led to
the selection of 2 groups of 4 villages,5 in which the annual
incidence of infection (80%) and of malaria morbidity (about
2.6 malaria episodes per child per year) were similar and
where the annual entomological inoculation rate was around
113 infective bites per person (Dossou-Yovo J, unpublished
data). The implementation of ITNs in 1999 led to the cover-

age in 4 villages of more than 80% of beds with nets treated
with lambda-cyhalothrin (15 mg a.i./m2). Re-impregnation
was done after 6 months, and coverage was sustained at about
80%. Longitudinal surveys on representative samples of chil-
dren aged less than 5 clearly showed that the children in the
treated communities were healthier than in the untreated
communities for all parameters measured. In terms of stan-
dard malaria indices, the prevalence of infection with P. fal-
ciparum appeared to be reduced by 12% in the netted com-
munity, compared with the untreated. It lies in the range of
5–12% based on numerous studies that compared treated nets
with no nets in areas where the vectors are susceptible to
pyrethroids.10 It should be noted that in the current study, the
prevalence of infection was recorded after ascertaining that
the child was asymptomatic, whereas in most other studies the
symptomatic/asymptomatic status of the child has not been
taken into account. Regarding clinical status, the mean hae-
matocrit was higher in the young children in the netted vil-
lages than in the controls. The difference found was compa-
rable to that observed in other studies.10 Furthermore, the
treated nets reduced the risk of clinical malaria attacks by
56% (95% confidence limits 25 to 75) among the children.
This protection factor was comparable to the range of 46-
48%.10 It was also similar to the 49% reported in the study of
the clinical impact of nets treated with lambda-cyhalothrin in
Sierra Leone where the vectors were susceptible to this in-
secticide.14

Although the reduction in clinical cases observed in Kor-
hogo in the both groups of villages from January to May was
natural, following reduction in transmission during the dry
season (Dossou-Yovo J, unpublished data), and although the
low malaria incidence continued throughout June and July
2000 because of the late start of the rainy season in that year,
the percentage impact of the treated nets on clinical incidence
remained constant during both the rainy and the dry seasons.
The reduction in all investigated parasitological as well as
clinical parameters was correlated with a sharp reduction in
malaria transmission (26 infective bites per man per year in

TABLE 2
Malariometric indices and clinical malaria in the study groups in 1997 before implementation of ITN

Methodology Parameters

Group of not treated
villages in 1999

Group of treated
villages in 1999

Pn
Rate

(95% CI) N
Rate

(95% CI)

Cross-sectional surveys Mean P. falciparum prevalence % 1,048 84.0 (77.7–90.3) 1,032 80.0 (72.8–87.2) 0.35
Cross-sectional surveys Geometric mean parasite density (falciparum

trophozoites/�L)
1,048 199 (122–325) 1,032 143 (83–246) 0.37

Active case detection Incidence of clinical malaria episodes per
child-year

1,209 2.3 (1.6–3.2) 1,136 2.9 (2.1–4.0) 0.36

TABLE 3
Effect of ITN on malariometric and haematological indices in asymptomatic children observed in 1999 during cross-sectional surveys in an area

of pyrethroid resistant vectors.

Parameters Age of children

Control group Treated group

PN Rate (95% CI) N Rate (95% CI)

Mean P. falciparum prevalence % 0–4 yrs 911 68.5 (64.9–72.1) 970 56.6 (53.0–60.2) <0.001
Geometric mean parasite density

(falciparum asexual forms/�L) 0–4 yrs 911 69 (53–91) 970 29 (22–38) <0.001
Packed cell volume % 0–2 yrs 72 30.8 (29.6–31.9) 83 32.8 (31.9–33.7) 0.007
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netted villages versus 55 in the controls) (Dossou-Yovo J,
unpublished data).

The parasitological and clinical parameters observed in
1999 were lower than those of 1997. Those reductions may be
attributed to the health education that we have carried out,
provision of medical supplies, and recruitment of medical
auxiliaries without any specific antimalaria campaign.

One hypothesis that has been proposed to explain the suc-
cess of pyrethroid-treated nets in areas with pyrethroid resis-
tance is based on the fact that the irritability of resistant mos-
quitoes due to pyrethroids is less than that of susceptible
insects.12,15,16 Additional studies have confirmed that the re-
sistant mosquitoes remained a longer time on treated sur-
faces.17 Thus, the time of contact of the resistant insects with
a pyrethroid deposit may be so long that enough insecticide
would be absorbed to reach the relatively high dose required
to kill them.

The current study carried out at the community level has
demonstrated that the An. gambiae resistance due to the kdr
gene did not have an influence on the efficacy of malaria
vector control in Northern Côte d’Ivoire, when treated nets
were used. If such results are encouraging in areas of kdr
resistance, one does not know what could happen in areas of
metabolic resistance. Indeed, involvement of metabolic resis-
tance mechanisms have been described in An. gambiae in
North Cameroon and An. funestus in Kwazulu Natal.18,19

However, the efficacy of pyrethroid-treated nets has never
been evaluated in these conditions. It should be done in the
future. We may be reasonably optimistic but we have to con-
tinue searching for alternative methods or insecticides to
counter insecticide resistance. Careful monitoring of resis-
tance in malaria vectors and its impact on disease control is
clearly a priority in Africa where most countries rely on vec-
tor control to reduce malaria transmission and morbidity.20
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