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Abstract
The prospect of malaria eradication has been raised recently by the Bill
and Melinda Gates Foundation with support from the international
community. There are significant lessons to be learned from the ma-
jor successes and failures of the eradication campaign of the 1960s, but
cessation of transmission in the malaria heartlands of Africa will de-
pend on a vaccine and better drugs and insecticides. Insect control is an
essential part of reducing transmission. To date, two operational scale
interventions, indoor residual spraying and deployment of long-lasting
insecticide-treated nets (LLINs), are effective at reducing transmission.
Our ability to monitor and evaluate these interventions needs to be
improved so that scarce resources can be sensibly deployed, and new
interventions that reduce transmission in a cost-effective and efficient
manner need to be developed. New interventions could include us-
ing transgenic mosquitoes, larviciding in urban areas, or utilizing cost-
effective consumer products. Alongside this innovative development
agenda, the potential negative impact of insecticide resistance, partic-
ularly on LLINs, for which only pyrethroids are available, needs to be
monitored.
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DISTRIBUTION OF MALARIA
AND ITS MAJOR VECTORS

Plasmodium falciparum originated in Africa and
spread worldwide 10,000 years ago (74, 87,
118). Malaria distribution and transmission,
with latitudinal extremes of 64 degrees north
and 32 degrees south, are restricted to altitudes
below 2000 meters and limited by the minimum
temperature required to complete development
of another malaria parasite, Plasmodium vivax
(73, 74).

There were an estimated 247 million malaria
cases among 3.3 billion people at risk in 2006,
with around 881,000 deaths, most of whom
were under five years of age, 91% of which
occur in Africa (211). Endemicity of the dis-
ease is defined by the parasite rate, i.e., the pro-
portion of a given population carrying asexual
parasites in the blood, with hypoendemic de-
fined as <0.1; mesoendemic defined as 0.11–
0.5; hyperendemic defined as 0.51–0.75, and
holoendemic defined as >0.75. Malaria is hy-
poendemic in the Mediterranean littoral areas
and northern parts of South Africa, epidemic to
hyper- and holoendemic in the Horn of Africa,
and hyper- or holoendemic in tropical Africa.

Only a subset of Anopheles mosquitoes
transmits malaria. Two international mapping
projects are currently underway aimed at spa-
tial modeling of the geographical distribution
of 52 primary malaria vectors. The results from
at least one of these projects should be in the
public domain by 2010. Malaria was eradicated
from North America and most of Europe in
the 1970s, although the vectors are still present
(73). The main malaria vectors in North Africa
and the Mediterranean littoral areas are An.
atroparvus, An. labranchiae, An. gambiae com-
plex, An. pharoensis, and An. sergentii. In tropi-
cal Africa mosquitoes of the An. gambiae and An.
funestus complexes are the main vectors accom-
panied by several secondary vectors (4, 23, 43,
56, 73, 172). In the Americas the major vectors
are An. albimanus and An. darlingi. Transmission
occurs in nine countries of the region that share
the Amazon rainforest and in eight countries in
Central America and the Caribbean (207). In

South America, forest and forest fringe malaria
vectors are An. darlingi, An. aquasalis, An. al-
bitarsis, An. bellator, and An. cruzii (73, 172, 207).

Although most malaria morbidity and mor-
tality occur in Africa, the largest population
at risk of malaria is in Asia (74). Malaria is
limited to the west of Asia and parts of the
Middle East. The main vectors in the Middle
East are An. sacharovi, An. superpictus, An.
stephensi, An. arabiensis, and An. culicifacies
(1, 5, 38, 92, 95, 141, 167). In central Asia
malaria is endemic and the main vectors are
An. superpictus, An. pulcherrimus, An. hyrcanus,
and An. sacharovi (173, 188). In South Asia
(India, Nepal, Bhutan, Bangladesh, Maldives,
Sri Lanka, and Indonesia) the main vectors are
An. stephensi, An. culicifacies, An. fluviatilis, An.
minimus, An. dirus, An. aconitus, and An. macu-
latus (93, 174, 179, 193). In East and Southeast
Asia (Myanmar, Laos, Vietnam, Malaysia,
Cambodia, Singapore, Brunei, and Philip-
pines) the main vectors are An. minimus, An.
dirus, An. sundaicus, An. maculatus, An. subpictus,
and An. flavirostris (18, 47, 52, 94, 132, 178,
186, 189, 199). In China malaria is endemic
in Yunnan Province, which borders Laos and
Myanmar. The main vectors are An. sinensis, An.
messeae, and An. minimus (73, 124, 172, 195). In
Oceania (Papua New Guinea, Solomon Islands,
and Vanuatu) the main vectors are An. farauti
and An. punctulatus (45, 107, 108, 127, 216).

THE BURDEN OF MALARIA

In 1900, more than 77% of the world popula-
tion in 140 countries was at risk of malaria, with
more than 25% in hyper- or holoendemic areas
(74). Malaria mortality rates changed dramat-
ically in the twentieth century. In 1900, more
than 3.1 million deaths occurred among a total
population of ∼1.6 billion, a death rate of 19.4
per 10,000 people. Approximately 90% of this
mortality occurred outside sub-Saharan Africa
(14). In Africa the infant malaria-specific mor-
tality rate was ∼9.5 per 1000 people prior to
1960 (185).

In the first half of the twentieth century, the
sanitation era of malaria control interventions
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focused on reducing mosquito breeding sites.
Mosquito control was successful in the Panama
Canal, Indonesia, Malaysia, the mines of the
Zambian copper belt, and in the eradication of
the recently introduced An. gambiae in Brazil
and Egypt (74).

THE 1960s MALARIA
ERADICATION CAMPAIGN
AND THE ROLE OF DDT

The terms “eradication” and “elimination”
have been used interchangeably in the lit-
erature. Here, eradication is defined as a
permanent reduction to zero of the worldwide
incidence of an infectious organism as a result of
deliberate efforts (210). For malaria, this defini-
tion means the parasite no longer exists. It does
not mean the eradication of the mosquitoes that
transmit malaria. Elimination is defined as a re-
duction to zero of the local incidence of a speci-
fied disease in a defined geographical area (210).
Elimination campaigns require sustained vigi-
lance to monitor and maintain transmission in-
terruption, with a rapid response to small foci of
transmission triggered by imported cases (210).

DDT was introduced in the 1940s and
used by many national malaria control pro-
grams for indoor residual spraying (IRS) in
the “global” malaria eradication program from
1957 to 1969, which excluded tropical Africa.
These programs reduced the population at risk
of malaria to approximately 50% by 1975 com-
pared with 77% in 1900 (74). The mortality
rate was reduced to 1.61 per 10,000 by 1970,
a massive reduction from the 1900 baseline of
19.4 (14). Despite the successes, several techni-
cal, operational, economic, and political prob-
lems halted the malaria eradication campaign.
Local malaria control interventions then grad-
ually reduced the areas of active transmission to
just under 50% of the world population at risk
of malaria by 2000 (74). By 2004, 107 coun-
tries, with a total population of 3.2 billion peo-
ple, were at risk of malaria transmission. Today,
approximately three billion people (40% of the
world’s population) are at risk of malaria ex-
posure. Sixty percent of all malaria cases, 75%

of all Plasmodium falciparum malaria cases, and
more than 80% of malaria deaths occur in Africa
(184). Malaria is also a major cause of low birth
weight, premature birth, infant mortality, and
anemia in children and pregnant women (207).

Malaria eradication was never systemati-
cally attempted in Africa, as transmission was
an order of magnitude more intense than
in other continents. However, control in-
terventions pre-1960 resulted in more than
4.4 million people in South Africa, Swaziland,
Zimbabwe, and Mauritius living in areas where
the malaria elimination efforts had reached
consolidation phase, and transmission in for-
est areas of southern Cameroon and Liberia
and highland savanna areas in Madagascar and
Uganda was almost interrupted (97).

Elsewhere the question was whether malaria
transmission could be interrupted on a local
scale. Pilot interventions occurred in five eco-
epidemiological zones in Africa (125). In these,
malaria was reduced to low endemicity or even
eliminated in semidesert areas, remote islands,
and highland savanna with tropical and tem-
perate climates. In hyperendemic areas, malaria
was reduced from hyperendemicity to hypoen-
demicity in tropical areas in the forest zone, in
the islands located near the mainland, and in
parts of the highland savanna zone. Malaria was
reduced from high endemicity to low mesoen-
demicity in the lowland savanna zone. In the
Pare-Taveta area on the Kenya/Tanzanian bor-
der, malaria prevalence was reduced (7, 33) and
all-cause mortality rates were halved after five
years of IRS. An. funestus disappeared and the
density of An. gambiae declined rapidly. How-
ever, complete interruption of transmission was
not achieved.

The Nigerian Garki project is the most-
cited African attempt at transmission inter-
ruption. High propoxur IRS coverage was
supplemented with mass antimalarial drug ad-
ministration (125). Transmission continued and
modelers argued that this transmission was due
likely to persistent outdoor-resting mosquitoes.
It was concluded that, in holoendemic areas of
West Africa, the elimination of transmission us-
ing IRS was not technically feasible (215, 217).
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DDT was a major factor in the early suc-
cesses. It had a central role in the elimination
of malaria from Venezuela, Cyprus, Greece, and
much of Italy and coastal British Guiana (63).
When financial constraints led to a reduction in
its use in 1951, it was apparent that transmission
did not resume (130). The availability of effec-
tive antimalarial drugs and detection of insec-
ticide resistance in An. sacharovi from Greece,
which could have jeopardized sustained malaria
control, increased the push for a malaria eradi-
cation campaign (63, 130, 215).

The rate of malaria rebound after local elim-
ination was estimated three years after the
Taveta intervention. An. funestus was still ab-
sent, but An. gambiae returned to preinterven-
tion densities and 20–90% of the population
received one malaria infective bite per annum
during 1961 compared with all the population
receiving 2–26 infective bites per annum be-
fore the intervention. This sustained reduction
was due both to the continued absence of An.
funestus and to the increased drug administra-
tion (180). Five years after the cessation of IRS,
An. funestus had returned (181), and after eight
years, entomological indices returned to prein-
tervention levels (182).

Despite their impressive health benefits, the
African trials were universally considered fail-
ures because elimination was not achieved.
Why was it not possible to sustain these benefits
by continuing to spray indefinitely? There were
two major issues: first, the intensity of effort re-
quired to sustain IRS indefinitely throughout
entire countries, and second, insecticide resis-
tance. Resistance was seen as a threat to sustain-
ability, and the more frequent and complete the
spraying operation, the more likely resistance
would evolve (61).

MODELS OF MALARIA CONTROL

Mathematical models were developed to deter-
mine whether eradication was possible under
a given set of constraints. Macdonald’s early
model of malaria control (110) suggested that
the most vulnerable element in the malaria cy-
cle was survivorship of adult female Anopheles.

He suggested that the worst malaria transmis-
sion conditions known in Africa could be over-
come by an increase in the daily mortality of the
mosquitoes from 5% to about 45% (110).

Quantitative aspects of transmission were
stressed, in which the basic reproduction rate
of malaria (R0) is an essential concept, as a mea-
sure of the intensity of transmission. R0 is the
expected number of secondary cases produced
by a single infection in a completely suscepti-
ble population for the entire infective period
(110). If R0 is less than 1, the disease will be
eliminated (110, 142). Successful vector con-
trol should reduce vectorial capacity to less than
0.01, producing an R0 of less than 1. To be of
practical use, the malaria models must be ro-
bust. Early models did not consider human pop-
ulation dynamics, seasonal Anopheles population
dynamics, vector characteristics, human immu-
nity, parasite diversity, insecticide and drug re-
sistance dynamics, spatial heterogeneity, or en-
vironmental changes (120). Smith et al. (183)
recently revised R0 calculations and their im-
plications for malaria control. Originally, R0

was based on a quantitative description of the
P. falciparum life cycle that assumes that hu-
man populations are effectively infinite and that
all humans are bitten at the same rate. How-
ever, human populations are finite and biting
is heterogeneous (i.e., mosquitoes do not bite
different age groups, sexes, and races equally),
which increases R0, because those who are bit-
ten most are more likely to become infected
and will subsequently infect a large number of
mosquitoes, amplifying transmission. The spa-
tial scale of malaria transmission is also affected
by vector ecology, especially the distribution of
larval habitat and host-seeking behavior, and
by human population density, movement, and
distribution (183).

THE COMPONENTS OF
VECTORIAL CAPACITY

Vectorial capacity is the average number of
infectious bites, with a given parasite, that
originates from one case of malaria in unit
time, assuming that all the female mosquitoes
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biting the case individual become infected
(58). Vectorial capacity can be used to evaluate
different interventions, and in nonendemic
areas it is the best measure of receptivity (the
probability that an infectious case, having
arrived in the eliminated area, will cause an
outbreak of local transmission, and the rapidity
with which such an outbreak will expand).
Vectorial capacity varies with time, vector,
and parasite species. A number of simplifying
assumptions are involved, for example, that
the mosquito transmits the infection but is not
affected by it, that its death rate is independent
of age, and that a single value for human
feeding and mosquito survival applies to all
Anopheles females (126). In the Garki project
(125) vectorial capacity preintervention was re-
duced 100-fold post-intervention but was still
∼45 times higher than the critical level of 0.01.

THE STABILITY INDEX

Although the intensity of malaria transmission
is sensitive to adult mosquito mortality, control
interventions such as long-lasting insecticide
impregnated nets (LLINs) and IRS that target
this parameter are inefficient. Maximizing the
benefits depends on the fraction of mosquitoes
that are killed or repelled and on the stability
index, the average number of bites by an av-
erage mosquito during a normal lifetime. An
index of >2.5 indicates stable malaria; between
2.5 and 0.5 indicates intermediate stability; and
<0.5 indicates unstable malaria (110, 142). Sta-
ble malaria is transmitted by a vector with a
frequent human-biting habit (the probability of
a mosquito feeding on human in a day), with
moderate to high longevity, living at a tempera-
ture favorable to rapid completion of the extrin-
sic cycle (the period necessary for a mosquito to
become infective to people after it has ingested
the sexual forms of the parasite from an initial
blood meal).

Stable malaria is difficult to control. Larvi-
ciding is not effective unless near perfection is
achieved (49). Low bites per person per night
(0.025 or less) are required to maintain trans-
mission. Endemicity is high with little seasonal

fluctuation. Unstable malaria is transmitted by a
vector that bites humans relatively infrequently,
the vectors are short-lived, and the tempera-
ture is unfavorable to rapid completion of the
extrinsic cycle. A high density of the vector
is required to maintain transmission. Anophe-
lism without malaria is possible and vector con-
trol is effective. Intermediate stability involves
a short-lived vector and a temperature unfavor-
able to rapid completion of the extrinsic cycle
together with a high human-biting rate.

MODERN MALARIA
ELIMINATION AND
ERADICATION

Roll Back Malaria was established in 1998
(129) with the aim of halving the burden of
malaria by 2010 (207). In most African loca-
tions where elimination remains out of reach,
the program includes guiding questions such
as, If transmission cannot be interrupted com-
pletely, and maximally intense vector control
has great health benefits, but is not sustain-
able and cannot be extended to everyone, what
are the less intense strategies of vector con-
trol that would be more sustainable and eq-
uitable? What level and mode of transmission
suppression should control programs aim for
to maximize long-term health benefits for the
population as a whole? The goal of eradicating
malaria was championed more ambitiously by
the Bill & Melinda Gates Foundation (BMGF)
in 2007 (54). They are calling for a massive di-
rected research effort to produce a malaria vac-
cine, and better drug and insecticides, coupled
with a coherent delivery strategy to provide ac-
cess to these new technologies in the poorest
quartile of the populations in malaria-endemic
countries with the highest burden of disease.
Although this effort had been well supported
by the international community, it will be a
long-term process and requires socioeconomic
and infrastructural development, as well as new
tools and techniques.

Malaria elimination consists of four phases:
preparatory, attack, consolidation, and main-
tenance (210). In the preparatory phase,
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legal, logistical, and financial preparations are
instigated. Information on malaria foci are col-
lected, analyzed, disseminated, and evaluated.
The information is used to plan vector control
activities and to classify infections. In the 1960s,
during surveillance for malaria eradication,
every malaria case was classified according to
the origin of infection as indigenous, imported,
introduced, or relapsing. Today these case
classifications can be assigned using molecular
techniques to track the parasite back to its
geographical origin (120).

The attack phase parameters to be consid-
ered in selecting vector control interventions
are their efficacy, cost, operational applica-
bility and feasibility; ecological acceptability;
acceptability to the population; and adminis-
trative applicability, including availability of
infrastructure, trained personnel, financing,
transport, legislative support, technical di-
rection, public information and participation.
Vectorial capacity and R0 should be calculated
to monitor the effectiveness of the attack phase
interventions, and redirect resources (46, 120).

Early in the consolidation phase, surveil-
lance needs to be instigated to identify hotspots
of transmission and insecticide resistance. Ac-
tive implementation of vector control measures
may be required to clear any remaining foci and
to drive R0 below 1 (203, 210). The consoli-
dation phase is a lengthy end game in which
vigilance against reintroduction of malaria is
needed. Vector control interventions, such as
larviciding (200) and environmental manage-
ment (89), which have a relatively modest im-
pact, may be useful to reduce the length of the
consolidation phase. A robust surveillance sys-
tem that covers the whole population, especially
areas that are hard to reach, where outbreaks
are most likely, is needed along with a rapid re-
sponse plan. Intense focal vector control will
need to be directed using surveillance systems
capable of tracking this moving target. In prac-
tice, in this phase it is likely that transmission
will be low (R0 < 1) in the general population
with foci of higher transmission. Until all these
foci are identified and controlled, elimination
cannot occur.

The risk that the parasite might reinvade
an area in the maintenance phase, when
elimination has been achieved, depends on
vulnerability and receptivity. Vulnerability is
the probability of reintroduction, via the arrival
of infectious gametocyte carriers (75, 142). It
depends on the distance of the eliminated terri-
tory from malaria-endemic areas, the existence
of natural barriers (e.g., oceans), the amount
of human population movement, and the
infection rate among the migrants. Reducing
receptivity (142) is important when parts of the
target area are largely free of transmission and
continues to be important after elimination.
For this purpose, the desirable features for
vector control are low intensity, coupled with
high long-term coverage, and low cost.

Other than state-delivered insecticide-based
vector control, there are three important and
interrelated elements to receptivity reduction:
first, promoting personal responsibility for pro-
tection against mosquitoes, such as continued
use of mosquito nets or house screening (69);
second, taking deliberate measures to reduce
the creation of human-made mosquito breed-
ing sites, e.g., producing rice without produc-
ing mosquitoes. This effort is distinct from the
often promoted cost-inefficient organized use
of environmental measures to attack natural
breeding sites. The third element is support-
ing social, economic, and environmental devel-
opments that have indirect beneficial effects on
malaria transmission. For example, in Tanza-
nia the switch from thatched to corrugated iron
roofs profoundly reduced mosquito entry and
biting in houses (105, 170).

MALARIA MANAGEMENT
METHODOLOGIES

There are two main strategic approaches for
malaria management: (a) malaria prevention
(vector control, drug prophylaxis, and poten-
tial use of a vaccine) and (b) treatment (drugs
and blood transfusions, among others).

Drugs

Several generations of drugs have been ef-
fective in malaria treatment. The earliest was
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synthesized chloroquine, which saved millions
of lives (191). These drugs target particular life
stages of the malaria parasites and are subject
to problems of drug resistance. Resistance has
now made chloroquine widely ineffective for
P. falciparum treatment.

� Drugs that treat clinical malaria. These
drugs destroy asexual parasites in the
blood. Most classic antimalarial drugs,
such as chloroquine and amodiaquine,
have blood schizontocidal effects. Some
of these drugs also have some degrees
of gametocidal effects, although only pri-
maquine is effective against gametocytes
of P. falciparum and P. vivax hypnozoites
(34, 213).

� Drugs that kill gametocytes. These refer
to drugs that destroy or reduce gameto-
cytes in the blood, making the treated per-
son less or noninfectious to mosquitoes.
Most classic antimalarial drugs with
gametocytocidal activities affect several
malaria parasites (34). Gametocytes
of P. falciparum may persist even after
combination therapy with sulfadoxine-
pyrimethamine plus artesunate, and
contribute considerably to malaria
transmission (162). An additional dose of
primaquine clears gametocytemia (176).

� Drugs that kill the hypnozoites of
P. vivax malaria. The hypnozoites of
P. vivax malaria lie dormant and then
cause several relapses months or even
years after a primary infection. Among
classic antimalarials, only primaquine
is effective against hypnozoites (34,
212). Primaquine has adverse effects
in people with glucose-6-phosphate
dehydrogenase (G6PD) deficiency, and
there are issues with compliance, as it
should be given for 14 days (99, 162).

� New Drug Development Initiatives.
The pharmaceutical industry has been
re-engaged in antimalarial drug develop-
ment over the past decade with the estab-
lishment of Product Development Part-
nerships, such as the BMGF-supported
Medicines for Malaria Venture (MMV)

and the E.U.-funded Anti-Mal pro-
gram, providing a pipeline for new drug
discovery and development. Artemisinin-
derivative drugs such as artemether, ar-
teether, and artesunate have recently been
commercialized (194) and used in malaria
management in China and Southeast Asia
(212). They are highly effective against
the multiplicative blood stages as well as
the gametocytes of the parasites. They
produce rapid clearance of parasitemia
(41, 68, 128, 138). The World Health Or-
ganization strongly supports administra-
tion of these drugs as artemisinin-based
combination therapies (ACTs) (208).

Unlike filariasis elimination, mass drug ad-
ministration (MDA) is not considered a major
tool for malaria elimination. However, in low-
transmission areas, MDA with drugs that both
treat and provide prophylactic effects to prevent
reinfection for a period may prove effective at
reducing transmission (66).

Vaccines

Development of an effective malaria vaccine
has been a longstanding but difficult objective.
None of the vaccine candidates to date has made
it through to commercial production, although
one vaccine is in large-scale clinical trials and
may subsequently be produced (131). Three
parasite stages are targeted by the following
malaria vaccine development programs:

� Pre-erythrocytic vaccines (PEVs) target
the sporozoites to prevent them from
invading hepatocytes (neutralizing anti-
body) or to destroy them once inside the
hepatocytes (44). PEVs are designed to
protect against infection, not to prevent
transmission. There is a significant risk
associated with a short-lived vaccine that
completely prevents infection, as it may
shift the occurrence of severe disease to
older age groups (164). Such vaccines
can only decrease transmission linearly
and thus are not useful in hyperendemic
areas in tropical Africa. However, in
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settings with lower endemicities or in ter-
minal stages of elimination, they may be
useful.

� Blood stage vaccines inactivate the mero-
zoites during the relatively short time that
they are in the bloodstream, or target
malaria antigens expressed on the sur-
face of erythrocytes. This type of vaccine
should reduce disease (62), mimicking
naturally acquired immunity (44, 187).

� Transmission-blocking vaccines require
the mosquito to ingest the parasite along
with antibody and complement during a
blood meal. The antigens of the parasite
become exposed to the antibody in the
mosquito’s stomach, preventing its sexual
stage. This type of vaccine should pre-
vent further spread of the disease (102,
169). As they reduce transmission by at-
tacking the gametocytes, their effect is
through community protection and re-
duction of malaria transmission. As with
anti-infection vaccines, their effect would
be approximately linear.

� There has been little research into
vaccines against P. vivax malaria. Two
P. vivax vaccine candidates are being
tested in preliminary clinical trials (82).

In theory, if a 100% effective vaccine is given
to a population at risk with 100% coverage,
it will eliminate malaria; however, these levels
of efficacy and coverage are unobtainable, and
hence any vaccine that is developed will need to
be used in a coordinated manner with drug and
vector control interventions (13).

Vector Control

Two forms of vector control, IRS and LLINs,
are generally applicable for reducing disease
transmission (49).

Insecticide-treated nets. The use of
insecticide-treated nets (ITNs), especially
pyrethroid, has been widely promoted not be-
cause they are more powerful, but because they
are simpler and operationally less demanding
than IRS (205). Initial ITN technology was

dramatically improved with the development
of LLINs that do not require retreatment.
LLINs in several African trials reduced malaria
morbidity and mortality. They influence sev-
eral entomological indices of malaria, including
vector deterency, vector blood feeding and
vector mortality (12, 103, 104, 119, 122). They
are less effective at reducing the entomological
indices than IRS, although LLINs distributed
in large numbers exert a mass mosquito killing
effect (27, 83, 111, 112). They are potentially
more vulnerable to insecticide resistance, as
only pyrethroid insecticides are recommended
for use on ITNs, owing to toxicity and efficacy
concerns (218).

Indoor residual spraying. IRS is the applica-
tion of stable formulations of insecticides to
the inside of houses to kill resting adult fe-
male mosquitoes. The primary contributions
of IRS in reducing malaria transmission are re-
ducing the life span of female mosquitoes, so
that they can no longer transmit malaria par-
asites, and reducing the density of the vector
mosquitoes (209). Current IRS insecticide for-
mulations last from 2 to 6 months. Although
formulations have improved, with the excep-
tion of DDT, which itself is intrinsically stable,
most IRS formulations last less than 4 months.
To be effective, IRS should be used at maxi-
mum possible coverage to produce a mosquito
vector mortality rate of ∼45% (209). Both IRS
and LLINs affect vectorial capacity and help to
drive it below 0.01 during the attack phase (49).
IRS affects the mosquito density per person and
the probability of vector survival. Combining
this intervention with MDA should reduce the
sporozoite rates, increase the recovery rates of
infected people, and reduce the reproductive
rate. LLINs reduce human-mosquito contact,
which results in lower sporozoite and parasite
rates. When heterogeneous biting is consid-
ered and if coverage with these two measures
could be directed toward those who are bitten
the most (i.e., children), then theoretically local
elimination seems more practical (183).

It is evident that LLINs alone, even with
complete coverage, will not eliminate malaria in
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high-transmission areas (19, 67). If the LLINs
are deployed alongside IRS, the overall im-
pact on vectorial capacity and R0 in high-
transmission villages would be to drive R0 to
<1, a critical point below which infection dies
out.

Additional Vector Control Methods

Theoretically larval control measures could
contribute toward malaria elimination; how-
ever, high coverage of breeding sites is required
to achieve significant impact, which is a ma-
jor operational and logistical challenge in many
ecological settings (142). There are a few ex-
amples, e.g., in Brazil, of effective vector con-
trol through larval control (91). However, as
larval control affects only the density of the vec-
tor population, its impact on vectorial capacity
and R0 is limited. Nevertheless, it may be of
operational importance where attack on adult
mosquitoes is difficult, for instance, owing to
ecological (exophilic species) or social (commu-
nity resistance to residual spraying) considera-
tions (65). Several biological agents, such as fish,
fungi, bacteria, viruses, and nematodes, have
been proposed for many years for the control
of mosquito larvae or adults; however, these ap-
proaches are technically demanding and have
not been widely used in operational settings
(55, 165).

INNOVATION IN VECTOR
CONTROL FOR MALARIA

New Insecticides, Attractants,
and Repellents

The main classes of insecticides used for
vector control are organophosphorus insec-
ticides (OPs), carbamates, organochlorines,
and pyrethroids. All these classes target the
mosquito nervous system. Efforts are being
made to expand the number of available classes
(25, 109). One initiative, the Innovative Vector
Control Consortium (IVCC), a Product Devel-
opment Partnership, aims to reduce peridomes-
tic transmission of mosquito-borne pathogens

through improved insect vector control with
innovative products. Specifically, the IVCC fa-
cilitates the production of improved public
health pesticides and formulations, and works
with the disease endemic country stakeholders
and industry to establish target product profiles
for new paradigms in vector control (76).

The sequencing of the An. gambiae genome
has also been exploited by several groups to
identify the range and function of olfactory re-
ceptors in the mosquito, with the longer-term
aim of developing new attractants and repel-
lents that could play an operational role in vec-
tor control (84, 85). These could be deployed
independently or may be combined with insec-
ticidal treatments (136, 145, 190). Indeed, many
insecticides have repellent properties and there
is substantial debate on the relative importance
of the killing and repellency properties of such
molecules (11, 12, 112).

Transgenic Mosquitoes

The development of transgenic mosquitoes
that are refractory to malaria infection and
could be released using different gene drive sys-
tems is ongoing (116). Technological advances
have been made to facilitate DNA introduction
and delivery, and stability of the transformed
lines, using different transposable elements.
Insertional mutagenesis, functional studies of
the inserted genes, enhancer trapping, and
promoter-receptor gene fusion transformation
technologies have been explored (22). Trans-
genics released into the wild could enhance
the naturally occurring defense mechanisms
against malaria parasites in mosquitoes, or
introduce monoclonal antibodies or artifi-
cial peptides to interfere with the parasite’s
development within the mosquito (16, 88).
However, even if refractoriness is introduced
against all genotypes of the malaria parasite,
and mosquitoes can be stably transformed with
these genes, the success of genetic manipula-
tion within an operational control program is
by no means certain. Developing transgenic
variants of all the important vector species
would be extremely challenging, and a bigger
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obstacle may be the means to spread these
transgenes through wild populations (6, 100).

Another area of interest might be using cer-
tain Wolbachia strains to shorten the life span
of mosquitoes, which in turn, considering the
formula for the vectorial capacity, dramatically
decreases the potential of a vector species to
transmit disease. Such approaches have been
successfully implemented on Aedes vectors of
dengue (121) and may well be good candidates
for research on malaria vectors (158).

CHALLENGES FACING
MALARIA ELIMINATION

Informed by the global malaria eradication
campaigns of the 1960s, researchers are aware
of the constraints to implementing any new
program, including political, administrative,
financial, operational, social, ecological, and
technical considerations (140). Some important
technical constraints facing malaria eradication
are discussed below.

Drug Resistance

For decades, chloroquine has been the medicine
of choice in malaria case management. Al-
though the first cases of P. falciparum resistance
to chloroquine were reported from Colombia
and Thailand in 1960 (202), since the 1980s
chloroquine has lost its effectiveness in many
high-transmission areas in the treatment of
P. falciparum. Chloroquine resistance is of high
operational significance in malaria manage-
ment, especially in resource-constrained coun-
tries (212). However, as drug use is lower in the
early stages of an elimination program, resis-
tance may occur in the near-elimination phase
of the disease (72).

The global policy for introduction of
artemisinin derivatives is to introduce these in
combinations to reduce the potential for resis-
tance. Policing this policy is difficult, though,
and the first cases of artemisinin resistance have
already been reported in Cambodia, where ef-
forts are now scaling up to contain the resistance
spread (42, 137).

Insecticide Resistance

Although high coverage with IRS and LLINs
should reduce malaria transmission, they may
select for and be adversely affected by insecti-
cide resistance. Pyrethroid resistance has differ-
ent effects on the personal protection provided
by ITNs (17, 20, 26, 28, 29, 40, 133, 134), but,
where insecticide resistance rendered ITNs less
effective, some degree of impact on entomo-
logical indices remained. A major question that
remains largely unanswered is what combina-
tions of mechanisms of insecticide resistance
produce operationally significant levels of resis-
tance that will affect the different vector control
interventions.

All the insecticides used for IRS and LLINs
have been used for many decades. DDT resis-
tance occurred less than 2 years after its intro-
duction and is now common. However, DDT
use for several decades has not selected for re-
sistance in some areas for some major vectors,
e.g., An. funestus in southern Africa (80, 90). Re-
sistance can involve both metabolic and target
site-based mechanisms in a single population, as
in An. gambiae from Kenya (155, 198). Cross-
resistance can occur through shared target sites
or shared metabolic detoxification routes. At
least three major enzyme groups are respon-
sible for metabolic resistance to all four insec-
ticide classes.

Metabolic resistance to DDT and pyre-
throids. Glutathione S-transferases (GSTs)
dehydrochlorinate DDT and are often over-
expressed in resistant mosquitoes (147). There
are more than 30 insect GSTs and many have
a role in insecticide resistance. In An. gam-
biae several GSTs are elevated and responsi-
ble for DDT resistance (37, 154, 157, 163).
These GSTs also act as a secondary detoxifi-
cation route for organophosphates, resulting
in cross-resistance to insecticides such as fen-
itrothion. GSTs reduce oxidative damage from
pyrethroids to produce resistance (197).

Monooxygenases are involved in the
metabolism of pyrethroids, the activation
and/or detoxification of organophosphorus

578 Enayati · Hemingway

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

01
0.

55
:5

69
-5

91
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 J

am
es

 C
oo

k 
U

ni
ve

rs
ity

 o
n 

07
/3

1/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV397-EN55-29 ARI 1 November 2009 13:33

insecticides and, to a much lesser extent,
carbamate resistance in many anopheline
mosquitoes, including An. gambiae and An.
funestus (80). They often confer high levels
of pyrethroid resistance, which is likely to be
operationally significant. Prior to the release
of the An. gambiae genome (86), 34 P450
genes had been identified (153). Subsequent
analysis of genome data revealed 111 P450
monooxygenases (156). To date, upregulated
insect P450s have been assigned to six families
(78, 80, 153).

DDT and dieldrin resistance was evident
in An. albimanus from the Pacific coastal
plains of several South American countries
(168). Esterase-based deltamethrin resistance
in adults and larvae of An. albimanus in
Guatemala with cross-resistance to fenitroth-
ion occurred (8, 9). Resistance to pyrethroids
in An. albimanus from Mexico was monooxy-
genase based (144) and DDT resistance was
GST based (143).

Target site resistance. The organophospho-
rus, carbamate, organochlorine, and pyrethroid
insecticides all target the nervous system. The
molecular target of DDT and pyrethroid in-
secticides is the sodium channel and that of
organophosphates and carbamates is acetyl-
cholinesterase (AChE) (24, 60). Single base
point mutations change the properties of theses
target sites, reducing their susceptibility to in-
secticide binding, and the insects become resis-
tant. However, in isolation some of these mu-
tations produce less than threefold resistance,
which is unlikely to be operationally significant
(166).

Mutations in the sodium channel that confer
DDT and pyrethroid resistance are referred to
as kdr (78, 80). Screening of populations of An.
gambiae for the common kdr point mutations by
PCR has led to a plethora of recent publications,
although the common mutations in both East
and West Africa were originally selected several
decades ago by DDT (155). Two common mu-
tations, L1014F kdr/w and L1014S kdr/e, oc-
cur. The kdr/w mutation was first detected in
the Mopti (M) form of An. gambiae in the Ivory

Coast and in the Savanna (S) molecular form in
the Bamako chromosomal form (117, 192). kdr
is less common in An. arabiensis. Both African
kdr mutations primarily confer high DDT and
low pyrethroid resistance (155). In West Africa,
where kdr/w is widely distributed, resistant al-
lele frequencies can reach more than 90% (17,
206). The gene has moved between the dif-
ferent chromosomal and molecular forms of
An. gambiae in West Africa, although frequen-
cies within the S form are higher and distribu-
tion more widespread than within the M form
(206). Mutations in the AChE gene result in
a decreased sensitivity to inhibition of the en-
zyme by organophosphate and carbamate insec-
ticides (77). Broad-spectrum resistance of up to
1000-fold can be conferred, which is likely to
be operationally significant.

With increased resistance to DDT and
pyrethroids, bendiocarb has been used more
frequently for IRS. An. gambiae in the Ivory
Coast and Benin is resistant to organophos-
phate and carbamate insecticides, with allelic
frequencies of up to 40% (135). This resistance
is currently spreading within the An. gambiae
s.s. populations in West Africa (39), but its op-
erational significance has yet to be established.
Pyrethroid (71, 214) and carbamate resistance
in An. funestus (10) in southern Mozambique
occurred with elevated monooxygenases and in-
sensitive AChE as the mechanisms (15). Simi-
larly, metabolic DDT and pyrethroid resistance
and an altered AChE-based carbamate resis-
tance mechanism occurred in An. funestus in
Ghana (139).

Temporal changes in resistance. DDT re-
sistance in An. stephensi was detected in Saudi
Arabia (31), Iraq (32), and Iran (64), followed by
dieldrin resistance in 1959 (36) and malathion
resistance in the 1970s (53, 159), owing to a
malathion-specific carboxylesterase (160, 171).
kdr occurred in the Dubai strain (50) and in In-
dia (59, 98), which was operationally significant
when coupled with monooxygenase-, esterase-,
and GST-based mechanisms (48, 57, 177).

In An. culicifacies, DDT and dieldrin resis-
tance occurred in the late 1950s in India and
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Pakistan (106, 161), followed by malathion re-
sistance in 1977 in India (113, 124, 151, 196).
Deltamethrin was successfully used to control
triple [DDT, dieldrin/HCH (hexachlorocyclo-
hexane), and malathion] resistant An. culicifacies
(2, 30) for more than 10 years, until resistance
was detected in 1997 in Tamil Nadu (123). A
similar pattern has emerged in Sri Lanka (21).

GST-based DDT resistance was detected in
An. dirus s.l. in Thailand in the 1990s (148–
150, 195) but had reverted to susceptibility to
DDT or permethrin in Western Thailand in
2008 (195). In India, Bangladesh, and Bhutan
An. dirus remains fully susceptible. An. sacharovi
was detected DDT resistant in Greece in 1951,
in Turkey in 1958 (35), which was GST-based
(79), and in Iran in 1959 (114). This was fol-
lowed by dieldrin resistance in 1970 (152) and
altered AChE-based malathion resistance in
1974 in Turkey (79, 81). An. maculipennis was
detected DDT resistant in Iran in 1954, (115),
in Italy in 1957 (35), and in Turkey in 1960
(152). This species is DDT resistant through-
out most of Central Asia (204, 219).

Impact of insecticide resistance on malaria
vector control measures. Insecticide resis-
tance may differentially jeopardize the effec-
tiveness of IRS- and LLINs-based malaria con-
trol operations. In two separate studies on
Bioko Island, Equatorial Guinea, and Benin,
IRS-based malaria control with deltamethrin
and with lambdacyhalothrin was adversely af-
fected by kdr and by kdr plus metabolic resis-
tance in An. gambiae, respectively (133, 175).

In an area with >90% kdr An. gambiae in
the Ivory Coast, permethrin- and deltamethrin-
treated bednets showed relatively good efficacy
and provided some personal protection (28). An
explanation for this apparent paradox is that re-
sistant mosquitoes are less repelled by the in-
secticide, remain on the treated material for
longer periods, and receive a higher insecti-
cide dose (29). PermaNet and Olyset nets were
tested in a rice-growing area of Burkina Faso
where the vectors were pyrethroid resistant
still, and provided some personal protection

against malaria. However, mosquito entrance
and blood-feeding rates were almost halved by
pyrethroid resistance (26). In contrast, in the
Ivory Coast, Olyset nets did not reduce the
human biting rate and the entomological in-
oculation rate (40).

Forest Malaria

Forest malaria may be more difficult to control
than nonforest malaria in many parts of South-
east Asia, Africa, and South America. The vec-
tors are often partially or wholly exophilic and
exophagic and do not normally enter houses
protected by IRS or LLINs. In India, 54 million
tribals of various ethnic origins are estimated
to reside in forest areas. They account for 8%
of the total population of India but contribute
30% of malaria cases and 50–60% of total
P. falciparum cases and malaria deaths (174). In
Cambodia, a major reduction of malaria mor-
bidity and mortality has occurred over the past
20 years. However, population movements into
forests and forest-fringe areas where the vec-
tor is An. dirus make implementing effective
control measures difficult. As An. dirus is ex-
ophagic, exophilic, and an early biter (i.e., bites
early in the night), LLINs and IRS are not ef-
fective control measures (47).

In Vietnam, forest malaria occurs in the cen-
tral part of the country, in 16 of 64 provinces.
The National Malaria Control Program reports
that approximately 50% of total malaria cases,
more than 90% of the severe cases, and approx-
imately 95% of malaria deaths occur in these
16 forested provinces. Again, the main vector is
An. dirus (51).

Malaria cases are increasing in some areas.
For example, in Belém, Pará, a forest fringe
area of Brazil, the total number of malaria cases
has increased significantly since the late 1970s
and has increased rapidly from 1993 to 1999,
coinciding with the reappearance of An. dar-
lingi as a result of the continued expansion
of Belém into the surrounding forest in the
1990s (146). In the forested areas of equato-
rial Africa, where malaria transmission occurs
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year-round, mosquitoes such as An. moucheti
can sustain malaria transmission intensities as
high as 100–300 infected bites per person per
year in villages located close to large rivers and
slow moving streams where its larvae develop
(3).

Although Thailand, Cambodia, and
Vietnam have not achieved nationwide elimi-
nation, malaria is now a major problem only in
the highland forest areas. In contrast, African
malaria vectors are much better adapted to
open savanna conditions. Nevertheless, the
build-out of malaria is happening in Africa,
both through encroaching urbanization and
through changes in house design and housing
materials.

SUSTAINABILITY OF MALARIA
ELIMINATION IN AFRICA

Theoretically if IRS and/or LLINs are im-
plemented with maximum coverage, malaria
elimination is possible (49). It requires political
commitment, sound management, increased
funding, and the work of many thousands of in-
dividuals worldwide (54). However, realistically
with current control tools and much higher lev-
els of insecticide and drug resistance than were
faced by the eradication programs of the 1960s
(89), coupled with low or deteriorating so-
cioeconomic status in some countries (70, 96),
bringing vectorial capacity and R0 below critical
levels is operationally close to impossible.

A prerequisite for malaria elimination in
tropical Africa is strengthening the health sys-
tems. The activities of the attack phase can be
delivered through vertical structures without
heavy reliance on local health systems; how-
ever, the consolidation phase will require, in
many African countries, substantial strength-
ening of the health, medical, and diagnostic
services if they are to shoulder the burden of
extensive follow-ups, active case detection and
surveillance, and focal spraying. In this pro-
cess, key weaknesses of the health system, such
as service delivery, information systems, a sys-
tem for distributing commodities and supplies,

health workforce, health care finance, and gov-
ernance, should be addressed. The current weak
infrastructure in most tropical African coun-
tries, where R0 is in the thousands and the level
of insecticide-resistance is increasing in the vec-
tors, makes it inadvisable to embark on malaria
elimination in sub-Saharan Africa until radi-
cally new interventions emerge (101).

CONCLUSION AND
RECOMMENDATIONS

Several attempts have been made to control
malaria in the last century. The sanitation era
relied on environmental and larviciding ap-
proaches, and the global malaria eradication
campaigns followed the discovery of DDT and
chloroquine. A renewed attempt proposed by
the BMGF is underway to eliminate malaria
starting with countries on the spatial fringes of
malaria transmission and working inward to the
most difficult settings. To be successful, elimi-
nation programs will need to combine lessons
learned from previous attempts with advances
in science and technology and improved polit-
ical will and resources. The following are key
recommendations for elimination programs:

� Draw lessons from the past, specifically
the global malaria eradication campaigns.

� Carefully study the success or failure of
countries embarking on elimination and
draw lessons for other countries.

� Seek help and hard data to make proper
technical, practical, and economic deci-
sions on malaria control or elimination.

� Collaborate with research efforts on new
tools, such as vaccines, new drugs, trans-
genic mosquitoes, new insecticides, at-
tractants and repellents, and alternative
interventions.

� Develop coherent implementation plans
for the operational aspects of current and
new tools.

� Develop capacity building and infrastruc-
tural investments, especially in the pub-
lic health sector, to support elimination
efforts.
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6. Boëte C, Koella JC. 2003. Evolutionary ideas about genetically manipulated mosquitoes and malaria
control. Trends Parasitol. 19:32–38

7. Bradley DJ. 1991. Morbidity and mortality at Pare-Taveta, Kenya and Tanzania, 1954–66: the effects of a
period of malaria control. In Disease and Mortality in Sub-Saharan Africa, ed. RG Feachem, DT Jamison,
pp. 248–63. Oxford: Oxford Univ. Press

8. Brogdon WG, Barber AM. 1990. Fenitrothion-deltamethrin cross-resistance conferred by esterases in
Guatemalan Anopheles albimanus. Pest. Biochem. Physiol. 37:130–39

9. Brogdon WG, McAllister JC, Corwin AM. 1999. Independent selection of multiple mechanisms for
pyrethroid resistance in Guatemalan Anopheles albimanus (Diptera: Culicidae). J. Econ. Entomol. 92:298–
302

10. Brooke BD, Kloke G, Hunt RH, Koekemoer LL, Temu EA, et al. 2001. Bioassay and biochemical analyses
of insecticide resistance in southern African Anopheles funestus (Diptera: Culicidae). Bull. Entomol. Res.
91:265–72

11. Brown M, Hebert AA. 1997. Insect repellents: an overview. J. Am. Acad. Dermatol. 36:243–49
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