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Abstract
Background: Insecticide-treated bed nets (ITNs), including long-lasting insecticidal nets (LLINs), play a
primary role in global campaigns to roll back malaria in tropical Africa. Effectiveness of treated nets
depends on direct impacts on individual mosquitoes including killing and excite-repellency, which vary
considerably among vector species due to variations in host-seeking behaviours. While monitoring and
evaluation programmes of ITNs have focuses on morbidity and all-cause mortality in humans, local
entomological context receives little attention. Without knowing the dynamics of local vector species and
their responses to treated nets, it is difficult to predict clinical outcomes when ITN applications are scaled
up across African continent. Sound model frameworks incorporating intricate interactions between
mosquitoes and treated nets are needed to develop the predictive capacity for scale-up applications of
ITNs.

Methods: An established agent-based model was extended to incorporate the direct outcomes, e.g. killing
and avoidance, of individual mosquitoes exposing to ITNs in a hypothetical village setting with 50 houses
and 90 aquatic habitats. Individual mosquitoes were tracked throughout the life cycle across the landscape.
Four levels of coverage, i.e. 40, 60, 80 and 100%, were applied at the household level with treated houses
having only one bed net. By using Latin hypercube sampling scheme, parameters governing killing, diverting
and personal protection of net users were evaluated for their relative roles in containing mosquito
populations, entomological inoculation rates (EIRs) and malaria incidence.

Results: There were substantial gaps in coverage between households and individual persons, and 100%
household coverage resulted in circa 50% coverage of the population. The results show that applications
of ITNs could give rise to varying impacts on population-level metrics depending on values of parameters
governing interactions of mosquitoes and treated nets at the individual level. The most significant factor in
determining effectiveness was killing capability of treated nets. Strong excito-repellent effect of
impregnated nets might lead to higher risk exposure to non-bed net users.

Conclusion: With variabilities of vector mosquitoes in host-seeking behaviours and the responses to
treated nets, it is anticipated that scale-up applications of INTs might produce varying degrees of success
dependent on local entomological and epidemiological contexts. This study highlights that increased ITN
coverage led to significant reduction in risk exposure and malaria incidence only when treated nets yielded
high killing effects. It is necessary to test efficacy of treated nets on local dominant vector mosquitoes, at
least in laboratory, for monitoring and evaluation of ITN programmes.
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Background
Malaria campaigns in tropical Africa have been refuelled
due to increasingly available funds from multiple interna-
tional agencies. Insecticide-treated nets (ITNs) and indoor
residual spray (IRS) are the major tactics for combating
malaria mediated by three major malaria vectors, Anophe-
les gambiae, Anopheles arabiensis and Anopheles funestus, in
sub-Saharan Africa. Scale-up applications of ITNs in par-
ticular are highlighted because it not only protects users,
but also non-users through insecticidal and/or repellent
effects concurred by treated nets. The latter requires a high
coverage so that the whole community can benefit[1].

ITNs influence malaria transmission by killing and/or
diverting mosquitoes away from the net user and house
with treated nets[2]. In tropical Africa, different vector
species vary substantially in host-seeking behaviours, and
consequently respond differently to use of ITNs[2,3].
Additionally, studies have shown that extensive use of
ITNs could result in reduced susceptibility of An. gambiae
to treated nets [4]. Therefore, it is important to monitor
changes in mosquito populations for evaluation of appli-
cation of treated nets in the field. Studies of experimental
huts revealed varying effects of ITNs due to variabilities in
host-seeking behaviours and use of different insecticides
[5-9]. For example, pyrethroid-treated nets induced 40%
mortality on An. arabiensis in West Africa [10], compared
to estimated 90% mortality reported in Cameroon[5]. For
the long-lasting insecticidal nets, 74 and 63% mortality
against An. funestus and An. gambiae, respectively, were
observed in Tanzania [7]. These variations of ITN impacts
on mosquitoes imply that results of randomized commu-
nity trials might be circumstantial with limited potentials
for generalization. Under these circumstances, it is con-
cerned that the emphasis on increased ITN coverage for
combating malaria in Africa might fail to generate antici-
pated results in African countries, where entomological
and epidemiological conditions vary tremendously[11].

Much monitoring and evaluation programmes have
focused on metrics of coverage, morbidity and all-cause
mortality in humans by randomized community trials
while entomological surveillance mentioned above is
largely lacking[12]. To predict the impact of ITNs on
malaria transmission, it is essential to use models which
represent processes of mosquito's reactions to treated
nets[13]. Previous models assumed a uniform contact
structure between mosquitoes and hosts across the land-
scape, i.e. hosts are equally available to any mosquitoes
no matter where their locations are[14,15]. Despite math-
ematically convenient, this assumption needs to be revis-
ited because empirical data indicate limited ranges of
flight and perception [16-18]. Clearly, mosquitoes more
likely bite on available hosts nearby rather than distanced
ones. From the perspective of individual mosquitoes, the

probability of locating a host is a function of the number
of available hosts in the proximity, which in turn is
defined on the range of mosquito flight and percep-
tion[19]. To represent local search process, spatially
explicit frameworks are needed to track distances between
individual host-seeking mosquitoes and humans across
the landscape. By formulating a notion of the localized
availability, an agent-based model was developed to
obtain insights regarding the impact of source reduction
on malaria transmission [20]. In this paper, the existent
model was extended to incorporate plausible responses of
individual mosquitoes to treated nets for evaluation of
ITNs on malaria transmission. The relative role of param-
eters governing responses to ITNs at individual mosquito
level was assessed. Although this study had a focus on An.
gambiae complex in Africa, sensitivity analysis of parame-
ter combinations encompassed a wide range of scenarios
which might fit specific human-mosquito interactions in
the presence of ITNs encountered in different malaria set-
tings. The implication of this modelling exercise high-
lights the necessity of entomological surveillance for
evaluation of scale-up applications of ITNs.

Methods
A hypothetical village was created in a grid-based land-
scape with 40 × 40 grids (50 × 50 m each). Fifty houses
were clumped along the left-bottom to right-top diagonal
and 90 aquatic habitats were randomly distributed across
the landscape (Figure 1). Here, alternative hosts for blood
feeding, e.g. cattles which were studied by others[14,21],
were not included, and the only blood source was
humans in the houses. All the houses and aquatic habitats
were assumed to be identical in their attractiveness to
mosquitoes. The number of residents in each house was a
random number with an average of six and a minimum of
two, i.e. the father and mother.

The dynamics of mosquito populations was detailed pre-
viously [22]. Here a brief description is provided. Eggs,
larvae and pupae were simulated at individual habitats
with daily transitional rates of 0.3, 0.2 and 0.3, respec-
tively. The daily survival rate of immature was assumed as
0.8[23]. By setting the carry capacity of aquatic habitats as
5,000 eggs, it was meant that ovipositing females would
avoid laying eggs in the saturated habitats. Emergent
female mosquitoes were individually tracked. Based on
their developmental state and blood feeding, females
were classed into one of three categories: newly emerged,
host-seeking and gravid mosquitoes. To simulate female
mosquitoes in their search for hosts/oviposition sites, the
same rules were adopted (in terms of ranges of flight and
perception) for host-seeking and ovipositing mosquitoes.
The perception area was defined as eight adjacent grids of
the focal mosquitoes, i.e. hosts/habitats in this area were
immediately available. Otherwise, mosquitoes would
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engage a random flight by moving randomly into one of
the adjacent grids, and search flight did not stop until the
maximal flight length was reached or the resource was
located. This foraging scheme was consistent with a two-
phase flight search patterns characterized as appetential
and consummatory flight [24]. The advantages of this
scheme are its readiness to represent ranges of perception
and flight separately by sizes of grids and the number of

grids in the flight path, and these parameters can be
empirically measured in the field [25,26]. The grid size
was set as 50 m, equivalent to the perception range of 2.25
(150 × 150 m2) ha to reflect limited perceptual ranges of
An. gambiae observed in the field[17]. Two virtual mos-
quitoes were constructed with the maximal flight lengths
of 1 and 3 grids, respectively. Malaria transmission was
simulated as a susceptible-infected SI model. Each infec-

Schematic of the hypothetical village with 50 houses and 90 habitatsFigure 1
Schematic of the hypothetical village with 50 houses and 90 habitats.
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tion was presumed to last for 100 days, equivalent to the
recovery rate 0.01, and restored to be susceptible[27].
Transmission between mosquitoes and hosts was proba-
bilistic: once bitten by an infectious mosquito a suscepti-
ble person became infected at the rate 0.5, and uninfected
mosquitoes became infected when biting infected persons
at the rate 0.15. The incubation in infected persons and
extrinsic incubation period in infected mosquitoes were
assumed as 15 and 10 days, respectively[28,29].

Coverage of ITNs
Four levels of household coverage of 40, 60, 80 and 100%
were evaluated. In each case, only one ITN bed net was
assigned to the randomly selected houses, and two ran-
domly selected persons in the house were protected by the
net. Note that coverage here was in line with the outcome
indicator of ITNs adopted Roll Back Malaria Partnership
as the proportion of households with at least one treated
net [30], in contrast to the coverage defined as the propor-
tion of populations sleeping under treated nets[14]. A sur-
vey in South Africa showed that the pregnancy rate was
0.08 among mothers and children under five accounted
for 30% of the population [31]. Therefore, the policy of
protection of only the vulnerable pregnant women and
children under five would be equivalent to 60% coverage
of households in this setting.

Modelling responses of individual mosquitoes to ITNs
The outcomes of host-seeking mosquitoes entering
houses with a treated net can be categorized into one of
three mutually exclusive categories: 1) killed; 2) deterred
by excito-repellence; and 3) succeeded in feeding[14].
These outcomes were represented in a sequence of proc-
esses characterized as following. First, a proportion α of
host-seeking mosquitoes locating the treated house were
diverted and might continue to seek blood from the near-
est house based on a parameter h describing how many
houses the diverted mosquito could search. Second, for
the mosquitoes entering the treated house, the mortality
concurred by ITN was μ. Third, the survival mosquitoes
fed randomly on residents with the probability of β suc-
ceeding in feeding on net users. If feeding was unsuccess-
ful on the net user, the mosquitoes would switch to
another resident. Feeding on non-users was presumably
always successful. Therefore, β was a measure of personal
protection of net users from being bitten. By varying val-
ues of these parameters, a wide range of scenarios entail-
ing various entomological and epidemiological settings
encountered in the field could be evaluated. For example,
use of untreated nets would correspond to scenarios of no
repellency and mortality while some degrees of protection
against feeding, i.e. α = 0, μ = 0 and β >0.

For houses without treated nets, mosquitoes would enter
the houses and feed randomly on residents. There was no

assumption of density-dependent regulation of blood
feeding in our model. Mosquitoes could continue to
move up to three grids in a day when hosts or aquatic hab-
itats were not in the neighbouring grids. Note this flight
movement did not include movement of diverted mos-
quitoes which automatically moved to the nearest house
no matter whether it was located in the same grid or not.
Because of clumped distribution of houses, diversion dis-
persal was most likely within the same grid. Unlike oth-
ers[14], there were no mortality and/or diversion in the
absence of treated nets in this study. However, addition of
these baseline effects, albeit affecting absolute numbers of
predicted mosquito populations, had little effects on our
comparisons of intervention scenarios consisting of a
spectrum of parameter values and ITN coverage. The
framework of agent-based models provides a great flexi-
bility for describing intricacies and details of individual
mosquitoes. For example, subsequent movements of
diverted mosquitoes by ITNs can be readily tracked.

Statistical analyses
Given the variability and uncertainty about estimation of
mosquito responses to ITNs, vigorous sensitivity analysis
was conducted to examine the relative influences of
parameters. Specifically, four parameters μ, α, β and h
were sampled from the ranges of 0~0.9, 0.2~0.9, 0.3~1.0
and 0~5, respectively. Latin hypercube sampling (R sys-
tem[32], lhs package, http://cran.r-project.org/web/pack
ages/lhs/lhs.pdf) was conducted to obtain representative
samples from the hyper-parameters domain consisting of
μ, α, β and h. Specifically, 50 sets of representative param-
eters were generated by choosing from uniform distribu-
tions bounded by the minimum and maximum values of
these parameters. Each parameter set was used to run the
simulation once. Averages of mosquito abundances and
malaria incidence of net users and non-net users over the
period of the intervention (from day 150 to 300) were
recorded. For assessing the relative influence of parame-
ters on malaria transmission, regression tree was applied.
Regression tree models explain a continuous dependent
variable by categorical and numeric independent varia-
bles. Regression tree is a powerful alternative to multiple
regression models with better elucidation of patterns in
the data and easier to interpret due to its allowance of
higher order interactions in the parametric analysis.
Unlike conventional statistical analyses, which assume
linearity and additivity, a regression tree is inherently
non-parametric and can handle highly skewed and multi-
modal data[33]. The fundamental idea of regression tree
is to recursively split the data according to dependent var-
iable into mutually exclusive and homogeneous as possi-
ble groups by repeatedly using independent variables. To
keep the tree reasonably small, pruning is applied to
reduce the fully-grown tree to the desired size. Each group
is typically characterized by mean value of dependent var-
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iable. Trees are represented graphically with the root node
representing the original data and the leaves the final
groups. Statistical analyses and multi-panel figures were
carried out in the R system [32]. In particular RPART pack-
age [34]was used for regression tree model. To determine
optimally sized tree, 10-fold cross-validations were run on
the data which entailed 10 random divisions of the data
into 90% learning and 10% test sets. The threshold of
complexity parameter value was 0.01.

Simulations
The model was formulated using object-oriented pro-
gramming C++ and was run on a Dell dual-core CPU
Xeon 5100 computer. Simulations were carried out on
each scenario of parameter combinations with an initial
population of 20,000 gravid mosquitoes originating from
randomly selected houses. Fifty percent of the residents
were assumed to be infected with varying dates of infec-
tion of -100 to -1 day. Abundances of mosquito popula-
tions reached plateaus after 100 days and treatments of
ITNs were introduced at 150 days. Each simulation lasted
for 300 days. Averages of total mosquito abundance, daily
EIR and the incidence and prevalence of malaria were
recorded. Daily EIRs were derived by summarizing all
host-seeking mosquitoes with infectious status on a par-
ticular day. Malaria incidence in humans was summarized
as the number of new infections over the period from day
150 to 300. Impacts of ITNs (I) on mosquito densities,
EIR and malaria incidence were calculated as I = 100 (m0-
m)/m0, where m and m0 were the corresponding meas-
ures under ITN treatments and no bed nets, respectively.

Results
There was a noticeable gap in ITN coverage between
household and individual levels (Table 1). The average of
household residents was 3.7 (sd = 1.2) with 56% of
households having more than three persons. The policy of
only one bed net per household and two persons sleep
under as considered here only achieved a protection level
of 55% population for the complete coverage of house-
holds.

Variations in mosquito's responses to ITNs gave rise to a
substantial degree of variation in malaria incidence rang-
ing from 0.1 to 0.5 under the ITN coverage of 80% (Figure

2). Regression tree reveals intricate influences of insecti-
cidal and repellent effects of ITNs on malaria incidence.
Unsurprisingly, insecticidal effect was the most influenc-
ing factor, followed by diversion. If killing was greater
than 0.6, for example, protection of net users by ITNs in
80% coverage had a limited effect, e.g. incidence reduced
from 0.21 to 0.16 when protection were larger than 0.68.
Interestingly, the coefficient of protection effect of net
users did not produce noticeable effect on malaria inci-
dence of the whole population. However, a statistical test
revealed that increased levels of personal protection of
ITNs could reduced malaria incidence only in net users (F
= 22.9, df = 1 and 198, p < 0.01). Numbers of houses h vis-
ited by diverted mosquitoes appear to have no significant
effect.

It is notable that mosquito abundances responded differ-
ently from EIR and malaria incidence related to insecti-
cidal effect of INTs (Figure 3). Surprisingly, impacts on
EIR and incidence were more sensitive to variability in the
insecticidal effect than mosquito abundances, especially
at the low range of diversion effect. The cause of this devi-
ation was attributed to the fact that EIR and incidence
directly measures contact rates between mosquito and
humans, while abundance measured the overall mos-
quito population. ITNs target the contact rate by provid-
ing protection to net users and non-users alike and,
therefore, have more significant effects on EIR and inci-
dence than mosquito abundances. Additionally, reduc-
tion rates of mosquito abundance were lower with
increased levels of diversion, especially at the low spec-
trum of insecticidal effect. For highly repellent and limited
killing nets, application of INTs increased malaria inci-
dence (reduction rates could be < 0, the bottom-right
panel).

The communal protection concurred by INTs to non-bed
net users was influenced by repellent and killing effects
(Figure 4). Unsurprisingly, increased levels of repellency
enhanced the risk of infection to non-users. Only with
strong insecticidal effects to suppress mosquito popula-
tions, malaria incidence declined in non-users.

Table 1: Settings of ITN coverage at the person and household level

Household coverage (%) Personal coverage (%) Number of net users Number of non users

0 0 0 185
40 23 42 143
60 34 62 123
80 44 82 103
100 55 102 85
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Discussion
This model provides a mechanism to link outcomes of
ITNS on individual mosquitoes to population-level risk
exposure and malaria incidence. A wide range of impacts
on population-level malaria risk exposure and incidence

were observed corresponding to variations in the
responses of individual mosquitoes. Increased coverage of
treated nets led to reduced disease burden only when ITNs
resulted in significant mortality rates. The insecticidal
effect played the primary role in effectiveness of ITN pro-

Regression tree of malaria incidence as a function of killing, diversion and protection effects of insecticide-treated bed nets under the coverage of 80% householdsFigure 2
Regression tree of malaria incidence as a function of killing, diversion and protection effects of insecticide-
treated bed nets under the coverage of 80% households. For each split, the branch on the left meets the criterion (text 
on the split). At the end of splits (called leaves) were averages of malaria incidence of the partitioned data sets along with cor-
responding histograms.
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grammes while repellency and protection were secondar-
ily important. In sub-Saharan Africa, where An. gambiae,
An. arabiensis and An. funestus vary considerably in host-
seeking habits, e.g. timing and sites of feeding, studies of
experimental huts provide direct measures of repellency,
insecticidal and protection against feeding of treated nets.
Various impacts of ITNs were reported for different vector
species from experimental hut evaluations in Africa

[5,7,10]. Resistance to pyrethroids can significantly allevi-
ate mosquito mortality and protection against feeding in
Benin[9]. Therefore, variations in biological traits, e.g. bit-
ing habit, of vector species in Africa make it hard to pre-
dict applications of ITNs in large areas.

There is a big gap in coverage levels based on households
and individuals. The complete coverage of households

Reduction rates (%) of mosquito abundances (upper panels), EIR (mid panels) and Incidence as a function of insecticidal effect conditional on three levels of diversion effect (low 0~0.33, medium 0.33~0.66 and high 0.66~1)Figure 3
Reduction rates (%) of mosquito abundances (upper panels), EIR (mid panels) and Incidence as a function of 
insecticidal effect conditional on three levels of diversion effect (low 0~0.33, medium 0.33~0.66 and high 
0.66~1).
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with one nets reached modest levels c. 50% personal cov-
erage. Multiple Indicator Cluster Surveys (MICS) and
Demographic and Health Surveys (DHS) in Africa show
that the average size of households is c. five persons[35].
Therefore, a large number of treated nets are needed to
reach desirable coverage at the individual level. Simula-
tion results show that increased coverage of ITNs indeed
generated noticeable reductions in mosquito abundance,
EIR and malaria incidence, especially when the insecti-
cidal effect of ITNs was high (Figure 3), consistent with

other reports based on mathematical models[14,21]. The
importance of scale-up coverage of ITNs beyond vulnera-
ble population (children under five years of age and preg-
nant women) has been emphasized as the priority for
combating malaria in tropical Africa[36].

The community-wide impact of INTs lies in the protection
to non-users due to substantial killing of mosquitoes.
However, this effect is hinged upon an intricate balance
between killing and excite-repellent effect of ITNs. Other

Incidence of malaria in unprotected population as a function of diversion effect of ITNs conditional on 3 levels of insecticidal effect (low 0~0.3, mid 0.3~0.6, high 0.6~0.9)Figure 4
Incidence of malaria in unprotected population as a function of diversion effect of ITNs conditional on 3 levels 
of insecticidal effect (low 0~0.3, mid 0.3~0.6, high 0.6~0.9).
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things being equal, increased levels of repellency of ITNs
enhanced the risk of non-users (Figure 4). ITNs with
strong deterrence and less killing resulted in diversion of
more host-seeking mosquitoes to residents unprotected
by ITNs.

Agent-based models provide a powerful tool to incorpo-
rate entomological details relevant to malaria transmis-
sion. For example, exposure to pyrethroid insecticide-
impregnated nets might not suffice to kill mosquitoes, but
lower the life span as evidenced by ovarian age-grading
technique in Tanzania[6]. This elevated mortality as a
function of a number of exposure can readily be repre-
sented in agent-based models. A wide spectrum of scenar-
ios of combined effects of ITNs on individual mosquitoes
can be examined which may arise due to variabilities in
vector species and the manner of treated nets being used.
For example, the protection of untreated nets can be
examined by assigning levels of protection against feeding
based on field observations while assuming null insecti-
cidal and repellent effects. By measuring corresponding
parameters from well-designed experimental studies, it
provides mechanistic understandings regarding observed
variations in effectiveness of ITNs in different situations.

The important implication of this study is that increased
coverage of ITNs might not obtain expectations and goals
in scale-up applications of large areas due to variations in
local entomological context, including vector species and
their responses to treated nets. It is necessary to point out
that knowledge of host-seeking behaviours and responses
of mosquitoes to treated nets is far from complete for gen-
eralization of limited numbers of community trials. Mon-
itoring and evaluation of incidence and/or all cause child
mortality through randomized community trials provide
the most strong incentive for motivation of international
resources. Efficacy tests, at least in laboratory, of locally
dominant mosquitoes to treated nets following the stand-
ard protocols [37] are necessary for scale-up applications.

Conclusion and recommendations
Global efforts for combating and eliminating malaria in
sub-Saharan Africa have set the focus on increase of ITN
coverage, from 60% pregnant women and children under
five years of age, of the Abuja Declaration and Plan Action
[38] to the full coverage of populations at risk [30]. By tak-
ing account of the complicated entomological context,
this study indicates that increased coverage did not neces-
sarily translate to reduced risk exposure and disease bur-
den due to variabilities in host-seeking behaviours of
major vector mosquitoes. Moreover, efficacy of treated
nets varies with insecticides, duration of use and human
behaviours. From the biological viewpoint, this model-
ling exercise highlights the complexity of scale-up applica-

tions of ITNs for malaria management and elimination in
sub-Saharan Africa.
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