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Navigating the GPIRM

Executive summary: provides a brief but comprehensive 
overview of the GPIRM. 

It is recommended that all readers first examine this summary, 
which is intended as a guide for the main aspects of the document. 

Part 1: The threat of insecticide resistance explains what 
insecticide resistance is and why it is a concern for malaria control; 
it also presents the available strategies for managing resistance. 

This section will be particularly helpful for readers who wish to gain 
an indepth understanding of the threat of resistance (e.g. extent, 
trajectory, operational impact) and interesting for those who have a 
good level of knowledge on this topic. 

Part 2: Collective strategy against insecticide resistance 
outlines the activities necessary to preserve the effectiveness of 
malaria vector control. 

Insecticide resistance management must be a collective response, 
and all stakeholders have a role to play in making the strategy 
successful. It is important that stakeholders understand the overall 
strategy, at both global and country levels.

Part 3: Technical recommendations for countries outlines 
a framework for policy-making to manage insecticide resistance, 
depending on the type of vector control interventions already 
in place and on the mechanism and level of resistance. This 
framework will be refined during further consultations as new 
evidence becomes available. 

This section considers different scenarios at country level and 
contains tables of consensus recommendations on how to address 
each of these scenarios (pages 79 to 87). The section will be 
most helpful for managers of national malaria control and vector 
control programmes, WHO regional and country staff and agencies 
involved in planning and implementing vector control strategies.

Part 4: Near-term action plan describes the roles of each 
stakeholder group and lists concrete activities that should 
be undertaken in the short term (particularly within the next 
12 months) to implement the strategy. 

All stakeholder groups should read this section in order to 
understand their respective roles in preserving effective malaria 
vector control.



Acronyms and abbreviations

DDT dichlorodiphenyltrichloroethane 

Global Fund �Global Fund to Fight AIDS, 
Tuberculosis and Malaria 
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Foreword

The past decade has seen unprecedented progress in malaria 
control, resulting in major declines in malaria mortality rates 
globally. This progress is attributed to a significant scale-up of 
vector control interventions, as well as better diagnostic testing 
and a wider availability of effective medicines to treat malaria. 
But 99  countries still have ongoing malaria transmission, and 
the disease killed an estimated 655 000 people in 2010, mostly 
children under five years of age. International funding committed 
to malaria, while now substantial, has fallen short of the amounts 
needed to meet global targets. In recent years, resistance to 
artemisinins and other antimalarial medicines in the Mekong sub-
region of Asia has become a major concern.

The next few years will be critical in the fight against malaria. Vector 
control, primarily through the use of indoor residual spraying and 
long-lasting insecticidal nets, will remain a central pillar in our 
efforts. The good news is that tools for controlling malaria vectors 
remain highly effective in almost all settings. Unfortunately, this 
good news is under threat: mosquitoes are developing resistance 
to insecticides. Insecticide resistance among Anopheles malaria 
vectors has been identified in 64 countries with ongoing malaria 
transmission, affecting all WHO Regions. Countries in sub-
Saharan Africa and India are of greatest concern. These countries 
are characterized by high levels of malaria transmission and 
widespread reports of resistance. In some areas, resistance to all 
four classes of insecticides used for public health vector control 
has been detected. 

The global malaria community takes this threat seriously. The 
Global Plan for Insecticide Resistance Management in malaria 
vectors (GPIRM) is evidence of a broad commitment to act 
before insecticide resistance compromises current vector control 
strategies. The main factor driving resistance has been the 
heavy reliance by vector control programmes on a single class 
of insecticides, the pyrethroids. In some endemic areas, the use 
of insecticides in agriculture also appears to have contributed 
to the rise of resistant mosquitoes. Urgent action is required to 
prevent resistance from emerging at new sites, and to maintain the 
effectiveness of vector control interventions in the short, medium 
and long term.

This GPIRM was developed in response to requests from both the 
World Health Assembly and the Board of the Roll Back Malaria 
Partnership. The WHO Global Malaria Programme gathered, 
analysed and synthesized input from over 130 stakeholders 
representing all the constituencies of the malaria control 
community. These include national malaria control programmes, 
vector control specialists, major donor organizations and 
multilateral and implementing agencies, as well as representatives 
of academic institutions, product development partnerships and 
industry. We trust that the GPIRM will trigger coordinated action 
from all stakeholders and will lay the foundations for integrated 
practices for managing insecticide resistance in all malaria-
endemic countries. 

The GPIRM puts forward a comprehensive strategy for global 
and country levels, including a short-term action plan with 
clear responsibilities, and sets out research and development 
priorities for academia and industry. We urge affected countries 
and stakeholders to take immediate action to preserve the 
effectiveness of current vector control methods, and to ensure that 
a new generation of public health insecticides is made available 
as soon as possible. Close collaboration between malaria control 
programmes and the agricultural sector will also be crucial. In 
addition, targeted communication and educational activities will be 
needed to make communities aware of the problem.

Similar to the efforts to contain emerging drug resistance, 
implementing the GPIRM will have cost implications in the near 
term, for which many malaria endemic countries will need support. 
We are convinced, however, that such investment now will result 
in significant savings in the long run, improving the sustainability 
and public health impact of malaria interventions, especially on 
maternal and child health. We have the tools at hand to end deaths 
from malaria. But only through concerted action will we manage to 
maintain the effectiveness of our existing package of interventions. 
If our efforts succeed, we can overcome resistance to insecticides, 
and save millions of lives.

Dr Margaret Chan 
Director-General 
World Health Organization
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Executive Summary

PART 1	�T HE THREAT OF INSECTICIDE 
RESISTANCE

1.1	 �Malaria vector 
control today

The control of malaria currently relies on a handful of 
insecticide classes and on pyrethroids in particular.

Vector control is a central, critical component of all malaria control 
strategies. It relies primarily on two interventions: long-lasting 
insecticidal nets (LLINs) and indoor residual spraying (IRS). Use of 
both has increased significantly during the past 10 years as part of 
a drive towards universal coverage of all populations at risk, saving 
hundreds of thousands of lives.

The active ingredients of all WHO-recommended products for 
IRS come from only four classes of insecticide: pyrethroids, 
organochlorines (dichlorodiphenyltrichloroethane, DDT), 
organophosphates and carbamates. All currently recommended 
LLINs are treated with pyrethroids. From the points of view of both 
safety and effectiveness, pyrethroids are the best insecticides ever 
developed for public health use. They accounted for the majority 
of IRS coverage worldwide in 2009 and were used in all LLINs 
(1). The reliance of modern malaria control on pyrethroids and 
the increasing resistance of malaria vectors to these products put 
current global efforts at risk. 

For these reasons, a group of experts was convened by WHO in 
2010 to identify technical strategies for preserving the effectiveness 
of the insecticides used for malaria control (2). The Global Plan for 

Insecticide Resistance Management in malaria vectors is a further 
stage in preparing a global strategy, setting out the rationale and 
an action plan for insecticide resistance management (IRM) by a 
broad-based stakeholder community. 

1.2	 �Status of 
insecticide 
resistance

Insecticide resistance is widespread: it is now reported 
in nearly two thirds of countries with ongoing malaria 
transmission. It affects all major vector species and all 
classes of insecticides.

The significant increase in insecticide-based malaria vector control 
in the past decade has resulted in increasing resistance among 
malaria vectors because of the selection pressure placed on 
resistance genes. Data are still limited and difficult to consolidate 
as many countries have not yet carried out adequate routine 
susceptibility testing. But at the time of this report’s publication, 
resistance to at least one insecticide had been identified in 
64  countries with ongoing malaria transmission. Resistance to 
pyrethroids seems to be the most widespread. 
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For the time being, existing vector control tools remain highly 
effective in most settings but their effectiveness can only be 
maintained through urgent and concerted action by the global 
malaria community. Countries in sub-Saharan Africa and 
India are of greatest concern because of the combination of 
widespread reports of resistance—in some areas to all classes of 
insecticides—and high levels of malaria transmission. 

Managing insecticide resistance is complex, in part because 
resistance takes a variety of forms. Therefore, local strategies 
must be tailored to the type of resistance present. The two main 
mechanisms—metabolic resistance1 and target-site resistance2—
include multiple forms3, which are of varying importance for 
different classes of insecticide. A further complication is ‘cross-
resistance’ between insecticides that have the same mode of 
action for killing mosquitoes. For example, vectors that are resistant 
to pyrethroids and have kdr target-site resistance will probably 
also be resistant to DDT. Cross-resistance restricts the choice of 
alternative insecticide available for resistance management. 

Most experts consider that insecticide resistance will 
likely have significant operational impact if no pre-
emptive action is taken. 

There has been one broadly accepted case of control failure due to 
metabolic resistance to pyrethroids used in an IRS programme in 
South Africa in 2000. Data from experimental hut trials also suggest 
that resistance could contribute to a lower-than-expected level of 
control. Some experts are concerned there may be other such 
examples that have gone undetected because of the difficulty in 
linking increases in malaria cases to evidence of resistance. While 
further evidence is clearly needed to understand more about the 
operational impact of insecticide resistance on the effectiveness 
of vector control interventions, this should not prevent the malaria 
community from taking action now. 

The evolution of insecticide resistance is of great 
concern; we must act early, before resistance becomes 
stable in the vector populations.

Immediate action is particularly important given the evolution of 
resistance. Resistance genes have spread rapidly in malaria vector 
populations over large areas. Data also suggest that resistance can 
evolve swiftly, occurring at low frequency for many years without 

1	 Metabolic resistance is mediated by a change in the enzyme systems that normally detoxify foreign 
materials in the insect; resistance can occur when increased levels or modified activities of an 
enzyme system cause it to detoxify the insecticide much more rapidly than usual, thus preventing it 
from reaching its intended site of action.

2	� Target-site resistance occurs when the molecule that the insecticide normally attacks (typically within 
the nervous system) is modified, such that the insecticide no longer binds effectively to it, and the 
resistant insect is therefore unaffected, or less affected, by the insecticide. 

3	 At the target site, resistance mutations can affect either acetycholinesterase or voltage-gated sodium 
channels. The gene for this type of resistance is known as knock-down resistance (kdr). For metabolic 
resistance, three enzyme systems are important: esterases; mono-oxygenases and glutathione 
S-transferases.

being detected and then increasing rapidly to very high levels, to a 
stage at which it becomes less likely or even impossible to reverse 
the trend. Resistance can probably be reversed only if the vector 
incurs a ‘fitness cost’ for being resistant (if the resistance gene 
confers some disadvantage on these vectors in comparison with 
susceptible populations). Once the insecticide is changed, these 
resistant mosquitoes will no longer have an advantage, and will 
die out. 

Some IRM strategies (e.g. rotations) are based on this concept — 
that removing selection pressure will reverse resistance, and that it 
may therefore be possible at some point to reintroduce the original 
insecticide into vector control programmes. Insecticide resistance 
management strategies must, however, be implemented before the 
resistance gene becomes common and stable in the population; 
otherwise, the resistant gene will not recede even if use of the 
insecticide causing selection pressure is discontinued.4 

Current monitoring of insecticide resistance is inadequate and 
inconsistent in most settings in which vector control interventions 
are used. Often, monitoring is performed reactively or ad hoc, 
depending on local research projects being conducted. In addition, 
the limited availability of reliable routine monitoring data from 
epidemiologically representative sites makes decision-making on 
managing insecticide resistance difficult.

4	 As demonstrated by a study of blowflies by McKenzie and Whitten in 1982 (3), fitness cost is not an 
intrinsic property of the gene. Therefore, if that gene is allowed sufficient time to become common in 
a population, the rest of the genome will adapt to incorporate it without a significant fitness cost. At 
this point, even if the selection pressure is removed, the resistance gene will remain in the population. 
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1.3	 �Potential effect 
of resistance on 
the burden of 
malaria

If nothing is done and insecticide resistance eventually 
leads to widespread failure of pyrethroids, the public 
health consequences would be devastating: much of 
the progress achieved in reducing the burden of malaria 
would be lost.1

For example, current coverage with LLINs and IRS in the 
WHO African Region is estimated to avert approximately  
220  000 deaths among children under 5 years of age2 every 
year. If pyrethroids were to lose most of their efficacy, more than 
55% of the benefits of vector control would be lost, leading to 
approximately 120  000  deaths not averted.3 If universal vector 
control coverage were achieved, insecticide resistance at this 
level would be even more detrimental if pyrethroids failed, with 
approximately 260 000 deaths of children under 5 years of age 
not averted every year.

The community currently has a window of opportunity to act, to 
ensure that malaria vector control interventions continue to be a 
pivotal component of malaria control, as endemic countries attain 
universal coverage with sustained malaria control and elimination.

1	 All assumptions for the estimates provided here can be found in this document.
2	 Current coverage with LLINs and IRS interventions as reported in the WHO World Malaria Report 2010 

and assuming an estimated efficacy of IRS and LLINs of ~55% on malaria-related child mortality
3	 Assuming 25% efficacy for LLINs, 10% for pyrethroid-based IRS, 55% for non-pyrethroid-based IRS; 

sensitivity analysis included in this document

1.4	 �Available 
STRATEGIES 
FOR managing 
resistance

Strategies to preserve the efficacy of insecticides have 
already been used in public health and agriculture; 
there is no magic wand to break resistance, but several 
strategies of proven use could delay the spread of 
resistance, at least until new classes of insecticides and 
new tools become available.

With the potential impact on the malaria burden in mind, action 
can and should be taken now. IRM, with the objective of preserving 
or prolonging the susceptibility of malaria vectors to insecticides in 
order to maintain the effectiveness of vector control interventions, 
is not a novel concept; it was used effectively in agriculture 
during the past century as well as in public health (e.g. in the 
Onchocerciasis Control Programme in the 1980s). As continued 
exposure to a given insecticide eventually results in resistance to 
that insecticide, IRM strategies and judicious use of insecticides 
are required in any programme in which insecticides are used. 

Several strategies exist for IRM for vector control, based on the 
use of IRS and LLINs. They include: rotations of insecticides, use of 
interventions in combination, and mosaic spraying. Potential future 
strategies include use of mixtures. In some settings, resistance 
management strategies may be implemented in the broad context 
of integrated vector management. These strategies can have 
several effects on populations of resistant vectors: they can delay 
the emergence of resistance by removing selection pressure 
(e.g. rotations) or kill resistant vectors by exposing them to 
multiple insecticides (e.g. mixtures, when they become available). 
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PART 2	� COLLECTIVE STRATEGY 
AGAINST INSECTICIDE 
RESISTANCE

2.1	 �Overall malaria 
community 
strategy

The global strategy consists of five activities (described 
as five ‘pillars’) spanning the short, medium and long 
term. Although some will be led by countries and others 
at global level, implementing all five pillars is the shared 
responsibility of all members of the malaria community.

The long-term goal of the malaria community is to maintain the 
effectiveness of vector control. It is our collective obligation to act in 
a coordinated manner against insecticide resistance immediately,

in order to ensure the continued effectiveness of current and 
future malaria vector control tools to prevent malaria transmission, 
morbidity and mortality. 

In the near term, prudent action should be taken to preserve the 
susceptibility of major malaria vectors to pyrethroids and other 
classes of insecticides, while making investments to ensure that 
new options for large-scale vector control become available as 
rapidly as possible. 

The five pillars of the GPIRM are illustrated in Figure 1. Some of 
the activities (particularly pillars I and II) must be country driven but 
will require strong support from international partners. Although 
all countries are important to the success of the global strategy 
to manage insecticide resistance, in a resource-constrained 
environment, action is especially urgent in some high-priority 
areas,1 particularly in sub-Saharan Africa.

1	 Including areas in which there is evidence of control failure, areas with significant resistance to 
pyrethroids, areas with a high malaria burden and intensive use of pyrethroid-based vector control 
interventions (so that control failure would have devastating consequences) or areas with unknown 
status of resistance.

Figure 1: Five pillars of the Global Plan for Insecticide Resistance Management in malaria vectors
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resistance management strategies.

IR, insecticide resistance
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2.2	 Country activities
Pillar I. Plan and implement insecticide resistance 
management strategies in malaria endemic countries.

Countries should determine how their current vector control 
programmes should be modified to take account of insecticide 
resistance. The starting point is to establish the baseline of 
insecticide resistance and conduct a comprehensive situation 
analysis. This will require collecting available background 
data and, if necessary, conducting additional tests on vector 
susceptibility and on resistance mechanisms. The preparation and 
implementation of an IRM strategy should not, however, be delayed 
in order to complete a fully comprehensive situation analysis. 
Interpretation of the data must take into account the resistance 
situation in neighbouring countries as well as previous experience 
elsewhere with the same type of resistance mechanisms. 

A national IRM strategy should be based on this analysis, with 
input from national, regional and global expertise as required. 
The strategy will determine the modifications necessary for 
current vector control practices. The national strategy for malaria 
vector control should be designed on the basis of the WHO 
policy framework for IRM as outlined in The technical basis for 
coordinated action against insecticide resistance (2) and further 
elaborated in the GPIRM (See Part 3, Technical recommendations 
for countries). WHO will regularly convene relevant experts to 
update the recommendations in the light of new evidence and 
vector control tools. In the long term, IRM should be an integral 
part of any vector control programme and not a ‘stand alone’ 
strategy. Part 3 gives an overview of technical recommendations 
for IRM at country level, depending on the type of intervention in 
place and the state of resistance.

Pillar II. Ensure proper, timely entomological and 
resistance monitoring and effective data management.

Sound IRM strategies must be based on robust, routine, and reliable 
data. Countries should design a monitoring plan that includes data 
on vector distribution and relevant vector attributes for transmission 
and control (biting and resting preferences), on susceptibility 
(and thus resistance) to currently used insecticides, and on the 
quality of vector control interventions. Other information, such as 
epidemiological data, will be necessary for decision-making. At 
the same time, country capacity and expertise should be built for 
designing monitoring plans and collecting and interpreting data. 
An aggregated global database should be created to provide global 
direction on IRM.

2.3	 Research agenda
Pillar III. Develop new, innovative vector control tools.

Given the current reliance on insecticide-based strategies for 
vector control and the inevitability of insecticide resistance arising if 
selection pressure is maintained, sustained investment is required 
to develop new active ingredients with different modes of action. 
Ultimately, these new compounds will be required to manage 
resistance. The purpose of the IRM strategies discussed above 
is to delay the spread of resistance and preserve susceptibility 
to insecticides, at least until these new classes or molecules are 
available. 

This is essential for LLINs, for which pyrethroids are currently the 
only class of insecticides used: nets with new active ingredients 
are urgently needed. IRS and LLIN products containing a mixture of 
novel active ingredients could be effective in delaying the evolution 
of insecticide resistance. Two new products—a reformulation of 
an existing active ingredient and an active ingredient ‘repurposed’ 
from agricultural use—are expected to become available for IRS 
in the near future, which will facilitate the adoption of rotation 
strategies. 

New, non-insecticide-based vector control tools may also be 
important in the long term to reduce the reliance on insecticides in 
controlling malaria transmission. 

Pillar IV. Fill gaps in knowledge on mechanisms of 
insecticide resistance and the impact of current 
insecticide resistance management strategies.

Current understanding of insecticide resistance is sufficient 
to justify immediate action to preserve the susceptibility of 
malaria vectors to pyrethroids and other insecticide classes. 
Scientific theory and experience from agriculture provide enough 
encouraging information on currently available IRM strategies to 
allow the design of such strategies for malaria vectors.

Nevertheless, there are important gaps in current knowledge; 
while these gaps should not preclude immediate action, additional 
information and evidence will be needed to further refine IRM 
strategies. In particular, little is known about the link between 
resistance and control failure (including the impact of the different 
resistance mechanisms). Furthermore, methodologies need to be 
developed to measure the effectiveness of IRM strategies and to 
determine the conditions under which these strategies are likely 
to be cost-effective in the long run. The GPIRM sets out some 
priorities for research in the short, medium and long term.
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2.4	 �Enabling 
mechanisms

Pillar V.  Ensure that key enabling mechanisms 
(advocacy, human and financial resources) are in place.

Several elements are required for successful implementation 
of the GPIRM. Firstly, advocacy: the importance of insecticide 
resistance and its threat should be communicated to major 
donors and national political leaders to ensure that human and 
financial resources are mobilized and allocated to IRM. Secondly, 
further modelling is needed of the health and financial impacts 
of insecticide resistance, building on the initial estimates in this 
document. Thirdly, resource mobilization is essential both today 
and tomorrow. It should include:

•	 financial resources to monitor insecticide resistance 
and to prepare and implement IRM plans and conduct 
research;

•	 human capacity and technical expertise (particularly 
entomological) in countries to plan and implement 
monitoring and management of insecticide resistance; and

•	 capacity at global level and within partner organizations to 
fulfil their roles in IRM.

2.5	 Financial cost
Monitoring and managing insecticide resistance will 
have a significant short-term cost. Most experts agree 
that although pre-emptive IRM will increase costs in 
the short term, it should result in long-term savings 
by preserving the effectiveness of insecticides and 
sustaining their usability. The GPIRM is based on this 
expectation. 

Managing insecticide resistance often implies modifying current 
vector control practices by adding an insecticide with a different 
mode of action. Results from models1 indicate that changing 
from IRS with only pyrethroids to a rotation that includes 
organophosphates and carbamates could increase the cost 
by approximately 20% and 45% in areas with short and long 
malaria transmission seasons, respectively. Where LLINs are 
used, combining non-pyrethroid IRS with LLINs while waiting for 
bednets with new active ingredients or mixtures would have high 
associated costs but could be targeted to areas with very high, 
confirmed levels of resistance.

1	  All assumptions for the estimates provided here can be found in Part 2.5 of the main document. 

It is assumed that such pre-emptive IRM strategies will delay 
the evolution of resistance, lengthen the usefulness of current 
insecticides and even reverse resistance in some settings. 
Experience suggests that, if nothing is done, resistance will 
stabilize in the vector population and reversal will be difficult or 
even impossible, so that some of the most effective insecticides 
will no longer be usable. Hence, the GPIRM includes not only 
estimates of the cost of pre-emptive action but a comparison with 
the cost of acting after control failure has already occurred. For 
instance, the above-mentioned 20% and 45% increases in the 
cost of IRS rotations would increase to ~30% and ~70% if action 
were delayed until pyrethroids were no longer usable. 

The overall cost of implementing the five pillars of the GPIRM is 
expected to be about US$ 200 million per year. This calculation 
takes into account: implementation of IRM strategies (which 
would provide at least the same vector control coverage as 
today); capacity-building for monitoring at country level (assuming 
that these activities will be performed in all countries); costs 
of operational research into insecticide resistance; increased 
investment in research and development for new vector control 
products; and increased coordination and capacity at global level 
to support implementation of the GPIRM. This overall estimate is 
for a ‘fully loaded’ annual cost at its peak: if all countries were 
able to implement all GPIRM recommendations on IRM, insecticide 
resistance monitoring, capacity building and global activities. 

There are obvious parallels between mosquito resistance 
to insecticides and parasite resistance to drugs. Combating 
antimalarial drug resistance involved the transition to artemisinin-
based combination therapies. This required rapid development 
and adoption of new combination products and of new treatment 
policies at global and country levels, despite fears of a massive 
increase in unit costs, with consequent concerns of adequate 
supply and coverage. Ultimately, the price increase and the supply 
shortages were not nearly as large as had been predicted, and 
artemisinin-based combination therapies quickly became accepted 
as both the standard of care and an essential step in preserving 
the susceptibility of Plasmodium falciparum to our most valuable 
treatments. Now, the malaria community must tackle the threat of 
insecticide resistance, giving the highest public health priority to 
coordinated, pre-emptive action to preserve vector susceptibility 
to insecticides.
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PART 3	 �TECHNICAL 
RECOMMENDATIONS  
FOR COUNTRIES

Defining the appropriate IRM strategy for a given situation is highly 
complex, as it depends on multiple entomological, ecological, 
epidemiological and operational considerations. The technical 
recommendations proposed in the GPIRM are built on the 
recommendations initiated in the WHO document, The technical 
basis for coordinated action against insecticide resistance: 
preserving the effectiveness of modern malaria vector control 
(2). The GPIRM recommendations are valid as of May 2012. 
They are initial working proposals for IRM strategies and will be 
revised as more evidence and research results become available. 
Updated versions of these recommendations will be available at  
http://www.who.int/malaria.

Ultimately, new active ingredients are needed for both LLINs and 
IRS for the management of insecticide resistance in the medium 
to longer term. As soon as they become available, bednets with 
non‑pyrethroid active ingredients should be used; if possible, these 
new active ingredients could be used in a mixture in order to delay 
the spread of resistance to the new insecticide. In the meantime, 
a pragmatic approach is proposed to prevent and manage 
insecticide resistance with the tools currently available. Specific 
IRM strategies for each geographical area should be based on 
current vector control interventions, the status of resistance and 
the epidemiological context.

For IRS, the recommendations focus on pre-emptive use of 
rotations. For LLINs, the options are more limited, and IRM 
strategies will require consideration on a case-by-case basis. As 
described in the GPIRM, the response should focus on areas where 
resistance is of greatest concern. Wherever possible, countries 
should introduce focal IRS with non-pyrethroids in addition to 
LLINs in resistance ‘hot spots’. 

http://www.who.int/malaria
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PART 4	�NE AR-TERM ACTION PLAN

4.1	 �Role of each 
stakeholder 
group

Successful implementation of a collaborative plan requires a 
clear, common understanding of the roles of different partners. 
Therefore, the GPIRM outlines the main responsibilities of all 
partners in malaria control and elimination (Figure 2), including 
all constituencies of the Roll Back Malaria Partnership, in the 
management of insecticide resistance. Implementation of the plan 
must be monitored in order to determine global progress. 

4.2	 Action plan
A near-term action plan has been prepared to clarify priorities, 
particularly for the next 12 months. These activities are important 
prerequisites for proper implementation of the recommendations 
and are aligned with the five pillars of the strategy. The suggested 
timeframe for specific activities will serve as an indicator, allowing 
the malaria community to monitor progress in implementation of 
the recommendations.

In Figure 3, three colours are used: activities shown in green 
are needed in malaria-endemic countries, usually under the 
responsibility of the national malaria control programme; activities 
shown in blue represent regional or global activities to support 
countries; and activities in brown should be carried out at all levels 
(country, regional and global).

Figure 2: Main roles and responsibilities of each stakeholder group

Global norms
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NMCP, national malaria control programme; VBD, vector-borne disease; NGO, nongovernmental organization; GMP, Global Malaria Programme; WHOPES, WHO Pesticide Evaluation Scheme; VC, vector control; IRM, 
insecticide resistance management; IR, insecticide resistance; R&D, research and development; PDPs, Product Development Partnerships
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THE THREAT OF 
INSECTICIDE RESISTANCE

1.1	 �Malaria vector 
control today

1.1.1 �Long-lasting insecticidal nets and indoor 
residual spraying: mainstays of malaria 
control

Vector control is a critical facet of malaria control today and is 
expected to continue to be so. Vector control today relies primarily 
on the use of long-lasting insecticidal nets (LLINs) and indoor 
residual spraying (IRS). Vector control remains the single largest 
category of spending for malaria control by donors. For example, 
approximately 39% of malaria expenditures by the Global Fund to 
Fight AIDS, Tuberculosis and Malaria (Global Fund) in 2009 and 
59% of the expenditures by the United States President’s Malaria 
Initiative (PMI) in 2010 were dedicated to LLINs and IRS (4). (See 
Annex 1 for more details of past use of malaria vector control 
tools.)

LLINs and IRS are the mainstay of any malaria vector control 
programme because they are highly effective, have a relatively low 
cost, and their manufacture and distribution can be rapidly scaled 
up. Other interventions such as environmental management 

and larviciding can be useful but only under certain conditions, 
depending on the target vector and the local situation. (See 
Annex 2 for more detail on the efficacy and scalability of LLINs, IRS 
and other vector control interventions.)

Progress in coverage with IRS and bednets over the past 
decade has been remarkable.

In Africa, where about 81% of all cases of malaria occur, 50% of 
households at risk owned at least one LLIN in mid-2010 whereas 
only 3% owned one in 2000. Similarly, the proportion of people 
protected by IRS in the WHO African Region was estimated to be 
11% in 2010 but less than 5% in 2005 (5) (Figure 4). 

Outside Africa, vector control has also been significantly scaled 
up. About 60 million LLINs were distributed outside Africa between 
2008 and September 2011, with 40 million distributed in six 
countries (14 million in India, 8 million in Indonesia, 6 million in 
Afghanistan and about 3 million each in Pakistan, Papua New 
Guinea and the Philippines). IRS coverage in the Western Pacific 
Region increased from less than 1% of the population at risk in 
2008 to nearly 5% in 2010, largely due to greater coverage with 
IRS in China; the rate is now equivalent to coverage in the South-
East Asia Region (5).

PART 1
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Figure 4: Progress in vector control coverage in sub-Saharan Africa (2000-2010)

Proportion of households with at least one LLIN in
2000 and 2010 (latest survey date)

2000 2010

Number of people protected by IRS in African
countries in 2000 and 2009

2000 2009

<500,000

500,000–999,999

1,000,000–3,999,999

4M or more

Not malaria endemic

Data not available

Less than 20%

20–39%

40–59%

60–79%

80% or more

Not malaria endemic

Data not available

From reference (6), with adjustments from Global Malaria Programme
The maps present survey data available at the end of the specified year and may therefore include data for earlier periods.

1.1.2 �Dependence on four insecticide classes,  
and in particular on pyrethroids

Only four classes of insecticide that target adult mosquitoes are 
currently recommended for IRS and LLINs: 

•	 pyrethroids;
•	 organochlorines;1

•	 organophosphates; and
•	 carbamates.

All four classes can be used for IRS, but only pyrethroids are used 
in currently recommended LLINs. With the available formulations 
and prices, pyrethroids perform better than other insecticide 
classes in terms of safety, durability, efficacy and cost. In 2009, 
pyrethroids were estimated to account for about 75% of IRS 
coverage, while DDT was the second most widely used insecticide 
for malaria vector control; carbamates and organophosphates 
represented only small percentages of global usage (1).2 As the 
most recent data on worldwide insecticide use in vector control 
date from 2009, their use in IRS might have changed subsequently 
because of increasing evidence of insecticide resistance and, in 
particular, the WHO consultation on this topic in 2010 (2).3

1	 Organochlorines are used in IRS in the form of DDT.
2	 Global coverage numbers calculated based on WHOPES base data (1) on the kilograms of each 

insecticide class used in malaria control for the purpose of residual spraying. For each class, an 
assumption for grams per square meter sprayed was determined: 0.03 g/m² for pyrethroids,  
2.00 g/m² for organochlorines, 2.00 g/m² for organophosphates, and 0.40 g/m² for carbamates.

3	 For example, the PMI used pyrethroids for IRS spraying in 13 of 15 countries in 2009 but in only  
12 of 16 countries in 2010 and sprayed non-pyrethroid insecticides in nearly half the countries they 
supported in 2011.

Given the importance of effective vector control and the 
reliance on a limited number of insecticides, preserving 
the susceptibility of malaria vectors to pyrethroids and 
to the other three classes of insecticides is critical in 
order to maintain effective malaria control. The evolution 
of insecticide resistance could jeopardize current and 
future gains in controlling malaria.
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Attributes of the four classes of insecticides used for IRS and 
LLINs

Pyrethroids. Pyrethroids are used for both IRS and LLINs in 
the form of α-cypermethrin, bifenthrin1, cyfluthrin, deltamethrin, 
permethrin, λ-cyhalothrin and etofenprox2 (7). These have been 
the chemicals of choice in public health for the past few decades 
because of their relatively low toxicity to humans, rapid knock-
down effect, relative longevity (3–6 months when used for IRS) 
and low cost. They are the only insecticides used currently in 
WHO recommended LLINs (7). Pyrethroids have many modes 
of action on the mosquito vector. They open sodium channels, 
leading to continuous nerve excitation, paralysis and death of 
the vector (8); they also have an irritant effect, causing an excito-
repellency response, resulting in hyperactivity, rapid knock-down, 
feeding inhibition, shorter landing times and undirected flight, all 
of which reduce the ability of vectors to bite. 

Organochlorines. Organochlorines are used in IRS in the 
form of DDT, which was the insecticide used predominantly in 
the eradication campaigns of the 1950s3 (9). At the Stockholm 
Convention on Persistent Organic Pollutants in 2001, use of 
DDT was banned for all applications except disease control, 
because of its environmental effects when used in large volumes 
in agriculture. As the number of equally effective, efficient, 
alternative insecticides for public health is limited, continued use 
of DDT was permitted until “locally safe, effective, and affordable 
alternatives are available for a sustainable transition from DDT”. 
A WHO position statement in 2006 (10) reasserted the public 
health value of DDT when used for IRS. 

1	 Bifenthrin is not yet recommended for use in LLINs.
2	 Etofenprox is a ‘pseudo-pyrethroid’ with the same mode of action but different chemical structure.
3	 A wider range of organochlorines was previously used for IRS, but many were banned because of 

their toxicity.

Like pyrethroids, DDT has been popular because of its rapid 
knock-down effect, relative longevity (6–12 months when used 
for IRS) and low cost. Despite chemical structural differences, 
DDT and pyrethroids have similar modes of action (8). 

Organophosphates. Organophosphates comprise a vast range 
of chemicals, but those recommended for use for IRS vector 
control are fenitrothion, malathion and pirimiphos-methyl (11). 
The insecticides in this class are highly effective but do not 
induce an excito-repellency response from the vector, and in their 
current formulations have shorter residual activity (2–3 months 
when used for IRS) than pyrethroids and DDT.4 In addition, 
the organophosphates currently used for malaria control are 
significantly more expensive than other insecticides. For some 
compounds, toxicological monitoring is required for accidental 
overexposure during IRS.

Organophosphates act on the mosquito vector by inhibiting 
cholinesterase, preventing breakdown of the neurotransmitter 
acetylcholine, resulting in neuromuscular overstimulation and 
death of the vector (8).

Carbamates. Carbamates are used for IRS vector control 
in the form of bendiocarb (11). Like organophosphates, this 
compound is highly effective and induces little or no excito-
repellency response from the vector. It has short residual activity 
(2–6 months when used for IRS) and is more expensive than 
pyrethroids and DDT. The mode of action of carbamates is similar 
to that of organophosphates (8).

4	 Pirimiphos-methyl is now available in capsule suspension formulation with a duration of action of 
over 8 months.
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The characteristics of the four classes of insecticide currently recommended for IRS and LLINs are summarized in Figure 5.

Figure 5: �Characteristics of the four classes of insecticide currently recommended for indoor residual spraying and long-lasting 
insecticidal nets

Current LLIN
products 

Current IRS
products

Molecules
recommended
for use in IRS

Hazard
classi�cation

Duration of
effect per spray

(months)b 

6 Class Ib / II /
Uc 

3–6 

1 Class II 6–12 

3 Class II / IIId 2–3 

2 Class II 2–6 

Insecticide cost: Estimated approximate cost range per
household sprayeda  

(US$) 

15 10 5 0 

Carbamates 

Organo-
phosphates  

Organo-
chlorines

(DDT)

Pyrethroids 

From references (12-14)
LLIN, long-lasting insecticidal net; IRS, indoor residual spraying
Hazard classification (active ingredient): Class Ib: Highly hazardous; Class II: Moderately hazardous; Class III: Slightly hazardous; Class U: Unlikely to present acute hazard in normal use
a	 Analysis calculated for a household of 5 people (150 m2 sprayed) and based on WHOPES spraying guidelines and PMI cost data (14). 
b	 Duration as based on typical formulation for use in malaria control.
c	 Cyfluthrin is WHO class Ib, Alpha-cypermethrin, Bifenthrin, Deltamethrin, Lambda-cyhalothrin and Permethrin are WHO class II and Etofenprox is WHO class U. 
d	 Fenitrothion and Pirimiphos-methyl are class II and Malathion is class III. 
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1.2	 �Status of 
insecticide 
resistance

1.2.1 Definitions and types of resistance

There are three ways of looking at insecticide resistance, 
each of which is useful in a different context.

Insecticide resistance is the term used to describe the situation 
in which the vectors are no longer killed by the standard dose 
of insecticide (they are no longer susceptible to the insecticide) 
or manage to avoid coming into contact with the insecticide. The 
emergence of insecticide resistance in a vector population is an 
evolutionary phenomenon.

Molecular genotyping of resistance is the identification of 
the underlying genes that confer the inherited trait of resistance 
(15). Identification of a resistance gene provides evidence of 
the underlying evolutionary process. Depending on the type 
of resistance mechanism, this provides understanding of both 
the degree of resistance expressed in individual insects with 
the resistance gene, and the frequency of such insects in the 
population.1

Phenotypic resistance is the basic expression of the genetic 
cause of resistance, shown by a vector’s ability to resist and survive 
the effects of the insecticide. Phenotypic resistance is measured 
in a susceptibility test of vector mortality when subjected to a 
standard dose of the insecticide. WHO has defined phenotypic 
resistance as “development of an ability, in a strain of insects, 
to tolerate doses of toxicants, which would prove lethal to the 
majority of individuals in a normal population of the same species” 
(16). Phenotypic resistance is the phenomenon most commonly 
referred to in public health.

Resistance leading to control failure - while phenotypic 
resistance provides an indication of the effects of resistance on 
the vector, the most informative way of looking at resistance is as 
an epidemiological phenomenon, in which resistance is identified 
as the cause of increasing malaria transmission. In the notion of 
resistance leading to control failure, evidence of resistant vectors 
is linked directly to the failure of vector control programmes in 
the field. Resistance leading to control failure can be defined as 
the “selection of heritable characteristics in insect population that 
results in repeated failure of an insecticide product to provide 
intended level of control when used as recommended.”2 (15) 
Resistance leading to control failure is the phenomenon most 

1	 Different resistance mechanisms have different strengths and possibly different capacity to drive 
control failure.

2	 Definition from the Insecticide Resistance Action Committee (IRAC).

commonly referred to in agriculture. National malaria control 
programmes should not, however, wait for control failure to occur 
before implementing strategies to manage insecticide resistance. 
There is no acceptable level of control failure in public health, and 
waiting could result in delaying action until it is too late.

Four types of resistance mechanisms have been 
identified.

Resistance mechanisms can be grouped into four categories, 
target-site resistance and metabolic resistance being the primary 
focus of this document. 

Target-site resistance occurs when the site of action of an 
insecticide (typically within the nervous system) is modified 
in resistant strains, such that the insecticide no longer binds 
effectively and the insect is therefore unaffected, or less affected, 
by the insecticide. Resistance mutations, known as knock-down 
resistance (kdr) mutations, can affect acetylcholinesterase, which 
is the molecular target of organophosphates and carbamates, or 
voltage-gated sodium channels (for pyrethroids and DDT) (15, 17).

Metabolic resistance is related to the enzyme systems that 
all insects possess to detoxify foreign materials. It occurs when 
increased or modified activities of an enzyme system prevent 
the insecticide from reaching its intended site of action. The 
three main enzyme systems are: esterases, mono-oxygenases 
and glutathione S-transferases. While metabolic resistance is 
important for all four insecticide classes, different enzymes affect 
different classes3 (15, 17).

Although most resistance mechanisms (especially kdr resistance) 
have been studied for decades in previous cases of resistance, 
the detailed study of mono-oxygenase metabolic resistance is 
relatively new, and our understanding of it is fairly limited. Indeed, 
cases of mono-oxygenase resistance in mosquitoes were unknown 
before its identification in South Africa in 2000–2001 (see section 
1.2.3 for details).4

As described below, metabolic and target site resistance can both 
occur in the same vector population and sometimes within the 
same individual mosquito. The two types of resistance appear to 
have different capacities to reduce the effectiveness of insecticide-
based vector control interventions, with metabolic resistance being 
the stronger and more worrying mechanism (see section 1.2.3 for 
details). 

3	 The most important enzyme systems are mono-oxygenases and then esterases for pyrethroids, 
glutathione S-transferases and then mono-oxygenases for DDT and carbamates, and esterases and 
mono-oxygenases for organophosphates.

4	 Mono-oxygenase resistance is exceptionally difficult to study because more than 100 candidate 
resistance genes could be responsible for resistance and specific mutations are often difficult to 
locate. Metabolic resistance genes occur when the specificity of an enzyme is altered, when genes 
are duplicated or when there is a promoter gene. The last is particularly difficult to identify. 
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Behavioural resistance is any modification in insect behaviour 
that helps it to avoid the lethal effects of insecticides. Several 
publications have suggested the existence of behavioural 
resistance and described changes in vectors’ feeding or resting 
behaviour to minimize contact with insecticides. Studies in New 
Guinea and the Solomon Islands showed that Anopheles farauti 
vectors stopped biting later in the night (23:00–03:00) after the 
introduction of indoor DDT spraying and instead bit only in the 
earlier part of the evening, before humans were protected by 
sleeping in a sprayed room (18). In most cases, however, there 
are insufficient data to assess whether behavioural avoidance 
traits are genetic or adaptive; genetic traits could have major 
implications for the types of vector control interventions needed. 
All behavioural traits, however, may not be negative, as they could 
lead mosquitoes to feed on non-human animals. It is also possible 
to initially mistake the decline of a vector species as behavioural 
resistance.

Cuticular resistance is reduced uptake of insecticide due 
to modifications in the insect cuticle that prevent or slow the 
absorption or penetration of insecticides. Examples of reduced 
penetration mechanisms are extremely limited and only one study 
has suggested correlation between cuticle thickness and pyrethroid 
resistance in An. funestus (19). Microarray experiments have 
identified two genes that encode cuticular proteins that are up-
regulated in pyrethroid-resistant strains of Anopheles mosquitoes. 
Experience with other insects suggests that if cuticular resistance 
emerges in mosquitoes it could have a significant impact when 
combined with other resistance mechanisms. 

Behavioural and cuticular resistance mechanisms are rarer than 
the other mechanisms and are perceived by most experts to 
be a lesser threat than chemical resistance. They are therefore 
not further discussed in this document. Some experts, however, 
consider behavioural resistance to be of considerable importance, 
and further research should be conducted to understand its 
significance. 

See Annex 3 for details on the history of insecticide resistance in 
malaria vectors.
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1.2.2 �Resistance is widespread and affects all 
insecticides 

Increasing number of countries are reporting insecticide 
resistance (Figure 6).

Figure 6: Countries with ongoing malaria transmission where insecticide resistance has been identified in at least one of 
their major vectors

Countries with ongoing malaria transmission  
and resistance to at least one insecticide

Countries with ongoing malaria transmission  
and no reports of insecticide resistance

Areas of particular concern are Sub-Saharan 
Africa and India due to reports of widespread 
resistance and high rates of malaria transmission

From WHO regional entomologists in WHO Regional Offices, completed by literature review by the Global Malaria Programme.
IR, insecticide resistance
1	 Includes countries with confirmed susceptibility to all insecticides used and countries where susceptibility testing is not currently conducted or results are not available.
2	 The map provides no indication of how widespread resistance is within a country; therefore, a single report of resistance would be sufficient to mark a country as having resistance.

More countries are reporting insecticide resistance. Since 
2009, when there was increased focus on monitoring of insecticide 
resistance, more and more cases of resistance have been reported, 
particularly in Africa. Most countries in which susceptibility 
tests were conducted had at least one case of resistance. The 
geographical pattern reflects both the scaling up of malaria vector 
control in the past few years and recent emphasis on testing for 
resistance. Resistance has been identified in 64  countries with 
ongoing malaria transmission, mainly to pyrethroids. Resistance 
to DDT is also prevalent, and there are increasing reports of 
resistance to organophosphates and carbamates. 

Several potential causes: increased monitoring, 
geographical extension of resistance, and new resistance 
genes. Some new reports of resistance reflect first-time testing, 
so it is not known how long resistance has existed. In places where 
resistance has been monitored previously, new reports usually 
reflect the extension of established foci due to migration and gene 
flow or the appearance of a new resistance gene and focus of 
resistance. Susceptibility monitoring must therefore be scaled up 
and conducted routinely in all malaria-endemic countries that rely 
on insecticide-based vector control.
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African Region: several areas are of critical concern 
because of particularly widespread resistance to 
pyrethroids or to multiple insecticide classes. As all these 
areas have a high malaria burden, a reduction in the effectiveness 
of vector control could have severe consequences. Countries in 
West and Central Africa have long been reporting high frequencies 
of resistance, particularly Benin, Burkina Faso, Cameroon, Côte 
d’Ivoire and Ghana. These countries have widespread resistance 
to pyrethroids and DDT; Côte d’Ivoire has also reported resistance 
to carbamates and organophosphates. Ethiopia has reported 
resistance to all four classes of insecticide, including widespread 
resistance to DDT and an increasing frequency of resistance to 
pyrethroids. Other places in East Africa with widespread pyrethroid 
and DDT resistance are Uganda and its borders with Kenya and the 
United Republic of Tanzania. The situation in southern Africa is of 
continuing concern. Mozambique and South Africa have reported 
a broad spectrum of resistance over the past decade, including 
metabolic resistance which provided the clearest evidence leading 
to control failure in KwaZulu Natal in 2000 (see section 1.2.3 for 
details). A high frequency of metabolic resistance to pyrethroids 
has now also been reported in Malawi and Zambia. 

South-East Asia Region. In India, there is widespread 
resistance to DDT and patches of resistance to pyrethroids and 
organophosphates (malathion). Indonesia and Myanmar are also 
reporting resistance to pyrethroids; in Myanmar, there is also 
confirmed resistance to DDT and organophosphates.

Region of the Americas. Resistance to pyrethroids, carbamates 
and organophosphates has been reported in this region. In 
Colombia, widespread resistance in the mid-2000s was reversed 
in many localities by changing the insecticide and thus removing 
the selection pressure. Resistance, however, persists in other 
localities. Resistance has also been reported in Bolivia, Ecuador, 
Honduras and Peru (20).

Western Pacific Region. Resistance to pyrethroids and DDT has 
been reported in malaria vectors of local importance in coastal 
regions of Vietnam. In addition, there is resistance to pyrethroids in 
China and to DDT in Cambodia and Malaysia.

Eastern Mediterranean Region. Resistance to pyrethroids 
has been reported in several countries in this Region, notably 
Afghanistan, the Islamic Republic of Iran, and Oman. In addition, 
there is DDT resistance in Yemen. There have been reports 
of resistance to three of the four classes of insecticides in 
Afghanistan. These data need to be confirmed. Somalia and Sudan 
have reported resistance to all four classes of insecticide, including 
widespread resistance to DDT and an increasing frequency of 
resistance to pyrethroids.

European Region. Resistance has been reported to all four 
classes of insecticides in Turkey, to DDT in Azerbaijan, and to 
carbamates and organophosphates in Uzbekistan.

The current situation is disturbing. Yet it is likely to have been 
underestimated, given that many countres have yet to carry out 
adequate routine susceptibility testing.

Resistance is widespread, involving each insecticide 
class and many major malaria vectors.

Types of insecticide affected

Although resistance is being reported to all classes of insecticides, 
most new reports are for pyrethroids. This is worrisome, as 
pyrethroids are the only insecticides used on current LLINs and 
among the cheapest, longest-lasting insecticides for IRS. A 
growing number of countries are reporting resistance to all four 
classes of insecticide (with different resistance mechanisms 
affecting different classes), which will strongly restrict options for 
managing insecticide resistance in the short term. 

Variations by species and form

Both metabolic and target-site resistance mechanisms are found 
throughout the world; however, different resistance mechanisms 
are found in different species (Figure 7). For example, only 
metabolic resistance has currently been reported in An. funestus 
sensu stricto (s.s), whereas both metabolic and target-site 
resistance mechanisms have been found in An. gambiae s.s. 
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Figure 7: Insecticide-resistance mechanisms of selected major malaria vector species

Vector species Pyrethroids DDT Organophosphates Carbamates

Target-site Metabolic Target-site Metabolic Target-site Metabolic Target-site Metabolic

An. gambiae s.s

An. funestus s.s

An. arabiensis

An. culicifacies (C)

An. culicifacies (B)

An. stephensi

An. dirus

An. sacharovi

An. albimanus

From Janet Hemingway, Liverpool School of Tropical Medicine, United Kingdom

Furthermore, resistance can vary by form1. In An. gambiae, 
resistance appears to be higher in the S rather than the M form. 
For example, in Burkina Faso, when An. gambiae M and S forms 
were tested at four sites, the S form had a greater probability 
of surviving the insecticide (DDT or pyrethroid)2. Given that the 
two forms have evolved separately, it is natural that evolution of 
resistance would vary by form. 

Cross-resistance within an insecticide class and across several 
classes

Cross-resistance can restrict the choice of alternative insecticides. 
Cross-resistance often occurs between insecticide classes that 
have the same mode of action for killing vectors. For example, if a 
resistance gene creates a change in a target site in a vector, it is 
likely to affect any other insecticides that attack that same target 
site, thus conferring cross-resistance. Similarly, an alteration to an 
enzyme that affects susceptibility to one insecticide may result in 
cross-resistance to another. 

1	 ‘Form’ refers to the different molecular varieties, within An. gambiae. The M and S ‘forms’ are now 
recognized as separate species and are in the process of being formally named.

2	 Data from Ranson H. on survival rates for sympatric populations.

There are a number of patterns of cross-resistance (Figure 8). In 
target-site resistance, kdr mutations result in cross-resistance 
between pyrethroids and DDT, and acetylcholinesterase 
mutations result in cross-resistance between carbamates and 
organophosphates. In metabolic resistance, cross-resistance 
between pyrethroids and carbamates has also been associated 
with mutations in cytochrome P450 enzymes. Cross-resistance 
is assumed to occur between insecticides of the same class; 
however, cross-resistance between types of pyrethroids has been 
questioned; this is a potentially important topic for operational 
research. While switching to another pyrethroid class might result 
in increased local effectiveness, it is unlikely to remove selection 
pressure and slow the evolution of resistance. Further information 
is needed on cross-resistance between specific metabolic 
enzymes.3 

3	 As there are more than 100 candidate mono-oxygenases genes for resistance, it is unlikely that 
exactly the same enzyme will drive resistance to several classes of insecticide; therefore cross-
resistance does not always occur.
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Figure 8: Cross resistance patterns of different classes of insecticide

Biochemical mechanism of resistance

Metabolic Target-site

Esterases Mono-oxygenases GSH S-Transferases kdr Altered AChE

Pyrethroids

DDT

Carbamates

Organophosphates

From reference (21)
GSH, glutathione; AchE, acetylcholinesterase; circle size reflects relative impact of mechanism of resistance

1.2.3 Operational impact of insecticide resistance

Most experts agree that if nothing is done to reduce selection 
pressure, insecticide resistance will ultimately have an operational 
impact that will lead to widespread control failure. Some fear that 
control failure may already be occurring in some places but has 
not yet been detected. While the high frequency of kdr resistance, 
notably in West Africa, has not been accompanied by an obvious 
attributable increase in the number of malaria cases, several 
reports indicate that resistance could have an operational impact 
and lead to control failure.

Insecticide resistance could have a broad range of 
outcomes.

With regard to operational impact, there is concern with both the 
degree to which insecticide resistance reduces the efficacy of an 
intervention and, at the extreme, the possibility that it will induce 
full control failure. 

Reduced effectiveness of malaria control. Reduced 
effectiveness is when an intervention controls transmission to 
a certain degree, but performs less well – or for a shorter time 
– than in the absence of resistance. The evidence for this could 
include lower vector mortality, increased blood-feeding and a 
limited increase in malaria transmission. 

Control failure. Control failure is when an intervention has 
virtually no effect on transmission or fails to prevent an uncontrolled 
resurgence in malaria cases. Although control failure, if it occurs, 
will eventually be detected, this may be delayed because of weak 
resistance monitoring and poor epidemiological surveillance 
systems. 
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The operational impact of resistance is difficult to 
measure.

The impact of insecticide resistance on vector control operations 
should ideally be measured from an epidemiological perspective. 
The link to the epidemiology of malaria is, however, difficult 
to establish. Firstly, many confounding factors in both the 
implementation of vector control and factors unrelated to vector 
control could contribute to an increase in the number of malaria 
cases (see Annex 4 for more details on confounding factors). 
Secondly, it is not possible to design a fully rigorous experimental 
trial to measure the impact of resistance, as one cannot ‘randomize 
for resistance’ (allocate resistance randomly to some places 
and withhold it from others). Thirdly, detection of an increase in 
the number of malaria cases requires effective diagnosis and 
epidemiological monitoring and reporting, which are sometimes 
inadequate.

Given the obstacles to attributing an epidemiological impact to 
insecticide resistance, entomological outcomes have been used 
as a proxy, usually by measuring the relative mortality and feeding 
success of resistant vectors in experimental huts (see Figure 9). In 
one type of trial, the efficacy of the same insecticide is measured 
in resistant and susceptible areas. In another, the effectiveness of 
different insecticides is compared against a mosquito population 
that is resistant to one of the insecticides. While such trials 
have many limitations, notably that they are not linked to health 
(malaria) outcomes and that they are on a small scale, they are 
nevertheless considered to provide an important indication of 
the potential impact of resistance (22,23). See Annex 4 for more 
details regarding the challenges in linking insecticide resistance 
with epidemiological effect.

Figure 9: Example of experimental hut

Mosquito net

Exit

Entry

From Mark Rowland, London School of Hygiene and Tropical Medicine
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Insecticide resistance: potential for operational impact.

Case study 1. Example of control failure in South Africa

Context. In 1996, a national decision was made to change 
from DDT to pyrethroids for IRS. By 2000, however, the number 
of reported malaria cases had multiplied by approximately 
four. An. funestus, a vector that had been eliminated by DDT 
spraying in the 1950s, reappeared, and bioassays showed that 
the species was susceptible to DDT but resistant to pyrethroids 
and furthermore had a sporozoite rate of 5.4% (25), which is 
remarkably high by South-African standards. 

Action and results. In November–December 1999, it was 
decided to revert to IRS with DDT. This was done in March and 

October 2000, and was followed by a prompt and substantial 
decrease in the number of malaria cases during the 2000-2001 
transmission season (Figure 10). 

Lessons learnt. As always, other trends affected the number 
of malaria cases. In particular, the decrease has also been 
attributed to the introduction of artemisinin-based combination 
therapies in 2000, more stringent diagnostic standards with 
the introduction of rapid diagnostic tests in 2001, and the start 
of a highly successful regional initiative (the Lubombo Spatial 
Development Initiative). The vast majority of experts familiar with 
the case are, however, convinced that insecticide resistance 
played a pivotal role in this example of control failure.

Figure 10: Number of malaria cases and resistance in South Africa, 1971-2009
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Case study 2. Experimental hut trials in Benin

Several small trials have been conducted in Benin to test the 
efficacy of IRS and LLINs against resistant vectors (22, 23). 

In one trial, IRS and LLINs were tested at two sites, one with 
kdr resistance to pyrethroids (Ladji) and one with susceptibility 
(Malanville). Holes were made in the nets to mimic worn nets. 
In the huts at the site with resistance (Ladji), the efficacy of the 
insecticide appeared to be significantly reduced: vector mortality 
was lower and the level of blood feeding was the same as in huts 
with untreated nets (Figure 11). However, it is suspected that 

metabolic resistance was also present at Ladji as results from a 
similar experimental hut trial in northern Benin with kdr-resistant 
mosquitoes did not show a significant effect. 

In another trial, the relative effectiveness of pyrethroids and 
chorpyrifos methyl (organophosphate formulation) was tested 
on an An. gambiae population resistant to pyrethroids. The 
organophosphate was significantly more effective, with vector 
mortality rates of only 31% with pyrethroids and 95% with 
organophosphates.

Figure 11: �Impact of pyrethroid-impregnated insecticide-treated nets in areas of Benin with An. gambiae resistant and 
susceptible to pyrethroids
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Different resistance mechanisms have different capacity 
to cause control failure.

It is broadly accepted that different resistance mechanisms have 
differing capacity to cause control failure, kdr tending to be less 
likely than metabolic resistance (or a combination of mechanisms) 
to cause control failure (15). 

•	 Vectors with several resistance mechanisms (target-
site and metabolic resistance) are likely to affect control 
most strongly.1 The simultaneous occurrence of kdr 
and metabolic resistance genes has been reported in 
pyrethroid-resistant An. gambiae populations in Benin, 
Ghana and Nigeria (24, 26).2 

•	 Metabolic resistance alone, particularly the mono-
oxygenase resistance mechanism, might also be enough 
to lead to control failure. This was the case in South Africa 
in 2000 with An. funestus. Metabolic resistance has been 
detected in vector populations in at least eight countries 
of Africa (24).

•	 The ‘weaker’ of the two known kdr genes might require 
the presence of another resistance mechanism in order 
to cause control failure. No case of obvious and complete 
malaria control failure has been reported with kdr 
resistance alone; therefore, this scenario is not considered 
by most experts to be a serious problem (although this 
may change). As kdr resistance is now so widespread, 
however, the addition of metabolic resistance could 
greatly exacerbate the situation. Trials with experimental 
huts indicate that this may already be occurring in coastal 
Benin. Kdr and metabolic resistance mechanisms were 
found in the same vector populations, and the trials 
showed a notable reduction in the effectiveness of vector 
control (22, 23).

1	 ‘Strength of resistance’ is measured as how much more insecticide is needed to kill resistant vectors 
than susceptible ones, usually in terms of a resistance ratio.

2	 Multiple resistance mechanisms may exist in vector populations in other countries as well.

1.2.4 �Evolution and spread of insecticide 
resistance 

The consensus is that resistance of operational importance will 
eventually emerge to any insecticide that continues to be widely 
used. Insecticide resistance genes have clearly been spreading 
and will spread further, particularly in the face of continuing 
selection pressure. While it is not known precisely how quickly 
insecticide resistance will spread if nothing is done, resistance 
genes are capable of spreading within a vector population very 
rapidly. There are numerous examples of this in both public health 
and agriculture.

Concepts of evolution.

Most cases of resistance in the field are attributable to a few genes 
of major effect. Therefore, the spread of resistance throughout 
mosquito populations requires understanding of the evolution of 
those genes. A resistance gene starts as a rare gene, but, with 
further exposure to the same insecticide, the frequency of the 
gene increases until it becomes common in a population (Figure 
12). Other factors being equal, resistance is likely to evolve more 
quickly if it is functionally dominant in field exposures. It is also 
likely to evolve more quickly in isolated (e.g. on islands) and 
uniformly exposed vector populations because there is less dilution 
from susceptible inward migrating vector populations.
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Figure 12: Genetic heritability drives increased resistance in the face of continued pressure
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Tipping-point. The concept of a ‘tipping-point’ (Figure 13) 
describes the fact that resistance can occur at low but gradually 
increasing frequency in the vector population for many years 
without being detected. When a ‘tipping-point’ is reached, 
however, resistance may increase extremely rapidly, for example 
a resistance gene with an initial frequency of 1 in 10 million, can 
double in frequency for a long time before it reaches 1% and 

becomes detectable within a population. At that point, theoretically, 
only another six generations of frequency doubling of resistant 
genes are needed before resistance reaches a frequency of over 
50%. See Annex 5 for an illustration of the ‘tipping-point’ observed 
in resistant Aedes mosquitoes.

Figure 13: Concept of “tipping point” 
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Fitness cost.

Resistance genes appear through random mutations occurring 
at very low frequency in almost all mosquito populations. It is 
assumed that these wild-type genes are more fit than resistance 
genes; otherwise the resistance genes would occur naturally at 
levels above the mutation rate in populations that are not under 
insecticide selection. As a result of this ‘fitness cost’, it is assumed 
that the resistance genes once selected will die out over time if the 
selection pressure is removed. Some IRM strategies (e.g. rotations) 
rely on the concept that removing selection pressure will reverse 
resistance because of the fitness cost and that it may therefore be 
possible at some time to reintroduce the original insecticide into 
vector control programmes. Insecticide management strategies 
must, however, be implemented before a resistance gene becomes 
common and stable in a population. At that point, there may be no 
or limited fitness cost to the vector, and therefore the resistance 
gene may remain even if use of the insecticide that is causing the 
selection pressure is discontinued.1 

Currently, there is limited information on fitness cost in resistant 
malaria vectors and its implications for IRM. There are nevertheless 
examples of public health programmes in which an insecticide was 
removed as soon as resistance was detected, such that the same 
insecticide could be reintroduced several years later, presumably 
because the fitness cost of the resistance gene had resulted in its 
disappearance. 

Example in Colombia: resistance genes disappeared 
from the vector population when selection pressure was 
removed.

A report submitted by WHO AMRO regional entomologists 
showed that, in 2005–2006, resistance to pyrethroids and 
DDT was identified in An. darlingi. A decision was quickly made 
to change to fenitrothion, an organophosphate with a different 
mode of action, for IRS. Rapid implementation of this alternative, 
which thereby removed the selection pressure, reduced the 
frequency of resistance. In 2010, susceptibility tests showed 
that the frequency of resistance genes in the vector population 
had dropped below the level of detection, and pyrethroids were 
once again introduced into the IRS programme, albeit on a 
more limited scale.
Report from Colombia submitted by WHO AMRO regional entomologists

1	� As demonstrated in a study in blowflies by McKenzie and Whitten in 1982 (3), fitness cost is not an 
intrinsic property of genes; therefore, if that gene is allowed sufficient time to become common in a 
population, the rest of the genome will adapt to incorporate it without a significant fitness cost. At this 
point, even if the selection pressure is removed, the resistance gene will remain in the population. 

Examples of spread of resistance genes. 

There are multiple examples of insecticide resistance spreading 
quickly over large areas. For example, the kdr mutations known 
as 1014F and 1014S were first detected in West and East Africa, 
respectively (referred to as kdr West and kdr East mutations). They 
have now been detected on both sides of the African continent 
because of both the spread of the original mutations and because 
of new, independent origins of the same mutations (Figure 14). 
kdr West has now been detected as far East as Ethiopia, Sudan, 
Uganda and Zambia, while kdr East has been found in Angola 
and several countries in West and Central Africa (such as Benin, 
Burkina Faso and Côte d’Ivoire) (24). 
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Figure 14: kdr West and kdr East mutations are now present on both sides of Africa
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From reference (24), with adjustment from the WHO Global Malaria Programme; does not show latest reports such as kdr East in Angola. 
This map has been reproduced with the agreement of the original author. It reflects data and boundaries as of 2010 or before and should not be understood to reflect current data and boundaries.

Metabolic resistance in An. funestus, which has already been 
associated with control failure in South Africa, appears to have 
spread over long distances across southern Africa; resistance to 
pyrethroids and carbamates in the An. funestus population was 
reported in Malawi, 1500 km north of its previously known location 
in southern Mozambique.1 

The rapid spread of resistance has been particularly alarming in 
some countries. For example, Benin has reached the point over the 
past 2 years at which no areas have full susceptibility. 

Use of insecticides in both public health and agriculture 
can contribute to the evolution of resistance in malaria 
vectors.

Use of insecticides in both agriculture and public health contributes 
to the evolution of resistance in some cases by placing selection 
pressure on the vectors.

The role of insecticides used for public health in selecting for 
insecticide resistance in malaria vector has been clear since the 
1940s. In some cases, however, there has been good evidence 
that agricultural use of pyrethroids, particularly on rice and cotton 
crops, has been the main factor causing insecticide resistance in 
malaria vector mosquitoes. For example, when cotton was a major 

1	 As susceptibility tests mirrored the situation of An. funestus in Mozambique and South African 
populations but showed a markedly different resistant pattern to An. funestus populations in Uganda 
(which did not show cross-resistance with carbamates), it has been suggested that resistance in 
Malawi may have spread from South Africa during the past 10 years.

crop in Salvador, seasonal fluctuations in resistance in malaria 
vectors were seen to follow the timing of the cotton-spraying (27). 
On the other hand, there have also been cases where agricultural 
insecticides have been suspected of being the cause of resistance 
in malaria vectors, but where further investigation has shown 
that the resistance was in fact due to anti-malaria spraying (e.g. 
malathion resistance in Sudan and Sri Lanka) (28).

In Africa, pyrethroids have been in widespread use in agriculture 
for decades, and in areas of intensive agriculture in West Africa, 
agricultural insecticides probably contributed to the initial 
appearance of knockdown resistance in malaria vectors. However, 
it is only in the last five to ten years, with massive scaling-up 
of malaria vector control, that we have seen these resistance 
genes spreading throughout the region, and reaching very high 
frequencies even in areas with little use of agricultural insecticides. 
Overall, therefore, the evidence suggests that in Africa, agriculture 
has been an important prompt for the initial appearance of 
resistance in some localities, but the massive scaling up of LLINs 
and IRS for malaria control has been the main factor driving the 
recent increases in the geographic distribution and frequency of 
insecticide resistance genes in malaria vectors. 

Continued use of the same insecticides in both public health 
and agriculture will inevitably increase resistance. Effective 
management of insecticide resistance will therefore require 
activities in both public health and agriculture, and sharing of data 
and information.
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See Annex 6 for more information on selection pressure from 
public health and agricultural use and information on other types 
of selection pressure, such as hydrocarbon pollution and domestic 
use of insecticides.

1.2.5 �Status of entomological surveillance and 
resistance monitoring

Insecticide resistance must be monitored carefully in order 
to understand the current threat and evolution of insecticide 
resistance among malaria vectors. Until now, however, monitoring 
has been limited in most malaria-endemic countries. 

Resistance can be monitored with three complementary 
methods that provide different types and depths of 
information.

Resistance monitoring can be undertaken with three testing 
methods, each of which provides a different type and depth of 
information (Table 1). These tests are complementary, and the 
choice of method depends on the information needed and on 
operational capability.

Table 1: Methods for monitoring resistance of malaria vectors to insecticides

Susceptibility testing Biochemical assays Molecular testing

Description

Vectors are exposed to fixed insecticide 
concentrations, and the level of vector mortality is 
subsequently recorded. The results are expressed 
as the percentage of vectors knocked down, alive, 
or dead. Susceptibility testing requires samples of 
at least 100 live mosquitoes per testing site (29).

Susceptibility tests are generally used for routine 
monitoring, as they can be used in the field. 
They provide standardized data that are relatively 
easily interpreted. Either WHO paper bioassays 
or CDC bottle bioassays can be used.ª The 
results obtained with the two methods are not 
comparable. In order to observe longitudinal or 
temporal patterns in resistance, countries and 
academic institutions in all regions must therefore 
use the same method consistently over time.

Description

Biochemical assays detect the 
presence of a particular resistance 
mechanism or an increase in 
enzyme activity (31). They require 
fresh mosquitoes, but much fewer 
than for bioassays.

Unlike bioassays, bio-chemical 
assays can identify some specific 
resistance mechanisms and indicate 
an increase in metabolic enzyme 
activity. Biochemical assays are 
normally used in conjunction with 
synergist

 
b and molecular assays.

Description

Molecular tests are used on the actual gene, 
allowing detailed and direct analysis of 
resistance genes. Testing can be done with 
straightforward polymerase chain reaction 
techniques (30) with DNA or in more elaborate 
microarray tests with RNA.

More advanced molecular methods can 
provide complex genetic information including 
whether the mutation is unique or has spread 
(30) . These are the most accurate tests for 
measuring resistance frequency in vector 
populations. Molecular tests must, however, be 
correlated with susceptibility testing.

Limitations

Susceptibility tests identify the existence of 
resistance once it is at a detectable level but do 
not establish the resistance mechanism involved. 
They may also not identify resistance if the 
frequency is too low.
Several countries have reported shortages in the 
supply of testing materials and have switched 
between the WHO and CDC tests, making results 
difficult to compare. In some cases, they have 
limited their testing.

Limitations

The method is more difficult to 
use in the field as it requires 
sophisticated equipment, and 
interpretation of the results 
requires strong technical skills (30). 
Further, the correlation between 
chemical reactions in these tests 
and increased ability to metabolize 
insecticides is not yet well defined.

Limitations

The method requires sophisticated equipment 
and entomological capacity.

It can be used to detect target site resistance 
and a few identified metabolic mechanisms. 
Hence, susceptibility tests should be used to 
complement molecular results, as the absence 
of identifiable genotypic resistance does not 
necessarily mean that resistance does not 
exist.

CDC, Centers for Disease Control and Prevention
a	 WHO paper bioassays are the basic standard method but CDC bottle assays offer an alternative that can provide complementary information. Concern has been raised about the quality of CDC bottle bioassays 

when technicians coat their own bottles, but this concern can be alleviated if pre-dosed bottles are used.
b	 Compounds that enhance the toxicity of some insecticides, although they usually have limited toxicity themselves.

See Annex 7 for the implications of discriminating doses for the 
detection of insecticide resistance.
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Monitoring of insecticide resistance is currently 
inadequate in many settings.

Frequency of insecticide resistance testing. Although a few 
countries have a comprehensive monitoring system, many malaria-
endemic countries in which insecticide-based vector control 
is used do not monitor insecticide resistance or do not monitor 
resistance as comprehensively as required. For example, they 
may not cover a representative set of sentinel sites or may have 
no system for efficient analysis and reporting of data. In addition, 
insecticide resistance is rarely monitored consistently over time. 
In many cases, monitoring is conducted ad hoc or reactively in 
response to signs of insecticide resistance, rather than as part of 
routine surveillance. These problems result in limited time series 
data.

Testing methods. Current resistance monitoring is seldom fully 
comprehensive. Testing is often performed for a single insecticide 
class instead of all classes that are potentially usable for vector 
control. Biochemical and molecular testing are rare, even when 
warranted by bioassay results. Other testing methods and analyses 
that are critical for decision-making1 are rarely performed. 

These inadequacies have a number of causes. Firstly, routine 
monitoring of insecticide resistance is rarely built into vector 
control programmes, and monitoring of resistance has not been 
a condition for receiving funds for vector control. Even when 
funds have been allocated for resistance monitoring, they have 
often been used for other activities. Secondly, although significant 
capacity-building, often within a region, has improved the capacity 
for monitoring insecticide resistance in a number of countries2 
(see section 2.2.2), others still have limited local entomological, 
epidemiological, statistical and information technology capacity. 
The available capacity is often in research institutes rather than 
in national malaria or vector control programmes. Laboratory 
equipment is often lacking or of poor quality, and the capacity 
to collect mosquitoes appropriately is limited. Clear standardized 
methods for selecting sites for monitoring insecticide resistance 
have not been available to help countries to stratify sentinel sites. 
This has made routine monitoring difficult, and many countries 
must rely on intermittent data collection by external research 
institutes. 

1	 For example, assessments of the association between hypothesized causal factors of resistance and 
measures of resistance (e.g. LLIN coverage and resistance).

2	 Notably through PMI-supported capacity-building projects and the Bill and Melinda Gates Foundation-
funded WHO project “Malaria vector control: Filling the gap between product development and 
effective delivery”, conducted in seven countries by the WHO African Region.

National and local decision-making for managing 
insecticide resistance is limited in many countries.

Achieving sound national and local decision-making for managing 
insecticide resistance is difficult in many countries. 

Availability of data. As data are often collected by academic 
institutions, they may not be shared with the country until 
publication of the findings, sometimes resulting in delays of several 
years before the national malaria control programme can access 
the information on insecticide resistance detected in the country. 
Furthermore, the limited data available are not tailored for prompt 
policy-making on resistance management strategies.

Capacity to interpret data. Many countries need better national 
entomological, epidemiological, statistical and information 
technology capacity, and external support for analysing data and 
applying the WHO guidelines for decision-making on IRM. Some 
countries do not even have a national malaria or vector control 
programme structure (vector control being integrated into other 
health offices), which often implies even more limited resources. 

Decision-making bodies. Some countries do not have well-
defined or well-functioning bodies for resistance management. 
Decision-making for IRM requires strong cross-ministerial 
coordination because of the number of national stakeholders 
involved (e.g. ministries of health, environment and agriculture).

Although regional and global initiatives to collect data 
and manage insecticide resistance exist, they have 
several limitations.

Data are currently fragmented into several databases with 
different sources, format, scope and depth. The scope of the 
available data is limited, and large amounts of information are 
probably not captured anywhere. Global databases are usually 
based on published papers, complemented by limited data 
submitted directly by users. The quality of data from unpublished 
sources is variable, and reviewing data is difficult and resource-
consuming. 

Most current databases are perceived as being tailored for 
research purposes and not for prompt national decision-
making. Many of the databases are seen as difficult to use by 
national programmes, presenting problems for downloading data 
and other issues of accessibility. Further, they are perceived as 
lacking key functionalities for advanced analysis of resistance 
mechanisms.

There has been no clear mandate for the creation of a data 
management system for monitoring insecticide resistance, and 
databases have been created with inadequate coordination among 
several stakeholders. For example, standardized indicators and 
methods are not available. 
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1.3	 �Potential effect 
of resistance on 
the burden of 
malaria

Given the worrying state of insecticide resistance, the malaria 
community must understand its potential impact on the malaria 
burden. If resistance to currently used insecticides leads to less 
effective vector control, as many experts believe, and no action 
is taken to address resistance, the global malaria burden will 
increase significantly.

The purpose of this section is to answer the question: What might 
be the impact on the numbers of malaria-related cases and deaths 
if the most commonly used insecticides were no longer usable for 
malaria control and no other vector control measures were put in 
place? As with all models, the estimates should be interpreted with 
caution as there is a high degree of uncertainty in the numbers 
upon which the estimates are based.

What has been modelled?

•	 Insecticides. The model assesses the impact of 
widespread failure of pyrethroids.1

•	 Geographical scope. The scope of the model is limited 
to the WHO African Region because of the availability of 
information and because of the high proportion of global 
malaria-related deaths in the Region. The evolution of 
insecticide resistance in other malarious regions of the 
world would have similar devastating consequences.

•	 Interventions. The current model takes into account the 
vector control interventions used in each country (LLINs 
or IRS) as reported by WHO in the World Malaria Report 
2010 (31). In order to assess the consequences for the 
malaria burden of no modification to countries’ current 
vector control practices to manage insecticide resistance, 
the model assumes that each country would maintain the 
interventions they have today, even if pyrethroids failed.

1	 Failure of other currently available insecticides would also be a major threat to malaria control; 
however, additional scenarios are needed of the consequence of failure of other classes of 
insecticides.

If universal coverage is achieved, the failure of 
pyrethroids could result in about 259  000 additional 
deaths among children in the WHO African Region every 
year.

•	 With current levels of LLIN and IRS coverage, 
approximately 217 000 deaths among children under 5 
are estimated to be averted each year in the WHO African 
Region due to vector control. The model suggests that, 
if pyrethroids failed, about 56% of the benefits resulting 
from vector control would be lost, resulting in about 
120 000 deaths among children under 5 that would not 
be averted (Figure 15).

•	 With universal LLIN and IRS coverage, about 417 000 
malaria-related child deaths would be averted due to 
vector control each year. If pyrethroids failed, the model 
suggests that about 259 000 deaths would no longer be 
averted each year. 

The model shows a similar impact of insecticide resistance on 
the number of malaria cases: about 50% of the benefits of vector 
control would be lost, resulting in 26 million not averted cases with 
current vector control coverage and 55 million not averted cases 
when universal coverage is reached.

See Annex 8 for more details on the hypotheses, sources and 
sensitivity analyses of this model.
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Figure 15: �Impact of insecticide resistance on malaria-related deaths among children under 5 years of age in the WHO African 
Region
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Impact of additional cases on case management costs. The 
rise in malaria cases due to resistance to pyrethroids would lead 
to a considerable increase in diagnostic and treatment costs. At 
current coverage levels with vector control interventions, testing 
and treating all the additional cases would increase the cost of 
drugs and diagnosis by US$ 30–60 million. If universal coverage 
with vector control had been achieved, the cost increase would be 
US$ 60–130 million.1

1	 Assuming that the cost for treatment with an artemisinin-based combination therapy is US$ 0.50 
for 0–4-year-olds, US$ 1.20 for 5–14-year-olds and US$ 1.90 for adults, and the cost of a rapid 
diagnostic test is US$ 0.80 (fully loaded costs, including freight, delivery etc.)

Secondary costs linked to insecticide resistance. Insecticide 
resistance will not only increase the malaria burden and the 
case management costs, but could also have secondary effects. 
Continued pressure by currently used insecticides could affect 
the control of vectors other than those of malaria, and therefore 
increase the prevalence of other vector-borne diseases. In 
addition, the increase in malaria cases would result in a greater 
demand for antimalarial drugs, which could increase the level 
of drug resistance. These additional costs could have a negative 
impact on the gross domestic product of the affected countries.
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1.4	 �Available 
STRATEGIES 
FOR managing 
resistance

1.4.1 Objective of IRM

IRM strategies are intended to maintain the effectiveness of vector 
control, despite the threat of resistance. 

Resistance management is not a novel concept. IRM 
strategies have been used in agriculture and to address some public 
health situations over the past century (2). Several strategies have 
been used or proposed for managing resistance to insecticides 
for vector control, including rotations of insecticides, combination 
of interventions, mosaic spraying and use of mixtures1. In certain 
settings, non-insecticidal tools, such as non-insecticide-based 
larviciding and environmental management, can also be used 
to reduce the overall mosquito population and limit the number 
and size of breeding sites without selecting for resistance (2). 
Integrated vector management, by reducing reliance on chemical 
control, can also be considered a means of IRM.

1.4.2 Available STRATEGIES based on LLINs and IRS 

Current strategies for IRM are based primarily on indoor residual 
spraying; IRM strategies for LLINs are still limited and need to be 
further developed.

As stated above, the four main IRM strategies for malaria control 
(2) are: 

•	 Rotations of insecticides. Two, or preferably more, 
insecticides with different modes of action are rotated 
from one year to the next;

•	 Combination of interventions. Two or more insecticide-
based vector control interventions are used in a house 
(e.g. pyrethroids on nets and an insecticide of a different 
class on the walls), so that the same insect is likely, but 
not guaranteed, to come into contact with the second 
insecticide if it survives exposure to the first; 

1	  When they become available.

•	 Mosaic spraying. One compound is used in one 
geographic area and a different compound in neighbouring 
areas, the two being in different insecticide classes; 
further research is required on the use of mosaics;

•	 Mixtures. Two or more compounds of different insecticide 
classes are mixed to make a single product or formulation, 
so that the mosquito is guaranteed to come into contact 
with the two classes at the same time. Mixtures are not 
currently available for malaria vector control, but will 
become the future of IRM once they are available. 

In addition, synergists, which can considerably enhance the 
potency of an insecticide and could be used in combinations or 
mixtures, should continue to be investigated and rigorously tested 
for their usefulness in IRM. 

For IRS, three of the four suggested IRM strategies are currently 
available (Figure 16). Mixtures are not on the market but could be 
developed in the short term.

For LLINs, IRM strategies are currently more limited, with 
combinations of LLINs and IRS being the only current option. 
Individual nets with panels treated with alternative insecticides 
or with mixtures of insecticides could be developed, but, because 
pyrethroids are the only insecticide class used on currently available 
LLINs, an insecticide class other than pyrethroids would have to 
become available for use on nets. This is being investigated. 
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Figure 16: �Potential applications of insecticide resistance management strategies for indoor residual spraying (IRS) and long-
lasting insecticidal nets (LLINs)

Potential strategy Use for IRS? Use for LLINs?

Rotations

Combination

Mosaics

Mixtures

    Currently available

   Products that could be developed

 

Mosaics, use of alternative insecticides in different geographical areas

Although there are limited options for IRM with LLINs, they may 
retain an effect despite increased resistance to pyrethroids. Firstly, 
nets provide a physical barrier against biting by mosquitoes as 
long as they are intact (2). Secondly, in most vector species,1 
resistance to pyrethroids does not completely reduce the effect 
of the insecticide. It has also been observed that the irritancy of 
pyrethroids (‘hyperexcitatory response’) may reduce mosquito 
blood-feeding or encourage diversion to other hosts by certain 
vector species that do not feed exclusively on human hosts. This 
effect can vary, however, by species and geographical location.

Impact on resistant populations.

IRM strategies can have different effects on resistant vector 
populations. 

Reduce the proportion of resistance (or delay the 
emergence of resistance) by removing selection pressure. 
This strategy is based on the assumption that owing to the ‘fitness 
cost’ (see section 1.2), resistance genes will recede from a vector 
population if selection pressure is removed. The strategy involves 
reducing the selection pressure, for example by rotations of 
different classes of insecticide and mosaic applications (the spatial 
reduction of use). These strategies aim to encourage or preserve 
susceptibility.

1	 This effect appears to vary by species and geographical area. For example, it does not apply to An. 
funestus in South Africa.

Continue to kill resistant vectors. This strategy is based on the 
assumption that if vectors are exposed simultaneously to multiple 
insecticides and are not killed by the insecticide to which they are 
resistant, they will be killed by the alternative insecticide. Currently, 
combination strategies use this approach, as will mixtures once 
they become available. This strategy aims to manage resistance 
by killing or reducing the proportion of resistance carriers by the 
simultaneous or near simultaneous use of alternative classes of 
insecticides. 

See Annex 9 for more detailed descriptions of each IRM strategy, 
including considerations for implementation and associated costs.
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1.4.3 Successful implementation of IRM strategies 

A number of experiences in agriculture and in the public health 
sector have shown IRM strategies to be successful in mitigating 
resistance and prolonging the efficacy of insect control tools.

Case study 1. The Onchocerciasis Control Programme

Context

A pertinent example of successful IRM in the public health sector 
is the Onchocerciasis Control Programme in West Africa. Before 
the development of ivermectin, control of onchocerciasis (river 
blindness) in West Africa depended completely on vector control 
(32). The Onchocerciasis Control Programme was launched in 
1975 in 11 West African countries, and weekly aerial spraying of 
organophosphates onto the breeding sites of black flies began. 
Five years later, resistance of black flies to organophosphates 
was detected (33).

Action

Shortly afterwards, the Programme adopted rotational use of 
three chemical insecticide classes and one biological insecticide 
to counteract the resistance. The insecticides were chosen 
after careful data analysis: technicians evaluated the impact 
of insecticide spraying in each locality weekly, and the most 
appropriate insecticide for each riverside was then selected 
on the basis of the resistance profile, cost-effectiveness and 
ecological criteria (33).

Results

The Programme achieved full-scale rotations by the mid-1980s, 
which considerably reduced organophosphate resistance. It has 
been possible to reintroduce organophosphates in 90% of the 
Programme area in rotation with other insecticides, and the 
susceptibility of the black fly population to the other insecticide 
classes remained unchanged (32).

Lessons learnt

Firstly, large-scale IRM can be successful in reducing resistance; 
the Programme preserved the effectiveness of organophosphates 
over a large region and extended the lifespan of the vector 
control programme. It also showed, however, that it is almost 
impossible to return to a complete absence of resistant genes in 
a population. The aim of resistance management is to maintain 
the frequencies of resistant genes within the limits in which an 
insecticide is still effective. Secondly, early intervention with 
centralized, coordinated action is crucial; the IRM strategy was 
begun as soon as resistance was identified and quickly scaled up 
to cover the entire Programme area. 

Case study 2. European pollen beetle control

Context

Another relevant example of IRM is in the European agricultural 
sector, in which IRM was recently used to sustain the control of 
the pollen beetle. The pollen beetle is a crop pest that attacks 
winter and spring oilseed rape (34). As there are no targeted 
pesticides to control it, most farmers used pyrethroids to 
control the beetle in the 1990s. The development of resistance 
was rapid; first detected in 1999 in France, resistant beetles 
destroyed or damaged about 230 000 ha of crops in Germany in 
2006. By 2010, resistance was found in all rape-growing regions 
(34). Resistance led to a 40–100% reduction in the performance 
of pyrethroids against the pollen beetle in the field (35).

Action

To counteract the increased resistance, the Insecticide 
Resistance Action Committee brought together private sector 
and independent researchers to monitor and manage its spread. 
Within this initiative, a working group identified a set of effective 
insecticides with different modes of action (neonicotinoids, 
organophosphates, indoxacarb and pymetrozine) and created a 
‘decision management tree’ to ensure proper administration of 
‘the right insecticide at the right time’ (36).

Results

The basis of the action plan is that adherence to an insecticide 
management plan with use of non-pyrethroids will slow the 
development of resistance to pyrethroids and allow time for the 
development of new modes of action. The goal is to ensure that 
susceptibility to pyrethroids remains constant or increases (36).

Lessons learnt

To ensure the success of IRM strategies in a situation of 
widespread resistance, rapid, coordinated action involving the 
public and the private sector is needed. A clear action plan 
will mobilize and synchronize efforts throughout the region and 
among stakeholders, while providing assurance to affected 
communities. In addition, the use of all available insecticides—
both those used in the past and compounds used in other 
sectors—can allow time for the development of insecticides with 
new modes of action. 
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PART 2 	

COLLECTIVE STRATEGY 
AGAINST INSECTICIDE 
RESISTANCE
2.1	 ��Overall malaria 

community 
strategy

2.1.1 Introduction to recommendations

Long-term goal and near-term objective.

Long-term goal.

The long-term goal of the malaria community is to maintain 
the effectiveness of malaria vector control. The susceptibility of 
malaria vectors to the insecticides used in vector control is a 
global public health good which must be preserved and which is 
essential for reaching the targets for reducing the malaria burden.1 
It is our collective responsibility to act immediately in a coordinated 
manner against insecticide resistance in order to maximize the 
effective lifespan of current and future malaria control tools. The 
strategy proposed in the Global Plan for Insecticide Resistance 
Management in malaria vectors goes beyond the currently 
available insecticides and lays the foundation of sound IRM 
practices beyond the ‘pyrethroid era’.

Near-term objective.

Given the limited number of alternatives to pyrethroids and the 
current situation of resistance, it will not be possible to maintain 
susceptibility to pyrethroids forever; therefore, in the near term, all 
efforts should be focused on preserving the susceptibility of major 
malaria vectors to pyrethroids and other classes of insecticides, at 
least until new insecticides have become available for wide-scale 
vector control.

1	 These targets are both the malaria Millennium Development Goal (to reach a situation in which 
malaria is no longer a major cause of mortality and no longer a barrier to social and economic 
development and growth anywhere in the world) and the Global Malaria Action Plan targets for 2015 
and beyond (to achieve universal coverage and near-zero global and national mortality related to 
malaria). 

Achieving this near-term objective will be subject to several 
requirements. Firstly, IRM strategies should not prevent the 
implementation and scaling up of vector control; instead, they 
should support plans for increasing coverage with vector control. 
Secondly, resistance must be integrated into the cost-effectiveness 
equation that forms the basis for deciding on vector control 
interventions at all levels. Thirdly, sustaining the susceptibility 
of vectors to insecticides will require routine monitoring of the 
effectiveness of IRM and vector control programmes. It will also 
be important to monitor potential threats and consider ways to 
mitigate them. Fourth, success will depend on securing sufficient 
funding for capacity-building and implementation of IRM strategies. 
Finally, developing an adequate range of new insecticide classes 
will require accelerating the research and development of new 
products and active ingredients.

Three overarching principles of the GPIRM.

IRM will be country-driven, with inter-country, regional and 
global coordination. As for all vector control programmes, the 
main decisions in IRM will be taken by countries.2 All countries 
should understand that susceptibility to insecticides is a shared 
finite resource; it is a kind of international public health good that 
is exhaustible. Countries must recognize their shared responsibility 
for preserving this resource for as long as possible. This means 
that each country must take responsibility for assessing the 
status of insecticide resistance within its borders and prepare 
appropriate management strategies. It is recognized that capacity 
and expertise are constrained at country level and therefore 
that considerable external support will be required. Inter-country 
coordination is crucial to the success of IRM strategies, both in 
terms of information sharing and planning at the subregional 
level. Poor cooperation between neighbouring countries could 
undermine collective efforts, as insecticide resistance does not 
respect country boundaries. Support for regional and subregional 
coordination will be important to ensure such cooperation. 

2	 At national or in some cases district (or equivalent) level.
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Every country should have a strategy, even though there 
are other immediate priorities in a resource-constrained 
environment. Every country is important to the success of 
the global strategy: each should perform a situation analysis 
of insecticide resistance to assess the threat and define an 
appropriate IRM strategy. The strategy may be a deliberate 
decision to continue with the current vector control programme 
or may result in modification of the current programme. In the 
short term, urgent, decisive action should be taken in geographical 
areas of high priority, where there is:

•	 evidence of an increase in the number of malaria cases 
suspected to be attributable to resistance;

•	 significant resistance to pyrethroids (e.g. metabolic 
resistance, especially oxidases, or high kdr frequency);

•	 a high malaria burden and intensive use of pyrethroid-
based vector control (where control failure would have 
devastating consequences); or

•	 the status of resistance is unknown.

Pre-emptive action is required as soon as possible. IRM 
strategies should be built into every vector control programme1 
from the outset in order to minimize the evolution of resistance. 
IRM strategies should be pre-emptive rather than responsive to 
the identification of resistance, because the basic methods of 
IRM are far more effective when resistance is still rare and are 
less effective or ineffective when it has reached moderate or high 
frequency in the vector population, in particular after resistance 
has reached the tipping-point (see section 1.2.4). 

1	 Or equivalent body responsible for vector control

India: Different degrees of success in IRM depending on the 
speed of response to insecticide resistance (37)

When low levels of pyrethoid resistance were identified in An. 
culicifacies in Surat district in 2001, pyrethroids were promptly 
withdrawn from IRS in the villages in 2002. This withdrawal 
of selection pressure, while resistance was still at a low 
frequency, resulted in reversal of resistance within 2–3 years 
(to 98% susceptibility).

In contrast, resistance to DDT and malathion persist in Surat, 
despite withdrawal of these insecticides from IRS for 30 and 
9 years, respectively. Delayed action after the identification 
of resistance (for example, resistance to malathion was first 
reported in 1973 but its use continued until the 1990s) meant 
that resistance genes became stable in the vector population. 
Reversal of resistance to DDT and malathion now appears 
impossible. 
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Overview of the strategy against insecticide resistance.

Figure 17: Five pillars of the Global Plan for Insecticide Resistance Management in malaria vectors
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Plan and implement insecticide resistance management strategies in malaria-endemic countries. 

Ensure proper, timely entomological and resistance monitoring and effective data management. 

Develop new, innovative vector control tools. 

Ensure that enabling mechanisms (advocacy, human and �nancial resources) are in place.  

Fill gaps in knowledge on mechanisms of insecticide resistance and the impact of current insecticide
resistance management strategies.

The GPIRM strategy has five pillars (see Figure 17): designing a 
resistance management strategy; preparing monitoring plans; 
developing new vector control tools; continuing research into 
insecticide resistance; and ensuring that the appropriate enabling 
mechanisms are in place to implement the strategy. These five 
elements have different priorities, in the short-term (~3 years), 
medium term (3–10 years) and long term (≥ 10 years), and are 
described below. 

The framework sets out the activities required from the malaria 
community as a whole, including national malaria control 
programmes, country partners, WHO, research institutions, donors 
and other multilateral organizations. The implications and roles of 
each stakeholder group are explained in section 4.1. Given the 
complexity of insecticide resistance, a combined effort will be 
needed to successfully implement the strategy.

Provide advisory services to countries on IRM strategies. 

National malaria control programmes, in line with WHO 
recommendations, should develop capacity in a variety of fields 
(including entomology, statistics and epidemiology) in order 
to analyse data on insecticide resistance and make decisions 
on IRM. Given the complexity of resistance and the need for 
specialized understanding of a wide range of cases, advisory 
services should be available to help countries in reviewing and 
interpreting entomological and epidemiological data, and linking 
the results of the analysis with the latest scientific knowledge on 
insecticide resistance, including from other countries and regions. 
In addition, advice should be available on the choice of vector 
control interventions and appropriate IRM strategies on the basis 
of a review of the data. 

Giving technical advice is one of WHO’s core functions. It can 
be delivered at the global, regional and country levels of the 
WHO system. Countries are encouraged to ask WHO for advice 
in engaging the expertise of partners, for both malaria vector 
control generally and insecticide resistance specifically. However, 
it is important that there be sufficient capacity and an appropriate 
platform at national level through which expert input can be 
channelled. 

Advice can also be sought from other partners with entomological 
and insecticide resistance expertise, such as experts in the 
agricultural sector and in other public health sectors. WHO can 
facilitate coordination with these experts at global, regional and 
country levels. 

Review and analyse new research and scientific 
knowledge on insecticide resistance and update WHO 
policies accordingly. 

Decision-making in insecticide resistance in malaria vector control 
must be based on the latest scientific developments. Therefore, 
WHO should convene relevant experts to review new science on 
insecticide resistance, including: evidence on subregional and 
regional trends in the spread of resistance in locally important 
vector species; new knowledge on resistance mechanisms; the 
impact of resistance on malaria control; and new evidence on IRM 
methods. The group would prepare an annual situation update on 
insecticide resistance in which recommendations would be revised 
on the basis of the latest scientific information on the effectiveness 
of strategies and products. Epidemiological information should 
also be available to allow the group to understand the malaria 
situation as a whole. 
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2.2	 Country activities

Overview of recommendations at country level (pillars I 
and II of the GPIRM strategy). 

Figure 18: Recommendations at country level: two parallel activities
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Plan and implement IRM strategies. The first element of 
these parallel efforts is for countries to identify how to modify 
their current vector control programmes to address insecticide 
resistance (see section 2.2.1). The starting point is to establish 
and analyse the current situation of insecticide resistance. This will 
require comprehensive collection of the available data, including 
information from neighbouring countries. To fill any gaps in the 
data, additional susceptibility tests will be necessary in most 
countries to identify the state of resistance.1

The next step is to design a national IRM strategy, on the basis 
of analysis and interpretation of the data. Support from national, 
regional and global experts should be sought, as required. Current 
vector control plans should then be modified to incorporate the 
strategy.

Ensure proper, timely monitoring and data management. 
The second element to be implemented at country level is to 
increase monitoring (see section 2.2.2). For this, countries should 
undertake two activities simultaneously: design a monitoring 
plan, which should include entomological monitoring, monitoring 

1	 Unless there are comprehensive recent data (within the past 12 months) on insecticide resistance and 
on the resistance mechanisms at an appropriate number of sentinel sites.

insecticide resistance, and monitoring the quality of vector control 
interventions; and, particularly in sub-Saharan Africa, build 
capacity and expertise in handling and interpreting entomological 
and resistance data. This includes the design of routine data 
collection, hypothesis generation and situation analysis, as well as 
practical skills for sampling mosquitoes in the field by a variety of 
methods. 

Countries should not wait until they have established monitoring 
capacity before analysing their resistance situation and taking 
action. Capacity-building will take time and investment, possibly 
over several years in some countries. In the meantime, countries 
should quickly identify their resistance situation, use support 
networks and institutions for technical advice and capacity, as 
required, and adjust their vector control programmes accordingly. 

Ongoing implementation (orange boxes in Figure 18). In 
the longer term, implementation and updating of vector control 
programmes and monitoring should be closely aligned and based 
on new information. Groups monitoring insecticide resistance must 
ensure consistent, timely sharing of data, especially at subregional 
level and across sectors. Local and global insecticide resistance 
databases should be set up and the new information added.
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2.2.1 �Pillar I. Plan and implement insecticide 
resistance management strategies in 
malaria-endemic countries.

Step 1. Establish baseline, and conduct situation 
analysis of insecticide resistance.

Data to be gathered on the basis of country stratification.

In deciding which malaria vector control measures are appropriate 
in different areas, most malaria-endemic countries have set up 

a system of eco-epidemiological stratification to divide a country 
into a few zones that are functionally different for vector control 
purposes. For this purpose, WHO recommends that a range of 
factors be considered, including eco-climatic zones, demographic 
zones, local malaria patterns (such as endemicity, interactions 
with agriculture, altitude), vector species and accessibility (38). An 
example is given in Figure 19.

Figure 19: Eco-epidemiological stratification of Nigeria for vector control
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Mosquitoes were collected from localities in five ecological zones.

�In some countries, the current system of stratification might have to 
be refined to ensure that it is appropriate for insecticide resistance 
and takes into account known variations in susceptibility, even 
within a previously defined eco-epidemiological setting. Additional 
factors that should be considered with regard to stratification 
for resistance monitoring include: the history of insecticide use 
in different areas (for both public health and agriculture); the 
distribution of vector species; and the results of susceptibility tests 
(40). Existing strata may have to be subdivided into susceptible 
and resistant areas. 

Within these strata, there must be sufficient numbers of sentinel 
sites. The WHO Regional Office for Africa (40) and PMI (14) have 
proposed, as an approximate guide, that there should be at least 
one sentinel site per every 500 000 nets distributed or 200 000 
houses sprayed. This is equivalent to about one site per 1 million 
people protected, although the exact number would depend on the 

country. There might, however, be large variations in resistance 
frequency within small areas, which must not be ignored in 
planning and implementing IRM. Priority sites should therefore be 
those in which the threat of resistance appears to be greatest, 
for example, those with the greatest malaria burden and where 
insecticides are used in large quantities for both public health 
and agriculture. In addition, if there is a newly identified focus of 
resistance in a vector population, a further detailed study should 
be conducted in the area to establish the geographical extent of 
resistance. 

Data for IRM decisions should cover the broad context of resistance.

In collecting data as background for decision-making on IRM, both 
susceptibility data and factors that relate to the broader resistance 
context should be reviewed, as detailed below. 
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Data on susceptibility should be recent (within the past 12 months).

Data on susceptibility from appropriate sentinel sites are of 
paramount importance. Depending on whether a country has 
recently (within the past 12 months) carried out comprehensive 
susceptibility testing, this will involve consolidation of existing data 
or collection of new data. If resistance has been identified, further 
testing should be conducted to identify the mechanisms,1 which 
provide some indication of severity (see section 1.2.1). 

Background information to be taken into account in assessing the 
significance and implications of insecticide resistance (41).

•	 Factors related to the evolution of resistance: In 
assessing information on insecticide resistance, the 
factors considered should include vector species 
(major malaria vectors and their typical behaviour) and 
insecticide pressure (presence of other possible causes 
of selection pressure, such as agriculture). In order to 
further understand the potential threat of resistance, 
consideration must also be given to the status and trends 
of resistance in neighbouring countries, the resistance 
genes identified, and the patterns of cross-resistance 
(on the basis of the observed or expected resistance 
mechanism). This information should provide a good 
understanding of the potential resistance to be mitigated. 

•	 Information on operational factors: Of particular importance 
are the intensity, quality and completeness of vector 
control (whether interventions have been implemented 
correctly, with sufficient follow-up), the length of the 
malaria transmission season and which areas are sprayed 
at different times. A good operational indicator of possible 
resistance is the presence of surviving mosquitoes in 
properly treated houses.

•	 Epidemiological information: The ability to detect promptly 
an increase in malaria cases is important. Consideration 
should be given to the capacity of the local health system 
to detect an upsurge of malaria cases. While an increase 
might occur for many reasons, insecticide resistance 
should always be considered a potential cause, especially 
in Africa. If high levels of resistance are identified in areas 
with a surge in malaria cases, immediate action should 
be taken, in line with the recommendations set out later 
in this section. In addition, consideration should be given 
to the severity of the probable consequences of vector 
control failure. For example, if the area is one in which 
transmission is naturally intense but has been suppressed 
to low levels for several years, the local population might 
have lost much of its immunity; therefore, control failure 
could lead to a severe epidemic, with substantial loss of 
life. 

1	 According to the Test procedures for insecticide resistance monitoring in malaria vector mosquitoes (29).

The initial analysis should be based on existing information.

Up-to-date information on vector susceptibility status is essential 
for preparing an IRM strategy. Most national malaria control 
programmes will have – or have access to – at least some 
knowledge about each of the factors mentioned above. The 
probable exception is data on resistance elsewhere in the region, 
which should be available through subregional channels. Even 
with information gaps, programmes will already have sufficient 
knowledge to start planning IRM. At the same time, gaps in 
knowledge on contextual factors can be identified and plans made 
to fill the gaps. 

Initial collection of baseline data should be completed as quickly 
as possible. Although a comprehensive plan for monitoring 
insecticide resistance is essential, this will take longer to establish 
and implement. What is needed immediately is an overview of the 
current situation. 
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Step 2: Design an IRM strategy.

Principles for an IRM strategy.

In 2010, WHO convened a group of malaria experts to define the 
technical principles for addressing insecticide resistance (2). The 
report contains the proposed initial policy framework, of which the 
GPIRM is the continuation. That document set out the technical 
principles upon which the action plan is based. Like all technical 
aspects of malaria control, insecticide resistance policies must be 
continuously updated to include new information, new tools and 
new recommendations when appropriate. 

The main messages of the document are:

•	 Insecticides should be used with care and deliberation in 
order to reduce unnecessary selection pressure. Countries 
should consider whether they are using insecticides 
judiciously, carefully and with discrimination, and if there 
is a clear epidemiological benefit.

•	 Vector control programmes should avoid using a single 
class of insecticide everywhere and every year; instead, 
they should use rotations, mosaics, combinations of 
interventions, and mixtures (when they become available).

•	 Wherever possible, vector control programmes should 
diversify from pyrethroids in order to preserve their 
effectiveness. Although pyrethroids will continue to be 
used for LLINs in the near term, they should not generally 
be used for IRS where there is high LLIN coverage.

•	 IRM principles and methods should be incorporated into 
all vector control programmes, not as an option, but as a 
core component of programme design. 

•	 The agricultural sector should try to avoid using classes 
of insecticide that are widely used for public health and 
should collaborate with vector control authorities in an 
intersectoral approach.

•	 Routine monitoring of insecticide resistance is essential to 
sustain the effectiveness of vector control interventions.

•	 The short-term additional costs of IRM should be balanced 
against the potential long-term public health impact and 
potential costs of insecticide resistance.

IRM is essential not only for malaria control but also for 
elimination. Managing insecticide resistance is essential in 
countries in which malaria is controlled (scaling-up or sustained 
control). IRM should nevertheless continue to be incorporated 
into every vector control programme, even in countries in pre-
elimination and elimination phases, which may use vector control 
more focally. All malaria control and elimination programmes 
should recognize the threat of resistance and implement strategies 
to delay its emergence and spread. In the event of a malaria 
outbreak at any phase of a vector control programme, data on 
resistance should be part of the outbreak response plan. 

IRM strategies should be adapted locally. IRM 
recommendations apply to all areas in which malaria vector 
control is based on the use of insecticides. They should, however, 
be adapted to local circumstances. One of the strengths of LLINs 
and IRS in comparison with other vector control tools is their 
suitability for scaling-up to universal coverage in different eco-
epidemiological settings. Insecticide resistance will ‘change the 
rules of the game’: delaying resistance but continuing to have 
cost-effective interventions will require solutions that are more 
local and depend on interpretation and use of local data.

IRM strategies as part of integrated vector management. 
Resistance management strategies should be implemented in 
the broader context of integrated vector management, which is 
intended to improve the efficacy, cost-effectiveness, ecological 
soundness and sustainability of disease vector control in a multi-
disease approach. Integrated vector management is based on 
six principles: cost-effectiveness; intersectoral action; regulatory 
and operational measures; subsidiarity; decision-making, and 
sustainability. On the basis of evidence-based decision-making, 
the use of human and financial resources for the control of vector-
borne disease is rationalized, and the engagement of communities 
and other sectors is emphasized to ensure sustainability. Although 
the focus of the GPIRM is malaria vector control, strategies for 
managing resistance in malaria vectors may have implications 
for other vector-borne diseases, and these interactions should be 
reviewed at country level. This will be particularly important in Latin 
America and Asia, where malaria is a secondary priority; therefore, 
IRM strategies for malaria vectors should support vector control 
for other diseases, such as dengue. As the control of other vector-
borne diseases is the remit of other sectors, national mechanisms 
for intersectoral coordination should be strengthened.
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Recommendations for an IRM strategy in various eco-
epidemiological settings

The strategies for specific geographical areas depend on the 
vector control interventions already in use, the state of resistance 
and the epidemiological context. 

Ultimately, new active ingredients are needed for both LLINs and 
IRS in order to manage insecticide resistance in the medium 
to longer term. This is of particular importance for LLINs. 
As soon as they become available, nets with non-pyrethroid 
active ingredients should be used (if possible, such new active 
ingredients could be used in a mixture with a pyrethroid) to delay 
the spread of resistance to the new insecticide. 

In the meantime, the GPIRM presents the framework for a 
pragmatic approach to managing insecticide resistance with the 
tools that are currently available. For IRS, the recommendation 
is for pre-emptive and responsive use of rotations. For LLINs, 
the options are more limited, and IRM strategies will require 
consideration case by case. Where warranted and operationally 
feasible, countries should introduce focal IRS in resistance ‘hot 
spots’ where LLINs are the currently employed vector control 
method. 

The detailed recommendations for various settings are presented 
in Part 3, Technical recommendations for countries.

Step 3. Modify the vector control plan.

Many elements of current vector control plans will have to be 
updated to incorporate an IRM strategy. The main elements to be 
revised are described below. 

Overall implementation planning.

•	 Support required: Identify the resources and capabilities 
required to implement IRM strategies.

•	 Detailed workplan: Define a detailed workplan at the 
appropriate administrative level to implement the strategy, 
and communicate the workplan to local authorities.

•	 Risks and mitigation: Identify the risks to implementing the 
strategy effectively, and consider ways to mitigate them.

Specific operational elements.

•	 Training: Identify the areas in which staff will have to be 
trained, such as for collecting mosquitoes, conducting 
susceptibility tests, delivering vector control with new 
insecticides and maintaining equipment.

•	 Procurement: Work with suppliers procuring new 
insecticides. For IRS, the timing of procurement is 
particularly important. Bottlenecks can mean that IRS is 
started too late to interrupt transmission. 

•	 Regulatory pressures: Identify which additional 
insecticides should be registered in the country, even as a 
precautionary measure, and identify the necessary steps 
in authorization, including an environmental assessment. 
This usually takes a long time, so it is important to start 
early.

Funding.

•	 Budget and funding: Update the budget for malaria and 
vector control to incorporate the costs of the IRM strategy, 
and identify potential sources of additional funding, 
including government, donors and reallocation in the 
current malaria budget.

2.2.2 �Pillar II. Ensure proper, timely entomological 
and resistance monitoring and effective data 
management

Monitoring insecticide resistance has been limited in most 
countries. As a result, they have had incomplete information on 
the significance of the threat of resistance. This has affected their 
ability to manage insecticide resistance.

IRM should be seen in the context of integrated vector 
management and be part of the coordinated vector surveillance 
system. As stated in section 1.2.5, countries must address their 
monitoring inadequacies and ensure proper, timely entomological 
and resistance monitoring, as well as effective data management. 
Four recommendations are given below for establishing effective 
monitoring of insecticide resistance (Figure 20):

•	 Design a resistance monitoring plan;

•	 Build and maintain capacity to collect and interpret data 
on resistance;

•	 Interpret the data to make decisions at country level;

•	 Aggregate the data to guide global action.
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Figure 20: Recommendations for monitoring resistance to insecticides

Design plan for monitoring resistance
Build and maintain capacity to collect 

and interpret data on resistance
Interpret data to make decisions at 

country level
Aggregate data to provide global 

direction

•	All countries should have a 
plan for routine entomological 
surveillance and monitoring of 
insecticide resistance. The plan 
should also take account of 
monitoring quality, effectiveness of 
interventions and coverage.

•	Funding of large-scale vector 
control should be conditional on 
development and implementation 
of an adequate entomological and 
insecticide resistance monitoring 
plan

•	The national malaria control 
programme or an equivalent 
office should be responsible for 
collecting data.

•	National capacity in entomology, 
epidemiology, statistics and 
information technology should 
be increased for efficient 
data collection and correct 
interpretation of data.

•	Capacity for field and laboratory 
testing should be improved. 
Each country should have at least 
one senior entomologist and field 
staff for collecting mosquitoes.

•	Data on all insecticide classes that 
might be used for malaria control 
should be collected regularly at a 
representative number of sentinel 
sites and according to WHO 
guidelines.

•	Data should be sent rapidly 
to national malaria control 
programmes to allow proper 
decision-making.

•	Countries should have a 
functioning decision-making 
body for insecticide resistance 
management.

•	On the basis of the available 
data, countries should follow 
WHO guidelines on insecticide 
resistance management for 
malaria.

•	National malaria and vector 
control programmes should 
have access to technical support 
(from WHO and partners) for 
interpretation and decision-
making.

•	When possible, data on resistance 
should be compared with 
epidemiological data.

•	An aggregated global database 
should be built to provide global 
direction. 
The data should be available to all 
stakeholders.

•	WHO should manage the database 
on behalf of malaria-endemic 
countries, although the database 
could be housed by another 
operator (e.g. an academic 
institution).

•	Data should be added frequently 
(< 3 months after collection). 
Respect for confidentiality will 
facilitate data input.

A B C D

A.  �Design a resistance monitoring plan.

Each country should design a comprehensive annual plan, 
including a budget, for routine monitoring of entomological 
parameters, including insecticide resistance and the quality of 
vector control interventions. The plan should be prepared in the 
context of the overall annual malaria operational plan.

Not only entomological data but also the quality of interventions 
should be monitored.

The first step in achieving effective vector control is to ensure the 
quality of the interventions. Therefore, the quality of interventions 
must be included in the monitoring plan, with entomological 
monitoring and monitoring of insecticide resistance. Many 
countries have problems with bednets (e.g. due to weak fabrics 
that quickly develop holes) and low residual efficacy of insecticides 
due to substandard or counterfeit products or to the quality 

of spraying operations (e.g. inadequate spray quality or the 
washing, replastering or painting of sprayed walls by inhabitants). 
These factors may eventually result in control failure if quality 
is not systematically monitored and followed up. With regard to 
substandard vector control products (LLINs and insecticides), 
independent quality control should be requested during 
procurement. 

The monitoring plan will depend on the country situation.

The exact format of the plan will depend on the country situation, 
but routine entomological and insecticide resistance surveillance 
and monitoring the quality of interventions should be covered. 
Figure 21 is an illustrative checklist of features to be included 
in monitoring insecticide resistance plans. The plan is for data 
collection and focuses on entomological and resistance indicators. 
For decision-making, a larger data set, including epidemiology 
data, will be needed.
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Figure 21: Features that could be included in insecticide resistance monitoring plans 

Context
Vector control and insecticide resistance in the country (including overview of available data); inventory of pesticide 
use in agriculture and public health

Current capability
Assessment of current insecticide resistance monitoring capability in country (people with capacity in entomology, 
epidemiology, statistics and information technology, field collection, laboratory work, transport, test equipment, 
insectaries, collaborating research institutes)

Choice of sentinel sites Criteria used for stratification and for choice of sentinel sites; GPS coordinates of sentinel sites

Ke
y 

ac
tiv

iti
es

Entomological
monitoring

Basic entomological monitoring: vector species, 
distribution, seasonality, behaviour

Detailed plan of type and frequency of 
monitoring to be undertaken, including 
method and reporting time frame

Insecticide
resistance
monitoring

Insecticide resistance monitoring: insect susceptibility, 
resistance mechanisms

Quality of
interventions
and coverage

Operational quality of and coverage rates for indoor 
residual spraying and insecticide-treated nets, e.g. decay 
rates after spraying to assess performance

Monitoring
insecticide use Insecticide use: inventory and disposal

Capacity-building Detailed plan for capacity-building

Data interpretation Plan for data interpretation and analysis

Budget and resources Detailed budget of activities and plan for resource mobilization (human, financial, infrastructure)

Dissemination and
reporting

Data dissemination plan (e.g. summaries, newsletters, graphs, maps)
Data reporting among districts, provinces, national programme, regional network

Decision-making
Plan for incorporation of monitoring results into decision-making (strategy to be adjusted on the basis of data 
collected) and inter-sectoral coordination, including decision bodies.

Funding of vector control programme should include or 
be conditional on an entomological monitoring plan.

From the WHO Global Malaria Programme, based on reference (14), Global Fund tool for strengthening monitoring and evaluation systems and on interviews.
Other indicators should be part of a broader plan for monitoring and evaluating malaria control but will also be used for IRM decision-making.

Link vector control funding to the design and implementation of the 
monitoring insecticide resistance plan.

To ensure successful monitoring of insecticide resistance, funding 
of wide-scale vector control should be conditional on a plan for 
such monitoring.

B.  �Build and maintain national capacity to collect and 
interpret data on resistance.

Enable national malaria and vector control programmes to guide 
monitoring.

In order to ensure routine monitoring in a country, the national 
malaria and vector control programmes or the relevant national 
authority must be responsible for and guide IRM activities. 

In order to assume responsibility for monitoring insecticide 
resistance, national malaria and vector control programmes 
or another authority must acquire the capability to oversee 
data collection efficiently, including adequate entomological, 
epidemiological, statistical and information technology capability. 
For example, all programmes must have at least one chief 
entomologist and ideally one entomologist in each region or 
province of large countries. The entomologists will work with 
a team of trained technicians and auxiliary staff, who can be 
employed internally or by partners (e.g. research institutes) to 
collect data on insecticide resistance in the field.
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Examples of regional entomological capacity-building.

Entomological capacity for the collection and interpretation of data 
must be built in order for national malaria control programmes to 
take appropriate decisions on IRM. Each country has a different 
situation, which must be addressed differently. Entomological 
capacity-building has been approached in two main ways by 
countries and regions: strengthening the capacity of the national 
malaria control programme; and forming partnerships with 
academic and research institutions. Both strategies have been 
successful. Ideally, capacity should be built for entomological 
surveillance broadly; however, when such capacity is nonexistent, 
building capacity for monitoring insecticide resistance could be 
an important entry point. 

National capacity-building can be supported by regional 
coordination networks. For example, Roll Back Malaria vector 
control working groups can be used, in addition to regional and 
subregional networks. Donors can also support capacity and 
infrastructure to monitor insecticide resistance. For example, 
the PMI and the Bill and Melinda Gates Foundation (through the 
‘Filling the gap’ project as described below) support capacity-
building for monitoring insecticide resistance in several countries.

Partnerships with research institutions.

Partnerships with national research institutions can be mutually 
beneficial for developing entomological capacity. In the WHO 
African Region, each of the seven countries that are part of the 
‘Filling the gap’ project have formed partnerships with national 
research institutions. As a result the cost and logistical challenges 
of building entomological capacity were significantly reduced for 
national malaria control programmes, as the research institutions 
already had experts and facilities. This capability was supplemented 
by the procurement of adequate equipment and laboratory supplies 
for molecular differentiation of vector species, identification of 
insecticide resistance mechanisms and testing tools. 

Strengthening the capacity of national malaria control 
programmes.

Although strengthening the capacity of a national malaria control 
programme requires more investment and consideration than 
partnering with research institutions, it can yield beneficial results. 

In sub-Saharan Africa, the African Network for Vector Resistance 
to Insecticides has played a role in capacity-building. It has 
prepared frameworks and protocols for resistance surveillance 
and management for its member countries and has supported 
them in collecting and publishing information on insecticide 
resistance in Africa. It has also fostered collaboration between 
control programmes and research institutes at national and 
international levels and, with WHO, has organized training in 
entomology in many countries. 

The WHO Eastern Mediterranean Region has invested heavily 
in building entomological capacity to support national malaria 

control programmes, following a Regional Committee resolution1 
to establish a Regional MSc course in entomology and vector 
control. Investment in the MSc course, established in collaboration 
with the Blue Nile Institute, Gezira University (Sudan), the London 
School of Hygiene and Tropical Medicine, the Liverpool School of 
Tropical Medicine (United Kingdom) and Witwatersrand University 
(South Africa), has produced a large cadre of vector control 
programme staff (80 people have been trained over the past 
3 years), who can be relied upon to collect and interpret data on 
resistance in their respective countries to assist decision-making 
in vector control. Similarly, in the WHO African Region, about 
300 national technicians have been trained, although to a more 
basic level than through the MSc course in the WHO Eastern 
Mediterranean Region. 

Many other training and diploma courses have been conducted 
in the WHO Eastern Mediterranean Region. In the WHO Western 
Pacific Region, training and diploma courses in integrated vector 
management have been organized for insecticide resistance 
monitoring in the context of both dengue and malaria. As 
the recommendations of the GPIRM for IRM strategies are 
implemented, capacity in entomology and vector control and its 
flexibility in all the WHO regions will be a key asset.

Example of capacity-building in Sudan (5).

Having invested in capacity-building in entomology and 
vector control, Sudan has established a strong entomological 
surveillance system. The system includes monitoring for 
insecticide resistance at 74 functional sentinel sites in 12 of 
the 15 provinces of the country once or twice a year. There 
are at least two entomologists in each province, supported 
by a core team of 14   entomologists at central level to guide 
vector control decisions. Although this capacity building required 
a significant investment, it rapidly yielded benefits. Monitoring 
revealed insecticide resistance in many provinces, leading local 
decision-makers to modify their vector control plans to introduce 
insecticide rotations to manage emerging resistance.

Key considerations in strengthening national capacity.

•	 When establishing courses, institutions must develop a 
unique curriculum, which is tailored to the needs of vector 
control programmes, and which has a practical, field-based 
component. Admission criteria should take into account 
practical experience in control programmes as well as 
academic background.

•	 Monitoring and reporting of insecticide resistance must be 
systematic and organized so that the data can be used most 
effectively (e.g. to identify ‘hot spots’ of resistance).

•	 Any capacity-building initiative should include a mechanism 
for engaging WHO and the national ministry of health in 
follow-ups with district teams to monitor progress, share 
practical experience and best practices.

1	 Fifty-second Session of the Regional Committee for the Eastern Mediterranean (2005), Resolution 
EM/RC52/R.6 on Integrated vector management
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Ensure that countries have access to all testing methods 
(susceptibility testing, biochemical assays, molecular testing). 

The different methods available for testing insecticide resistance 
(biochemical and molecular susceptibility tests) are complementary. 
Countries must have access to all these methods, with field testing 
facilities as well as basic and molecular laboratory capability at 
national and regional levels.

For routine susceptibility monitoring, data should be collected 
by trained field technicians with supervisors who hold an MSc 
degree in entomology (or equivalent). Routine testing can usually 
be performed nationally. For advanced molecular testing, countries 
can either use their own facilities, if the capability exists, or they 
can use external resources via collaboration with regional or 
subregional research institutes. 

If collection and testing capacity is built outside the national malaria 
or vector control programme, the national programme should form 
close relationships with the organizations that are conducting the 
testing and ensure frequent reporting of results (preferably fewer 
than 3 months after collection). 

Build infrastructure for all types of testing.

Infrastructure should be built within the national malaria or vector 
control programme or in national or regional research institutes 
to cover all types of testing. Field equipment (e.g. mosquito traps 
and test kits), laboratory equipment (e.g. dissection microscopes), 
insectaries, and transport are required for field sampling and 
testing, and more advanced laboratory equipment (e.g. deep 
freezers, plate readers, microcentrifuges) is needed for molecular 
or biochemical testing.

Countries should also have access to the necessary ‘consumables’. 
As significant scaling-up of monitoring is recommended and 
there are already problems with the supply of consumables, 
the production of insecticide-impregnated papers for WHO 
susceptibility tests should be significantly scaled up, and quality 
control and quality assurance of these operations should be 
strengthened.

Please refer to the WHO guidelines on Test procedures for 
insecticide resistance monitoring in malaria vector mosquitoes for 
more details (42).

C.  �Ensure correct interpretation of data and effective 
decision-making for IRM at country level.

As mentioned above, decisions on insecticide resistance are 
difficult to make in many countries because of limited resources 
for monitoring. Several measures would help to improve national 
decision-making and accelerate countries’ response capacity for 
managing insecticide resistance.

Ensure availability and timeliness of data.

Countries need good, timely data, tailored for prompt decision-
making. This should be achieved mainly by facilitating data 
collection by the national malaria control programme. A number 
of activities can persuade academic institutions to submit data to 
national malaria programmes in a timely manner. For example, 
granting the confidentiality of data submitted (e.g. by aggregating 
data before use, appointing a focal person to guide data collection 
and data sharing, and making timely data sharing a condition for 
conducting research in the country.

Build national capacity to interpret data.

Many countries need to build capacity to interpret data, including 
statistical resources and entomological and epidemiological 
expertise. Actions should be coordinated to ensure that all 
available human resource capacity is fully used.

This type of capacity has been built in a number of African countries1 
with the support of WHO, the Bill & Melinda Gates Foundation, and 
the African Network on Vector Resistance to Insecticides, in two 
targeted ways. Firstly, the countries identified all current national 
resources and, where possible, reallocated them to the national 
malaria or vector control programme or to the relevant research 
institutes. Secondly, the national programmes increased training 
and capacity-building (by technical experts, often from WHO).

Ensure that countries have access to entomological advisory 
services.

Given the complexity of insecticide resistance and its consequences, 
countries need access to technical support for interpreting data 
and taking decisions on IRM strategies. Entomological advisory 
services should therefore be available, for example, from WHO’s 
global, regional and country experts, from selected partners and 
through international collaboration.

1	 WHO project funded by the Bill and Melinda Gates Foundation, 'Filling the gap', in seven African countries 
— Cameroon, Kenya, Madagascar, Mali, Mozambique, Senegal, and the United Republic of Tanzania — 
coordinated and supported by the African Network on Vector Resistance to Insecticides.
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Establish a strong intersectoral body to decide on IRM.

Decisions on IRM affect not only the national malaria strategy but 
also insecticide registration and agricultural and environmental 
policies. To ensure effective decision-making, countries should 
have a strong intersectoral decision-making body (such as a 
technical advisory committee) for IRM. The body could include 
representatives of ministries of health, agriculture, and environment 
and experts from WHO and academic institutions, as well as other 
appropriate partners (e.g. donors, nongovernmental organizations 
and representatives of the private sector). Countries should decide 

on the most appropriate composition of the group. Most countries 
with an integrated vector management plan have an intersectoral 
coordination mechanism, which could be adapted for insecticide 
resistance decisions (Figures 22 and 23). 

Ensure international coordination and data-sharing for effective 
national decision-making.

Insecticide resistance is an international problem, necessitating 
coordination and data sharing across borders. Regional networks 
can coordinate action and resistance management across borders.

Figure 22: �A strong intersectoral steering committee for vector control used for insecticide resistance management decisions in 
Sudan

Committee objectives
The Intersectoral Steering Committee for Vector Control provides the Sudanese Government with policy and operational 
recommendations on vector control. This committee was established in the context of integrated vector management.

Membership

Broad inter-sectoral membership with national vector control stakeholders

Public
Ministry of Health (Chair)
National Vector Control Programme
Regional malaria coordinators

Ministry of Agriculture: irrigation and pesticide council
Ministry of Environment
Ministry of Industry
Higher Council for Environment and Natural Resources

Other
Research and academic institutions
WHO technical advisory staff

Other relevant external experts (e.g. experts on insecticide resistance)
invited to discuss specific topics

Meetings and decisions

The Committee has quarterly meetings to discuss and decide on vector control interventions. Full participation is the 
general rule but varies somewhat depending on the topics discussed.
Data on insecticide resistance discussed once a year in the context of decisions on a vector control strategy. Discussion on 
insecticide resistance scheduled at annual operational planning meetings to ensure sufficient time to make changes.

Lessons learnt

Data on insecticide resistance should be collected routinely and used as the basis for decisions on vector control (dis-
cussed once a year by the steering committee).
Intersectoral organization ensures involvement in and rapid implementation of decisions; e.g. a representative of the 
regulatory system can give interim approval for insecticides that are not yet registered.
The presence of relevant experts on insecticide resistance at committee meetings ensures the necessary capacity for 
sound decision-making.
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Figure 23: �A technical working group for vector control and insecticide resistance management with a public-private collaboration 
in Kenya

Group’s objectives The Technical Working Group for Vector Control takes decisions on national vector control policy and operations.

Membership

Broad intersectoral membership involves both the public and the private sector.

Public
National Malaria Control Programme (Chair),
vector control unit within National Malaria 
Control Programme

Ministry of Health
Ministry of Agriculture, insecticide regulations
Ministry of Environment

Other
Research and academic institutions
WHO technical advisory staff
UNICEF

United States Agency for International Development, 
President’s Malaria Initiative
Umbrella organization for Kenyan nongovernmental 
organizations
Distributors and manufacturers of insecticides and 
long-lasting insecticidal nets

Meetings and decisions

The group meets at least quarterly to discuss and decide on vector control interventions. Full participation is the general rule.

The group decides on a vector control strategy on the basis of data on resistance and cost-effectiveness. Data on 
insecticide resistance are generally discussed at the same time as the report on monitoring for insecticide resistance.

Lessons learnt

Intersectoral nature of technical working group ensures strong involvement and flexible decision-making. All stakeholders 
are involved in deciding on insecticide resistance management.

The existence of one body responsible for resolving all questions on vector control provides a comprehensive 
understanding of all issues and their potential links to decision makers. Insecticide resistance management is thus placed 
in the broader context of vector control.

D.  �Aggregate national data at global level to guide 
global policy and direction.

As detailed in section 1.2.5, the data on insecticide resistance are 
scattered in several databases, and many data are not captured. 
In order to guide global policy and direction on IRM in malaria 
control and to improve access of countries to subregional data, a 
comprehensive global resistance database should be developed. 
The database should be based on data in current regional and 
global databases and thereafter collect data from all country 
programmes and other partners. A number of prerequisites must 
be filled in order to achieve this.

Strong national data management steered by the 
national malaria or vector control programme.

National databases should be the responsibility of the national 
malaria or vector control programme or the relevant national 
authority. The databases should be managed by national personnel 
with sufficient capability in information technology and statistics, 
as informatics and bioinformatics are critical for effective data 
management. 

Strong call from the community for a global database.

The global database should serve the needs of malaria-endemic 
countries and relevant partners (including researchers). WHO, 
representing the interests of its Member States, would oversee 
the database.

Efficient management of a global database.

The WHO Global Malaria Programme would consult with countries, 
Regional Offices and partners to identify a reputable institution to 
host the database, to be overseen by WHO on behalf of Member 
States. The WHO Global Malaria Programme should ensure the 
flow of data on insecticide resistance from countries to the hosting 
institution. The host organization should set up the database and 
work with WHO to design an input template for countries. WHO 
would manage data requests from partners in consultation with 
countries. 
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Standardized data format and timely input.

Data should be submitted to national and global databases in a 
standardized format, which should be prepared by the manager 
of the global database. In order that the database is relevant for 
decision-making, data must be submitted in a timely fashion. 
Country programmes and partners, including academia, should 
send data as soon as they become available or at the latest 
3 months after collection. 

In other sectors,1 academic institutions and major funders have 
agreed on written public policy statements for full data sharing. 
In a similar manner, funding of insecticide resistance monitoring 
and research could be conditional on the requirement for full data 
sharing. Regional networks can also play an important role in data 
collection and sharing. 

1	 For example, for genome data, as explained by genome database managers

Ease of use of the database.

The basic functionalities of the database must be easy to use and 
accessible. In particular, the database must be easy to use by 
country programme managers. 
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2.3	 Research agenda
2.3.1 �Pillar III. Develop new, innovative vector 

control tools

Sustained investment is needed in the development of new active 
ingredients for insecticides with different modes of action. This 
is due to the current reliance on insecticide based strategies for 
vector control, and to the inevitability of insecticide resistance if 
selection pressure is maintained. The IRM strategies detailed in 
this document are intended to delay the spread of resistance and 
preserve susceptibility to insecticides - at least until new classes or 
molecules become available. This is especially important for LLINs, 
as pyrethroids are currently the only class of insecticides used for 
these.

New, non-insecticide-based vector control tools may also be 
important in the long term to reduce the reliance on insecticides in 
controlling malaria transmission. 

Research and development: reformulations and active 
ingredients.

The current pipeline is promising; however, more attention and 
investment are required, given the urgency.

As shown in the Innovative Vector Control Consortium pipeline 
(Figure 24), several reformulations are in late stages of development, 
and these could be used as a temporary option in the next few 
years. These include longer-lasting IRS, non-pyrethroid LLINs and 
LLINs treated with two insecticides. In addition, the Consortium is 
developing at least three new active ingredients. These include one 
ingredient with a different mode of action and with no evidence 
of cross-resistance with any insecticides currently used for vector 
control. This new ingredient could potentially be used on LLINs. 
However, the new active ingredients are in the early stages of 
assessing proof of principle1 and will not be on the market for 
7–10 years. 

1	 A proof of principle assessment determines whether a new product or tool is effective for a defined 
public health purpose under a defined set of circumstances, will be useful to and feasible for its 
intended user and has an epidemiological impact.

2	� It should be noted that there are other industry projects also being carried out in relation to 
reformulations.

Figure 24: �Innovative Vector Control Consortium portfolio for public health insecticides for indoor residual spraying and long-
lasting insecticide-impregnated nets2
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From the Innovative Vector Control Consortium
AChE, acetylcholinesterase; LLIRS, long-lasting indoor residual spraying; LLIN, long-lasting insecticidal net
Other industry projects on reformulations are under way.
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New products to supplement IRM strategies that may be available 
in the near term include:

•	 Pirimiphos-methyl-CS, which is a reformulated pirimiphos-
methyl compound (organophosphate) in a longer-lasting 
capsule suspension format developed as part of an 
initiative of the Innovative Vector Control Consortium. When 
used for IRS, this reformulated version is expected to have 
a residual effect of more than 6 months, whereas other 
organophosphates are generally effective for 2–3 months. 
The product is in phase II of WHOPES evaluation, with a 
decision expected in early 2013.1

•	 Chlorfenapyr is a halogenated pyrrole that inhibits 
production of coenzyme adenosine triphosphate and 
causes cellular death and mortality of insect vectors. 
Cross-resistance between chlorfenapyr and existing 
insecticide classes used for vector control has not yet 
been reported. The active ingredient is used in non-
malaria control applications; however, Chlorfenapyr SC is 
currently under testing and evaluation by WHOPES for IRS. 

1	 Estimates based on interviews with stakeholders

Research and development: new tools and paradigms.

Considerable work is under way to develop innovative vector 
control tools and paradigms, including a durable wall lining to 
complement IRS. Solid epidemiological evidence is needed, 
however, before durable wall linings can be recommended for 
wide-scale implementation. The current durable wall linings are 
pyrethroid-based and are therefore likely to have a limited role for 
IRM. Other paradigms require further research and testing. New 
paradigms, particularly those that do not depend on insecticides, 
could be helpful in future IRM strategies (Figure 25).

Figure 25: �The pipeline of the Bill and Melinda Gates Foundation represents many of the new paradigms being developed for 
vector control

Current project targeted to non-malarial vectors that may eventually become applicable for malaria vectors 
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From the Bill and Melinda Gates Foundation
This is not a fully comprehensive list of new paradigms; while it encompasses products developed by multiple partners, it omits projects receiving funding from other sources
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The new paradigms under development fall into four main 
categories: 

•	 Spatial repellents: Repellents cause vectors to move 
away from the treated space and therefore prevent blood 
feeding;

•	 Area-wide treatments: These treatments alter genes in a 
broad vector population to change their traits;

•	 Traps and targets: Baited traps attract vectors to sites that 
expose them to insecticides;

•	 Animal treatments: Animals in frequent contact with 
vectors, such as cattle, are treated with an agent that is 
not harmful to them but inhibits vector survival. 

Strengthen capacity for faster flow of new products.

There is not currently a defined system for evaluating the evidence 
for new forms of vector control. Therefore, WHO has proposed the 
creation of a ‘vector control advisory group’ (VCAG) to make initial 
recommendations regarding new vector control tools for public 
health purposes. This would apply to the development of vector 
control tools for both malaria and other vector-borne diseases. The 
group would consist of experts from a range of entomological and 
vector control disciplines. It would help the development of new 
and innovative vector control tools by clarifying and accelerating 

the process by which these are recommended for, and adopted in, 
public health practice. One of its roles would be to consider ‘proof 
of principle’, i.e. whether the new intervention is effective for some 
defined public health purpose and, under defined circumstances, 
will be useful and feasible for its intended user. Once ‘proof of 
principle’ has been established by the group, the responsibility for 
specific product assessment would pass to WHOPES.

If the new tool is destined for malaria control purposes, policy 
recommendations would be made by the Malaria Policy Advisory 
Committee (MPAC) convened by the WHO Global Malaria 
Programme. If, however, the new tool has been developed for 
application in the control of other vector-borne diseases, policy 
recommendations would be made by the Department of Control of 
Neglected Tropical Diseases (NTD) and its Strategic and Technical 
Advisory Group (STAG) for vector-borne neglected and tropical 
diseases.

WHOPES was established in 1960 to promote and coordinate the 
testing and evaluation of pesticides for public health. Its global 
objectives are to facilitate the search for alternative pesticides and 
application methods that are safe and cost-effective and to design 
and promote policies, strategies and guidelines for the selective, 
judicious application of pesticides for public health. In addition, it 
assists and monitors their implementation by Member States. Its 
testing and evaluation programme is illustrated in Figure 26.

Figure 26: Four-phase testing and evaluation programme of the WHO Pesticide Evaluation Scheme (WHOPES)
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From the WHO Pesticide Evaluation Scheme (WHOPES)
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Currently, WHOPES addresses only products for existing vector 
control interventions (IRS, LLINs, larvicides, space spray products 
and pesticide products for personal protection). If a new vector 
control tool is recommended by the vector control advisory group, 
WHOPES will: establish relevant testing guidelines for safety and 
efficacy; make recommendations on use after their safety and 
efficacy assessment; and develop specifications for their quality 
control and international trade. 

The Malaria Policy Advisory Committee (MPAC) and the NTD STAG 
will in parallel establish the role of the new vector control tool in the 
context of malaria and of vector-borne NTD control and in relation 
to other interventions, respectively. For example, the MPAC would 
determine the circumstances in which the new tool might be used 
with or instead of another form of malaria vector control. The 
relations among these four groups are shown in Figure 27.

Figure 27: �Roles of proposed vector control advisory group (VCAG), the WHO Pesticide Evaluation Scheme (WHOPES), and the 
Malaria Policy Advisory Committee (MPAC)
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interventions for vector-borne NTDs

GMP, Global Malaria Programme; STAG/NTD, Strategic and Technical Advisory Group for the Control of Neglected Tropical Diseases.
The roles and interactions of these groups should be further clarified.

WHOPES’ ability to respond to a growing number and new types of 
products is critical to the success of the accelerated vector control 
pipeline. This will require increasing the capacity of WHOPES 
by ensuring sufficient human and financial resources are made 
available. Capacity must be increased not only within WHOPES 

but also throughout the network of collaborating centres and 
institutions that conduct assessments on its behalf. Success will 
further depend on partnerships and dialogue among WHOPES, 
technical policy setting bodies within WHO, manufacturers, local 
regulatory authorities, and implementing partners.
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2.3.2 �Pillar IV. Fill gaps in knowledge on 
mechanisms of insecticide resistance and 
ON the impact of current IRM STRATEGIES

Current understanding of insecticide resistance is sufficient to 
justify immediate action to preserve the susceptibility of malaria 
vectors to pyrethroids and other insecticide classes. Furthermore, 
scientific theory and agricultural experience provide enough 
information on currently available IRM strategies to guide 
development of IRM strategies for malaria vectors.

Nevertheless, there are large gaps in our knowledge about both 
insecticide resistance and resistance management methods, and 
additional information is needed to deliver IRM strategies effectively. 
For example, there is limited understanding of how to measure the 
impact of resistance on the effectiveness of vector control and on 
how to assess the relative effectiveness of resistance management 
strategies in delaying the emergence of resistance and in killing 
resistant vectors in small-scale trials. Tackling these questions is 
hampered by a number of factors, including a lack of clear genetic 
markers for some important oxidase-mediated forms of resistance 
to pyrethroids. The answers to such questions would facilitate the 
preparation of better IRM strategies as well as an evidence-based 
assessment of their success. 

Operational impact: better field research for designing 
tactics.

Background: Limited evidence is available on the operational 
impact of resistance, partly because of methodological constraints. 
Methods are needed to measure the impact rigorously. Countries 
should not, however, wait for evidence regarding the impact of 
insecticide resistance before taking action to manage it. 

Research agenda: A study is being conducted in four countries 
in Africa and in India to investigate the potential link between 
resistance and control failure.1 In general, increasing the number of 
such studies would provide additional data points and would reveal 
distribution patterns related to the impact of insecticide resistance. 
They would also show differences in impact between target-site 
and metabolic resistance. Efforts to understand the link between 
insecticide resistance and control failure could be strengthened 
both by using experimental huts to test possible IRM strategies 
and by increasing epidemiological surveillance for confirmed 
malaria cases. See Annex 4 for more details of the challenges in 
associating insecticide resistance with epidemiological effect.

1	 Bill and Melinda Gates Foundation-funded WHO project "Implications of insecticide resistance on 
malaria vector control", conducted in four countries in Africa and in India.

When new foci of resistance are identified, it is useful to investigate 
when, where and why they appeared (for example, selection by 
public health, agricultural or domestic insecticides, and cross 
resistance mechanisms). This improves understanding of how 
best to avoid the future emergence of resistance. In addition, when 
further cases of control failure occur in apparent association with 
insecticide resistance, studies should be conducted to identify 
other possible causes2 and to gather evidence about the relative 
importance of these factors in causing resurgence of malaria. 

Assessment of IRM strategies.

Background: IRM should be undertaken now on the basis of 
encouraging results with recommended IRM strategies, including 
successful practices in both agriculture and public health. With 
limited experience in IRM specifically for malaria, and the fact that 
this is the first global IRM malaria strategy, further information is 
needed on the use of tools to manage resistance most effectively 
in the context of malaria control. 

Research agenda: Many questions remain on the efficacy, 
feasibility and applicability of different strategies for managing 
insecticide resistance under different circumstances. In addition, 
relevant indicators of effectiveness are needed to measure the 
success of different IRM strategies. 

The efficacy of potential IRM strategies must be assessed further, 
including:

•	 Overall: Do current IRM strategies maintain susceptibility 
to insecticides?

•	 Rotations: Can resistance be both slowed and reversed 
by yearly rotation between two insecticides? What is the 
relative efficacy of rotations with insecticides having two 
and three modes of action?

•	 Combinations: Can resistance be both slowed and 
reversed by combinations? What additional benefit does 
a combination strategy (LLINs plus IRS) offer for reducing 
morbidity and mortality from malaria, including cost-
effectiveness over time?

•	 Mixtures: Will mixtures, once developed, induce linkage 
disequilibrium under field conditions if there is already 
resistance to one compound i.e., will an insecticide in a 
mixture accelerate development of resistance to the other 
insecticide?

•	 Synergists: What is the role of synergists in IRM?

2	 For example: gaps in coverage; changes in other interventions; loss of immunity in the human 
population; or unusual weather, human movement or behaviour.
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The practical issues in implementation of IRM strategies require 
further investigation, for example:

•	 Overall: What additional challenges are involved – and 
what additional activities are needed – to change from 
one vector control intervention to another and to change 
insecticides for IRS (including political acceptance, donor 
flexibility, training and supervision, and community 
education)?

•	 Rotations: What are the challenges to timely procurement 
of multiple insecticides, and how can they be overcome? 

•	 Mixtures: In what conditions could insecticide formulations 
be mixed, in the factory or during applications, as in 
agriculture? What would be the implications for cost, 
registration, training and chemical safety? Some argue 
that insecticides for use in public health must be properly 
formulated at the factory, and not mixed during application. 
Can mixture formulations be devised so that different 
components decay over time at exactly the same rate? 

Further understanding is required regarding the applicability of 
different IRM strategies under varying circumstances, as well 
as the decision criteria used to select among different options. 
Specialized technical support should be provided on the selection 
of alternative IRM strategies.

Many of these questions cannot be evaluated before the 
interventions are implemented on a large scale. More empirical 
evidence is needed to strengthen confidence that the IRM strategy 
of using combinations, synergists, or mixtures can work. More 
evidence can be accumulated on a smaller scale, by testing these 
IRM strategies in experimental huts and monitoring the effect on 
mosquitoes entering and leaving the huts. Evidence for the efficacy 
of rotations can be accumulated only by testing on a larger scale, 
in a village or several villages.

Trends: Resistance should be monitored over time to identify 
trends in its evolution, with the aim of providing guidance on when 
to respond to resistance

Metabolic resistance.

Background: The understanding of metabolic resistance is 
relatively limited. This is a concern, given the increasing reports of 
metabolic resistance and the widely accepted hypothesis that it is 
a stronger resistance mechanism, and that it could potentially have 
greater operational impact. 

Research agenda: The research agenda should focus on three 
elements. Firstly, the genetic mutations responsible for metabolic 
resistance to pyrethroids in different geographical settings need to 

be identified, and their relative importance should be studied. The 
task is more challenging than for most resistance mechanisms 
in mosquitoes, because the cytochrome-oxidase enzymes are 
coded by a large gene family scattered throughout the genome.
In addition, the mutations associated with resistance appear 
to be located in promoter or regulator sequences that are not 
necessarily genetically linked to the resistance gene itself and are 
much harder to locate. 

Secondly, identification of these resistance genes, preferably 
with high-throughput DNA-based methods, will be essential for 
understanding the fundamental genetic processes of the spread 
of resistance, for developing new methods to assess the impact 
of resistance on malaria transmission, and as proxy indicators of 
selection for resistance. Experts hope that such methods will be 
available within 3 years. High-throughput methods are already 
available for kdr resistance, which has allowed researchers to 
study its spread more closely and understand its importance 
and impact more clearly. The current inability to track metabolic 
resistance in this way is a significant obstacle to the design of 
rational, evidence-based resistance management strategies. 

Thirdly, a range of vector strains resistant to different insecticides 
should be colonized in different locations in order to understand 
their resistance mechanisms and to determine the probable 
effectiveness of new resistance management products and active 
ingredients as they appear.

Genetics.

Background: With limited genetic information on resistance 
genes, it is difficult to track and anticipate the course of resistance, 
and understand which IRM strategies would be most effective. 
The evolution of resistance and the possibility of reducing and 
even reversing resistance cannot be predicted because of limited 
information on factors such as baseline frequency (mutation 
rates), fitness cost, genetic mode of inheritance and the selection 
pressure due to different uses of insecticides in agriculture and 
public health. Inability to track resistance genetically makes the 
consequences of insecticide resistance more difficult to anticipate; 
it is also difficult to measure the efficacy of IRM strategies. 

Research agenda: The genes that confer metabolic resistance 
must be identified in order to answer several important research 
questions. Outputs from this research agenda would have 
immediate practical implications for decisions on resistance 
management taken in national malaria control programmes. The 
topics for research should include genetic dominance, fitness 
cost, cross-resistance, linkage disequilibrium, drivers of selection 
pressure and behavioural resistance. See Annex 10 for more 
details of the genetic research agenda.
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2.4	 �Enabling 
mechanisms

2.4.1 �Pillar V. Ensure that key enabling 
mechanisms (advocacy, human and financial 
resources) are in place

IRM is a shared global responsibility. Successful 
implementation of IRM strategies requires motivating stakeholders 
at global, regional and national levels. Many stakeholder groups 
are inter-dependent, particularly with regard to funding, capacity-
building and coordinating responses among countries and sectors. 
Partners should be aware of their roles and responsibilities and 
ensure a sufficient allocation of capacity and funds for IRM. The 
proposed roles of stakeholder groups are described in this section 

Advocacy is necessary to engage all decision-makers 
early in the design of IRM strategies.

The political profile of insecticide resistance must be raised to 
focus allocation of resources for IRM. All stakeholders should be 
aware that preserving susceptibility to insecticide classes is in the 
public interest. National malaria control programmes, WHO and the 
Roll Back Malaria Partnership should work together to advocate for 
IRM strategies. 

It is particularly important to engage governments and donors, 
as their endorsement will help to secure funding. Moreover, 
the engagement of these stakeholders will communicate the 
importance of insecticide resistance to the community. It will also 
facilitate intersectoral mobilization, especially between agriculture 
and public health, and may help to convince the private sector 
that there is a market for new public health products. In addition, 
it will help national malaria control programmes to focus on IRM 
and facilitate implementation of such strategies. This is important 
to deflect criticism that funding and capacity used for IRM could 
be better used elsewhere. Finally, support from some governments 
and donors may put ‘peer pressure’ on others that are more 
reluctant to take the threat of insecticide resistance seriously. 

Sudan: example of government engagement

Support directly from the Sudanese Government enabled 
rapid implementation of an IRM strategy after resistance was 
identified. The Government understood the importance of IRM 
for both public health and the economy and decided to lead the 
strategy in order to encourage other governments in Africa to 
do the same. In 2006, the national malaria control programme 
changed from pyrethroids to bendiocarb for IRS. In the areas in 
which bendiocarb was introduced, the frequency of resistance 
genes was reduced. 

See Figure 22 on page 61 for a more detailed description of 
the Sudanese programme

Modelling insecticide resistance to inform countries and 
donors about the human and financial costs.

Current estimates in the GPIRM provide a preliminary indication 
of the financial and epidemiological impacts of insecticide 
resistance. The estimates are based on ‘high-level’ assumptions 
and scenarios (made on the basis of general principles, providing 
rough estimates only), such as ‘complete failure of pyrethroids’. 
(See section 1.3 for malaria burden modelling and section 2.5 
for financial cost modelling.) While these estimates give an 
indication of the potential human and financial burdens, partners 
(in particular endemic countries and donors) require more details 
about the health and financial impacts of insecticide resistance in 
order to plan the most efficient and cost-effective IRM strategies. 

Modelling the impact of insecticide resistance on malaria 
burden. Epidemiological models for malaria should be revised 
to include insecticide resistance if they are to inform decision-
making at national and global levels. A model is needed of the 
epidemiological impact of potential IRM strategies in order to 
inform possible options. Additional modelling of the dynamics of 
insecticide resistance (in particular the link with the size of the 
vector populations, biting and resting behaviour, transmission 
levels, morbidity and mortality) should also be undertaken.

Modelling the impact of insecticide resistance on financial 
costs. The initial cost modelling conducted for the GPIRM 
should be revised and refined to provide greater granularity. Cost 
modelling has three aims. Firstly, it should provide estimates on 
a country-by-country basis of the costs of all IRM strategies, not 
only rotations. Secondly, the cumulative costs and benefits of 
IRM strategies over time should be used to define the conditions 
under which increased short-term costs are repaid by longer-term 
savings due to extended use of less expensive insecticides. Thirdly, 
the costs of new vector control tools should be integrated into the 
model. 
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Adequate, sustainable human and financial resources 
must be available for global and local IRM strategies.

Human and technical capacity: Capacity-building is required 
both in malaria-endemic countries and for partner organizations to 
ensure that they can support countries. 

Requirements within countries. Entomological capacity and other 
specialized skills, such as epidemiology, statistics and expertise 
in insecticide resistance, are required to design monitoring plans, 
interpret data and make decisions about the IRM strategy. (See 
section 1.4.2) Capacity to implement IRM strategies should go 
beyond the selection of a strategy and alternative insecticides 
to the planning and implementation of strategies; for example, 
training staff to do rotations or mosaics. 

Requirements within partner organizations. Organizations must 
have sufficient capacity to provide support to countries. The areas 
in which capacity-building is required are:

•	 Advisory services: Advisory services should be available 
to countries, particularly for analysis of data and decision-
making on IRM strategies. WHO, together with relevant 
partners, will be important in this capacity.

•	 Support for planning: All partners with experience in 
vector control planning should make resources available 
to countries for preparing IRM plans and monitoring 
insecticide resistance.

•	 Research and evidence: WHO should convene a group of 
experts that can review new science and evidence and 
revise recommendations accordingly. Countries rely on 
WHO to consolidate information and provide up-to-date 
guidelines on IRM.

•	 Dissemination of IRM strategy: Implementing agencies 
and partners should ensure that they have capacity to 
disseminate IRM strategies within countries.

•	 WHOPES: The capacity of WHOPES and collaborating 
centres should be strengthened to ensure a timely 
response to new vector control tools. 

Financial resources for increased costs associated with 
IRM.

Funding is required for insecticide resistance both for countries 
to implement IRM strategies and monitor insecticide resistance, 
and for research into insecticide resistance, and research and 
development of new insecticides and vector control tools. 

Insecticide resistance monitoring. Costs are associated with 
increasing entomological capacity, the equipment for testing 
(including susceptibility test kits, use of laboratories for molecular 
testing, paying for the support of research institutions), and training 
of staff to collect and test vectors. 

IRM strategies. Integration of IRM strategies into vector control 
programmes may increase costs for non-pyrethroid insecticides 
(the alternatives, besides DDT, are significantly more expensive at 
current prices), training staff for different vector control strategies, 
such as rotations and mosaics, and other programme costs. 

In order to maintain vector control coverage, near-term funding 
will have to increase to cover the costs associated with monitoring 
insecticide resistance and implementing IRM strategies. 

Potential sources of funding. All potential sources of funding should 
be considered by countries, although domestic governments and 
donors will naturally play an important role. Donors should stress 
the long-term importance of monitoring insecticide resistance by 
making a monitoring programme a condition of any large grant for 
vector control. Ideally, they should also provide additional funding 
for this activity. National malaria control programmes should 
consider re-allocating a portion of their vector control budgets to 
conduct monitoring or implement urgently needed IRM strategies. 

Accelerated funding. The idea of acceleration has been suggested 
so that action can start immediately after the launch of the GPIRM. 
WHO will work with partners to discuss the options, which include 
a catalytic fund to initiate entomological monitoring and strategic 
support for IRM strategies in countries considered by the group to 
be of high priority. 

Research. Although research on insecticide resistance is already 
taking place, continued funding for this is needed. One of the first 
tasks in implementing the GPIRM will be to establish research 
priorities.
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2.5	 Financial cost
2.5.1 Context of modelling 

Implementation of the recommended IRM strategies (section 2.2) 
is essential to delay the evolution of resistance and prolong the use 
of current insecticides. In some cases, susceptibility might even be 
reversed to undetectable levels, but this will require action before 
the resistance gene becomes stable in the population. Action 
will have associated financial costs, such as for more expensive 
insecticides (e.g. carbamates and organophosphates), additional 
training, new equipment or additional spraying rounds for IRS, and 
systematic monitoring of insecticide resistance. 

These supplementary costs should be compared with the 
additional cost that would be incurred, if no pre-emptive action 
were taken, of implementing IRM strategies after the failure of the 
most commonly used, affordable insecticides (e.g. pyrethroids and 
DDT).

Additional modelling will be needed. To estimate the effects of 
insecticide resistance on financial costs, a ‘scenario-based’ model 
based on simple assumptions has been developed, not to estimate 
the exact cost of an IRS rotations programme in a specific country 
but to provide orders of magnitude and illustrations of the impact 
of insecticide resistance on control failure.1 

Further modelling will be needed to refine the analyses outlined in 
the GPIRM. The research necessary for adequate decision-making 
at country and global level is described in section 2.4.1.

This section addresses the following questions:

•	 What might be the cost implications of implementing pre-
emptive measures to delay resistance?

•	 What might be the cost implications of waiting until 
current insecticides fail to implement IRM?

•	 What are the projected costs of monitoring insecticide 
resistance?

1	 As explained in section 1.2, most experts consider that metabolic resistance or simultaneous 
metabolic and kdr resistance are more likely than other mechanisms to lead to control failure than 
kdr alone.

2.5.2 �Financial cost of managing insecticide 
resistance

Financial cost for geographical areas in which IRS is the 
primary tool for vector control. 

What has been modelled? 

•	 Pre-emptive rotations. The model compares the estimated 
cost of IRS with pyrethroids alone to pre-emptive rotations 
with three different insecticides: pyrethroids, carbamates 
and organophosphates. 

•	 Rotations after failure of pyrethroids. The model compares 
the estimated cost of IRS with pyrethroids alone with 
that of rotations without pyrethroids (i.e. rotations of 
carbamates and organophosphates). 

Implementing IRS rotations pre-emptively would 
increase the cost by 20–47%. 

•	 Short transmission season. The model suggests that 
replacing IRS with pyrethroids alone by 3-year rotations 
of pyrethroids, carbamates and organophosphates would 
increase the cost in areas with short malaria transmission 
seasons by approximately 20%, corresponding to 
an increase in the cost per person from US$ 3.30 to 
US$ 3.90.

•	 Long transmission season. This same model suggests 
that in areas with long transmission seasons, IRS 
rotations would increase costs by approximately 47%, the 
corresponding costs per person increasing from US$ 4.60 
to US$ 6.80.

See Figure 28.



73

The overall cost increase is due to both the higher cost of the 
alternative insecticides and increased operational programme 
costs for the additional spraying rounds required for carbamates 

and organophosphates, which generally have shorter residual 
efficacy than pyrethroids.

Figure 28: Cost implications of implementing indoor residual spraying rotations pre-emptively
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Costs estimated for 1 million households each with five people and 150 m2 sprayable surface.
Operational costs: Planning and logistics; environmental compliance, including soak pit or evaporation tank construction; training; information, education and communications; warehousing; short-term labour; 
transport; medical costs; mop-up operations; post-spray meetings; monitoring and evaluation; shipping; spray equipment; and personal protective equipment. 
Administrative costs: National labour; local office leases, utilities and maintenance; office equipment and supplies; office services; and management transport. Considered to be a yearly fixed cost (occurring once 
regardless of number of spray rounds).

These results do not take into account potential use of DDT. If 
IRS with pyrethroids only were replaced by 4-year rotations of 
pyrethroids, carbamates, organophosphates and DDT, the cost 
would increase by about 17% in areas with short transmission 
seasons and 30% in those with long transmission seasons. As 
DDT costs less than carbamates and organophosphates, using 
DDT in rotations could lower the overall cost and therefore be a 
useful option in certain settings. DDT should be used only under 
the conditions described in the WHO position statement (10), and 
countries should closely monitor cross-resistance with pyrethroids. 

Implementing rotations after failure of pyrethroids 
would increase the cost of IRS by 30–71%. If pre-emptive 
IRM strategies are not implemented, the efficacy of the current 
insecticides might be lost. Implementing rotations after failure 

would be significantly more expensive than implementing them 
pre-emptively because pyrethroids would likely be excluded from 
the rotations (Figure 29):

•	 Short transmission season. The model suggests that the 
approximate 20% increase in cost for IRS rotations would 
increase to 30% if implementation was delayed until 
pyrethroids were no longer usable.

•	 Long transmission season. In areas with long malaria 
transmission seasons, the cost of IRS would increase by 
approximately 71%, instead of 47% with pre-emptive 
rotations.

See Annex 11 for more details on the hypotheses and sources 
used for this model of the financial impact of insecticide resistance.
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Figure 29: Cost implications of implementing IRS after failure of pyrethroids
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Insecticide ~0.5 ~1.5 ~0.8 ~3.0

Costs estimated for 1 million households each with five people and 150 m2 sprayable surface.
Operational costs: Planning and logistics; environmental compliance, including soak pit or evaporation tank construction; training; information, education and communications; warehousing; short-term labour; 
transport; medical costs; mop-up operations; post-spray meetings; monitoring and evaluation; shipping; spray equipment; and personal protective equipment. 
Administrative costs: National labour; local office leases, utilities and maintenance; office equipment and supplies; office services; and management transport. Considered to be a yearly fixed cost (occurring once 
regardless of number of spray rounds).

Financial cost for geographical areas in which LLINs are 
the primary tool for vector control. 

Although continued use of LLINs is recommended, even in areas 
of resistance, focal non-pyrethroid-based IRS might have to be 
introduced in addition to LLINs in areas where resistance is of 
particular concern, under the conditions described in Part 3. 

What has been modelled?

The model compares the cost of an LLIN to the cost of a combination 
of LLINs and IRS rotations of organophosphates and carbamates.

Adding focal IRS in areas primarily covered by LLINs 
could multiply the cost per person protected by three to 
six times, and therefore should be highly targeted. 

•	 Short transmission season. The model suggests that 
adding IRS rotations without pyrethroids to LLINs would 
increase the cost per person protected by approximately 
three times (from US$ 1.40 to US$ 5.00).

•	 Long transmission season. In areas with long malaria 
transmission seasons, the cost per person protected 
would increase by about six times (from US$ 1.40 to 
US$ 8.60).

This combination strategy is recommended for highly focal IRM, 
until nets with non-pyrethroid active ingredients or mixtures 
become available. The vector control costs at country level would 
therefore be affected to only a limited extent in most cases.
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2.5.3 �Financial cost of monitoring insecticide 
resistance

As discussed in section 2.2, all countries in which insecticide-
based vector control is used should monitor insecticide resistance 
regularly for appropriate decision-making. At a minimum, they 
should:

•	 design a monitoring plan;

•	 build national capacity for monitoring;

•	 conduct routine susceptibility testing to identify resistance; 
and

•	 conduct testing to identify resistance mechanisms.

Although some countries already monitor resistance, implementing 
the recommendations of the GPIRM will probably entail additional 

costs. Regular entomological monitoring is also recommended 
by WHO, but this is beyond the scope of the GPIRM and is not 
covered.

Summary of costs for monitoring insecticide resistance. 
Table 2 indicates the possible total cost of monitoring 
insecticide resistance at country level. It assumes that the main 
recommendations of the GPIRM are followed and that insecticide 
resistance is monitored annually. For illustrative purposes, it was 
assumed that resistance mechanisms would be tested once a year 
at all sentinel sites in a country. In reality, most countries will not 
identify resistance at all sentinel sites, and the overall cost may be 
lower. If resistance is detected, however, more intense, reactive 
monitoring might be conducted. (See Annex 11 for more details on 
the cost of each category.) 

Table 2: Indicative costs of monitoring insecticide resistance

Activity No. of sentinel sites in country

10 20 30

Design monitoring plan US$ 15 000 US$ 15 000 US$ 15 000

Capacity-building for basic field entomology and bioassays US$ 33 000 US$ 33 000 US$ 33 000

Bioassys for susceptibility US$ 50 000 US$ 100 000 US$ 150 000

Molecular and biochemicala testing for resistance mechanisms US$ 18 700 US$ 36 400 US$ 54 100

Total cost to country US$ 116 700 US$ 184 400 US$ 252 100

Cost per sentinel site US$ 11 670 US$ 9 220 US$ 8 400

From the national malaria control programmes of Senegal and Zambia, the National Institute for Medical Research of the United Republic of Tanzania, and the Liverpool School of Tropical Medicine (United Kingdom).
Some economies of scale in insecticide resistance testing are probable. As limited data are available, they are not taken into account in this analysis.
a	 Biochemical equipment assumed to be amortized after 5 years; training costs for biochemical testing are not included.

Monitoring insecticide resistance costs less than US$ 0.01 
per person protected per year. The cost of monitoring insecticide 
resistance is a small fraction of that of vector control. For instance, 
if a country at risk with a population of 20 million people sets up 
one sentinel site per 1 million people protected with vector control, 
it would have 20 sentinel sites. If two people sleep under a net, the 
cost per person protected by an LLIN is about US$ 1.40 per year.1 

1	 The cost per treated-net year of protection is assumed to be US$ 2.70 on the basis of a review of 
costs published by Roll Back Malaria (43).

Monitoring insecticide resistance would cost less than US$ 0.01 
per person protected, corresponding to less than 1% of the cost 
of an LLIN. 



76

Part 2 Collective strategy against insecticide resistance

GLOBAL PLAN FOR INSECTICIDE RESISTANCE MANAGEMENT IN MALARIA VECTORS (GPIRM)

2.5.4 �Overall cost of implementing the Global 
Plan for Insecticide Resistance Management 
in malaria vectors

Table 3 shows the overall cost of implementing all the 
recommendations in the GPIRM. The calculations take into account 
the main costs incurred for each element of the strategy, which 
would be additional to those currently estimated for global malaria 
vector control. The overall cost is based on implementation of IRM 
strategies and building monitoring capacity in all malaria-endemic 
countries, as well as global and regional support costs for technical 
expertise and research.

The total costs amount to approximately US$ 200 million. This 
estimate is a ‘fully loaded’ annual cost at its peak, if all countries 
and partners were able to implement all GPIRM recommendations: 
on IRM, insecticide resistance monitoring, capacity building and 
global activities.

It should be noted that this ‘peak cost’ represents only a limited 
fraction of the global cost of vector control. The total implementation 
cost of GPIRM represents only 5% of the approximately US$ 3.9 
billion needed for vector control in 2010, as estimated in the RBM 
Global Malaria Action Plan (44).

See Annex 11 for details of the assumptions used for deriving the 
figures in Table 3.

The actual cost will be lower than the total cost of US$ 200 
million due to the combined effect of two factors; the phased 
implementation of recommendations, and the price decrease in 
alternative insecticides that could follow. There will be no ‘shock 
effect’ of the cost of situation analysis, improved monitoring, 
operational research, and capacity building, since the costs linked 
to these activities are very small. Hopefully, prices will decrease 
over time due to scaling up of IRM measures, as was the case for 
Artemisinin based Combination Therapies (ACTs).

Table 3: Overall cost of implementing the Global Plan for Insecticide Resistance Management in Malaria vectors 

Cost elements First year (US M$) Subsequent years  
(US M$)

Pillar I: Implementation of insecticide resistance management strategies

•	 Comprehensive situation analysis

•	 Implementation of insecticide resistance management strategies

10.0

144.0

0

144.0

Pillar II: Implementation of monitoring 

•	 Routine susceptibility testing

•	 General laboratory equipment and materials

•	 External molecular testing

•	 Building capacity for molecular testing

•	 National database

•	 Global database

5.0

3.5

1.2

4.5

2.0

1.5

5.0

3.5

1.2

0.5

1.0

1.5

Pillar III: New vector control tools

•	 Acceleration of product development 5.5 5.5

Pillar IV: Fill knowledge gaps on insecticide resistance

•	 Operational research on insecticide resistance 30.0 30.0

Pillar V: Enabling mechanisms

•	 Functional national technical advisory committee

•	 Human resource capacity

•	 International experts and technical support to countries

•	 Coordination: meetings, advocacy, and resource mobilization

1.5

7.5

3.0

0.4

1.5

7.5

3.0

0.4

Total cost of implementing the GPIRM strategy 219.6 204.6 
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Obvious parallels can be drawn between insecticide and drug 
resistance. Combating antimalarial drug resistance involved pre-
emptive development and use of artemisinin-based combination 
therapies. The transition to these drugs involved the adoption of 
innovative treatment policies at global and country levels and the 
rapid development and adoption of new combination products. 
There was fear of a massive increase in unit costs, with consequent 
supply and coverage problems. 

Ultimately, the increase in price and the supply bottlenecks were not 
as large as had been predicted because of efficient procurement 
negotiations and economies of scale.1 Hence, artemisinin-based 
combination therapies quickly became accepted as the standard 
of care and an essential step in preserving the susceptibility of  
P. falciparum to our most valuable anti-malarial drugs. 

1	  For example, Novartis has lowered the price of Coartem by 50% since 2001.
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PART 3	

TECHNICAL 
RECOMMENDATIONS  
FOR COUNTRIES
Introduction to the recommendations.

The following recommendations are initial working proposals for 
IRM strategies. They are valid as of May 2012 and will be revised 
as more evidence and research results become available.

Updated versions of these recommendations are available at 
http://www.who.int/malaria.

IRM strategies for specific countries should be planned in 
discussion with technical experts, either in-country or with external 
support. WHO is responsible for making policy recommendations 
and for giving advice on the implementation of malaria prevention 
and control activities by countries and their partners, following 
national policies.

In order to produce the recommendations outlined below, a 
number of different insecticide resistance scenarios were 
conceived. The interpretation of these, together with the design 

of appropriate responses, was used to develop strategies that are 
likely to be applicable to current conditions in different situations. 
In some cases, countries may request additional detailed advice 
that is more closely adapted to local situations. WHO, together with 
partners, will endeavour to provide such technical support and, 
whenever necessary, will convene experts to assist in this.

In most cases, the methods of resistance management that 
would, in the long run, be most appropriate and effective for a 
given scenario, will not be adopted immediately because the new 
insecticide products that would be necessary to do this are not 
yet available. In such situations, countries may be forced to use 
those methods that are available, regardless of their limitations. 
The recommendations that follow are specific to both of these 
situations - detailing both interim methods of IRM for immediate 
implementation, and preferred methods that can be implemented 
in the future once new tools become available.

Thresholds for susceptibility and resistance

WHO has recently updated the Test procedures for monitoring 
susceptibility of mosquitoes to insecticides (42). Please refer to 
these guidelines for more details (referred to as the ‘WHO test 
procedures’ in the following sections). The document is available 
at http://www.who.int/malaria. 

WHO defines susceptibility and resistance to insecticides on the 
basis of testing for the mortality rates of vectors exposed to a 
discriminating dose:

- �Susceptibility: An observation of more than or equal to 98% 
mortality rate among vectors tested for resistance with WHO 
methods provides evidence of clear susceptibility.

- �Possible resistance: An initial observation of less than 98% 
vector mortality in bioassays conducted with WHO methods 
indicates possible resistance. Once this observation has 
been made, further testing is required to confirm resistance. 
Additional tests should be conducted to determine whether 

the vector mortality rate is consistently lower than 98% and 
to understand the extent of resistance. The mosquito sample 
size should be extended; the number of bioassays increased 
and the geographical scope widened. On the basis of these 
additional tests, resistance will either be confirmed or not, and 
its geographical distribution will be clarified. Those additional 
tests have to be conducted soon after resistance is suspected.

Once resistance has been confirmed based on bioassays, the 
mechanisms of resistance should ideally be investigated by bio-
chemical and molecular testing. The results of additional tests to 
understand the underlying mechanisms of resistance provides 
valuable information to further guide the choice of tools for IRM. 
Nevertheless, action should not be delayed in situations where 
such testing is not possible. Countries that are not in a position 
to conduct biochemical and molecular tests in the short term will 
have to make decisions on the basis of bio-assays only.

http://www.who.int/malaria
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3.1	 �Geographical 
areas with 
unknown levels 
of resistance 

Where the current status of resistance is unknown, the first form 
of pre-emptive action is to conduct susceptibility tests, including 
identification of resistance mechanisms. All countries should do 
this, drawing on research institutes, WHO, and other partners for 
expertise and assistance as required.

3.2	 �Geographical 
areas in which 
indoor residual 
spraying is the 
main form of 
vector control

Pre-emptive action: rotations of insecticides available 
today, and mixtures or rotations including new active 
ingredients when they become available.

Today, in order to preclude the emergence of resistance, 
insecticides of different classes should be sprayed in rotation, 
ideally in an annual cycle. This is best practice and should be 
implemented wherever possible, even before resistance has been 
identified.

In the future, new active ingredients may provide additional 
resistance management opportunities (for example for use in 
rotations). The current pipeline for new active ingredients for 
IRS looks promising, and two or more of these products may be 
brought to market in the next 7–10 years (44, 45). 

Susceptibility to insecticides will define further action.

A pragmatic approach is proposed for the management of 
insecticide resistance with the tools currently available. The 
solutions depend on the transmission ecology of local malaria 
vectors, especially their susceptibility or resistance to the 
insecticides being used for IRS (Table 4). 
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Table 4. Recommendations for areas in which vectors are controlled primarily by indoor residual spraying (IRS)

 Status Scenarios and responses

Susceptibility Scenario: no foci of possible resistance identified, according to WHO test procedures

Interpretation: resistance is not an immediate threat, vector control is still effective.

Monitoring action: 

•	 conduct frequentª monitoring of vector susceptibility through susceptibility tests to confirm that there is no resistance 
emerging

Vector control action: 

•	 implement pre-emptive rotations, preferably on an annual basis. While full susceptibility is consistently confirmed, rotations 
can include the insecticide which is currently being used

Resistance Scenario: resistance has been confirmed based on bioassays according to WHO test procedures, or genotypic data show rapid 
increase in resistance

Interpretation: resistance is an immediate threat and action should be taken

Monitoring action: 

•	 conduct frequent susceptibility tests in a range of locations to monitor any increase in resistance or return to full susceptibility

•	 investigate resistance mechanisms using bio-chemical and molecular testing methods

•	 check and if necessary reinforce epidemiological surveillance

Vector control action: 

•	 in geographic areas with confirmed resistance, switch away from the current insecticide that is being used as quickly as 
practicable; the aim is that by promptly removing the selection pressure, the spread of resistance to the initial insecticide will 
be reduced or even reversed; in some cases, such reversal may allow for future reintroduction of the initial insecticide

•	 use new insecticide in annual rotation

a	 At least once a year and preferably once every six months

Additional rationale and detailed recommendations. 

What if rotations must be introduced in stages because 
of financial constraints?

Rotations should ideally be implemented pre-emptively in all 
settings in which IRS is used as a way to preserve susceptibility 
to current insecticides. In places where this policy is to be 
implemented in stages, areas of identified resistance are the first 
priority for introduction of rotations, as are areas in which the 
potential public health consequences of the loss of vector control 
are greatest. 

Why is it important to implement rotations if the 
insecticide to which there is resistance is being 
changed?

To prevent early development of resistance to a new insecticide, 
it should be used in an annual rotations scheme with other 
insecticide classes. It may be possible to reintroduce the original 
insecticide into this rotations scheme later, if resistance has 
reversed. Susceptibility tests should be carried out routinely 
to identify any return to full vector susceptibility. If this kind of 
reversion is not seen, the rotations scheme should not include 
the original insecticide. Definition of resistance mechanisms 
using biochemical and genetic methods will help to refine options 
available for IRM.
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3.3	 �Geographical 
areas in which 
LLINs are the main 
form of vector 
control 

Pre-emptive action: use non-pyrethroid LLINs when 
they become available.

As soon as they become available, nets with non-pyrethroid 
active ingredients should be used. Guidelines are needed for 
incorporating LLINs treated with non-pyrethroids into existing LLIN 
programmes.1 The current pipeline indicates that non-pyrethroid 
and bi-treated LLINs may become available in the shorter term 
(the next 3–5 years) and LLINs with new active ingredients in the 
longer term (the next 7–10 years) (44, 45). Research on novel 
tools and products is described in section 3.5. 

In the meantime, until new products become available 
for vector control, programmes should continue to use 
pyrethroid-based LLINs and assess susceptibility status 
to define additional actions.

A pragmatic approach for managing insecticide resistance with the 
tools currently available is proposed. The solutions depend on the 
susceptibility status of major malaria vectors to pyrethroids in the 
target areas (see section 2.3 for an overview of research on new 
vector control tools).

1	  For example, guidelines will address whether new active ingredients should be used in mixtures to 
delay as much as possible the spread of resistance to them, and whether it is feasible to deploy LLINs 
treated with pyrethroids and LLINs treated with non-pyrethroids in a mosaic in communities. 

An IRM strategy for areas in which LLINs are the main form of 
vector control should be aligned with the perceived level of threat 
from resistance, which depends on:

•	 the nature and strength of the resistance mechanism/s 
and the frequency of the mechanism/s in the vector 
population; and

•	 whether the number of confirmed malaria cases has 
increased. If countries do not have a surveillance system 
that can promptly detect an increase, this capacity must 
be established as a matter of urgency. Several potential 
resistance scenarios are summarized in Table 5, with 
recommendations for action.

It should be noted that combination strategies are not designed 
to make up for poor implementation of either intervention. When 
executed, both LLINs and IRS must be implemented well and fully.
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Table 5. Recommendations for areas in which vectors are controlled primarily by use of long-lasting insecticidal nets LLINs

 Status No increase in confirmed malaria cases Increase in confirmed malaria cases

Susceptbility Scenario: no foci of possible resistance identified, 
according to WHO test procedures a

Interpretation: resistance is not an immediate threat; 
vector control is still effective

Monitoring action: 

•	 conduct frequent b  monitoring of vector mortality 
rates through susceptibility tests to determine 
that there is no resistance emerging

Vector control action: 

•	 no change

Scenario: no reports of resistance but evidence of an increase in the 
number of malaria cases and no other clear cause

Interpretation: insecticide resistance is not an immediate threat and is 
probably not the cause of the increase in the number of cases

Monitoring action: 

•	 conduct frequent monitoring of vector mortality rates through 
susceptibility tests to confirm that there is no resistance emerging

•	 monitor closely the quality and coverage of vector control 
interventions, which could be responsible for the increase in malaria 
cases

Vector control action: 

•	 ensure system for timely replacement of worn-out nets and assure 
the quality and extent of LLIN coverage

Kdr resistance 
only

Scenario: kdr resistance reported but no evidence of 
increase in malaria cases

Interpretation: vector control working well despite kdr-
based resistance 

Monitoring action: 

•	 conduct frequent and extensive susceptibility 
tests to monitor any increase and spread in 
resistance

•	 check for metabolic resistance using bio-
chemical and molecular testing methods

•	 check and if necessary reinforce epidemiological 
surveillance 

Vector control action: 

•	 continue to promote the use of LLINs 

•	 ensure system for timely replacement of worn-
out nets and assure the quality and extent of 
LLIN coverage

Scenario: resistance has been confirmed based on bioassays according to 
WHO test procedures, or genotypic data show rapid increase in resistance, 
with confirmation of kdr only; also evidence of an increase in the number of 
malaria cases and no other clear cause.

Interpretation: resistance is an immediate threat and might already be 
contributing to the increase in malaria cases making it a serious and current 
public health problem

Monitoring action: 

•	 conduct frequent and extensive susceptibility tests to monitor any 
increase in resistance

•	 check whether metabolic resistance is present using bio-chemical 
and molecular testing methods

Vector control action: 

•	 continue to promote the use of LLINs

•	 introduce, in addition, focal IRS with a non-pyrethroid insecticide, 
preferably on annual rotations . Best practice is to do this in all 
areas of resistance, good practice is to do it at least in the areas of 
greatest concern c
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 Status No increase in confirmed malaria cases Increase in confirmed malaria cases

Metabolic 
resistance

(either with or 
without kdr also 
present in the 
same vector 
species)

Scenario: resistance has been confirmed according to WHO test procedures and metabolic resistance is known to be present

Interpretation: resistance is an immediate threat ; if there is also evidence of an increase in malaria cases and no other clear causality, 
resistance could already be contributing to an increase in transmission making it a serious and current public health problem

Monitoring action: 

•	 conduct frequent monitoring of vector mortality rates through susceptibility tests to monitor any increase in resistance

•	 monitor for any increase in operationally significant metabolic resistance

•	 check for the possible appearance or increase in the frequency of kdr genes

•	 check and if necessary reinforce epidemiological surveillance

Vector control action: 

•	 continue to promote the use of LLINs 

•	 introduce, in addition, focal IRS with a non-pyrethroid insecticide, preferably on annual rotations. Best practice is to do this in all 
areas of resistance; good practice is to do it at least in the areas of greatest concern 

Resistance 
but unknown 
mechanism/s

Scenario: resistance has been confirmed according to 
WHO test procedures but mechanism/s have not been 
tested for or identified

Interpretation: resistance is an immediate threat and 
could at some point bring about an increase in malaria 
cases

Monitoring action: 

•	 investigate resistance mechanismsd

•	 conduct frequent monitoring of vector mortality 
rates through susceptibility tests to monitor any 
increase in resistance

•	 check and if necessary reinforce epidemiological 
surveillance

Vector control action: 

•	 continue to promote the use of LLINs 

•	 introduce, in addition, focal IRS with a non-
pyrethroid insecticide, preferably on annual 
rotations. Best practice is to do this in all areas of 
resistance; good practice is to do it at least in the 
areas of greatest concern 

•	 Review and revise IRM strategy once resistance 
mechanism/s are known

Situation: resistance has been confirmed according to WHO test 
procedures but mechanism/s are unknown; also evidence of an increase in 
malaria cases and no other clear causality

Interpretation: resistance is an immediate threat and could already be 
contributing to the increase in malaria making it a serious and current 
public health problem

Monitoring action: 

•	 investigate resistance mechanismsd

•	 conduct frequent monitoring of vector mortality rates through 
susceptibility tests to monitor any increase in resistance

Vector control action: 

•	 continue to promote the use of LLINs 

•	 introduce, in addition, focal IRS with a non-pyrethroid insecticide, 
preferably on annual rotations. Best practice is to do this in all 
areas of resistance; good practice is to do it at least in the areas of 
greatest concern

•	 Review and revise IRM strategy once resistance mechanism/s are 
known

a	 As pyrethroids are the only class currently used on LLINs, the recommendations address the resistance mechanisms that affect the pyrethroids: metabolic resistance and kdr resistance.
b 	 At least once a year and preferably once every 6 months
c	 ‘Areas of greatest concern’ are defined in the following section Additional rationale for recommendations.
d	 Full characterization of a new resistance mechanism requires specialized research methods, but the critical basic information can be obtained without sophisticated equipment using synergists and careful bioassay 

methods. However, interpretation of synergist data is complex and expert advice is needed before concrete conclusions are drawn.
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It should be noted that combination strategies are not designed 
to make up for poor implementation of either intervention. When 
executed, both LLINs and IRS need to be implemented well and 
fully.

Additional rationale for recommendations. 

Why is a distinction made between kdr and metabolic 
resistance mechanisms for LLINs? 

Given the magnitude, both operationally and financially, of adding 
IRS rotations in areas in which vector control is currently managed 
with LLINs, IRS should be implemented first and foremost where 
the threat of resistance is greatest. This is perceived by most 
experts to be when operationally significant metabolic resistance 
is present. This is because metabolic resistance is stronger than 
kdr resistance and because there is evidence that metabolic 
resistance is linked to control failure (for example in South Africa, 
see section 1.2.3 for details).1

Why should LLINs continue to be used in all cases? 

Countries should continue to scale-up or maintain coverage with 
LLINs both because they act as a physical barrier and because the 
sub-lethal irritant effects of the pyrethroids may still contribute to 
malaria control. It is assumed that the irritant effect of pyrethroids 
persists, at least to some extent, even when there are resistant 
vectors in the Anopheles population. As continued use of LLINs 
is likely to contribute to selection pressure, resistance and any 
associated operational impact must be monitored closely. Thus, 
resistance must be tested at least once a year and preferably 
every 6 months. This recommendation may be revised when non-
pyrethroid LLINs become available.

How should areas of resistance be chosen for the 
introduction of focal IRS with a non-pyrethroid 
insecticide? 

Best practice is to introduce focal IRS with a non-pyrethroid active 
ingredient in all areas in which operationally significant metabolic 
resistance has been identified, and all areas in which there is kdr 
resistance and an increase in the number of malaria cases (with no 
other clear cause). It may be financially and logistically difficult to 
introduce IRS in all areas with reported resistance. However, it may 
be possible to identify the foci where the frequency of resistance 
is highest or where the threat of control failure is greatest. In 
such areas, it is essential to target those areas for IRS. In national 
malaria control programmes with limited entomological capacity, 
collaboration with research and academic institutions may help in 
identifying such resistance foci. 

1	 Some experts consider that kdr does weaken the impact of pyrethroid-based vector control and would 
argue for less distinction between kdr and metabolic resistance in determining IRM strategies. This 
distinction may be revised as new evidence becomes available. 

A newly identified focus of insecticide resistance may be localized, 
and it may therefore be possible to eliminate it. However, resistance 
can remain at low frequency for many years before it becomes 
detectable. As such, in some places it is likely to have already 
spread across a wide geographical area before it is identified. 
In this case, spraying should focus on those areas in which the 
epidemiological risk of malaria is greatest. If budget constraints 
prevent countries from adding IRS in all the areas where there is 
resistance, and in the event of a sustained outbreak of malaria, the 
final option (less preferable), is to prepare an emergency response 
plan with IRS.2 

Will these recommendations entail a general switch 
from LLINs to IRS? 

It is incorrect to assume that resistance to pyrethroids will require 
a general change to IRS from LLINs. Both LLINs and IRS are 
expected to continue to be core elements of vector control in the 
short, medium and longer term. A general switch would probably 
be counter-productive. Firstly some forms of pyrethroid resistance 
may have no impact on the effectiveness of LLINs. Secondly, 
annual spraying is still not feasible in many places, for logistical 
reasons, and LLINs are the only practical form of effective vector 
control. Hence, the goal of universal coverage cannot be achieved 
and sustained with IRS alone but also requires the use of LLINs. 
Thirdly, as IRS is a more expensive form of vector control, switching 
solely to IRS to control malaria would substantially increase costs 
and have implications for the level of coverage and the proportion 
of the population protected. The cost of the insecticide represents 
a relatively large proportion of the total cost of IRS, but only a 
small fraction of the cost of LLINs. Therefore, a switch to mixture 
products, with new and more expensive active ingredients, can 
be expected to result in a larger increase in the cost of IRS than 
with LLINs.

2	 It should be noted, however, that an emergency response plan is likely to be effective only if there is 
adequate surveillance to predict or spot the onset of an outbreak very early.
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GLOBAL PLAN FOR INSECTICIDE RESISTANCE MANAGEMENT IN MALARIA VECTORS (GPIRM)

3.4	 �Geographical 
areas in which 
LLINs and IRS are 
already used in 
combination

Pre-emptive action: Stop using pyrethroids for IRS and 
continue to use nets.

Before resistance has been confirmed, the LLIN strategy should 
not be changed, but two pre-emptive actions are needed. Firstly, in 
areas of high coverage with LLINs, pyrethroids should not be used 
for IRS, as this will contribute to selection pressure. IRS should 
therefore be done with alternative, non-pyrethroid insecticides. The 
alternative insecticides should preferably be used in a rotations 
scheme to avoid the development of resistance to any one of 
them. The key, however, is to use a non-pyrethroid1. Secondly, 
as continuing use of LLINs is likely to contribute significantly to 
selection pressure, countries should ensure frequent entomological 
monitoring, at least once a year and preferably every 6 months.

Where there is full susceptibility of vectors to pyrethroids.

As described in the section on pre-emptive action with 
combinations, even when the local vectors are fully susceptible to 
pyrethroids, it is important to stop the use of pyrethroids in areas of 
high coverage with LLINs and to continue to monitor for resistance, 
at least once a year and preferably every 6 months. In addition, 
to avoid the emergence of resistance, pre-emptive action should 
be taken by implementing IRS rotations (without pyrethroids¹), 
preferably annually. 

Where there is confirmed resistance to pyrethroids.

Continue with LLINs, including scaling-up, as an insecticide-
treated bednet is always better than no protection, even in an 
area with insecticide resistance. Use of LLINs is, however, likely 
to contribute significantly to selection pressure; therefore, it is 
essential to monitor whether the effectiveness of LLINs is reduced. 
As a minimum this means monitoring insecticide resistance at 
least once a year and preferably every 6 months.

Make sure that all areas have changed from pyrethroid-based IRS 
to rotations without pyrethroids. 

1	 There might be very specific circumstances in which alternative insecticides are not available, 
e.g. in some parts of West Africa where there is confirmed evidence of AChE resistance. If such 
circumstances are evidenced, endemic countries and partners are invited to seek WHO’s assistance 
to analyze the situation and define the most appropriate IRM strategy.

3.5	 �Choosing 
alternative 
insecticides 

When choosing alternative insecticides, it is important to consider 
factors related to cross resistance, efficacy and costs. These 
factors should be taken into account: when introducing alternative 
insecticides in an IRS rotation (which may or may not include the 
current insecticide, depending on the resistance status); when 
introducing non-pyrethroid based IRS in areas with high coverage 
with LLINs; or when changing from an insecticide to which 
resistance has developed.

Firstly, the possibility of cross-resistance to other insecticides 
should be considered. Information about which insecticides may 
confer cross-resistance can be obtained either by identifying 
the resistance mechanisms and examining the known cross-
resistance patterns or by conducting susceptibility tests for each 
of the other insecticides. 

Secondly, testing should be conducted to determine the 
insecticides to which there is currently resistance and avoid using 
these insecticides in IRM if necessary. In the event of resistance to 
all four classes of insecticide, vector control programmes should 
rotate annually through as many classes as possible and should 
start rotations with the insecticides to which there is the lowest 
frequency of resistance. In an area in which LLINs are also used, 
pyrethroids should be avoided. 

Thirdly, the country’s policy on DDT should be confirmed. If 
DDT is registered and its use permitted, and where vectors are 
susceptible to it, countries should, in line with WHO guidelines, 
consider it as an alternative insecticide for IRS (10). Where DDT 
is not registered locally, ways of speeding up its registration 
should be considered. Many countries may find themselves with 
a very short list of available insecticides for IRS rotations, and 
DDT could make a significant difference, for example, allowing 
a three-class rotation (having removed the insecticide to which 
there is resistance) rather than only a two-class rotation. As DDT is 
less expensive than organophosphates and carbamates, the cost 
implications are potentially significant.

The duration of the efficacy of each insecticide used in a rotation 
should also be considered, together with the length of the 
transmission season, as this will have implications for the number 
of spray rounds required, and will therefore have a potential effect 
on total cost.

The three factors that should be assessed when a new focus of 
insecticide resistance is identified are illustrated in Figure 30.
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Figure 30: Three factors to be assessed when a new focus of insecticide resistance is identified

Have enough sites
been tested to give 

a clear picture of
insecticide resistance? a  

Conduct further
bioassays at other
sites to establish

limits of geographical
distribution of

insecticide resistance  

Which resistance
mechanisms are

present (and what
is the strength
of resistance)?

No 

kdr only
Unlikely to have signi�cant operational

impact in the short term, but IRM
strategy and action needed

where possible  

Metabolic only
Of great concern, important

to modify and implement IRM strategy  

Metabolic and kdr
Of extreme concern, critical

to modify and implement
IRM strategy immediately   

Yes 

Refer to the recommendations
in part 3 of the GPIRM,

including details on selecting
alternative insecticides

predominantly
on the basis of cross-
resistance patterns.

Understand spread of
insecticide resistance 

Understand severity of insecticide resistance 
Consider options for

insecticide resistance
management strategy  

Are there
epidemiological
data showing

increase in number
of malaria cases?  

Of extreme concern if coupled with
high resistance. Prepare to
take emergency action.  

Situation not yet critical. Urgency for
action will depend on

resistance mechanism/s identi�ed.  

Yes 

No 

Parallel process to
understand severity of
insecticide resistance

New
resistance

identi�ed with
bioassays at
sentinel sites

a	� ‘Enough’ sites tested means at least enough sentinel sites to cover a minimum of 200 000 houses or 500 000 nets. Resistance ratios (strength of resistance) should be investigated with WHO resistance test kits 
or CDC bottle bioassays. 

Other forms of vector control.

IRS and LLINs are the core malaria vector control techniques, 
because they are not only more effective than other forms of 
control against mosquitoes that preferentially enter houses for 
biting and resting, but they also consist of a uniform set of methods 
that do not require significant adaptation to local situations. Other 
methods of malaria vector control have specific roles and are 
effective only in selected settings and circumstances. Within 
these settings, such methods require local entomological studies 
and careful adaptation to suit local conditions. Implementation of 
such interventions in an inappropriate setting may lead to wastage 
of public health resources, and could lead to a risk of malaria 
control failure. See Annex 2 for information on larviciding and 
environmental management.

If resistance to all insecticide classes is identified in a given 
setting, and particularly if resistance is resulting in control failure, 
the appropriateness of other forms of vector control should be 
considered. In the right circumstances, they could provide an 
additional, urgently needed, degree of vector protection. 

Space sprays, are not currently recommended because of their 
limited effect in malaria control.
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PART 4	

NEAR-TERM  
ACTION PLAN

4.1	 �Role of each 
stakeholder 
group

4.1.1 �INSECTICIDE RESISTANCE MANAGEMENT is a 
shared responsibility for all relevant 
stakeholders

Figure 31: Overview of the main roles and responsibilities of each stakeholder group

Global norms
and guidelines

Designing
IRM strategies 

Evaluating
IRM strategy 

Coordination
of action / info

Resource
mobilization AdvocacyIR research R&DImplementation Monitoring

NMCPs and other
VBD programmes  

Senior government
of�cials   

Other health
programmes and
agricultural sector   

Implementation
agencies / NGOs  

WHO GMP 

WHO regional and
country of�ces

Multilateral agencies 

Funding agencies
and bilateral donors  

WHOPES 

Research Institutes
and academia  

Manufacturers of VC
products / PDPs  

Primary role Secondary role: support 

Every stakeholder group in the community must fulfil its 
responsibilities in managing resistance of malaria vectors to 
insecticides, as outlined in the GPIRM. The roles listed in Figure 
31 are described in more detail on the following pages and will 

be refined over time. The description may not be exhaustive, and 
some stakeholder groups might have additional roles. 

While this section addresses the role of each stakeholder group, 
section 4.2 describes concrete, immediate steps to be taken in the 
community to support IRM.
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GLOBAL PLAN FOR INSECTICIDE RESISTANCE MANAGEMENT IN MALARIA VECTORS (GPIRM)

Roles of national malaria control programmes.

•	 Design and implement appropriate IRM strategies, in line 
with policy and guidelines set by WHO (and seek support 
as necessary). 

•	 Increase monitoring in order to understand the current 
situation, and implement routine monitoring of insecticide 
resistance.

•	 If required, seek help from research and academic 
institutions to conduct such monitoring activities. 

•	 Assess the effect of IRM strategies on: slowing down 
or reducing the frequency of insecticide resistance; 
decreasing malaria transmission (if implemented as 
a result of control failure); and entomological and 
epidemiological effectiveness of vector control.

•	 Participate in coordination at regional level to ensure 
sharing of data and best practices.

•	 Coordinate IRM strategy with other relevant sectors, 
including agriculture, environment, and finance, as well as 
with municipalities and local governments.

•	 Work with local academic and research institutes to 
ensure that relevant research is conducted in-country 
(e.g. on links to control failure) and data are shared.

•	 Identify and mobilize human and financial resources for 
monitoring insecticide resistance and IRM plans.

•	 Consider whether current budgets could be reallocated 
to provide funds for monitoring insecticide resistance and 
management activities. 

•	 Engage high level government support, particularly from 
ministries of health, finance and agriculture, by raising the 
profile of insecticide resistance.

•	 Provide feedback, where relevant, to help WHO to refine 
policies on vector control in general and monitoring and 
management of insecticide resistance in particular. 

Role of senior government officials.

•	 Make funds available for monitoring insecticide resistance 
and IRM strategies.

•	 Encourage neighbouring governments and donors that 
are reluctant to take the threat of insecticide resistance 
seriously.

Role of the agriculture sector. 

•	 Try to use classes of insecticides that are not available for 
public health use.

•	 Conduct research on insecticide resistance in agriculture, 
and share the results with the malaria control community.

•	 Share information on insecticide resistance with vector 
control advisors, national malaria control programmes 
and, when necessary, prepare an intersectoral IRM 
strategy.

Role of implementation partners and nongovernmental 
organizations.

•	 Where appropriate, support national malaria control 
programmes in the design and implementation of IRM 
strategies, in line with policy and guidelines set by WHO.

•	 Support national malaria control programmes in 
monitoring insecticide resistance, and ensure that 
monitoring is conducted as a routine component of every 
malaria vector control programme.

•	 With national malaria control programmes and local 
research institutions, assess the impact of IRM 
strategies, particularly: on slowing down or reducing 
the frequency of insecticide resistance; on decreasing 
malaria transmission; and on the entomological and 
epidemiological effectiveness of vector control. 

•	 Coordinate with and provide technical assistance to 
national malaria control programmes, and make sure that 
information is shared with them.

•	 Identify and mobilize human and financial resources for 
monitoring insecticide resistance and for IRM strategies.

•	 Advocate for the inclusion of insecticide resistance as a 
priority in global malaria control and resource mobilization.

Role of the WHO Global Malaria Programme.

•	 Refine and update global policies and guidelines for 
monitoring and managing insecticide resistance on the 
basis of new evidence and information. 

•	 Provide leadership, oversight and coordination of 
activities triggered by the GPIRM. This includes increasing 
awareness about the urgency of the threat, and advocating 
for increased funding for IRM strategies and research.

•	 Coordinate support for countries in the design and 
implementation of IRM strategies; in particular, convene 
international experts on insecticide resistance.
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•	 Convene experts to review new science on insecticide 
resistance, including evidence on subregional and 
regional spread of resistance, on resistance mechanisms, 
on the impact of resistance on malaria control and on IRM 
methods. These evidence reviews will be the basis for 
policy refinement and revision.

•	 Coordinate support for countries in building capacity and 
training staff to collect data for monitoring insecticide 
resistance – including their analysis and interpretation for 
global policy and direction.

•	 Consult with countries, Regional Offices and partners to 
identify a reputable institution to host a global database, to 
be overseen by WHO on behalf of member states; ensure 
the flow of data on insecticide resistance from countries 
to the hosting institution.

•	 Advocate for sufficient capacity at global, regional and 
country levels of WHO to support countries in implementing 
the recommendations contained in the GPIRM.

Role of WHO regional and country offices.

•	 Provide regular opportunities for sharing information on 
insecticide resistance and best practices at regional level, 
between countries and across public health and other 
relevant sectors (e.g. agriculture).

•	 Advocate for inclusion of insecticide resistance priorities 
in malaria control and research agendas at country level.

•	 Support national malaria control programmes in increasing 
awareness, and obtain support at national and regional 
levels; advocate for increased funding for IRM strategies 
and research.

•	 Promote intersectoral interaction and coordination for the 
implementation of IRM at country level.

•	 Coordinate and support countries in the design and 
implementation of monitoring plans for IRM.

•	 Coordinate support for countries in building capacity 
and training staff to collect data (susceptibility tests and 
advanced testing methods).

•	 Advocate for sufficient capacity at WHO regional and 
country offices to support countries in their IRM efforts.

Role of other multilateral organizations (depending on 
their focus).

•	 Advocate for inclusion of insecticide resistance priorities 
in global malaria control and research agendas.

•	 Support national malaria control programmes in 
increasing awareness, and obtain support at national and 
regional levels.

•	 Advocate for increased funding for IRM strategies and 
research.

•	 Commit funding for IRM and encourage other multilateral 
organizations and funding agencies to do the same, if 
appropriate.

•	 Coordinate with WHO to offer technical support to countries 
for the design and implementation of IRM strategies.

Role of funding agencies and bilateral donors.

•	 Encourage the establishment of insecticide resistance 
monitoring for all vector control programme grants, in 
coordination with WHO.

•	 Support countries in meeting the conditions of grants.

•	 Make resources available for the academic research 
(operational and laboratory research) required to improve 
understanding of insecticide resistance and effective IRM 
strategies.

•	 Invest in the development of new products and vector 
control tools.

•	 Commit funding to support the financial costs of IRM 
strategies and capacity-building for monitoring, in 
coordination with WHO.

Role of WHOPES.

•	 Prepare guidelines for safety and efficacy assessment of 
new public health pesticides.

•	 Conduct independent assessment of new vector control 
pesticides, through its networks of collaborating centres.

•	 Develop specifications for quality control and international 
trade of public health pesticides.

•	 Support Member States in life-cycle management of 
public health pesticides.

•	 Monitor and publish information on use of pesticides for 
vector-borne disease control. 

•	 Increase WHOPES capacity at global level and in 
collaborating centres to enable timely response to the 
growing number of new vector control products in the 
development pipeline.
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GLOBAL PLAN FOR INSECTICIDE RESISTANCE MANAGEMENT IN MALARIA VECTORS (GPIRM)

4.2	 Action plan
A near-term action plan has been prepared to clarify priorities, 
particularly for the next 12 months. These activities are important 
prerequisites for proper implementation of the recommendations 
of the GPIRM. The activities are aligned with the five pillars of 
the strategy (see section 2.1). The timelines for each activity will 
serve as indicators to monitor progress in implementation of the 
recommendations.

In Figure 32 and in the rest of this section, three colours are used: 
activities in green should be implemented in malaria-endemic 
countries, usually by the national malaria control programme; 
activities in blue represent regional or global activities to support 
countries; and activities in brown are to be implemented at all 
levels: country, region and global. 

Role of research and academic institutions.

•	 When needed, support national malaria control 
programmes in interpreting data and making decisions on 
an IRM strategy. 

•	 With the national malaria control programmes, conduct 
trials and research to assess the effectiveness of IRM 
strategies for both maintaining effective vector control and 
reducing insecticide resistance.

•	 When needed, support national malaria control 
programmes in collecting data on and testing for 
insecticide resistance (particularly biochemical and 
molecular testing).

•	 Seek funding to conduct research on identified priorities 
and undertake this research together with national malaria 
control programmes.

Role of manufacturers of vector control products.

•	 Invest in development and in bringing to market new 
products and vector control tools to support IRM.

•	 Work with partners to find ways to reduce the cost of 
insecticides and other vector control products to make 
IRM strategies more affordable.

Given that most of these constituencies are part of the RBM 
Partnership, RBM has a critical role in implementing the GPIRM, 
especially with regard to advocacy, resource mobilization, and 
harmonization of partner efforts.
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4.2.1 �Pillar I: Insecticide resistance management strategies

Within 6–12 months.

Modification of vector control practices

•	 National malaria control programmes should consolidate recent data on insecticide resistance (less than 12 months old), 
conduct additional susceptibility tests and, where insecticide resistance has been detected, identify the mechanisms (see 
section 2.2).

•	 National malaria control programmes should compile existing information on other factors in order to put resistance data 
in a broader context (see section 2.2).

•	 National malaria control programmes should then analyse the data and prepare appropriate IRM strategies, with the 
support of partners as detailed below.

•	 National malaria control programmes may have to seek external technical expertise and should contact WHO country 
offices to coordinate support from regional and global level.

Decision support materials

•	 WHO will work with partners to develop decision support materials for interpreting data on insecticide resistance.

Coordination among endemic countries and between partners

•	 Networks for regional coordination (national malaria control programmes, multilateral organizations, 
implementing agencies, local nongovernmental organizations) should devise a formal process for sharing information 
and coordinating strategies for national malaria control programmes, other implementing agencies (including nongovernmental 
organizations), the public health and agriculture sectors (e.g. in quarterly meetings).

Technical support to countries

•	 Experts in insecticide resistance should support countries in interpreting data on insecticide resistance. WHO, at country, 
regional, and global levels can provide this technical support and coordinate additional support from relevant malaria control 
partners. 

Within 1–2 years.

Modification of vector control practices

•	 National malaria control programmes should review and, when relevant, modify all components of their vector control plan 
to incorporate an IRM strategy, with the support of external technical experts, if needed.

•	 National malaria control programmes should pursue procurement options for different insecticides and other vector 
control tools, in line with WHO guidelines and recommendations. 

Decision support materials

•	 Continue to refine the decision support materials based on early experience.

Coordination among endemic countries and between partners

•	 Regional and country partners (in both public health and agriculture sectors) should be convened to share information on 
the insecticide resistance situation and IRM strategies. 
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Technical support to countries

•	 Partners with experience in vector control planning should support overall revision of the IRM plan and the subsequent 
budget.

•	 Representatives of government ministries should support national malaria control programmes with regulatory procedures 
allowing implementation of IRM strategies.

2 years and beyond.

Modification of vector control practices

•	 National malaria control programmes should implement their revised or reoriented vector control plans, taking into 
account insecticide resistance. This will require additional training and capacity building.

Decision support materials

•	 WHO and partners should build capacity at country level to utilize decision support materials.

Coordination among endemic countries and between partners

•	 Regional coordination should continue between neighbouring countries, including other sectors such as agriculture.

Technical support to countries

•	 WHO regional and country offices, together with nongovernmental organizations and implementing agencies 
should support national malaria control programmes in implementing reoriented vector control plans, for example by offering 
advice, expertise and resources, as needed.

4.2.2 Pillar II. Monitoring activities

Within 6–12 months.

Monitoring plan

•	 National malaria control programmes should consolidate all existing data on insecticide resistance, and conduct additional 
testing if the data are more than 12 months old, to form the basis for a situation analysis of insecticide resistance in the country 
(see Pillar I).

Capacity-building

•	 National malaria control programmes should identify the human and infrastructural capacity required for monitoring and 
investigate ways to build the capacity.

•	 Regional initiatives should continue to develop monitoring capacity.

•	 Implementing agencies and donors should continue to implement and fund capacity-building for monitoring.



96

Part 4 Near-term action plan

GLOBAL PLAN FOR INSECTICIDE RESISTANCE MANAGEMENT IN MALARIA VECTORS (GPIRM)

Global database

•	 The WHO Global Malaria Programme should consult with countries, Regional Offices and partners to identify a reputable 
institution to host the database, to be overseen by WHO on behalf of Member States.

•	 The WHO Global Malaria Programme should ensure the flow of data on insecticide resistance from countries to the 
institution hosting the global database. 

•	 The host organization should set up the database and work with WHO to design an input template for countries. WHO would 
manage data requests from partners in consultation with countries.

Funding and IR monitoring

•	 Donor agencies should ensure that insecticide resistance monitoring is an integral part of all vector control programme 
grants.

Within 1–2 years.

Monitoring plan

•	 National malaria control programmes should, after conducting an initial situation analysis, prepare a plan for routine 
monitoring of insecticide resistance (see section 2.2).

•	 National malaria control programmes should raise funds (by mobilizing national and external resources) as required to 
build monitoring capacity and procure the necessary equipment.

Capacity-building

•	 National malaria control programmes should continue to build expertise in entomology and insecticide resistance; 
partnerships should be formed with local and regional research institutes.

Global database

•	 The WHO Global Malaria Programme, through the WHO Regional Offices, should contact national malaria control 
programmes, implementing agencies and research institutions to explain the data that are needed and how they are intended 
to be used.

Funding and IR monitoring

•	 Donor agencies and multilateral organizations should support countries in preparing appropriate monitoring plans for the 
implementation of large vector control grants.

2 years and beyond.

Monitoring plan

•	 National malaria control programmes should implement routine monitoring plans.
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Global database

•	 Malaria-endemic countries should submit data on insecticide resistance for inclusion in the database.

•	 WHO, at global, regional, and country level should conduct further discussions with countries and with research and 
academic institutions as required to encourage submission of data.

4.2.3 Pillar III. New tools

Within 6–12 months.

Investment

•	 Partners in innovative vector control should continue to meet to discuss the current pipeline and urgent needs, with a view 
to increasing the focus on products with IRM properties.

Within 1–2 years and 2 years and beyond.

Investment

•	 Partners in innovative vector control should increase their focus on new products for IRM.

4.2.4 Pillar IV. Knowledge

Within 6–12 months.

Research and evidence 

•	 The WHO Global Malaria Programme should convene a group of experts focusing on knowledge needs in insecticide 
resistance, after consultation with the Malaria Policy Advisory Committee. 

•	 Partners from research institutes and academia with national malaria control programmes should continue current 
trials and studies on insecticide resistance.

Within 1–2 years.

Research and evidence

•	 The experts should finalize the research agenda and communicate the highest priorities to the malaria community.

•	 Partners in research institutes and academia should apply to donors, with support from experts, to secure funding for 
the research priorities.
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2 years and beyond.

Research and evidence

•	 Partners in research and academic institutions with national malaria control programmes should initiate additional 
high-priority research.

•	 The experts should review new evidence (in coordination with the global database and national malaria control programmes) 
and prepare an annual report on insecticide resistance.

•	 The experts should consider whether global policies should be revised in the light of new evidence.

4.2.5 Pillar V. Mechanisms

Within 6–12 months.

Accelerated funding

•	 A group of donors, multilateral organizations and other relevant partners (e.g. from the private sector) should convene 
to investigate the possibility of accelerating funding to allow urgent action in countries in which the situation of insecticide 
resistance is critical. For instance, the creation of a ‘catalytic fund’ has been proposed to initiate monitoring or implementation 
of IRM strategies in defined high-priority geographical areas.

•	 This group should define the principles and mechanisms for such ‘accelerated funding’, identify priorities and seek funding 
commitments. 

Human resources

•	 Malaria-endemic countries, implementing agencies and other partners should identify the human resources needed 
to implement the recommendations of the GPIRM.

•	 WHO at global, regional and country levels should identify the technical capacity needed for the design and implementation 
of plans for monitoring and managing insecticide resistance.

•	 WHOPES should identify additional capacity at global level and collaborating centres to respond to the growing number of IRM 
products in the pipeline.

Advocacy

•	 WHO should provide leadership, oversight and coordination of the GPIRM, including advocacy to increase awareness of the 
urgency of the threat of insecticide resistance and funding for implementation of IRM strategies. The World Health Assembly 
and WHO regional committee meetings should be used to solicit support from Member States and partners.

•	 National malaria control programmes should seek government support, particularly from ministries of health and 
agriculture, by raising the profile of insecticide resistance.

•	 Government officials should encourage other governments and donors that appear reluctant to react seriously to the threat 
of insecticide resistance. 

•	 Stakeholders in the Roll Back Malaria Partnership and specialists in advocacy and communication should take 
opportunities to communicate the importance of insecticide resistance, advocate for IRM and raise appropriate funds.
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Within 1–2 years.

Accelerated funding

•	 Accelerated funding, when identified, should be allocated to areas with high insecticide resistance.

Human resources

•	 Endemic countries, implementing agencies, other partners, the WHO Global Malaria Programme, WHOPES and 
WHO regional offices should seek funding where necessary for building additional entomological capacity and ensure that 
resources are allocated as soon as possible after they have been received.

•	 WHO should continue to identify and build capacity.

Funding

•	 National malaria control programmes should review options for funding IRM strategies and monitoring, including grant 
proposals, requests to national governments and reallocation of their current vector control budgets when appropriate.

•	 Donor agencies should discuss internally and with the malaria community how to commit sufficient funds to malaria vector 
control to meet the increased costs associated with insecticide resistance.

•	 Fund-raising entities should add IRM to their list of priorities.

Advocacy 

•	 All stakeholders should continue to communicate the importance of insecticide resistance and use the GPIRM to advocate 
for political commitment and for resource mobilization.

•	 WHO should make sure that insecticide resistance is an integral part of reports on malaria.

2 years and beyond.

Human resources

•	 Endemic countries, implementing agencies, other partners, the WHO Global Malaria Programme, WHOPES and 
WHO regional offices should continue to build capacity.

Funding

•	 Donor agencies and governments should commit funding to allow additional countries to implement IRM strategies and 
monitoring plans.

Advocacy

•	 All stakeholders in the Roll Back Malaria Partnership should continue to communicate the importance of insecticide 
resistance.

•	 WHO should coordinate with other partners to ensure that insecticide resistance is an integral part of reports on malaria control.
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Annex 1  �Past use of malaria 
vector control tools

In the mid-nineteenth century, malaria was endemic in most 
countries and territories of the world, affecting about 90% of the 
world’s population and stretching as far north as the Arctic Circle 
(1). Strategies for malaria vector control, namely environmental 
management and larviciding, were initiated at the beginning of the 
twentieth century. Since widespread introduction of indoor residual 

spraying (IRS) with dichlorodiphenyltrichloroethane (DDT) in the 
1950s, vector control has played a major role in malaria control. 
Vector control interventions are highly effective, and scaling-up 
of interventions has been associated with a reduction of malaria-
related deaths (Figure A1.1).

Figure A1.1: World distribution of malaria, mid-ninetieth century to 2010: areas at risk for malaria have diminished dramaticallyWorld distribution of malaria, from mid-19th century to 2010 

2010
1967

mid-19th century

before 1946

This composite map does not claim to be complete. It is intended to illustrate where malaria transmission existed over the years – Source: WHO.
From references (2) and (3)  
The map reflects data and boundaries as of 2010 or before and should not be understood to reflect current data and boundaries.



103

First steps in malaria vector control.

Malaria transmission was first linked to mosquito vectors in the 
late 1890s.1 Subsequently, the theory and practice of malaria 
control were developed, involving general and selective removal 
of specific vector populations in line with the concept of ‘mosquito 
species sanitation’ (5). The basis of this concept is that Anopheles, 
obligatory vectors for malaria, have species-specific breeding 
sites; when these sites are sanitized, malaria is deprived of its 
ecological preconditions (6). On the basis of the species sanitation 
theory, malaria vector control was introduced, together with the 
use of quinine for populations at risk. Vector control relies on the 
principle that the prevention of malaria transmission saves lives 
and reduces spending on antimalarial drugs and treatment as 
well as the societal costs of illness and lost productivity. The early 
vector control measures were source reduction (i.e. eliminating 
breeding sites), water management, environmental sanitation, 
larviciding and individual protective measures. These interventions 
succeeded in eliminating malaria from the extreme margins of its 
distribution, in particular between the first and second world wars 
(7). These types of vector control were used until the mid-twentieth 
century, but usually on a small scale because of limitations of the 
methods and their use, which was often restricted to affluent areas.

Vector control became a founding pillar of the Global 
Malaria Eradication Programme. 

At the beginning of the twentieth century, several attempts were 
made to use IRS with the insecticide pyrethrin to control malaria 
vectors;2 however, the method required weekly sprayings to 
preserve the effectiveness of the insecticide and was therefore 
costly and labour-intensive. In 1939, the insecticidal properties of 
DDT were discovered, and DDT was quickly perceived as superior 
to the existing insecticides, given its long residual activity of 
6–12 months and its low cost (4). As a result, IRS with DDT was 
adopted on a global scale from the 1950s, although the level of 
implementation varied among regions (8). 

The efficacy of DDT in reducing malaria-related mortality was seen 
almost immediately, and IRS was embraced by the international 
community as a remarkably efficient tool for combating malaria 
(7). To explain the theoretical background of the success of IRS, 
George MacDonald translated the empirical effectiveness of IRS 
into theory through mathematical models (9), further increasing 
the acceptance of, and advocacy for, IRS. 

1	 By Manson in 1877, by Ross in 1895 and by Grassi, Bignami and Bastianelli in 1898 (the parasite 
cycle in vectors) (4)

2	 For example, in Brazil, Egypt, the Netherlands, Panama and South Africa

The success of DDT (4) led to the launch of the global malaria 
eradication campaign by the World Health Assembly in 1955 (8). 
This campaign accelerated efforts for malaria eradication in all 
countries except those in sub-Saharan Africa and Madagascar, 
which were in the pre-eradication phase. This area had been 
included in the objective of full eradication during planning of the 
eradication programme, but because of the high transmission 
levels in the region, coupled with logistic and administrative 
challenges to implementing a large-scale elimination programme 
(8), this objective was changed to ‘malaria control’ until suitable, 
economically feasible methods became available for complete 
eradication of the disease (7). 

The eradication campaign accelerated use of IRS vector control 
operations in the following decades and led to elimination of 
malaria in many countries. In all, 37 of the 143 countries that were 
endemic in 1950 were freed from malaria by 1978; 27 of these 
were in Europe and the Americas. In many other countries, major 
gains were made in decreasing the burdens of disease and death 
(see Figure A1.1).

Disillusionment and decreased funding for malaria 
prevention.

In the 1970s, decreasing global commitment and resource 
allocation brought the eradication efforts of the previous decades 
to a halt. The causes of this situation included reports of limited 
progress in controlling malaria (or even resurgence of the disease), 
rising political and public concern about the safety of DDT, growing 
evidence of vector resistance to DDT, and parasite resistance to 
antimalarial drugs. Concern was also raised about whether malaria 
control should continue to be conducted as vertical campaigns or, 
instead, be integrated into national health systems. In 1978, WHO 
reoriented its policy from ‘eradication and elimination of malaria’ 
to ‘control of malaria’ (10). Although global policy changed from 
eradication to control, the guidelines were limited, and many 
malaria programmes that had been set up as ‘one-off’ eradication 
campaigns were difficult to integrate into national health systems 
(11). In this context, malaria-related deaths in sub-Saharan Africa 
tripled during the ensuing two decades, although the cumulative 
number of deaths elsewhere continued to fall (Figure A1.2).



GLOBAL PLAN FOR INSECTICIDE RESISTANCE MANAGEMENT IN MALARIA VECTORS (GPIRM)104

Figure A1.2: World distribution of deaths from malaria, early twentieth century to 2010
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Data for 1900–1998 from reference (12); data for 2000–2009 from reference (13)

1990s: Adoption of the global malaria control strategy.

By the late 1980s, it had become clear that the malaria situation 
had deteriorated over the past few decades, with spread of parasite 
resistance to antimalarial drugs, increasing numbers of malaria 
cases in endemic areas (particularly in sub-Saharan Africa) and 
an increased frequency of epidemics. In reaction to the worsening 
situation, a revised global malaria control strategy was approved 
by the World Health Assembly (14), after a ministerial conference 
held in Amsterdam in 1992, which reaffirmed that vector control 
should be one of the four pillars of the strategy (8). During the same 
period, insecticide-treated bednets were developed and proved to 
be highly effective against malaria vectors, extending the arsenal 
of tools that could be used for vector control. The development of 
long-lasting insecticidal nets increased the duration of insecticide 
efficacy and did not require re-treatment of nets with insecticide, 
significantly increasing the scalability of this intervention.

2000s: Raising the profile of malaria and increasing 
funding.

During the next decade, several new resolutions were adopted 
to fight malaria, which raised the disease profile and put vector 
control at the heart of malaria control strategies (e.g. the 
Organization of African Unity Harare Declaration in 1997, the 
Abuja Declaration in 2000, the Roll Back Malaria Goals and the 
Millennium Development Goals). Vector control was implemented 
on a global scale, and major donors, such as the Global Fund, 
the World Bank and the President’s Malaria Initiative, significantly 
increased funding for malaria control and especially for coverage 
with long-lasting insecticidal nets (LLINs) and IRS in endemic 
countries. Several other initiatives, such as the Roll Back Malaria 
Partnership and the United Nations Special Envoy’s Office for 
malaria, and the African Leaders Malaria Alliance (ALMA) have 
also raised the political profile of reaching universal coverage with 
vector control for populations at risk. 
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Vector control remains the single largest spending category 
in malaria control for global donors (Figure A1.3). For example, 
about 39% of Global Fund expenditure in 2009 and 59% of that 
of the President’s Malaria Initiative in 2010 were estimated to 

be dedicated to LLINs and IRS (15). Estimates of future funding 
requirements for malaria control suggest that vector control will 
require almost two thirds of spending through 2025 (16). 

Figure A1.3: International donor disbursements to malaria endemic countries in 2000-2009

Disbursements ($M) 

204 

393 

0 
2009 2008 2007 2006 2005 2004 2003 2002 2001 2000 

108 

599 

1,000 

1,472 

44 

1,055 

35 

692 

45 

1,500 

500 

World Bank  

Global Fund to Fight AIDS, Tuberculosis and Malaria  

Others  

United States President’s Malaria Initiative  

Notes: PMI disbursements are for the �rst three quarters of 2009, disbursements of WB and other agencies assumed to be equal to 2008
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Resource Utilization:The First Decade of Roll Back Malaria" Roll Back Malaria Progress & Impact Series, 2010:1 (2010) p.30   

From the Global Fund to Fight AIDS, Tuberculosis and Malaria (Global Fund), World Bank, United States President’s Malaria Initiative (US-PMI), Organisation for Economic Co-operation and Development database for 
2008 and Institute for Health Metrics and Evaluation database for 2000–2007 and 2009 (15) 
PMI disbursements are for the first three quarters of 2009; those of the World Bank and other agencies are assumed to be equal to those disbursed in 2008.
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Annex 2  �Long-lasting  
insecticidal nets, indoor 
residual spraying and 
other vector control 
interventions

Long-lasting insecticidal nets (LLINs) and indoor residual spraying 
(IRS) are the mainstays of any malaria vector control strategy 
because of their effectiveness, relatively low cost and possibility 
for scaling up. LLINs and IRS have each brought about significant 
reductions in malaria incidence or child mortality in trials and 
pooled observational analyses. 

•	 LLINs. A Cochrane review in 2009 (1) showed that 
insecticide-treated nets reduced the incidence of episodes 
of uncomplicated malaria in areas of stable malaria 
transmission by 50% in comparison with no nets, and 
reduced child mortality from all causes by 17%. A pooled 
analysis of observational data from 22 sub-Saharan 
countries in 2011 (2) showed that household ownership 
of at least one insecticide-treated net was associated with 
a relative reduction in child mortality of 23%, consistent 
with the earlier Cochrane review.

•	 IRS. Historical and programme documentation has 
clearly established the effectiveness of IRS. A Cochrane 
review in 2009 of one randomized controlled trial in the 
United Republic of Tanzania, showed that IRS reduced 
re-infection with malaria parasites by 54%. In regions of 
unstable malaria transmission, the reduction in malaria 
infections ranged from 30% to 90% (3). 

•	 ‘Community effect’ of LLINs and IRS. Studies have 
shown that high coverage rates with LLINs and IRS (e.g. 
> 80%) lead to a ‘community effect’, reducing vector 
survival and the contact between vectors and humans 
and therefore indirectly protecting people who are not 
necessarily using a treated net or sleeping in a sprayed 
house (4,5).

In most settings, LLINs and IRS are the most affordable 
interventions available, as they are based on simple techniques 
with standardized, scalable manufacture and distribution. 

•	 LLINs. Although it is relatively inexpensive and easy to 
distribute LLINs, their lifespan is variable, with an average 
of less than 3 years, so that worn nets have to be replaced 
regularly. Net programmes generally achieve high initial 
coverage through mass distribution and then sustain 
the initial coverage, for instance by targeted distribution 
in antenatal clinics and routine child immunization 
programmes. Such maintenance strategies are essential 
for maintaining universal coverage, as sustained, 
intense advocacy campaigns are required to ensure that 
communities continue to use LLINs appropriately.

•	 IRS. IRS is also based on a standardized application 
procedure (use of mechanical spray pumps and 
insecticides) but requires trained staff to apply it. Teams 
spray all households in target areas once or twice a year, 
depending on the length of the transmission season and 
the insecticide used. Although IRS requires more logistic 
and technical capacity than net distribution, the working 
methods can easily be standardized and implemented 
across regions, even if an element of local adaptation 
is inevitably required. IRS programmes can therefore 
achieve significant economies of scale.
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Other vector control interventions are appropriate under 
specific conditions.

Other interventions, such as environmental management and 
larviciding (6), can be useful under specific conditions, depending 
on the target vector and the local situation. Because of logistic 
and operational limitations, these methods cannot be implemented 
efficiently in all areas, but in specific settings they may be 
complementary to LLINs and IRS. 

•	 Environmental management involves modifying or 
manipulating environmental factors to reduce vector 
breeding. It can result in permanent, sustainable change 
without the use of chemicals, but it can be used only in 
settings where the vector breeds in permanent breeding 
sites. It is also time- and skill-intensive and requires 
significant logistical support and active community 
participation. 

•	 Larval control reduces vector population growth by point 
application of chemical (larviciding) or biological toxins, or 
by the introduction of larvivorous fish (biological control) 
at identified vector breeding sites. Although larviciding is 
useful in certain settings, it is feasible only in areas where 
most breeding sites are relatively fixed geographically, so 
that they are consistently identifiable and, as such, can 
be fully covered by the intervention. The requirement 
for consistently identifiable breeding sites means 
that specialized local entomological studies must be 
conducted to ensure success. The method has less of an 
impact on transmission than use of insecticides against 
adult mosquitoes, as it reduces the density (number) 
of mosquitoes but does not shorten their lifespan. 
Furthermore, it often entails high costs and intensive 
operational input, as most larvicides must be applied at 
1–8-week intervals. The generalizability of the data on the 
effectiveness of larval source control is limited; however, 
studies suggest that larval control can be successful in 
appropriate settings: it reduced malaria transmission by 
30% in targeted areas in Dar-es-Salaam, United Republic 
of Tanzania (7), and had a significant complementary 
effect to LLINs in western Kenya (8).
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Annex 3  �History of insecticide 
resistance in malaria 
vectors

Insecticide resistance has been one of the most important technical 
problems facing vector and pest control programmes in agriculture 
and public health during the past six decades. 

Early evidence of insecticide resistance. 

The first cases of resistance to dichlorodiphenyltrichloroethane 
(DDT) in malaria vectors were identified in 1951 in Greece, in the 
Islamic Republic of Iran, and in Turkey. Resistance to dieldrin was 
observed in 1956. Resistance to these insecticides subsequently 
emerged in many other areas, in Asia, the Americas and Africa. 
By 1960, 43 mosquito species were resistant to one or more 
insecticides, and the number had increased to 56 by 1970, and 
to 99 by 1980 (1). 

Global Malaria Eradication Programme.

Resistance was both a stimulus for speeding up and a major 
obstacle to the global malaria eradication programme of the 1950s 
and 1960s (2). In view of the resistance developing in Anopheline 
vector species, the head of WHO’s Malaria Section in 1954, E.J. 
Pampana, urged countries to work towards eradication faster 
and more efficiently so that the campaign could be completed 
before resistance affected vector control (3). Continuing evolution 
of insecticide resistance, particularly to dieldrin, however, soon 
became an obstacle to the eradication programme. Unfortunately, 
the intensity of the drive towards eradication appeared to accelerate 
insecticide resistance. For example, widespread resistance to 
dieldrin rendered this insecticide essentially useless for malaria 
control in Africa. 

The 1970s to 1990s.

Throughout the 1970s, resistance continued to be a problem, and 
vector control operations were affected, particularly in India and 
Latin America, by extensive use of agricultural pesticides. Resistance 
also became a problem in a few areas of Africa where indoor 
residual spraying was conducted intensively. With the introduction 
of pyrethroids in the 1970s, resistance became more stable 
during the 1980s and 1990s, with few new reports of resistance 
outside of several known hot spots. It should be noted, however, 
that there was limited monitoring of resistance during this period.  

After 2000.

The threat of resistance to malaria vector control initiatives re-
emerged with the resurgence of malaria in South Africa from 
1996 to 2000 (see details on p34), which was attributed largely 
to resistance to pyrethroids. In the past few years, particularly 
since 2009, more intensive monitoring has revealed widespread 
resistance to pyrethroids and DDT and, to a lesser extent 
organophosphates and carbamates. 
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Annex 4  �Challenges in 
measuring the impact of 
insecticide resistance 
on the effectiveness of 
vector control

Why randomized controlled trial methods cannot be used.

When we ask “what is the impact of resistance on vector control?”, 
what exactly does this question mean? 

We expect vector control to cause a reduction in the intensity of 
malaria transmission, not a complete and immediate interruption. 
However, malaria transmission is also affected by many other 
factors – confounding factors – such as the local environment, 
the weather and the health system. Normally, in order to measure 
the effect of a new form of vector control in isolation from these 
confounding factors, we would use standard “randomized control 
trial” (RCT) methods. Well-studied RCT methods have been 
developed for a variety of situations and purposes, but in the case 
of vector control, the basic idea is that a set of communities is 
randomly divided into two groups, one that will receive the new 
form of vector control, and a comparison group that will receive 
the old form of vector control or nothing. 

Adding resistance into the question adds a further level of difficulty. 
The question now becomes “does vector control produce a smaller 
reduction in malaria if the vector mosquitoes are resistant than it 
would have done if they were susceptible?”. The key difficulty is 
that it is impossible to address this question using RCT methods, 
simply because resistance is not the kind of factor that can be 
allocated randomly to some communities and not to others. This 
is important, because many health scientists regard evidence 
from randomized-controlled studies as the only reliable basis for 
decision-making in public health. 

Alternative methods and their limitations.

The nearest alternative is to study observed variations in 
resistance, and investigate whether the observed effectiveness of 
vector control is associated with these. For example, vector control 
can be introduced into an area where there is a high frequency 
of resistance in some village mosquito populations and a low 

frequency in others, with subsequent monitoring to see whether 
the observed effect of vector control tends to be lower on average 
in villages with high levels of resistance. This so-called “ecological” 
approach is useful, but it has some important limitations. 

One limitation is that the effect of confounding factors can never be 
excluded with confidence with such a design. For example, there 
may be more resistance in some villages than others because of 
variations in the quality of vector control operations, or in mosquito 
behaviour. These are both factors that could produce stronger 
selection for resistance in some villages than others, and they are 
also expected to have direct effects on the effectiveness of vector 
control. 

Another limitation is that in most cases, the spread of resistance 
happens over a large scale, not village by village but district by 
district or province by province. In Benin, for example, there are no 
more fully susceptible areas that could be used as control sites.

The importance of good quality surveillance data.

As resistance genes spread from province to province and 
country to country, it is of course meaningful and very useful to 
observe whether and how much this spread is accompanied by 
an increase in routine reports of malaria incidence as recorded in 
local health facilities. However, in poor and remote areas, routine 
epidemiological data of this kind may not be sufficiently reliable 
for this purpose: in particular it may be based on clinical diagnosis 
without parasitological confirmation. In these circumstances, 
experience suggests that major resurgences of malaria, reflecting 
complete control failure, may indeed be detected by routine case 
reporting systems, but a less dramatic increase in the number of 
cases might not be noticed immediately. This is of real concern, as 
good data are essential for detecting increases in the number of 
malaria cases and providing an opportunity to prevent full control 
failure by taking responsive action. Improvements in malaria 
diagnostic testing and routine surveillance, which are underway 
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in many countries, will improve understanding of the impact of 
insecticide resistance.

Alternative ways to measure operational impact.

Given the many obstacles to measuring the epidemiological 
impact of resistance, the alternative has been to measure proxy 
entomological outcomes, such as the relative mortality and feeding 
success of resistant and susceptible vectors in experimental huts. 
Although such results can be remarkably clear, and definitively 
linked to resistance, experimental hut methods have their 
own limitations. For example, they are small-scale studies with 
entomological outcomes; additional assumptions are needed to 
link them with outcomes of public health importance. 

In one type of experimental hut trial, the efficacy of the same 
insecticide is compared in resistant and susceptible areas (2, 3). In 
another, the effectiveness of different insecticides is compared in a 
mosquito population that is resistant to one of the insecticides (4). In 
a third approach, the study focuses on a resistance gene that can be 
detected by DNA methods even in dead insects, and is performed in 
an area where the local mosquito population includes both resistant 
and susceptible insects; this allows a direct measure of the relative 
survival and feeding success of resistant and susceptible insects in the 
presence of different forms of vector control (5). 

An extension of this would be to investigate associations 
between resistance genes or resistance phenotype (survival in a 
bioassay) and either indicators of transmission (parasite infection 
in a mosquito) or components of vectorial capacity (especially 
longevity). For example, in an area under malaria vector control 
with a mixture of resistant and susceptible vectors in the same local 
species, samples could be taken to compare the sporozoite rate 
(= the proportion of female mosquitoes that are infective, i.e. with 
malarial parasites in the salivary glands ready for transmission to 
people) in resistant and susceptible insects. This comparison gives 
an indication of how much more intense transmission is expected 
to be when the vector population is fully resistant, compared to 
that when it was fully susceptible. 

A WHO project supported by the Bill and Melinda Gates Foundation 
is conducting trials to measure the impact of resistance in four 
countries in Africa and in India, with a variety of methods.

Possible reasons for widespread insecticide resistance with 
no obvious impact on the effectiveness of vector control.

•	 The effect of resistance may be visible only when 
combined with poor implementation, gaps in coverage 
and aging insecticide deposits. IRS and LLINs are useful in 
vector control not only because they have a powerful immediate 
impact on transmission, but also because they are often found to 
be still effective even when they are not implemented perfectly, 
when coverage is incomplete or when the spray deposits/nets 

are old in relation to their expected lifespan. In other words, they 
are robust and long-lived and tolerant of imperfect conditions, 
and for programmatic purposes this is as important as their 
immediate impact on transmission. This points to the hypothesis 
that resistance may erode the robustness of an intervention, so 
that its impact on vector control may be seen most clearly when 
implementation is poor, when there are gaps in coverage, or 
when the intervention gets older. In other words, in the presence 
of resistance, previously robust interventions may require perfect 
implementation and complete coverage in order to be effective, 
and the duration of effective control may be reduced. 

•	 A higher threshold of resistance is required. One 
hypothesis is that a higher threshold of resistance may be 
required before the number of malaria cases increases, and 
that threshold has not yet been reached in many places. 
Therefore, only reduced effectiveness is seen initially, 
whereas control failure may occur only after the strength and 
frequency of resistance have increased.

•	 IRS may have a greater potential for failure. The 
physical barrier of insecticide-treated nets provides a degree 
of protection, even if the insecticide is no longer effective, 
whereas IRS does not have this physical protection effect. 

•	 Vectors are still killed because of multiple exposures 
to an insecticide in the field. Vectors may still be killed 
by an insecticide if they come into contact with it on many 
occasions within a short time (6). While a single standard 
dose of insecticide might not have the desired effect, multiple 
exposures in the field (for example landing on a sprayed 
surface three to four times) can lead to a higher accumulated 
dose of the insecticide, which may be sufficient to kill the 
vector. Similarly, vectors that are resistant may have a lower 
excito-repellent response when exposed to pyrethroids. 
Therefore, they may remain exposed to the insecticide for 
longer and receive a larger dose, and thus be killed anyway (3).

•	 Older vectors are more susceptible. Metabolic resistance 
is in some cases expressed more strongly in young 
mosquitoes, but, when they are older, susceptibility returns. 
Therefore, insecticides still kill older mosquitoes (7). Since it 
is these old mosquitoes that transmit malaria, the resistance 
may not cause an increase in transmission. 

•	 Resistant vectors are less capable of transmitting 
malaria. It has been suggested that the ability of resistant 
vectors to transmit malaria might be reduced as, even if 
they are not killed by an insecticide within 24 hours, the 
insecticide might still inhibit their ability to live for the 12 days 
necessary to develop the malaria parasite. Alternatively, a 
vector's resistance to an insecticide might be offset by a 
lower level of infection, which is not as great a threat to the 
human population.
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Annex 5  �Example of ‘tipping-
point’ in resistant Aedes 
mosquitoes

The evolution of kdr resistance to pyrethroids in Aedes mosquitoes 
in Mexico demonstrates the ‘tipping-point’ concept. Between 
2000 and 2003, the frequency of resistance was very low (≤ 10%) 
at most sentinel sites. At some time between 2003 and 2007, 
however, because of continuous selection pressure from the 

same insecticide, the tipping-point was reached, and resistance 
increased significantly in six sites, reaching frequencies of ≤ 80% 
by 2007 (Figure A5.1).

Figure A5.1: Frequency of kdr resistance to pyrethroids in Aedes mosquitoes in Veracruz, Mexico, 2000-2007

Low levels of resistance between 2000 
and 2003: 2–3% in most places  

Signi�cant increase in level of resistance 
at almost all sites by 2007: up to 80% in 
some areas. 

From J Hemingway and Liverpool School of Tropical Medicine 
This map has been reproduced with the agreement of the original author.
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Annex 6  �Selection pressure: 
role of public health, 
agriculture and other 
factors

Role of public health.

There is increasing awareness of the role of public health 
insecticides in causing selection pressure. Smaller quantities 
of insecticides are used for public health than for agriculture. 
However, for public health purposes insecticides are used in 
highly targeted strategies and persist for longer, therefore allowing 
significant build-up of selection pressure over many generations of 
vectors. The massive scaling-up of use of long-lasting insecticidal 
nets (LLINs) and indoor residual spraying (IRS) for malaria control, 
especially in the past 5 years, has resulted in increased selection 
in malaria-endemic countries. 

Role in emergence of resistance. In some areas, resistance 
has emerged where there was no agricultural use of insecticides 
but where vector control interventions were introduced recently. 
In one area of Sudan, a high frequency of resistance was seen by 
2011 after distribution of long-lasting insecticidal nets (LLINs) to 
children and pregnant women began in 2004.

Role in increasing the level of resistance. In other places, the 
scaling-up of interventions appears to be linked to an increased 
frequency of resistance genes, even if they were not the initial 
cause. In western Kenya, a marked increase in the frequency of 
the kdr allele occurred between 1996 and 2009 in the Asembo 
and Seme areas, suggesting that An. gambiae had undergone 
strong selection pressure from LLINs. Nevertheless, while LLINs 
may have resulted in a significant increase in resistance genes, 
kdr resistance had already been identified in 1996, albeit at a very 
low level, perhaps from previous DDT selection (1). Similarly, in 
Benin and Niger, the increased use of LLINs appeared to increase 
kdr frequency but did not cause its initial emergence (2). In Niger, 
resistance had increased significantly in An. gambiae by 2007 
after distribution of LLINs began in 2005 (3). Similar examples 
have been seen with IRS. In Burundi, the proportion of An. gambiae 
with the kdr gene was 1% before an IRS programme began in 
2002 and had increased to 86% by 2007 (4). This emphasizes 
the importance of early and effective IRM as countries continue to 
increase coverage with vector control by scaling up use of IRS and 
LLINs. In doing so, they are likely to increase selection pressure 
for resistance. 

Role of agriculture.

Crops that require heavy insecticide use and therefore 
result in selection pressure. The exposure of malaria vector 
mosquitoes to agricultural insecticides is particularly associated 
with cotton crops, rice crops, and market gardening. 

Some reports have shown a clear link between resistance and 
agriculture pressure, with seasonal fluctuations of resistance 
in major agriculture regions reflecting the timing of insecticide 
application to the main crops in the region and the highest 
frequencies of resistance in areas of intense agricultural pressure. 
In Burkina Faso, the kdr mutation is present at many cotton-growing 
sites, and the highest frequencies of resistance occur in the 
‘cotton belt’. Similarly, a study of six towns in Côte d’Ivoire showed 
resistance to pyrethroids and dichlorodiphenyltrichloroethane (DDT) 
in the regions in which agriculture was particularly intense (5). 

In some cases, however, agriculture has been blamed for the 
emergence of resistance, until further investigations have shown 
that resistance was more likely to be related to use of insecticides 
for malaria control. In Sri Lanka, insecticides on rice crops did not 
account for the resistance to carbamates and organophosphates, 
as the main vectors were not breeding in rice; it therefore became 
clear that selection pressure was due to malaria control efforts 
(6). In Sudan, stopping malathion use in IRS caused a reversion of 
resistance, even when there was no change in the insecticide used 
on cotton crops. The link between agricultural use of pesticides and 
resistance depends on both the type of crop and vector behaviour. 
A link can be assumed only if significant quantities of insecticide 
are used on a given crop and the same crop is a breeding ground 
for the vector at the times when the insecticide is applied.
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Role of other factors.

Recent studies have indicated other factors that contribute to 
selection pressure, although their role is limited.

Hydrocarbon pollution. Of greatest concern is recent evidence 
that metabolic resistance can be selected by multiple pollutants in 
the environment. In Benin and Nigeria, pollution with hydrocarbons 
of groundwater used as breeding sites by malaria vectors has 
been associated with the emergence of oxidase-based metabolic 
resistance in An. gambiae, which makes them resistant to 
pyrethroids. Although there are few examples, this resistance is 
particularly intense and is extremely worrying, as there is little that 
can be done to stop its evolution.

Other factors. The other factors that are believed to contribute 
to a small degree to selection pressure are heavy domestic use of 
insecticides, especially aerosols and coils (for example in Benin, 
India, Sri Lanka and Latin America), poor-quality insecticides and 
larviciding, although its use in Africa is limited.
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Annex 7  �Implications of 
discriminating doses of 
insecticide on detection 
of resistance

The dosage of insecticide used in susceptibility testing plays a 
role in determining how long insecticide resistance can remain 
hidden before a detectable percentage of survivors is identified 
in the test. For a semi-dominant gene, the ‘lethal dose 50’  

(LD
50

, dose required to kill exactly 50% of exposed insects) is 
different for homozygous susceptible, heterozygous or homozygous 
resistant (Figure A7.1). 

Figure A7.1: Diagram illustrating the LD50 of semi-dominant homozygous susceptible, heterozygous or homozygous resistant for 
a semi-dominant gene (illustrative data only)
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Depending on where the discriminating dose is on this spectrum, 
the estimate of susceptibility will be different, even with the same 
gene frequency. If the dose is too high, heterozygous mosquitoes 
will remain undetected, and resistance will not be detected until 

homozygous resistant mosquitoes are firmly established in the 
population, at which point it is extremely difficult to slow the spread 
of resistance as IRM options will be very limited. 
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Annex 8  �Main hypotheses used 
to model the impact of 
insecticide resistance 
on malaria burden

Several experts were consulted in designing modelling for the 
GPIRM. These included teams from the MRC Centre for Outbreak 
Analysis and Modelling, Imperial College London, and Tulane 
University School of Public and Tropical Medicine.

Inputs. 

The model is based on data on current populations at risk in each 
country, malaria incidence rates (1), coverage rates with indoor 
residual spraying (IRS) and long-lasting insecticidal nets (LLINs), the 
protective efficacy1 of IRS and LLINs, and estimates of insecticide 
use for IRS and LLINs (pyrethroids and non-pyrethroids).

In the case of full protective efficacy, malaria-related mortality of 
children under 5 years of age is assumed to be reduced by 55% 
when LLINs or IRS are used (2), whereas malaria transmission 
incidence is assumed to be reduced by 50% with LLINs (3) and 
by 55% with IRS (as found in a randomized controlled trial in the 
United Republic of Tanzania) (4). There is limited evidence for the 
protective efficacy of IRS and LLINs in adults, and it is assumed to 
be half that in children.2

1	 ‘Protective efficacy on cases’: reduction in malaria incidence with a given control tool; ‘protective 
efficacy on mortality’: reduction in mortality from malarial episodes with a given control tool

2	 Based on the assumption that adults are not directly protected by nets and IRS to the same extent as 
children because they spend less time under an LLIN or in a sprayed house.

In the case of failure of pyrethroids, the protective efficacy of an 
LLIN is assumed to be 25% (close to that of an untreated net [5]) 
and that of pyrethroid-based IRS to be 10%. Sensitivity analyses 
show an efficacy of 15–35% for LLINs and 0–20% for pyrethroid-
based IRS. For the estimates of child mortality, antimalarial 
treatment is assumed to be constant at current levels. These 
assumptions are summarized in Table A8.1.
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Table A8.1: Assumptions about protective efficacy of vector control tools

Scenario Protective efficacy of vector control on malaria 
cases (children / adults) (%)

Protective efficacy of vector control on deaths 
from malaria in children under 5 years of age (%)

LLINs IRS with PYR IRS with non-PYR LLINs IRS with PYR IRS with non-PYR

Current vector control 50 / 25 55 / 27.5 55 / 27.5 55 55 55

Failure of PYR: worst case 15 / 7.5 0 / 0 55 / 27.5 15 0 55

Failure of PYR: middle case 25 / 12.5 10 / 5 55 / 27.5 25 10 55

Failure of PYR: best case 35 / 17.5 20 / 10 55 / 27.5 35 20 55

LLINs, long-lasting insecticidal nets; IRS, indoor residual spraying; PYR, pyrethroids
Data on current situation from references (2) and (3)

Outputs and method. 

Firstly, the data are used to calculate the impact of vector control 
interventions on the burden of malaria, assuming full protective 
efficacy of vector control (‘averted deaths and cases’). The 
numbers of deaths and cases averted are estimated on the basis 
of today’s rate of coverage with LLINs and IRS and also for the 
scenario of a rapid scale-up to universal coverage (assuming 
constant population size).

Second, the data are used to calculate the deaths and cases not 
averted if pyrethroids ‘fail’, in the event of a significant decrease in 
the protective efficacy of LLINs and pyrethroid-based IRS.

Results for malaria deaths: With universal coverage, 
failure of pyrethroids could lead to approximately  
259 000 additional child deaths each year in WHO 
African Region (see Figure 14, page 39).

With current levels of LLIN and IRS coverage, about 217 000 
deaths of children under 5 would be averted each year in the WHO 
African Region. The model suggests that if pyrethroids were to 
fail, about 56% of the benefits on child mortality resulting from 
vector control would be lost, resulting in about 120 000 deaths of 
children under 5 that are not averted.

With universal coverage with LLINs and IRS. If universal coverage 
is reached in the WHO African Region, about 417 000 malaria-
related child deaths would be averted by vector control each year. 
If pyrethroids were to fail, the model results suggest that about 
259 000 deaths would no longer be averted each year. 

Results for malaria cases: With universal coverage, 
failure of pyrethroids could lead to approximately  
55 million additional cases each year in the WHO African 
Region (Figure A8.2).

With current levels of LLIN and IRS coverage. The model results 
suggest that vector control averts 50 million cases in the WHO 
African Region each year. In pyrethroids were to fail, about 50% 
of the current impact of vector control would disappear, and 
26 million cases would not be averted each year.

With universal LLIN and IRS coverage. If universal coverage is 
achieved, vector control would avert about 108 million cases each 
year in the African Region, according to the model. If pyrethroids 
were to fail, the impact of vector control would be halved, leading 
to an additional 55 million malaria cases in the region each year.
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Figure A8.2: Estimated impact of insecticide resistance on number of malaria cases

At current coveragea: ~50% of vector control
bene�ts would be lost (26 million yearly cases)  

At universal coverageb: 55 million yearly cases
would not be averted  
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Annex 9  �Use of insecticide 
resistance management 
STRATEGIES (rotations, 
combinations, mosaics 
and mixtures)

Rotations.

How do rotations work?

Rotations are particularly effective if the resistance gene has an 
associated fitness cost: in other words, if resistant insects are 
at a selective disadvantage, compared to the susceptible ‘wild 
type’ insects, in the absence of the insecticide (1). This is also 
sometimes referred to as “back-selection” (see section 1.2.4).

For example, let us consider a rotation system where the 
insecticides A, B and C are used in succession, and assume that 
the target insect population includes, at low frequency, a small 
number of genes (RA, RB and RC), conferring specific resistance 
only to A, only to B, or only to C, but there are no genes conferring 
cross-resistance to more than one insecticide. In this situation, we 
would normally expect the frequency of RA genes for resistance to 
go up during the period when insecticide A is being used. During 
the periods when B and C are being used, the frequency of RA 
could remain constant (if there is no fitness cost at all), but in most 
cases it is likely to decline, at a rate depending on the magnitude 
of the fitness cost, until the time comes to use insecticide A again. 
The same process goes on with RB and RC: they increase during 
periods when the corresponding insecticide is in use, and may 
decline in the intervals between these periods. Rotations therefore 
help to preserve susceptibility.

Rotations have been successful in many applications in agriculture 
and are considered to be effective in slowing the evolution of 
resistance (2).

What should be considered when implementing 
rotations?

As in all resistance management strategies, the current status 
of resistance must be known when implementing rotations. 
Significant resistance to any mode of action of the insecticide 
used in the rotation can jeopardize the efficacy of the programme. 
Further, any mechanisms that confer cross-resistance between 

insecticides must be understood in order to choose the appropriate 
insecticides for rotation.

The pragmatic approach is to rotate insecticides annually. 
Changing insecticides more than once a year (which could be the 
case in areas where two spray rounds are conducted each year) 
is not recommended, mainly because of procurement and other 
logistical challenges. Changing less frequently than once a year is 
also not recommended, as using an insecticide for longer makes 
it more likely that resistance will evolve to a frequency that is too 
high for rotations then to be effective in reducing it. 

Detailed planning is required before implementation. Rotations 
require more logistical planning than indoor residual spraying (IRS) 
with a single compound. The insecticides used may have different 
toxicity for humans, IRS teams must be appropriately trained 
and equipped, and adequate supplies of all the chemicals in the 
rotation must be available and approved by regulatory authorities. 

The costs of an IRS programme using a rotation are likely to 
increase, mainly because the available alternatives to pyrethroids 
and dichlorodiphenyltrichloroethane (DDT) —the carbamates and 
organophosphates—are currently more expensive (3). Given the 
differences in the cost of insecticides, costs should be calculated 
on the basis of an average year in the rotation cycle (1), as some 
insecticides have shorter residual efficacy, thus requiring more 
than one round of spraying in each year. This will enable better 
programme planning and balancing of expenses between years. 

Another consideration is local capacity to monitor and enforce the 
rotations strategy. Countries should build the necessary human 
capacity for entomology and management to ensure that the 
rotations strategy is fully understood and followed. The quality of 
spraying operations and insecticides must be carefully monitored 
and safety standards maintained.
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Combinations.

How do combinations work?

Combinations expose the vector population to two insecticides, 
such that a mosquito that survives contact with the LLIN is 
exposed to IRS, or vice versa. Exposure to both insecticides is not 
guaranteed but experience to date indicates that this is likely (4). 
The effectiveness of combinations in IRM does not depend on the 
ability to reduce the level of resistance, but on the ability to kill 
the vector despite the existence of resistance, through the use 
of another insecticide or intervention, which compensates for 
resistance. The combination should not contain insecticides with 
same mode of action,(e.g. pyrethroids for both IRS and LLINs), as 
this would increase selection pressure rather than reducing it. 

What should be considered when using combinations of 
interventions?

As combinations require doubling of interventions, they cost 
significantly more than rotations and mosaics. This might 
nevertheless be warranted in some circumstances, for example 
where malaria transmission is very high or where targeted IRS 
can help overcome identified resistance to pyrethroids in areas 
with high LLIN coverage (see Part 3 for the criteria for use of 
combinations). 

It should be noted that combination strategies are not designed to 
make up for poor implementation of either intervention. Both LLINs 
and IRS should be implemented well and fully.

Mosaics.

How do mosaics work?

Mosaics involve spraying insecticide A in one area (sector 1), and 
insecticide B in an adjacent area (sector 2); A and B should be from 
different insecticide classes, preferably with different modes of 
action. The effect is to reduce the proportion of the vector population 
exposed to either insecticide. Over the course of generations, 
mosquitoes susceptible to insecticide B will migrate from sector 
1 to sector 2 where B is being sprayed, and this dilution effect will 
slow the rate of selection of B. Similarly, mosquitoes susceptible 
to insecticide A will migrate from sector 2 into sector 1 where 
A is being sprayed and slow the rate of selection of insecticide 
A. The aim of this strategy is to preserve susceptibility by spatial 
restriction of insecticides. Some immigrating mosquitoes resistant 
to B will be killed by A, and vice versa, and this also will help to 
preserve susceptibility. 

This strategy has been successful in agriculture, and there is 
some empirical evidence for success in public health.1 The scale 
at which a mosaic needs to be applied has not been established. 
In South Africa for example, different insecticides have been used 

1	 Trial on Anopheles albimanus in Mexico (2)

in different types of houses within the same community and 
this is considered by some to be a mosaic-like strategy. Further 
operational research is required to establish the applicability and 
effectiveness of mosaics and combination strategies for malaria 
control.

What should be considered when implementing 
mosaics?

A number of considerations must be taken into account when 
using mosaics. As for rotations, the current status of resistance 
must be understood. Another aspect is the logistical challenge of 
implementing mosaics. The spraying authority must ensure that 
proper areas are sprayed with the right insecticide at the right time 
and keep track of which house was sprayed with what insecticide. 
Spray teams must also be trained to handle multiple products 
appropriately, and appropriate amounts of insecticide must be 
purchased in advance.

Mixtures.

How do mixtures work?

If two insecticides A and B, with independent resistance 
mechanisms, are applied together in a mixture, and if resistance 
to A and resistance to B are both rare, then we expect doubly 
resistant insects to be vanishingly rare, and almost all insects 
resistant to A will be killed by B, and vice versa. This system of 
“redundant killing” means that resistance to the two insecticides 
will evolve much more slowly than if either had been used on 
its own. (1). This principle is similar to that of artemisinin-based 
combination therapy in malaria treatment. Unlike rotations, the 
effectiveness of mixtures is not related to the degree of resistance 
fitness cost. Rather the mixture aims to overpower resistance 
instead of preserving susceptibility. Further, theoretical models 
suggest that mixtures might delay resistance longer than rotations 
or broad mosaics (1).

What should be considered when using mixtures, when 
they become available?

With the currently limited range of insecticides recommended 
for IRS and LLINs, potential mixtures of active ingredients are 
limited. Other products, such as insect growth regulators, might 
be included in mixture formulations. The active ingredients should 
ideally decay at the same rate to preserve the IRM attributes of 
the mixture; the toxicology analysis must account for any additive 
effect of combining the pesticides; and WHO and countries will 
need to prepare new safety and efficacy standards when mixtures 
become available in the future. All mixtures will need to be 
approved by WHOPES. The current view is that neither operators 
nor programmes should create ad hoc mixtures simply by mixing 
insecticides. 



GLOBAL PLAN FOR INSECTICIDE RESISTANCE MANAGEMENT IN MALARIA VECTORS (GPIRM)122

With the currently limited range of insecticides recommended 
for IRS and LLINs, potential mixtures are also very limited. To 
be fully effective for resistance management, resistance to both 
components of the mixture must be rare. However, there is general 
agreement that LLIN mixture products, when developed, could 
still contain pyrethroids, since the pyrethroid may still contribute 
to the effectiveness of the net despite resistance (this needs to 
be confirmed). Some agree that the rationale applies to IRS, and 
that pyrethroid mixtures could be considered in areas of pyrethroid 
resistance; others believe that this is inadvisable and likely to lead 
to rapid evolution of double resistance. It is not yet clear how much 
the addition of a second active ingredient will add to the total cost 
of manufacturing: since the cost of insecticide currently represents 
a substantial proportion of the total cost of IRS, but a very small 
proportion of the total cost of LLINs, the additional cost of switching 
to mixture products would likely be greater for IRS than for LLINs.

Before a mixture would be able to be used, the status of resistance 
would have to be known. Pre-existing resistance to one insecticide 
in the mixture could accelerate the development of double-
resistant vector populations because of linkage disequilibrium 
(Figure A9.1). Although the risk of accelerating resistance through 
linkage disequilibrium has been modelled theoretically, further field 
investigation will be required during the development phase of 
such products. The current theory is based on models suggesting 
the existence of the phenomenon, postulating that the risk of 
disequilibrium is greatest if genes are tightly linked and dominant 
and the whole population is exposed (5). There is, however, 
no empirical evidence of linkage disequilibrium in mosquito 
populations. Some limited disequilibrium has been found in other 
organisms, but these results are not directly relevant for malaria 
control (6).

Figure A9.1: Mixtures and the concept of linkage disequilibrium
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Linkage equilibrium: p(A R B R ) = p
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increase of double-resistant 
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Continued use of the mixture could
create a situation in which insecticides 
A and B both become useless more 
quickly than if they had been used one 
after the other. 

Normal situation Possible situation in some circumstances 

From references (5, 7, 8)
S, susceptible; R, resistant

Even though the risk for linkage disequilibrium exists, mixtures 
may still be the most attractive IRM tool, particularly for LLINs. As 
long as appropriate monitoring is conducted to identify any linkage 
disequilibrium in the mosquito population, mixtures could be very 
successful in staving off resistance to pyrethroids and preserving 
the efficacy of vector control in resistant populations. 

Cost increases associated with insecticide resistance 
management. 

All IRM strategies are likely to be associated with a near-term 
cost increase. The size of the increase depends on the strategy 
but mainly on the duration of the transmission season. Hence, 
with current vector control tools, IRS-based strategies will be 

significantly more expensive in areas with long transmission 
seasons (Figure A9.2).

At current prices, rotations and mosaics are estimated to have 
the lowest cost effect among the IRS-based IRM interventions. 
They would increase the annual cost by 20–50%, whereas use 
of mixtures for IRS once developed, are projected to increase the 
cost by 30–100%, depending on the duration of the transmission 
season. Because mixtures have not yet been developed or 
marketed, the final cost could be higher or lower than current 
projections. 
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Figure A9.2: Incremental annual costs of different types of indoor residual spraying for insecticide resistance management
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For most IRM strategies based on LLINs, the cost effects of the 
use of insecticides other than pyrethroids are difficult to estimate, 
as the alternative insecticides are not yet available on the market. 
In settings in which LLINs are used, combination strategies to 
delay the spread of resistance should be highly targeted in order 

to contain the additional costs (see section 1.4). Furthermore, 
although IRS mixtures, once developed, could entail significant 
cost increases, applying mixtures to LLINs would likely not have 
the same effect, as insecticides represent a smaller proportion of 
the total cost of the intervention. 
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Annex 10  �Genetic research 
agenda

Background: With limited genetic information on resistance 
genes, it is difficult to track and anticipate the course of resistance, 
and understand which IRM strategies would be most effective. 
The evolution of resistance and the possibility of reducing and 
even reversing resistance cannot be predicted because of limited 
information on factors such as baseline frequency (mutation 
rates), fitness cost, genetic mode of inheritance and the selection 
pressure due to different uses of insecticides in agriculture and 
public health. Inability to track resistance genetically makes the 
consequences of insecticide resistance more difficult to anticipate; 
it is also difficult to measure the efficacy of IRM strategies. 

Research agenda: The genes that confer metabolic resistance 
must be identified in order to answer several important research 
questions. Outputs from this research agenda would have 
immediate practical implications for decisions on resistance 
management taken in national malaria control programmes. The 
topics for research should include genetic dominance, fitness 
cost, cross-resistance, linkage disequilibrium, drivers of selection 
pressure and behavioural resistance. 

The elements for research should include: 

•	 Insecticide resistance management strategies: Study the 
potential to prevent the selection of resistance (manage 
resistance) by testing high and low dosages of currently 
available insecticides, small scale mosaics, combinations 
of indoor residual spraying and long-lasting insecticidal 
nets, and mixtures (when they become available). This can 
be done in experimental huts by monitoring the differential 
survival of resistant and susceptible genotypes.

•	 Genetic dominance: Investigate effective genetic dominance 
for target sites and metabolic mechanisms in the field 
(experimental huts).

•	 Fitness cost: Investigate the degree of fitness cost in 
resistance genes. This requires careful study because 
a reduction in resistance gene frequency might be due 
either to fitness cost and back-selection or to dilution 
from immigration of susceptible insects from outside the 
resistance area; the former is more promising for intervention 
than the latter. The possibility that fitness disadvantage may 
be lost through evolution of a fitness modifier must also be 
considered. 

•	 Cross-resistance: Investigate the cross-resistance patterns 
of specific metabolic enzymes, including (a) cross-resistance 
extending from oxidase- and esterase-based pyrethroid 
resistance to other insecticide classes (e.g. carbamates) 
and (b) whether cross-resistance between different 
pyrethroids is invariably 100% complete. Different cases 
of oxidase-based pyrethroid-resistance may have different 
characteristics in this respect.

•	 Spread of unique mutations: Determine whether cases of 
resistance are due to unique mutations that then spread, 
or to de novo mutations occurring in diverse locations, or to 
some combination of the two.

•	 Linkage disequilibrium: Assess potential linkage 
disequilibrium between resistance genes arising as a 
result of selection by mixtures. Such research could initially 
be conducted using ad hoc mixtures in advance of co-
formulated mixtures being developed by industry.

•	 Determinants of selection pressure: Develop methods to 
assess the selection pressure for resistance from different 
sources, including use of insecticides for public health, use 
of insecticides for major crops (including tobacco), domestic 
use of insecticides, and hydrocarbon pollution. In addition, 
distinguish between (a) selection that creates genetic 
variation at resistance loci and allows resistance genes to 
be maintained at low frequency and (b) selection that drives 
resistance genes to high frequency.

•	 Behavioural resistance: Improve understanding of 
behavioural avoidance traits. These traits could alter the 
effectiveness of vector control; outdoor resting and biting 
may increase the importance of outdoor malaria transmission 
and necessitate new tools. Such research may also help to 
distinguish between true behavioural resistance and species 
substitution as a result of vector control interventions.
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Annex 11  Financial modelling

Several experts were consulted in the development of the financial 
model for the Global Plan for Insecticide Resistance Management 
in malaria vectors. These included teams from the United States 
President’s Malaria Initiative (PMI), the United States Agency for 
International Development (USAID) and several WHO offices.

Hypotheses used to model the cost of insecticide 
resistance management in geographical areas in which 
indoor residual spraying is the main form of vector 
control.

Inputs. The costs of insecticide are based on average sachet 
costs reported by the PMI in 2010 (1).1 The costs for indoor 
residual spraying (IRS) programmes are based on the average 
amortized costs of large-scale IRS programmes in Benin, Ghana, 
Madagascar, Rwanda and Senegal, supported by PMI in 2008–
2010 (based on a draft version of a cost study by USAID and 
RTI International [2]). To account for the fact that PMI-supported 
programmes may cost more than those conducted only by national 
malaria control programmes, the costs of international and other 
external labour as well as international technical assistance were 
excluded from this analysis.

1	 Insecticide costs were based on the cost of an average sachet (to cover about 250 m2) of US$ 4.30 
for pyrethroids, US$ 5.35 for organochlorines, US$ 12.00 for organophosphates and US$ 13.00 for 
carbamates (1).

Outputs.

•	 Cost per million households and per person covered. Costs 
are expressed per million households (one household being 
defined as five people/150 m2) and per person covered to 
facilitate comparisons and planning.

•	 Short and long transmission seasons. The number of spray 
rounds required in an IRS programme depends on the 
residual efficacy of the insecticide used and the length of 
the malaria transmission season. The model outlines the 
costs of a short transmission season (≤ 3 months) and of a 
long transmission season (> 3 months).

•	 Cost breakdown. The costs are given for insecticides, 
operations2 and administration.3

Table A11.1 gives the results of similar studies. The estimates in 
the GPIRM for pyrethroid-based IRS are the range of average costs 
in these studies, generally US$ 2–5 per person protected. 

2	 Planning and logistics; environmental compliance, including construction of a soak pit and 
evaporation tank; training; information, education and communications; warehousing; short-
term labour; transport; medical costs; ‘mop-up’ operations; post-spray meetings; monitoring and 
evaluation; shipping; spray equipment; and personal protective equipment.

3	 National labour; local office leases, utilities and maintenance; office equipment and supplies; office 
services and management transport. Considered to be a yearly fixed cost (occurring once, regardless 
of the number of sprays).
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Table A11.1: Cost of indoor residual spraying in other studies

Location Cost per person (US$)

United Republic of Tanzania 2.45 (3)

Kenya highlands 0.88 (4)a

KwaZulu Natal, South Africa 4.93 (3)

4.15 (5)

Rural Lubombo Spatial Development Initiative, Mozambique 4.94 (3)

4.78 (5)

4.96 (6)

Peri-urban Lubombo Spatial Development Initiative, Mozambique 3.48 (3)

2.85 (6)

Not specified 5.76 (7)b

From reference (8) 
a 	 Only cost of insecticide 
b 	 Cost per child under 5 years of age

Hypotheses used to model the cost of IRM in geographical 
areas in which long-lasting insecticidal nets are the 
main vector control tool.

Inputs. The costs of IRS are based on the same source as above; 
the costs of insecticide-treated nets are based on a review of 
14 programmes for the distribution of long-lasting insecticidal nets 
(LLINs) in five countries cited in the Roll Back Malaria Progress and 
Impact Series (9), in which the cost of LLINs per treated-net year of 
protection was estimated to be US$ 2.70.

Results of similar studies. Yukich et al. (5) estimated the costs 
of two IRS and five insecticide-treated net programmes including 
mass, targeted public and private distribution strategies. The 
cost per person-year of protection in IRS programmes was US$ 
3.27 in KwaZulu Natal (one annual spray of DDT and pyrethroids) 
and US$ 3.90 in Mozambique (one annual spray of DDT and two 
sprays of carbamates), whereas the cost of LLINs per treated-net 
year of protection ranged from US$ 2.04 in Malawi to US$ 4.14 
in Senegal. If the interventions studied were to be implemented 
in combination, the costs would be similar to those of pyrethroid-
based IRS and LLIN combinations as outlined in section 2.5 of the 
GPIRM. 

Detailed costs of resistance monitoring. 

Cost of designing a monitoring plan. For national malaria 
control programmes with the required entomological capacity, 
preparation of a monitoring plan will be a routine task and will not 
entail significant additional costs. For countries that lack capacity, 
external support may be required, which would imply additional 
costs ranging from US$ 5000 (for a local workshop) to US$ 25 000 
(for a workshop with two or three international experts). 

Cost of building national capacity for routine monitoring 
of insecticide resistance. Routine monitoring requires the 
collection of mosquitoes and routine susceptibility testing. 
Information on monitoring of insecticide resistance in Senegal, 
the United Republic of Tanzania and Zambia indicates that training 
in basic field entomology and insecticide resistance testing could 
cost US$ 30 000–36 000. Training is generally required annually, 
but the scope could decrease after the first year, depending on the 
level of staff turnover and modifications in operational procedures.
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Cost of routine susceptibility testing to identify resistance. 
Such testing generally includes basic general entomological 
surveillance, such as species identification. The cost of collecting 
and testing mosquitoes usually includes staff wages and per 
diem (for supervisors, field technicians and assistants), field 
equipment (susceptibility test kits, cooler boxes, torches and other 
consumables), transport costs, and computer and information 
technology costs. The cost depends largely on the number of 
sentinel sites. In Senegal and the United Republic of Tanzania, 
where project leaders are employed to oversee monitoring, the 
annual cost per sentinel site of routine monitoring with susceptibility 
tests is about US$ 5500 and US$ 8000, respectively. In Zambia, 
where the chief country entomologist is the project leader, the 
annual cost is approximately US$ 2500.

Cost of testing to identify resistance mechanisms. According 
to the WHO Test procedures for insecticide resistance monitoring in 
malaria vector mosquitoes (10), if the mortality rate of the sampled 
mosquitoes in susceptibility tests is lower than 98%, molecular, 
biochemical or synergy testing should be performed to assess the 
resistance mechanism. 

•	 Molecular testing. Molecular testing can be conducted 
either by outsourcing it to regional laboratories or building 
national laboratory and testing capabilities. If testing is 
outsourced, the approximate cost per mosquito tested 
is US$  10, which includes DNA extraction, species 
identification, genotypes of kdr and ace-1 and testing for 
sporozoites.1 This cost is based on the assumption that 
laboratory capacity is available in research institutes, 
which should be funded and equipped appropriately. If 150 
mosquitoes are tested with the four insecticide classes, 
the testing cost would be US$ 1500 per sentinel site, with 
an additional cost for freight or courier of US$ 20–70, 
depending on the location of the laboratory.

•	 Cost of building and maintaining national laboratory 
and testing capabilities. If countries decide to invest in 
facilities for molecular testing, they must foresee initial set-
up costs (principally the cost of building the laboratory and a 
full set of equipment and training) and then annual running 
costs (principally reagents, other materials and personnel). 
Information from Sudan suggests that, for a large country 
with 15 sentinel sites, the initial set-up cost is about 
US$ 300 000, and the annual cost is about US$ 30 000.

1	 Estimate by researchers at the Liverpool School of Tropical Medicine

•	 Biochemical testing. As discussed in section 1.2, 
biochemical testing is less technically demanding than 
molecular testing but still requires laboratory equipment. 
This type of testing is generally done in countries, as it 
requires fresh mosquitoes, which are difficult to transport. 
The cost of biochemical assays includes running costs 
of about US$ 1–2 per mosquito2 and an investment in 
equipment of about US$ 5000 (for purchasing a refrigerator 
and spectrophotometer).1 For countries with limited 
entomological capacity, additional costs should be foreseen 
for training in biochemical testing (not presented here). 

Hypotheses used for estimating overall costs of 
implementing the GPIRM (see Table 3, page 76).

•	 Pillar 1. The costs shown in Table 3 are based on the 
assumption that a comprehensive situation analysis was 
conducted in all malaria-endemic countries and that IRM 
strategies are implemented. The cost of IRS rotations has 
been estimated for all countries in sub-Saharan Africa 
currently using IRS. In addition, the costs of combinations 
of interventions have been estimated for 5% of sites 
currently using LLINs. To account for other regions of 
the world that are implementing IRM strategies, a 20% 
increment was used.

•	 Pillar 2. The estimated cost of monitoring presented 
in Table 3 is based on the assumption of routine 
susceptibility testing in all malaria-endemic countries at 
10 sentinel sites each, general entomological surveillance 
in 50  countries that do not currently have it, external 
molecular testing in 80 countries, the setting up of 
laboratories in 20 countries and the establishment of a 
national database in all countries.

•	 Pillars 3, 4 and 5. The estimated cost of development of 
new vector control tools includes a 10% annual increase 
over the estimate of the RBM Global Malaria Action Plan 
for research and development in vector control. The 
estimated cost of filling gaps in knowledge on insecticide 
resistance takes into account measuring operational 
impact in 50 countries, genetic and metabolic research, 
and research into management strategies. The estimate 
for enabling mechanisms take into account a quarterly 
data review in order to coordinate functional national 
technical advice in all countries, two annual meetings 
between national advisory committees and experts, travel 
of technical experts to countries to provide ad hoc support, 
and one annual meeting to coordinate all measures.

2	 As most of this cost is for labour, it can vary greatly depending on location. 
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Annex 12  Definitions

Combination Use of two or more tools for vector control; often refers to the combined use of insecticide-treated 
nets and indoor residual spraying.

Concurrent resistance  
mechanisms 

Both target-site and metabolic resistance mechanisms are present in the same vector. 

Control failure An intervention has virtually no effect on transmission or fails to prevent an uncontrolled 
resurgence in malaria cases. 

Cross-resistance Resistance to one insecticide confers resistance to another, even if the insect has not been 
exposed to the second insecticide. 

Fitness cost Populations of insects that have never been exposed to insecticides are usually fully susceptible, 
and resistance genes are rare in those populations. This is assumed to be due to a ‘fitness cost’, 
in that insects that have the resistance gene are somehow weaker and there is therefore selection 
against the resistance genes in the absence of the insecticide. 

Frequency of resistance Degree  to which resistance is present in a vector population , depending on two factors: the 
gene frequency of the resistance in the local vector population, and the strength of the resistance 
conferred by the gene (that is, the degree to which higher doses of insecticide are tolerated by 
individual insects carrying the gene). 

LD50 Lethal dose 50%: the dose expected to kill exactly 50% of exposed insects. 
Metabolic resistance Changes in the amount or specificity of a metabolic enzyme so that it detoxifies an insecticide 

before it reaches the target site. 

Mixture Two or more compounds of different insecticide classes mixed in a single product or formulation 
so that the mosquito is guaranteed to come into contact with both classes at the same time; 
approach similar to drug combination therapies.

Mosaic Application of two or more insecticides by subdividing a given geographic area, such that each 
subdivided sector is sprayed with a different class of insecticide. 

Multiple resistance Two or more different resistance mechanisms are present in one vector. The different resistance 
mechanisms may combine to result in resistance to multiple classes of products. 

Phenotypic resistance Development of an ability, in a strain of insects, to tolerate doses of toxicants, which would prove 
lethal to the majority of individuals in a normal population of the same species.

Polymerase chain reaction Technique used in molecular biology to amplify a single or a few copies of a piece of DNA by 
several orders of magnitude, generating thousands to millions of copies of a particular DNA 
sequence. 

Protective efficacy against  
malaria deaths 

Reduction of malaria-associated mortality with a given vector control tool. 

Protective efficacy against  
malaria incidence

Reduction in malaria incidence associated with a given vector control tool. 

Reduced effectiveness An intervention still results in a degree of transmission reduction but performs less well or with a 
shorter duration of effectiveness than in the absence of resistance.

Resistance ratio A measure of the strength of resistance; ratio of how much more insecticide is required to kill 
resistant vectors than susceptible ones. 

Rotations Rotating a set number of insecticide classes such that vectors are exposed to a different class in 
each transmission season. 

Susceptibility tests Vectors are given a controlled dose of insecticide and observed to see whether they die or survive; 
a measure of phenotypic resistance. 

Synergist A synergist is a chemical that enhances the effect of the primary insecticide used; it increases the 
exposure of an insect to the insecticide as though the dose had been increased. 

Target-site resistance Changes in the target site that reduce the binding of insecticides, e.g. on the surface of nerves. 
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